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Abstract: Magnetically levitated (ML) systems that incorporate PCB coils represent a grow-
ing trend in precision machining, valued for their controllable current flow and high fill
factor. The size of modern power devices is decreasing to enhance power density, minimize
parasitic inductance, and reduce power losses. However, due to the high resistance of PCB
coils, managing heat generation has become a significant area of study. This paper seeks to
optimize PCB coil design to minimize power loss and control peak temperatures in ML
systems, using a numerical model. An improved magnetic node model is employed to con-
struct the magnetic fields of an ML system. The proposed optimization method considers
the interdependencies among parameters to reduce overall power loss from coil resistance
and switching losses in the H-bridge circuit, while enhancing heat dissipation efficiency
in steady-state operation. A heuristic multi-objective optimization algorithm is employed
to optimize the design of the ML actuator. The optimization process initially focuses on
the PCB coils, with the magnet size held constant. Once the optimal coil parameters are
identified, the magnet volume is optimized. By integrating a theoretical analysis with sim-
ulation, this approach effectively addresses the optimization challenges and achieves the
desired performance for the ML actuator. Coils and magnets are constructed based on the
optimized design and tested by the magnetic field simulation software Radia, confirming
the feasibility of the approach. The method was also applied to a different type of ML
system for comparison, demonstrating the universality of the proposed strategy. In this
optimization effort, the maximum temperature reduction reached an impressive 50 ◦C.

Keywords: magnetic levitation; magnetic node model; PCB coils; power loss; optimal
design

1. Introduction
Magnetically levitated (ML) technology offers a promising solution for applications in

precision manufacturing, micro-manipulation, and the manufacture of semiconductors [1–3].
Since ML systems can move with six degrees of freedom (DoFs) without friction [4] and
pollution [5], many researchers utilize ML technology to achieve precise motion and force
control in various devices.

ML motion systems typically employ two types of coils as stators or actuators: tra-
ditional copper coils and PCB coils. A lot of studies are based on traditional coils [6–10].
While copper coils have long been used for their reliability, they occupy a large amount of
space. To address this limitation, PCB coils have been introduced. Nowadays, PCB coils are
widely utilized in modern technology due to their compact size, which conserves space, and
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their higher filling factor, which enhances both levitation and propulsion performance. The
generated magnetic force from these coils can support the mover, enabling linear motion
by controlling the current through the coils. Significant research has been conducted on
ML systems using PCB coils. For example, Kurita et al. developed a compact ML motor
with flexible PCB to improve the filling factor through an optimized winding method [11].
Lu et al. designed a PCB stator with a one-dimensional (1D) Halbach array mover to create
a novel long-stroke ML planar motor that achieves a higher filling factor and linear current
increase with motion range [12]. NASA has also supported a project to develop a novel
non-contact lunar railway utilizing a PCB coil track for operation on the moon [13]. Zou
et al. presented a new ML planar motor system with 2D Halbach array based on PCB coils
which needs less space [14].

To enhance the performance of ML systems, extensive research has been conducted
over the years to optimize traditional copper coils and permanent magnets. Lee et al.
proposed an optimization approach for both permanent magnets and copper coils by
adjusting parameters such as magnet thickness, magnetization patterns, pole pitch, air
gap length, and coil turns [15]. Saaideh et al. introduced a multi-objective optimization
design to achieve maximum magnetic output while minimizing the mass, time constant,
and stiffness of the actuator [16]. Li et al. focused on optimizing the width and length of
permanent magnets and the air gap thickness to maximize magnetic flux density [17]. Guo
et al. designed a system to achieve maximum magnetic output within the constraints of
cost and space [18].

Despite recent advancements, research on optimizing ML systems with PCB coils
to enhance overall performance remains limited. Existing optimization methods rarely
address the heating challenges posed by the high resistance of PCB coils. As modern
power devices shrink to improve power density, reduce parasitic inductance, and minimize
power losses, thermal management has become a critical barrier to achieving higher power
densities. Effective heat dissipation from the compact device to its surroundings is essential;
insufficient thermal control can lead to elevated junction and board temperatures, ultimately
jeopardizing the reliability of the PCB coil.

