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Chapter 1

Introduction

Solenoid actuators (figure 1.1) are widely used in the automotive industry because of their
simple, rugged construction and being relatively cheap to manufacture. They are often
used as on/off or proportional valves. The characteristics of the magnetic force output of
these actuators is greatly dependent on the construction of the solenoid, the air gaps, the
movable core, and the pole piece.

Figure 1.1: Industrial solenoid valves [6]

In this paper, multiple mathematical models are constructed to determine the relation-
ship between the air gap and driving current input, and the magnetic force output of
a stepped pole solenoid. I compare multiple types of black box models and construct a
grey-box model based on the physical properties of the system. Also, for the training of
these models, the identified solenoid is driven by a driver chip that is widely used in the
industry. This allows to build a more realistic model. Finally, I validated the models with
independent measurements. The proposed method introduced in the paper can be used
for other hardware components (driver circuits or solenoids) as well. As a contribution the
developed models allow the design of controllers with higher performance and reliability,
for solenoid valves.



In Chapter 2, I go over the basics of a solenoid actuator magnetic circuit and electrical
model, and introduce the most common topologies and techniques used to control the
current of such an actuator.

In Chapter 3, I describe the test environment, the measurement software, its functions
and capabilities, and the measurement methods.

In Chapter 4, I describe the measurements conducted to capture the behavior of the
stepped pole solenoid actuator.

In Chapter 5, I create different kinds of models based on the measurements.

In Chapter 6, I compare the models, and draw conclusions on which model works best by
a number of criteria.



Chapter 2

Solenoids and current control

2.1 Solenoid model

2.1.1 Solenoid electrical model

A solenoid actuator (figure 2.1) is a device that uses electromagnetism to convert electri-
cal energy into mechanical energy. From the electrical point of view, the solenoid valve
represents essentially an inductive load due to the presence of the solenoid coil made of
conductive material, with a ferromagnetic core.
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Figure 2.1: Magnetic field generated by a solenoid [1]

Supplying a current intensity I, a megnetic field H and its induction vector B will be
generated in both the internal section and the outside area surrounding the coil, as shown
in figure 2.1.

The inductance L is defined as the ratio between the magnetic flux ¢ and the electrical
current /. It measures the solenoid capability of generating magnetic field when supplied
with an electrical current.

NZS

where p is the magnetic permeability depending on the core material, N is the coil number,
S is the area of the inner section, and [ is the solenoid length.



The ideal electrical model would be only an inductive load, but there are multiple losses
the ideal model does not account for. These losses need to be taken into account in order
to create an accurate electrical model. There are mainly four losses:

e Losses due to Joule effect: this is due to the resistance of the coil material, losing
power through heat as current passes through it. This effect can be modeled as a
series resistor R, and the lost power is equal to P = RI?.

e Losses due to dinghy imperfection: some field lines don’t converge on the device
axis, and limit the capability of transferring mechanical energy to the mobile core.
This can be modeled with a series inductance Xj.

e Losses due to magnetization currents: the ferromagnetic core has a magnetization
current lost from the supply current, which can be modeled by a parallel resistor Ry.

e Losses due to parasitic currents: since the core is moving, the magnetic flow through
the material changes. Faraday’s law of induction states that a variation of the
magnetic flow ¢ through a section of a material generates and induced electromotive
force. This phenomenon is responsible of parasitic currents inside the ferromagnetic
core, known as Foucault currents, which contribute to overall losses. [1]

Putting it all together, the real electrical model is seen on figure 2.2.

Figure 2.2: Real electrical model of a solenoid actuator [1]

2.1.2 Magnetic circuit
The simplified magnetic circuit can be seen on figure 2.3. The arrows indicate the path of
the magnetic field lines. Air gaps represent magnetic resistance.

The force in air gaps according to Maxwell’s law is:

(NI)*us

F=
272

(2.2)

where [ is the driving current, and x is the size of the air gap.
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Figure 2.3: Magnetic circuit of a solenoid valve [16]

This model, however, does not take the construction of the static core (pole) and the
movable core into account. There are many different designs, which produce different
force characteristics, as described in [9].
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Figure 2.4: Construction and force characteristics of flat cylindri-
cal pole solenoid [9]
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Figure 2.5: Construction and force characteristics of stepped
cylindrical pole solenoid [9]

The force characteristics of the different pole designs are more complex, and can be mod-
elled by finite element methods as in [9], but that is more costly and time consuming.



