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The goal of this study is to develop an FPGA-based new rotating magnetic field (RMF) stirrer system that would
reduce mixing time. To achieve this goal, it has been suggested that, unlike the literature, the mixing process is
performed not only by a single magnetic fish rotating at the center but also by multiple magnetic fish rotating at
symmetric positions. As the first step within such scope, ANSYS Maxwell® simulation software was used to
design a stirrer core capable of realizing said proposition. The design was subsequently manufactured, and RST
coils were wound. Being completed by the manufacturing of the electronic circuit to drive the coils, RST phases
of the stirrer system were fed by PWM voltage with a phase difference of 120°. The myRIO® embedded system
made use of the FPGA structure to control phases sequentially, generate PWM signals, and define the increment
range for phase frequency. The ARM microprocessor structure of the myRIO® embedded system was utilized in
the system for Adaptive control method. Programming of the myRIO® embedded system was achieved through
the developed graphic-based LabVIEW® software. When the system was driven at 100% duty cycle, the magnetic
force provided by the stator caused four magnetic fish with a 90° angle to each other to act as rotors, with two of
the reciprocal magnetic fish rotating clockwise while the other two rotating counterclockwise. This enabled the
mixing process to be more homogeneous and to be completed in a shorter period of time. Findings suggest that
mixing time for water has been reduced by 35% in average. Experimental results on the structure, control and
effects on reduction of mixing time of the RMF stirrer system developed within the scope of the study has been
discussed in detail.

1. Introduction

Magnetic stirrers are predominantly used in chemistry, microbi-
ology, biomedical and pharmaceutics laboratories, research and quality
control laboratories in the food, paint and textile industries and,
currently in particular, in the initial preparation phases of nanotech-
nology applications. Magnetic stirring is required in order to be able to
stir liquids inside air-tight containers [1]. Electromagnetic stirring
process can be induced in 3 different ways: horizontal, vertical and
horizontal + vertical. Horizontal stirring is induced by a rotating mag-
netic field (RMF), while vertical stirring is induced by a traveling
magnetic field (TMF) [2]. Magneto hydrodynamic (MHD) stirring occurs
when both types of magnetic fields are applied simultaneously [3-5].
RMF Stirrers are actually axial flux synchronous motors [6-9]. The
difference between synchronous motors and RMF stirrers is that the
rotor is inside the stator. While the rotating magnetic field occurs inside
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the stator in a synchronous motor, it occurs on the upper surface of the
stator core in the RMF stirrer. Such stirrers feature a magnetic fish (a
short bar magnet with low pole strength) or the metallic liquid itself as
the rotor [10]. No physical connection exists between the rotor and the
magnetic field source, and the rotor follows the rotating magnetic field.
The use of Rotating Magnetic Field Electromagnetic Stirring Systems
(RMF-EMS) is widespread in the production process of continuously cast
billets and blooms [11,12]. Another option to rotary stirring is axial
stirring, also known as "’up and down’’ stirring, which induces liquid
movement parallel to the axis of the cavity. This type of flow is induced
by a traveling magnetic field (TMF), which is generated by a linear
motor. The utilization of RMF and TMF fields in MHD stirrers is wide-
spread for conducting experimental investigations into the impact of
liquid phase motion on heat and mass transfer during the crystal growth
and solidification of metal alloys. MHD stirrers not only ensure toroidal
flow in the solution with RMF, but also poloidal flow utilizing TMF
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Fig. 1. Magneto hydrodynamic stirrer (MHD) a) RMF Stirrer, ¢) TMF Stir-
rer [15].

(Fig. 1). Therefore, MHD stirrers incorporate two independent coil sys-
tems [13-15].
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flow in the solution with RMF, but also poloidal flow utilizing TMF
(Fig. 1). Therefore, MHD stirrers incorporate two independent coil sys-
tems [13-15].