With effective thermal management increasingly challenging in electronics devel-
opment due to the trend toward smaller device sizes [19–21], this optimization study
addresses two key issues in planar PCB magnetic components: power loss and temperature
regulation. Reducing the loss of heat is essential for maintaining optimal efficiency, while
controlling the maximum device temperature is crucial for ensuring proper functionality
and improving reliability [22,23].

In this study, three mathematical techniques—magnetic nodes, Gaussian quadrature,
and coordinate transformation—are employed to construct an electromagnetic model.
The magnetic node model is modified to accurately and simply describe the magnetic
field around a permanent magnet [24], while coordinate transformation is used to build
the model framework. Gaussian quadrature is applied to simplify the computational
process [25], allowing for efficient calculation of the magnetic force. To minimize power
loss caused by the resistance of PCB coils and the voltage drop and regulate the maximum
temperature while operating, a heuristic multi-objective optimization algorithm, particle
swarm optimization (PSO), is utilized to optimize the number of turns and thickness of the
PCB coils. Based on the simulation results, the model was developed using Radia [26], and
the outcomes calculated through magnetic nodes were compared with those from Radia to
evaluate the feasibility of the design. The same optimization method was applied to other
ML systems with different structures for comparison, further validating the reliability of
the proposed design approach.
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The rest of the paper is organized as follows. Section 2 introduces the construction of
the optimization model, illustrating the process of the mentioned mathematical techniques.
Section 3 illustrates how to build the objective function and optimize the PCB coils, while
Section 4 demonstrates the experiment results. Section 5 concludes this article.

2. Numerical Model Design and Computation
2.1. Working Principle of ML System

Figure 1 comprises one unit of movers and stators. The mover consists of a magnet
array, while the stator is made up of multiple layers of PCB coils. An adjustable air gap
separates the mover from the stator, which can be controlled by varying the current through
the coils. The current is assumed to be constant due to the extended region of coils beneath
each magnet array.

Figure 2 presents two coordinate systems: {m} for the magnet array and {c} for the
PCB coils. The {m} coordinate system is aligned parallel to the {c} coordinate system in
space, with their origins mO and cO positioned along a common straight line. The force
exerted on the mover of the ML system is equal in magnitude but opposite in direction to
the force on the stator coil. This force can be determined using the Lorentz force equation.

The planar actuator can only be controlled stably in 6 DOFs since it has an active
magnetic bearing. To achieve the stabilization, feedback control is essential in the magnetic
levitation system. Controlling the mover requires at least six independently energized
coils. Given that the total force and torque are calculated by summing the contributions of
each individual PCB coil when the mover is modeled as a rigid body, the models in this
paper are developed for a single coil. The synthesis and optimization of configurations
with multiple coils are beyond the scope of this study.

Figure 1. One unit of the proposed ML system utilizing PCB coils in (a) top, (b) front, and
(c) side views.

Figure 2. The cross-section of Magnets II and its corresponding active coils.

2.2. Construction of Numerical Model

Developing an accurate magnetic model is a prerequisite for structural optimization
research. A precise magnetic model ensures the effectiveness of the optimization process,
enables more accurate magnetic control in the ML system, and provides realistic force
feedback. The construction of the numerical model involves developing both the magnetic
field model and the force model. The magnetic field model is created using the magnetic
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nodes, which provides the magnetic flux density of the system. The magnetic force is then
calculated using the Lorentz integral formula, based on the derived expression for magnetic
flux density.

2.2.1. Magnetic Nodes

This method treats the magnetic field produced by a permanent magnet as a superpo-
sition of magnetic fields from several independent nodes, known as ‘magnetic nodes’ [24].
Figure 3a illustrates the distribution of 8 magnetic nodes within a cuboid magnet. Therefore,
the magnetic flux density generated by the permanent magnet at point m A is equivalent to
the vector sum of the magnetic flux densities produced by the excitation of these 8 mag-
netic charges:

mB(m A) =
K

∑
i=1

mBi(
mNi,

m A) (1)

where i is the number of magnets, K is 8 in the rectangular magnets, and mNi represents the
equivalent magnetic node located at each vertex of the permanent magnet. The detailed
derivation of mB(m A) can be found in [19].
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Figure 3. Diagram of (a) magnetic nodes and (b) the top view of segments in a typical coil.