In this paper I aim to provide a simpler model to the stepped cylindrical solenoid’s force
characteristic.

2.2 Current control

Solenoid valves can be actuated by controlling the current of the coil. There are multiple
methods of achieving this, depending on the application.

Driving solenoids with current control requires two things: the sensing and regulating of
current. As the solenoid heats up from I?R losses or is warmed by its environment, the
coil resistance increases. With the current-sense feedback, the current can be monitored
and adjusted to produce constant force even with the changes in resistance.

There are two methods for providing load current feedback from motor driver IC to a
microcontroller. One method is from a current shunt amplifier using an external sense
resistor that is either connected in line with the load, or on high- or low-side. The other
is from a current mirror, which provides a proportional current to load current to pin
output, removing the need for an external sense resistor.

To regulate current and energize and de-energize most solenoids, peak-and-hold drive is
desired. The charging current is driven into the solenoid, called the peak current. The
current in the solenoid will ramp ti its peak, at which point the magnetic field will depress
the plunger into the spring (or pull it). To maintain the solenoid in position, current must
still be driven into it, but this current is far lower than the peak current. This is referred
to as hold current (figure 2.6). [5]
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Figure 2.6: Peak and hold waveform [5]

2.2.1 Driver topologies

Most systems today use drivers to actuate and de-actuate solenoids. There are four basic
configurations: low-side, high-side, half-bridge, and full-bridge (H-bridge).

High side driver protects against short to ground fault, whereas a low-side driver protects
against short to battery fault. They use a single MOSFET (metal-oxide-semiconductor
field-effect transistor) with enough current handling capacity to drive the solenoid.

When the MOSFET is enabled, it conducts all the current needed to energize the solenoid.
When the MOSFET is disabled, the current in the solenoid must freewheel through a diode,
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Figure 2.7: Low-side and high-side driver configurations [5]

or be allowed to continue flowing or decay to zero, otherwise the MOSFET can see large
voltage spikes. This is apparent from the expression that defines the voltage characteristic
of the inductors: V = L - di/dt. The freewheeling diode across the solenoid provides this
low impedance path for solenoid current to flow. [5]

A half-bridge driver uses two MOSFETs to control the current through a solenoid; one
MOSFET to forward drive the solenoid, the other to recirculate the current.
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Figure 2.8: Half-bridge driver configurations [5]

The H-bridge driver uses four MOSFETS, or two half-bridges joined by a load, to control
current through a solenoid. With four MOSFETSs, bidirectional current control is possible.

The H-bridge driver can enable both slow and fast decay (coast) by recirculating current
with either high- or low-side MOSFETs. Fast decay can be accomplished by turning off
the MOSFETs and allowing current to flow through the body diodes. This results in an
opposing voltage to the solenoid current equal to VM plus the forward voltage of the two
body diodes. [5]

2.2.2 Current control methods

The current driving the solenoid can be controlled by periodically switching on and off
MOSFET(s) of the driver. This is usually done by applying a pulse-width modulated
(PWM) signal to them. The duty cycle of the PWM signal will set the amount of time
current will low through the solenoid, and the amount of time current will recirculate,
thus setting the desired average current.
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Figure 2.9: H-bridge driver configuration with current paths [5]

The resistance of the solenoid coil changes, as it heats up after prolonged operation, so
some kind of current feedback is necessary. Most drivers provide current sense feedback
at the FETs, to measure the error of the set current. Based on this error, some kind of
controller algorithm calculates the necessary PWM duty cycle.

The most common traditional algorithm for this is the proportional-integral (PI) controller.
The overall control function of the PI controller is the following:

u(t) = Kpe(t) + K; /0 Le(ryar (2.3)

where u(t) is the control signal at a time, e(t) is the error signal, and Kp and K; are
coefficients for proportional and integral terms respectively.

There are multiple methods to increase the efficiency and robustness of the control algo-
rithm. Some drivers allow for the use of variable frequency [2].

Another approach to improve control accuracy is the use of a dither signal. Because the
core of the solenoid is usually made of ferromagnetic material, its magnetic field strength -
magnetic induction curve has hysteresis, which can influence the accuracy of force control.
Applying a sinusoidal dither current to the solenoid driver current can greatly reduce the
hysteresis effect of the valve. [15] Also, keeping the mobile core constantly in motion, the
effect of sticking friction becomes negligible.
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Chapter 3

Test environment

3.1 Test hardware

The test environment consists of two main parts: the current controller and the testbench.