The deposit which accumulates on the surface of the fluid due to the
centrifugal force resulting from the rotating movement of the RMF is
pushed downward by the TMF. The downward force generated by the
TMF creates a downward flow near the wall. Said downward flow im-
pacts the bottom surface and changes direction, creating an upward flow
at the center which pushes up the lower part of the fluid level defor-
mation. Consequently, fluid surface deformation is reduced. As RMF and
TMEF can be controlled independently, fluid level can be kept constant by
adjusting the TMF current according to the deformation of the fluid level
[16-18]. However, RMF-only stirrers are preferred for fluids with low
electrical conductivity, such as aqueous solutions. In the literature, such
stirrers are mostly utilized in fluid flow and crystal growth applications
[19-22]. Furthermore, rotary stirring is employed in continuous casting
or during the solidification of metallic melts, demonstrating its advan-
tageous impact on the microstructure of the resulting ingots [23]. Two
main effects may be observed: firstly, the RMF-driven convection pro-
motes the transition from columnar to equi-axed dendritic growth;
secondly, in many cases, a distinct grain refining is obtained. Nonethe-
less, it was also revealed that stirring a solidifying alloy might cause
macro segregation [24,25]. RMF Stirrer was preferred in this study
because of its aforementioned benefits and wide range of application. A
new RMF Stirrer system has been developed in this study, which, unlike
the literature, achieves mixing in a more homogeneous and shorter time
frame. Said stirrer features four magnetic fish with a 90° angle to each
other, where two of the reciprocal magnetic fish rotate clockwise while
the other two rotate counterclockwise. Such rotation characteristic
prevents deformation of the surface of the stirred liquid without the
need of a TMF stirrer. This allows a mixture as would be in an MHD
stirrer to be obtained within a shorter time. Experimental results on the
structure, control and effects on reduction of mixing time of the RMF
stirrer system developed within the scope of the study has been
respectively explained in detail.

3. RMF stirrer core design with ANSYS Maxwell® simulation
software

As the first step in the study, a core was designed, using ANSYS
Maxwell® simulation software, for a new RMF Stirrer that would
perform the stirring process both more homogeneously and within a
shorter time by incorporating the rotation of multiple magnetic fish. The
design process began by selecting a cylindrical disc with a diameter of
130 mm and height of 35 mm, adequate in size to hold below the
necessary coils and above conventional 1 L beakers. AISI4140 mild steel
was preferred due to its low H, critical value. The 12-section core was
created by opening 5 mm wide, 25 mm deep and 130 mm length canals
which 150 winding coils made of 0.5 mm diameter copper wire will be
placed on the upper surface of the cylindrical disc. During design trials,
it was proposed that a steel ring made of the same material as the core
should be placed at the center of the core in order to ensure that the
rotating magnetic field created in the core by the PWM voltage applied
to the RST coils with a phase difference of 120° would be able to rotate
multiple magnetic fish. The inner diameter, outer diameter and height of
such ring was made variable, thereby reducing the magnetic field
magnitude at the core center to zero and enabling multiple magnetic fish
located around the perimeter of the ring to rotate, as opposed to a single
magnetic fish rotating at the center of the core. As a result of many trials
regarding the dimensions of the ring, it was determined that the inner
diameter of the steel ring should be 40 mm, its outer diameter 90 mm
and its height 15 mm (Fig. 2a). Magnetic permeability and chemical
components of the AISI4140 mild steel selected for the core and the ring
are exhibited in Table 1. In addition, placement of the RST coils on the
core during the magnetic analysis, as well as the current input directions
for each phase is shown in Fig. 2.
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(a)
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Fig. 2. (a) Core and RST coil designs for the Magnetic Stirrer, (b) Current inputs for the [R(+), S(+), T(+)] phases, (c) Current inputs for the [R(-), S(-), T

(—)1 phases.

Table 1

Chemical composition of the AISI4140 mild steel in terms of % weight and its magnetic permeability.