2.2.2. Coordinate Transformation

During the operation of the magnetic suspension system, the permanent magnet,
acting as a moving element, will exhibit relative motion with respect to the stator coil.
Magnetic vectors from different coordinate systems cannot be directly used for calculating
the magnetic force. To accurately construct the magnetic force model of the system, the
magnetic force should be calculated within the coordinate system aligned with the stator,
allowing for a more precise determination of the magnetic force. The transformation
matrix that converts the coordinates of the magnet system to the coil’s coordinate system is
denoted as cRm, while the translation vector in the coil’s coordinate system is represented
as cPm. Consequently, the magnetic flux density in the stator coordinate system is given by

cB(c A) =
K

∑
i=1

cRm · mBi(
cRm · mNi +

cPm,

cRm · m A + cPm) +
cPm

(2)
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2.2.3. Computation of Magnetic Force

The magnetic force generated by the permanent magnet and the magnetic force
produced by the coil are a pair of equal and opposite interaction forces. Therefore, once
the analytical solution for the magnetic flux density of the ML system is obtained, the
Lorentz force integral formula [27] can be employed to determine the magnetic force of the
permanent magnet:

cF =
∫∫∫

Vc

cJ × cBdVc (3)

where cB is the magnetic flux produced by permanent magnets, the whole dVc is equal to
dcxdcydcz of the coil, and cJ is the vector of current density of the PCB coils. The vector of
cJ is [IcNc/Dhc, 0, 0]T , Nc is the total number of coils, h is the thickness of the PCB coils, Ic

is the current flow in a single wire, and D is the distance from the inner coil to the outer
coil for each side, shown in Figure 3. D can be calculated as

D = Nlc + (N − 1)d (4)

where N is the number of turns of the PCB coil per layer, d is the gap between each wire,
and lc is the width of a single coil. According to the Lorentz principle, the magnetic force
is determined by identifying the primary current-carrying regions of the coil. Figure 3b
depicts the segmentation of a typical PCB coil. Since the magnetic field in the air gap below
the 1D Halbach permanent magnet array diminishes to zero outside the array region [28],
the current-carrying sections are confined to the long sides of the PCB coils. Therefore, the
primary sources of magnetic force excitation in the moving unit are parts of segments 0 and
4 (the part under the magnets) for each coil, as shown in Figure 3b. The relationship between
the mover and stator can be described through a relative translating vector P = [px, py, pz]T .
To simplify the optimization process, the translating vector in this study is set to [0, 0, 0]T .
According to Equation (3), the magnetic force acting on the magnetic array illustrated in
Figure 1a should be

cF =
∫ 0

−h
(
∫ D

0
−

∫ 2D+W

D+W
)
∫ px+

lm
2

px− lm
2

cJ ×c BdVc (5)

where lm is the length of a magnet.

2.2.4. Gaussian Quadrature

Gaussian quadrature divides the integral function into multiple nodes and calculates
the value at each node. These values are then weighted and summed to approximate the
result of integral [29]. Following the error estimation method outlined in [28], this work
applies the eighth-order rule, specified as follows:

∫ x1

x2

f (x)dx =
x2 − x1

2

7

∑
g=0

wg f (
x2 + x1

2
+ λg

x2 − x1

2
) (6)

where λg and wg are the nodes and weights of the Gaussian quadrature. As illustrated in
Figure 3b, only two segments (segments 0 and 4) are effective. Therefore, the formula for
calculating the magnetic force in the ML system, after applying Gauss numerical integration
and simplifying with Equation (4), is given as follows:

cF = −hlmD
8

8

∑
n1

8

∑
n2

8

∑
n3

cJ × cB(cG0 −c G4) (7)
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cG0 = (
D
2

λg +
lm
2

+
D
2

,
W
2

λg,
h
2

λg) (8)

cG4 = (
D
2

λg −
lm
2

− D
2

,
W
2

λg,
h
2

λg) (9)

where cG0 and cG4 represent the Gaussian quadrature nodes for segments 0 and 4, respec-
tively. The symbols W and lm denote the inner width and the effective length of the PCB
coils located directly beneath the magnets, with lm also being equivalent to the magnet
length. In this study, the vector cF = [c fx, c fy, c fz]T represents the forces per unit of current
along the x, y, and z axes.