Figure 3.1: The testbench

The testbench consists of a stepper motor, a force sensor, and printed circuit board (PCB),
which contains a microcontroller, a motor driver, USB connector and a CAN connector.
The stepper motor is a linear actuator, which applies load onto the plunger of the analyzed
solenoid through a spring system, or a static piece.

Between the axis of the linear actuator and the spring system/static piece, a force-cell
Wheatstone-bridge sensor is placed, which outputs a differential signal based on the force
applied to the solenoid. An amplifier circuit is added to the PCB, the output of which is
read by the analog/digital converter (ADC) of the microcontroller.

The stepper motor can provide as much thrust as 300N on 24V, and can be moved with
a step length of 0.0lmm, which allows for a very precise setting of the air gap/load force.

The testbench is supplied from a laboratory DC power supply, at 24V. This is the voltage
required by the stepper motor. This voltage is reduced by a to 3.3V in two steps, one
Buck-converter from 24V to 5V, and one low-dropout regulator (LDO) from 5V to 3.3V.
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The 3.3V supplies the microcontroller. The 5V excitation of the force sensor is created by
an independent LDO from 24V to 5V. This voltage is monitored by the microcontroller
and the amplified sensor signal is compensated by the change in excitation.

3.2 Test software

The control software of the testbench is seen on figure 3.2.

1® Solencid Testbench v0.1 *

Serial Communication Settings || Log settings

Baud Rate |256000 = Log File Location |C:\Users-Documents\Measurements\EOEE.w.OZ\dyn; Browse...
COM Port | COM3 ~ Log time (frames) (0 if infinite) 0 =
Open Port Start Legging

Manual Control  Automatic Control  Logged Data

Testpad Data
Position Control 4,82 = Actual Position _ 48199997 m
Force Control 0, = Detected Force Display oM
oM 20N
2
Position
[mm]
Sine wave Square wave Triangle Sawtooth
0,1 :
0,01 =
Reset to origin Reset sensor erigin

Figure 3.2: Testbench control software

This software allows for the position and force control of the testbench. Through force
control, I can apply a desired amount of force to the plunger of the solenoid, and through
position control I can manipulate the length of the air gap. In both force and position
control modes, the software allows the application of a signal, such as sinus or triangle
wave to the output.

The results can be logged into .csv files, and read back by the software for quick analysis
(figure 3.3). On this figure the force control of the testbench software can be seen, which
is achieved with a PI controller. As visible there is little overshoot and no static error, the
rise time is limited by the maximum speed of the actuator.
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Manual Control Automatic Control Logged Data

C:\Users-\Documents\Measurements\2023_6_28_9_2 7_45_ solenoidTestbench.csv Load data

Actucal Position
[] Required Position Srmm

Detected Force Tz2om
Required Force
Set Point 1

000 =] mm

Moy pbe P pean b LRV XY

D_,D - N - U\\J-r'l W W L ]I[‘

3

0,00 5

Set Point 2
0,00 = mm

0,0 =N

0,00 2 s

Diff: Omm 0N

Figure 3.3: Measurement results quick view

There is an option to use predefined testing scripts for the measurements, which makes
conducting complicated tests much easier and faster.

Manual Control Automatic Contrel | ogged Data

TestFileLocation

Browse.., Test length:
Force range:
Test progress: 0%
Auto start logging
START STOP

Figure 3.4: Automated test interface

3.3 Current control chip

To control the current of the solenoid actuator, I used a transmission control unit (TCU),
which is already in mass production. The TCU includes an L9300 current control 1C
(U-chip), which provides 6 current control channels specifically designed to drive solenoid
valves. Each channel includes the driving transistor, the recirculation transistor and the
current sensing structure and can work in low-side driving mode with high-side recircula-
tion or in high-side driving mode with low-side recirculation (figure 3.5).

13
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Figure 3.5: L9300 driver configurations [2]
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The L9300 offers fixed and variable frequency current control algorithms, and pro-
grammable dither function. In this case, I only used fixed frequency with no dither applied.
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Chapter 4

Measurements

For the identification of the force characteristics, the behavior of the solenoid needs to be
measured under different circumstances. I categorized these measurements in two groups.