Material C Si Mn P S

Cr Mo Ni Magnetic Permeability (H/m)

AISI 4140 0.45 0.40 0.90 0.025 0.035

1.20 0.30 0.40 700-1000

During the analysis, currents were given to the RST (UVW) coils in [R
(), $(=), T(=)1, [R(-), S(+), T(-)] and [R(-), S(-), T(+)] directions,
respectively. These currents were provided by PWM voltage at 100 %
duty cycle applied to the coils. In the study, PWM voltage was preferred
with the idea that energy savings could be achieved by changing the
duty cycle value. Fig. 3 shows the magnetic pole state, magnetic field
magnitude and change determined on the core surface when currents of
1.5 A are applied to the RST coils in the [R(4), S(—), T(-)]1, [R(-), S(+),
T(-)] and [R(-), S(-), T(+)] directions, respectively. As seen in Fig. 3,
both a rotating magnetic field was created on the core surface and the
magnetic field at the core center, which is the inner part of the steel ring,
was reduced to zero. Subsequent to the aforementioned step, core
channels were drawn for each phase, as well as a total of 12 “Polylines”
along the center of the core sections, and magnetic field changes were
determined along each polyline. Values at which the magnetic field is
minimum, and maximum were determined along all polylines for each
phase, and the locations on the core where a magnetic fish can rotate by
phase changes were investigated. Using the ANSYS Maxwell® simula-
tion program, magnetic field changes in the z direction were determined
along polylines where only the magnetic fish could rotate. The change in
magnetic field magnitude along 3 polylines for the R phase in the first
position where the magnetic fish can rotate is shown in Fig. 4. The
change in magnetic field magnitude along 3 polylines for the S phase and
T phase at the first position where the magnetic fish can rotate is given in
Appendix A. However, the change in magnetic field magnitude along 3
polylines for the R phase, S phase and T phase at the second position
where the magnetic fish can rotate is given in Appendix B.

As seen in Fig. 4, Fig.A1 and Fig.B1, points at which the magnetic
field is minimum and maximum along polylines for each phase are
marked with markers m1, m2, m3 and m4, magnetic field magnitudes at
said points were determined and noted on the core design. Then, for the
first position, the rotation circle of the magnetic fish passing through the
m3 and m4 points on Polyline 2, Polyline 3 and Polyline 4 was deter-
mined (Fig. 4). It was thereby understood that the magnetic fish which
can be used during the experimental phase should not exceed the
diameter of such circle (approximately 3 cm) (Fig. 4). It was therefore
ensured that the length of the magnetic fish does not exceed 2 cm. Fig. 5
demonstrates which position a magnetic fish to be placed inside the
circle will be under magnetic force in the RST phases, and that the di-
rection of rotation will be clockwise. For each phase, the magnetic field
magnitudes and direction changes at the positions of m3 and m4

markers on the core confirm that the magnetic fish will rotate clockwise.
In addition, since the magnitude and direction change of the magnetic
field at the m1 and m2 points on the polylines (Fig. 4) is the same for the
first position, a second magnetic fish will be able to rotate in the same
direction in the symmetry of the magnetic fish seen in Fig. 5.

The second circle position passing over the m3 and m4 markers
where the magnetic fish can rotate on the core is seen in Fig. 6. When the
magnetic field magnitude and direction changes at the m3 and m4
marker positions for each phase are examined in Fig. 6, it is understood
in which position a magnetic fish placed within this circle bounded by
the m3 and m4 markers will be in the RST phases and its direction of
rotation will be counterclockwise. Furthermore, since the magnitude
and direction of the magnetic field at points m1 and m2 on the polylines
(Fig. B1) are the same for the first position, the second magnetic fish will
be able to rotate in the same direction within the symmetry of the
magnetic fish seen in Fig. 6. Thus, according to the ANSYS Maxwell®
analysis results for the stirrer, it was confirmed that four magnetic fish
could rotate at 90° angle between each other, with two of the reciprocal
magnetic fish rotating clockwise and the other two rotating counter-
clockwise (Fig. 7).