2.3. Heat Transfer Equation for PCB

For high-power applications, effective heat dissipation is crucial for ensuring long-
term reliability, and potential temperature fluctuations must be accounted for during
the design phase rather than only during verification [30]. As the temperature rises, the
resistance of the coil generally increases due to the positive temperature coefficient of
copper and other conductive materials. This behavior can be described by the equation

Rt = R0(1 + α∆T) (10)

where Rt is the resistance at temperature T, R0 is the resistance at the reference temperature, α

is the temperature coefficient of resistance, and ∆T is the change in temperature. The increase
in resistance results in higher power losses, which in turn can further amplify heating.

However, this study focuses on the thermal conditions at equilibrium, and subse-
quent optimization is based on balanced thermal equations. At equilibrium, heat transfer
within the winding of magnetic components is predominantly governed by conduction.
Under steady-state conditions, the thermal resistance of a PCB coil can be expressed in the
following form:

Rc =
L

kA
(11)

where k is the thermal conductivity of the material, L the length of the path, and A is the
the cross-sectional surface of the considered path.

In thermal networks, the resistance to heat flow is represented by thermal impedance,
which is composed of resistive and capacitive elements. These resistances describe how
the component behaves when it reaches steady-state conditions. The behavior of the
component is determined by the resistances during steady-state conditions, while thermal
inertia is represented by the capacitances [31]. Magnetic components, known for their high
thermal inertia, respond to changes in applied power like an overdamped system [32].
As a result, the most significant condition during stable operation occurs at steady state,
where the maximum temperature is reached. The model focuses on steady-state analysis,
considering only the real part of the thermal impedance.

In magnetic components, when a fluid is present, convection occurs. The temperature
of the PCB coil is influenced by the fluid’s properties, the convective surface area, as well
as the speed and temperature of the fluid flow [32]. The steady-state temperature can be
determined using the following equation:

T = T0 +
Qc

αA
(12)

where α represents the heat transfer coefficient (HTC), Qc is the heat generated by the
PCB coil, A is the sum of a PCB surface area, T0 is the room temperature, and T is the
operating temperature at steady state. The value of α is influenced by the properties of the
fluid near the cooled surface, which change depending on the temperature. To estimate
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the heat transfer coefficient for each surface of the object, experimental correlations based
on different surface geometries and orientations can be applied, with fluid properties
evaluated at the film temperature [33]. The analytical solution for temperature, using
a Fourier series approach, was primarily derived based on the assumed average heat
transfer coefficient (HTC) of the PCB surface [34]. In this study, the HTC was selected to be
13 W/m2K [35].

2.4. Power Loss Caused by Resistance and Voltage Drop

The other significant issue negatively impacting the performance of the ML system
is the power loss resulting from the coil resistance and the switching circuit. This issue
warrants careful attention because the resistance of the coil directly influences the coil size
design, while the voltage drop caused by the H-bridge circuit complicates the selection of an
appropriate device for operating the system. In an H-bridge circuit, switching components
(such as MOSFETs or IGBTs) operate at high frequencies. By varying the duty cycle, or the
ratio of “on” time to “off” time in each switching cycle, the voltage applied across the motor
terminals can be precisely controlled. This voltage regulation primarily affects the current
and magnetic field strength within the planar, enabling accurate control of its motion and
ensuring overall system stability. Power losses are caused by an internal resistance or
voltage drop across the switching components when they are in the conducting state. The
total energy loss, which stems from both the PCB coil resistance and the drive voltage, is
calculated as follows:

Q = Qc + Qv = I2
c Rc + VIc (13)

where Qc and Qv are the power losses of the coils and driven voltage, Rc is the coil resistance,
and V is the voltage drop across the switch (H-bridge). Rc and Ic can be calculated as

Rc(N) =
(2ρcNc(W + L) + 4Nc(Nc − 1)(lc + d))P

khclc
(14)

Ic(hc, Nc) =
Gmass

c fz(hc, Nc)
(15)

where ρc denotes the resistivity of the material, lc represents the width of a single wire, P
is the number of layers, d is the gap between adjacent wires, and Gmass is the weight of
the load.