The first group of measurements are static measurements, that the plunger of the solenoid
actuator remains fixed, so the length of the air gap does not change. These measurements
allow the construction of a simpler model.

The second group of measurements are the dynamic measurements, in which the plunger
is moving, while a driving current is applied to the coil.

4.1 Static measurements

To get the simplest idea of how the solenoid behaves, I measured the a series of current
step responses at fixed stroke lengths.

Due to the switching nature of the driver IC, the current signal has ripples as it can be
seen on figure 4.1. The magnitude of the ripples is inversely proportional to the switching
frequency, and proportional to the magnitude of the inductance of the solenoid.

ma

Figure 4.1: Current step waveform
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The ripples in the current results in ripples in the force signal as well, as seen in figure 4.2.

N

Figure 4.2: Force response to current step

For the fixed plunger position measurements, I applied a series of current steps from
300mA to 1200mA, with 80ms delays between rising and falling edges. I repeated these
measurements for multiple plunger positions between the minimal and maximal air gap
size.

I -5
\

26

o

Figure 4.3: Magnetic force response of different current steps

From these experiments, I took the root mean square (RMS) value of the force steps,

and plotted them against the current steps, so I could get multiple current-force curves
(figure 4.4).
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Magnetic force by driving current
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Figure 4.4: Magnetic force by driving current at different air gap
lengths

From these same measurements, I plotted the RMS value of the force steps against the air
gap size, since the current steps had been the same at all plunger positions (figure 4.5).

Magnetic force by air gap length
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Figure 4.5: Magnetic force by air gap at different driving currents

lengths

It is clearly visible, that the larger the driving current, the higher impact the air gap
length has on the produced force. Also, the largest force is produced around the middle
of the air gap range.

4.2 Dynamic measurements

Next, I measured the output force of the solenoid with static current, and gradually

decreasing air gap. This way I get a continuous air gap-force characteristic, but the
inertia of the moving core and viscous damping needs to be taken into account.

17
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Figure 4.6: Magnetic force by plunger position at a specific cur-
rent (filtered)

I repeated this measurement with increasing currents (figure 4.7). Because of the mea-
surement setup, the dynamic measurements have much higher noise, which needed to be
filtered more aggressively. This will decrease the accuracy of the dynamic simulations.

N

Figure 4.7: Dynamic measurements (filtered)
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Chapter 5

Modeling

The desired model of the solenoid will take the air gap size (x) and driving current (i) as
inputs, and produce the load force of the solenoid as output.

The mechanical differential equation of the system is as follows:

Fy +mi 4 \i: = F, (5.1)

where Fj is the load force, m is the weight of the plunger, A is the damping coefficient, and
F is the electromechanical force. The objective of this paper is to find a simple model for
F,, which accurately describes the solenoid actuator.

According to Maxwell’s law, the force in air gaps can be calculated in the form of Equation
2.2, but this equation does not take the construction of the magnetic circuit into account.
However, it is clear that the force output is at least a second degree polynomial of the
inputs.

To find a model, which can more accurately describe the behavior of the stepped pole
solenoid, I fitted second degree polynomials on the RMS current step responses (figure 4.3),
and plotted them against the air gap length.

Effect of air gap length on current characteristic parameters

| N

0 0,5 1 15 2 25

—a—Alfal Alfaz

Figure 5.1: F = a3i? + ayi parameters by air gap length
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One thing, that is immediately visible from the measurements that the magnetic force has
a slight delay to the driving current (figure 5.2), which is due to magnetic diffusion.

[ [
2315 2.380 2385 2390 2.395

Figure 5.2: Delay of magnetic force (red) to driving current (blue)

I approached this problem with two main methods. In the first method, I tried multiple
types of black-box systems and compared their accuracy. In the case of a black-box model,
the exact structure of the model is unknown, and it is trained with the measured output
response for known inputs.

The other approach is the grey-box method. In this case, I used my knowledge of the
physical system to construct a model, in which only the constant parameters are un-
known. Then, these parameters are identified through optimization methods based on the
measurements.

I used MATLAB’s System Identification Toolbox to construct and optimize these models.
For training and model optimization, I used the only the measurements preformed on the
first solenoid, and for validation, I used the measurement data from another solenoid of
the same type.

The percentages on the validation plots are fit values calculated by equation 5.2.

ly — 7|
||y — mean(y)||

fit =100(1 — (5.2)

where y is the validation data, and § is the output of the compared model. This equation
works well with fixed measurements, but doesn’t define fitness very well for the dynamic
measurements.