4. Manufacturing of the RMF stirrer core according to the design
and development of the electronics

In this phase of the study, American Iron and Steel Institute’s
AISI4140 mild steel was procured in a certain amount and been
machined on the lathe into a cylindrical disc with a diameter of 130 mm
and height of 35 mm. Then, in accordance with the design, in order to
place the 150-winding RST (UVW) coils made of 0.5 mm diameter
copper wire, 12-sections were created by opening 5 mm wide, 25 mm
deep and 130 mm length canals on the upper surface of the cylindrical
disc. While calculating the canal cross-section, the overlap of the RST
(UVW) coils at the disc center and the ring height were taken into ac-
count. The sectioned disc was subsequently machined to have a diam-
eter of 90 mm and depth of 15 mm from the center. Then, 150-winding
RST (UVW) coils made of copper wire of 0.5 mm diameter were placed
in the channels. Finally, a ring made of the same material, with an inner
diameter of 40 mm, outer diameter of 90 mm and height of 15 mm, was
placed in such section (Fig. 8a, b). The core was left under uniform
magnetic field of magnitude 0.005 T for a day in order to remove the low
stress resulting from the machining process and was rested for another
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Fig. 3. Magnetic pole status and magnetic field distribution for the Magnetic Stirrer; (a, b) for phases [R(+), S(-), T(-)], (c, d) for phases [R(-), S(-+), T(-)], (e, f)

for phases [R(—), S(-), T(+)].
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R Phase).



S. Bicakci et al.

Engineering Science and Technology, an International Journal 58 (2024) 101850

R() SO TEO)
R Phase.

RO SMH TE)
S Phase

RO SO T()
T Phase

Fig. 5. The position, at each phase, of a magnetic fish which could rotate clockwise on the stirrer core.
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Fig. 6. The position, at each phase, of a magnetic fish which could rotate counterclockwise on the stirrer core.

R Phase S Phase

TPhase

Fig. 7. The position, at each phase, of the four magnetic fish which could rotate on the stirrer core.

three days until the permanent magnetism disappeared. This time was
determined by taking into account tesla meter measurements.
Manufacturing of the RMF Stirrer stator (core) was followed by the
designing of the electronic driver circuit capable of applying 16 V PWM
voltage to the coils for the R, S and T phases with a phase difference of
120 degrees (Fig. 3a). The coils were fed using an L298N step motor
driver IC. This allowed application of currents of up to 3A to the coils.
However, in the study, a constant current of 1.5 A was applied to the
coils to prevent heating. This magnitude of current applied sequentially
to the windings of the RST (UVW) phases according to the phase fre-
quency did not cause heating. The FPGA structure within the NI
myRIO® 1950 embedded system (National Instruments Corporation,
Austin, TX ABD) was utilized in the study for sequential control of the
phases, generation of the PWM signal and determination of the

increment range of the phase frequency. The ARM microprocessor
structure of the myRIO® embedded system was utilized in the RMF
stirrer system to adjust the duty cycle value of the RMF voltage by
Manual Control. However, in this study, the duty cycle value was
selected as 100 %. LabVIEW® software interface was used to program
the myRIO® embedded system. Block diagram and photograph of the
RMF stirrer system developed within the scope of the study is demon-
strated in Fig. 9a and Fig. 9b, respectively.

5. Developed LabVIEW software for RMF stirrer system
The programming of the myRIO® 1950 embedded system for the

control of the RMF stirrer was done with LabVIEW® software (National
Instruments Corporation, Austin, TX ABD). The 3 coils in the RMF stirrer
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Fig. 8. Manufactured RMF Stirrer core (stator).

PC
LabVIEW
Front Panel

myRIO Platform

ARM Cortex A9
Microcontroller

. Sequential
Fixed Method ) ( Adapive 01d Method Coil
Method .
Ignition

PWM

Fi Logi
ey Generator

Manual Control Control

Xilinx Zynq 7 Series
FPGA

Drive
Circuit

myRIO Platform

RMF Stirren

(a)

(b)

Fig. 9. A) block diagram, b) photograph of the developed rmf stirrer system.

system are energized under the control of myRIO® platform as shown in
Fig. 9a. Microprocessor and FPGA modules of myRIO® were used in
cooperation for energizing the coils. The basic control software that fires
the coils to create the rotating magnetic field is run on the FPGA module
on myRIO® (National Instruments Corporation, Austin, TX ABD). There
are 2 algorithms running in parallel on the FPGA module. The first one is

the algorithm that fires the coils in the appropriate sequence and timing
according to the setting parameters from the microprocessor (Fig. 10)
and the second one is the algorithm that generates the PWM signal ac-
cording to the frequency and duty value from the microprocessor
(Fig. 11). The pseudo-code for the FPGA algorithms is given in Appendix
C. The algorithm that fires the coils provides the firing of the 3 coils