20



5.1 Black-box models

5.1.1 Linear black-box model

The force response of the solenoid is clearly nonlinear, but as a simplification I tried to fit
a linear models to it before moving on to non-linear models.

The simplest black-box model is the transfer function. In this case only the number of
poles and zeroes need to be set. The pole-zero representation of a transfer function with
n poles and m zeros is as equation 5.3.

TG (s = 2)

) = =)

(5.3)

The best fit for the data was a transfer function with two poles and no zeros.

Simulated Response Comparison
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Figure 5.3: Estimated transfer function

As seen on figure 5.3, a linear transfer function can capture the waveform of the output,
but it can not accurately predict the mean of the step responses, since they follow a
nonlinear function.

5.1.2 Nonlinear black-box models
5.1.2.1 Nonlinear ARX model

The nonlinear ARX model (figure 5.4) is an extension of the linear ARX model, which is
defined as equation 5.4.

A@y(t) = 3" Bilgyus(t - nky) + (1) (5.4)
=1
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where ¢ is the time-shift operator, and e(t) is a white-noise model. A(q) and B;(¢q) contain
the regressors, which in the linear case are past or present values of the inputs and output,
and the linear combination of these is the present output. The coefficient of these regressors
are the parameters to be optimized.

In the nonlinear case, I have the option to add nonlinear regressors, for example u? - us.
There is a delay built into nonlinear model, which helps describe the magnetic diffusion of
the solenoid. There is an option to use nonlinear functions like wavelet, sigmoid, or even
neural networks, but the nonlinear regressors with delay were adequate in this case.

Output Function

Regressors Nonlinear
u(t),u(t-1),y(t-1), . Function

h 4

Linear
Function

Figure 5.4: Structure of the nonlinear ARX model [3]

Based on figure 5.1, the parameters of u? can be expressed as a linear function of s,
so this gives two regressors: u3us and u2. The parameters of u? can be expressed as a
second-degree function of ug, which gives three regressors: ulu%, ujug and uq. I also added
linear regressors to the output from (t-1) to (t-5), and from (t) to (t-5) for the inputs.
All the nonlinear regressors go from (t) to (t-5). This helps better capture the dynamic

behavior of the actuator.

Comparison
T

Validation data (y1)
20 - NL1: 84.8% b

Amplitude
¥

2 25 3 35
Time (seconds)

Figure 5.5: The non linear ARX model result compared to fixed
data
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As seen on figure 5.5 and figure 5.6, this model follows the solenoid behavior quite well,

and the delay is mostly compensated, but it has 127 regressors, and requires a lot more
computation than any of the other models described above.
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Figure 5.6: The non linear ARX model result compared to dy-
namic data

5.1.2.2 Neural state-space model
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Figure 5.7: Neural state-space model [4]

Neural state-space models are a type of nonlinear state-space models where the state-

transition and measurement functions are modeled using neural networks. A nonlinear
state-space model has the following form:

T = f(:L‘,’LL,t,el)
y= g(xau7t502)
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f and g are multi layered feed forward neural networks, trained on the measurement data.
In this case, I used only one state, and chose it as the output y = =x.

To set up the state network, the following parameters need to be set: number of hidden
layers, number neurons per each layer, activation function for the hidden layers, weight
and bias initialization. Since the model is not linearly separable, the number of hidden
layers need to be higher than 0. I chose two hidden layers, and experimented with the
neuron count. There are many rules of thumb when deciding the neuron count of the
hidden layers, but generally it should be between the number of inputs and outputs. In
this case, the state network has three inputs (u1, u2, and x) and one output dz. For faster
learning, I chose than tanh activation function, for which the ’glorot’ weight initializer is
recommended. For the bias initializer I chose 'zeros’.

The training data needed some extra pre-processing in this case. First, I normalized all
inputs and outputs between one and zero, then split up the experiments into multiple
overlapping pieces, each about 30 milliseconds long. This way, the neural network was
able to learn much faster than with larger data chunks.

First I trained the model with 2 hidden layers with 2 neurons each, with ’adam’ optimizer.
The results can be seen on figure 5.8.