Stop Sgnal

[ime Upast
IMehode

Tab Control

. |_|£|” T

Fig. 10. LabVIEW® block diagram of sequential coil ignition circuit.
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Fig. 11. LabVIEW® block diagram of PWM generator circuits: (a) timing calculator circuit, (b) PWM output control circuit.

shown in Fig. 2a according to the current inputs in the RST phases. In the
algorithm, the waiting times required for the initial speed value of 100
rpm, which is the initial speed value at which the fish starts to rotate, are
used for the firing timing of the coils. The waiting times required for the
following firing timings are determined in the algorithm with Adaptive,
Fixed, and Old methods according to the control input from the micro-
processor. In the Adaptive method, the next waiting times are calculated
according to the current speed of the magnetic fish, in the Fixed method,
the waiting times are increased and decreased in fixed steps until the
target speed value is reached, and in the Old method, the waiting times
are decreased in incremental steps until the target speed value is
reached. The obtained coil firing signals (Algorithm 1) and PWM signal
(Algorithm 2) are transferred from the digital pins of myRIO® and
applied to the coils through the driver circuit as shown in Fig. 9a.

The microprocessor module of myRIO® contains a control algorithm
that determines the setting parameters of the 2 algorithms in the FPGA
(Fig. 12). In this control algorithm, there is a reference speed generation
sub-loop that generates the target speed value desired for the magnetic
fish to rotate as a periodic wave or constant value. For the periodic
reference speed, the frequency and speed variation value is entered by
the user and a square wave signal with a center value of 300 rpm is
obtained from the reference speed generator. The constant reference
speed is taken as the value entered by the user. However, in the control
algorithm in the microprocessor, the coil currents are read from the
sensor and filtered with the moving window filter, the coil firing method
for the FPGA is selected by the user and the frequency value required for
the PWM and its duty value are determined. The duty value can be set by
Fuzzy Logic or manually according to the user’s choice (Fig. 13).

In the study, the adaptive control method was chosen for the coil
firing method and the manual control method was chosen for the duty
cycle value of the PWM signal. The manual controller operates at the
loop time (10 ms) entered from the LabVIEW® interface and sends
commands such as reference value, PWM frequency, N filter as input to
the algorithms in the FPGA. In the interface, the reference value is the
target speed of the magnetic fish, the PWM frequency is the frequency of
the PWM signal, and the N filter is the number of elements of the moving
window filter used to eliminate noise components in the measurement of
coil currents. In this study, the reference value was chosen as 400 rpm,
the PWM frequency as 10 kHz, and the N filter as 200 elements. The

manual control duty cycle value can be changed manually in the range
of 0-100 using the adjustment knob. However, in this study, this value is
set to 100 %. In addition, the duty cycle value can also be adjusted by the
fuzzy logic control method. By reducing the duty cycle value of the PWM
signal with fuzzy logic control, the average voltage applied to the coils is
reduced without affecting the rotation speed of the magnetic fish, and
energy saving can be obtained. However, when the duty cycle value of
the PWM signal decreases below 100 %, it is determined that the mag-
netic fish cannot rotate at 400 rpm, so the Manual control method is
preferred instead of Fuzzy logic control. In addition, the aim of the study
is not to increase the energy efficiency of the system.

6. Experimental finding

A series of experiments were conducted, which exhibited that the
new magnetic stirrer developed within the scope of the study performed
the stirring process both more homogeneously and within a shorter
period of time. A second magnetic stirrer was utilized in such context,
which was made of the same material bud could only rotate a single
magnetic fish at the center (Fig. 14) [26]. Both stirrers were driven at
100 % duty cycle using Manual control and a rotating magnetic field was
created by applying 24 W (16 V, 1.5 A) to the RST coils of the stirrers.
Water was chosen as the liquid, in order to more easily observe the
stirring process of the stirrers. One and four magnetic fish were
respectively placed into two beakers, each containing 1 L of water, and
the beakers were positioned on the stirrer cores. 2 ml of diluted red
acrylic paint was added into the water in the beakers while the magnetic
fish were rotating at 50 rpm, and the times elapsed for homogeneous
distribution of the paint in the water were measured by taking video
recordings (30 fps) (Fig. 15). The same processes were repeated by
increasing the speed of the magnetic fish by 50 rpm up to 400 rpm. The
time needed to obtain a homogeneous mixture was found to be 34 %
shorter with the new stirrer. It has been determined that the time to
reach homogeneity for different speeds is repeatable using the visual
method. In addition, the vortex caused by a single magnetic fish rotating
in the center was not seen in the newly-designed stirrer, due to multiple
magnetic fish rotating in opposite directions. Thus, a mixture similar to
that in an MHD stirrer was obtained without the need for a TMF stirrer.
In the study, the experiments were repeated by changing the rotation

= e
ot

Fig. 12. LabVIEW® block diagram of microprocessor program.



S. Bicakci et al.

Referance Selector Loop Time (ms)  Delay Time (us)
110 25000
PWM Frequency ~ Speed (RPM)
Referance +J 10000 400
Value
N (Filter) Current (A)
1200 0,561826
Time Update Methode
Fixed | Old | Adaptive | Adaptive < |
Duty Output Speed Step  Methode
|1°° YI5 Manuel v‘
Manuel l Fuzzyl
Duty
40 50 60
30 ‘70
20 -80
10 ~90
o E
B Stop

Engineering Science and Technology, an International Journal 58 (2024) 101850

current [%G

Current Graph

00:00:10

Targetspin - [AW4
Theoratical Spin [N
Measured Spin [N

(a)

(b)

Fig. 14. A) magnetic stirrer which can rotate a single magnetic fish at the center, b) new magnetic stirrer which can rotate four magnetic fish.

speed up to 400 rpm with 50 rpm intervals, and the results are given in
Table 2. It was additionally observed that the magnetic fish in the new
stirrer drifted due to centrifugal force and rotation ended at speeds over
410 rpm. However, it is possible to increase the rotation speed of the
magnetic fish above this value by increasing the magnitude of the
magnetic field provided by the stirrer core. In order to increase the
magnitude of the magnetic field provided by the stirrer core, it can be
done by increasing the power values supplied to the system (24 W).

7. Conclusion and recommendation

This study aimed to develop a novel FPGA-based RMF stirrer system
in order to reduce mixing time. A new RMF stirrer design was created

within such scope, based on the results of magnetic analyses conducted
using ANSYS Maxwell® simulation software, incorporating four mag-
netic fish rotating at symmetrical positions. The new stirrer was man-
ufactured in the exact specifications shown in the design, and
experiments conducted at various rotation speeds indicated that the new
stirrer obtained a homogeneous mixture in a shorter period of time,
compared to a second magnetic stirrer incorporating a single rotating
magnetic fish at the center. Findings evidenced that the new stirrer
reduced the time needed for a homogeneous mixture by 35 % in average,
and eliminated the creation of a vortex in the stirring process. Thus,
using said newly-designed RMF stirrer, a mixture similar to that in an
MHD stirrer was obtained without the need for a TMF stirrer. In addi-
tion, it was observed that the magnetic fish in the new stirrer drifted due
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(c)

(d)

Fig. 15. Determination of homogeneous mixture time in a, b) Magnetic Stirrer inducing rotation at the center, and c, d) Newly-designed Magnetic Stirrer.

to centrifugal force and rotation ended at speeds over 410 rpm. How-
ever, it would be possible to increase the rotation speed of the magnetic
fish above 410 rpm without drifting, by increasing the magnitude of the
magnetic field created by the stirrer core. This may be achieved by
increasing the current applied to the RST coils, using a stirrer core with
greater magnetic permeability or increasing the number of windings.
Further, the duty cycle value for the PWM signal driving the stirrer