Simulated Response Comparison
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Figure 5.8: 2 hidden layers 2 neurons state network results

I also trained a model with 2 hidden layers with 3 neurons each, with the same settings as
above to see if it could preform better at higher complexities (figure 5.9). It made some
difference, but it raised the simulation time by about 50%.
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Simulated Response Comparison
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Figure 5.9: 3 hidden layers 3 neurons state network results

With this model, the delay due to magnetic diffusion is eliminated completely, and the
mean values of the step responses are also very close to the real response. However, the
amplitude of the oscillating force is far from the real value, and this model took a long
time (15 hours) and 10000 epochs to train, which could be problematic if it has to be
retrained for different solenoids.

5.2 Grey-box model

When constructing my grey-box model, I started out from the non-moving measurements.

The non-linear grey box model I chose uses the following form: The output of the model
and the derivative of the states must be given as a function of the inputs, the states and
the parameters to be optimized.

y = F(t,z(t),u(t), parl, par2, ...,parN) (5.7)
y(t) = H(t,z(t),u(t), parl,par2, ...,parN) + e(t) (5.8)
x(0) = xo

As seen on figure 5.1, the o parameter is nearly 0, which seems valid because at zero
current there is no magnetic field. The @y parameter can be represented by a linear
equation, and a; by a second degree polynomial. This way, the first grey box model, for
a non moving solenoid is:

y = (Baruz + Bao)ui + (Braus + Prrug + Pro)us (5.10)
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where the output is the magnetic force (y = F.), the two inputs are the driving current
(u1 = 1), and the air gap (ug = ).

For fixed position measurements, this model works quite well, there are larger errors on
smaller current steps, but considering the simplicity of the model the results are adequate.
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Figure 5.10: Fixed position grey-box model

The main problem with this model is that it doesn’t account for the delay between the
current input and the force output, which is due to magnetic diffusion. To account for
it, I added a state to the model, which is equal to the output. The derivative of this
state is the difference between the output of the previous model and the current output,
multiplied by a diffusion parameter d.

CC% = (v — ((Baruz + 520)’&% + (/31211% + Biiug + Bio)wr)) - d (5.11)

For the parameter optimization of this model I used the 8 parameters from the previ-
ous fixed position model, and only optimized for the diffusion parameter d. As seen on
figure 5.11, the delay is now compensated.
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Figure 5.11: nlgrl: Original fixed position model, nlgr2: Model
with diffusion delay

Next, I re-optimized these same two models to the fixed data merged with the dynamic
measurements, to see how well the grey-box model preforms with the moving plunger.
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As seen on figure 5.12, the model fits the curve quite well. It could be optimized with
higher-degree polynomials of the air gap, but that would increase the computation cost.
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Figure 5.12: Greybox model compared to a dynamic measure-
ment

I experimented with adding the viscous damping and inertia of the moving core to the
model, but it made no significant difference at the velocities in the dynamic measurements,
while driving up the complexity, so I left them out.

27



Chapter 6

Conclusions

In conclusion, the models proposed all capture the basic behavior of the stepped pole
solenoid, some better in some aspects than the others. I compared the models by a
number of criteria. Accuracy of fixed behavior, accuracy of dynamic behavior, accuracy
at lower currents, complexity (or how much computation power does it require), and ease
of training.

Model Fixed accu- | Dynamic accu- | Low  current Complexity Eas.e. of
racy racy accuracy training

Non-

linear | 90-95% High High High Easy

ARX

Neural

state- | 85-95% Low Medium Medium Difficult

space

S;‘jy' 80-90% Medium Low Low Medium

In terms of accuracy, the non-linear ARX model proved to be the best, especially in
the case of the dynamic simulation. However, this is the most complex model, and this
takes the most computational power to simulate. The setting up of the optimization and
preparing data was the easiest task with this model.

The second in accuracy was the neural state space model. It provides low accuracy dy-
namic simulation, but excellent static simulation with good low current accuracy, and its
computational draw is much better than that of the ARX. However, if this model ever
needs to be retrained, it takes a significant time, and the preprocessing of the data is also
more time consuming.

The simplest model is the grey-box, which for its complexity still provides good static
accuracy, which decreases around the lower currents. It also preformed fairly well in
dynamic simulations, though at lower currents the accuracy is quite low.

To further develop these models, I would increase their dynamic accuracy by using more
estimation data with different movement speeds or multidirectional movement. Also, the
measurement equipment’s vulnerability to noise is far from ideal, and could be improved.
The effect of the air gap length could also be estimated by a higher degree polynomial in
the grey box model, or with more regressors in the ARX case.
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