10

via Adaptive control method in the LabVIEW® software developed for
the new stirrer can be adjusted both manual and via fuzzy logic control.
It is proposed that running the system with duty cycle values less than
100 % would improve energy efficiency. However, continuous rotation
of the magnetic fish could not be achieved in the new stirrer under duty
cycle values less than 100 %. This may be due to the decrease in current
as a result of decreased duty cycle and the resulting decrease in magnetic
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Table 2
Homogeneous mixture times of the stirrers by rotation speed.
Rotation Homogeneous mixture Homogeneous mixture Percentage
Speed time for the Magnetic time for the newly- Difference
(rpm) Stirrer inducing rotation designed Magnetic (%)
at the center (s) Stirrer (s)
50 46 30 34
100 40 25 38
150 35 23 36
200 30 21 30
250 26 16 38
300 21 13 39
350 19 13 30
400 16 10 33

force, which caused failure in synchronization of the rotation speed of

Appendix A

Engineering Science and Technology, an International Journal 58 (2024) 101850

the magnetic fish with the speed of phase change. However, the
magnitude of the rotating magnetic field applied to magnetic fish can be
increased by increasing the power consumption of the RMF stirrer above
24 W. Then, the minimum possible value of the increased power con-
sumption can be determined manually or using a fuzzy logic controller.

CRediT authorship contribution statement
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Methodology, Investigation. Y. Ege: Writing — review & editing, Writing
— original draft, Software, Methodology, Investigation.

The change in magnetic field magnitude along 3 polylines for the S phase and T phase at the first position where the magnetic fish can rotate is
given in Fig.Al. The magnetic field change graphs determined for R phase at the same position are given in Fig. 4.
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Fig. Al. Change in magnetic field magnitude along 3 polylines at the first position where the magnetic fish can rotate on the surface of the Magnetic Stirrer core (for

S Phase and T Phase respectively)
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Fig. Al. (continued).
Appendix B

The change in magnetic field magnitude along 3 polylines for the R phase, S phase and T phase at the second position where the magnetic fish can
rotate is given in Fig.B.1.
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Fig. B1. Change in magnetic field magnitude along 3 polylines at the second position where the magnetic fish can rotate on the surface of the Magnetic Stirrer core
(for R Phase, S Phase and T Phase respectively)
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Fig. B1. (continued).
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Fig. B1. (continued).

Appendix C

FPGA Parallel Algorithm - 1

Start

Initialize coil outputs

Set initial transition time (according to 100 RPM) —> coil_transition_time
Repeat:

Read target speed value —> target_speed (from Microprocessor program)

Fire coils sequentially with the determined transition time <- coil_transition_time
Read Control Method (Adaptive, Fixed, Old) —> control_method (from Microprocessor program)
Calculate fish turning speed value —> fish_turning_speed

If fish_turning_speed!= target_speed (400 RPM)

Switch(control_method):

Case Adaptive:

Calculate new coil transition time based on fish speed —> coil_transition_time
Case Fixed:

Calculate coil transition time with fixed steps —> coil_transition_time

Case Old:

Calculate coil transition time with stepped increments —> coil_transition_time

FPGA Parallel Algorithm — 2 —> PWM Generation Algorithm

Start

Repeat:

Read desired PWM frequency —> pwm_frequency (from Microprocessor program)
Read duty cycle value —> duty (from Microprocessor program)

Generate PWM signal

Microprocessor Algorithm

Start

Repeat:

Prompt user input —> pwm_frequency

Send to FPGA —> pwm_frequency

Prompt user input —> target fish_speed

Prompt user input —> reference_selector (Periodic, Fixed)

(continued on next page)
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(continued)
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Microprocessor Algorithm

Switch(reference_selector):

Case Periodic:

Prompt user input —> speed_change_value

Prompt user input —> periodic_signal frequency
Calculate periodic target speed signal —> target_speed
Case Fixed:

Prompt user input —> target_speed

Send to FPGA —> target_speed

Read coil current value —> coil_current

Prompt user input —> filter_ window_value (200)

Calculate filtered current value (Moving Window Average)

Prompt user input —> control_method
Send to FPGA —> control_method
Prompt user input —> duty_method
Switch(duty_method):

Case Fuzzy:

Prompt user input —> fuzzy_setting_values
Determine new duty cycle value —> duty
Case Manual:

Prompt user input —> duty

Send to FPGA —> duty

Read from FPGA —> fish_turning_speed
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