3. Optimal Design for the ML System
To achieve efficient performance while minimizing structural costs, many designs

undergo optimization [33–35]. In this paper, a typical ML system with a 1D Halbeck array is
taken as an example; the system structure is demonstrated in Figure 4. The key parameters
considered in the magnetic suspension system analyzed in this paper include the total coil
height (hc) (Figure 3b), and the number of coil turns in a single layer (Nc) of the PCB. Since
the hc contains the thickness of the prepreg layer (hp), core (hcore), and solid mask (hs), the
relationship among these parameters can be illustrated as

hc = h × Nc + hp × (Nc − 1) + hcore + 2hs (16)

where h, hp, hcore, and hs are constant. Performance criteria include the magnetic force
of the output along the z-axis, the power consumption of the system, and the operating
temperature of the device. In this study, a heuristic optimization algorithm is used to
determine the design parameters, ensuring the best possible optimization results. In the
initial optimization step, the size of the PCB coil is optimized. In the subsequent step, the
coil parameters are kept constant while the magnet thickness is optimized.
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Figure 4. A typical example of an ML system with 1D Halbach array.

3.1. Optimization of Variables and Objective Functions

In this study, three parameters of the ML system, Opt = (hc, Nc, hm), are optimized.
The initial focus of optimization is the coil, with the goal of determining its optimal
parameters, defined as Optc = (hm, Nc). Variations in the coil dimensions significantly
impact current density and resistance, which in turn affect the power output and energy
consumption of the ML system. The coil parameters, Optc, are optimized to minimize
power consumption while improving heat dissipation.

By multiplying the power consumption Q with the maximum stable system temper-
ature T, this work captures the combined effect of both factors. This product effectively
amplifies the impact when both power consumption and temperature are elevated, en-
suring the optimization process gives greater emphasis to performance issues in extreme
cases, such as when both temperature and power consumption are excessively high. The
reason for not considering the sum of these physical quantities is due to the significant
difference in scale—power consumption typically has much larger values than temperature.
Consequently, adding them would diminish the influence of temperature on the objective
function, resulting in suboptimal performance during the optimization. Therefore, the
objective function is formulated as

fobj = QT =
QcQ
αA

+ T0Q (17)

The relative importance of temperature and power consumption can be adjusted
according to the judgment of the designer or based on specific system requirements. The
designer can assign weights or use normalization techniques to adjust the influence of each
parameter to reflect their practical significance. In this design, the focus of the work is on
optimizing Equation (17).

This objective function aims to minimize heat loss in the system while keeping the
operating temperature within acceptable limits. The optimization process focuses on
adjusting the coil thickness to adjust the PCB cooling surface and modifying the coil
turns to optimize its resistance. These adjustments help achieve the objectives of this
optimization study. The second optimization target is the thickness of the magnets, defined
by the variable Optm = (hm). After obtaining the optimized coil parameters, the coil
dimensions are fixed, and hm becomes the variable in a subsequent optimization, using the
same objective function.
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3.2. Optimization Algorithms and Constraints

Particle swarm optimization (PSO) is an advanced heuristic algorithm well suited to
solve multimodal and single-modal problems due to its simple structure, high optimization
efficiency, and robust global convergence [36]. It has been widely applied to optimiza-
tion problems in various fields [37–42]. From the previous section, the first constraint
optimization problem is described as

min fobj(hc, Nc, hm)

s.t.


hc > 0
Nc > 0
lc =

R−(N−1)d
N > 0

hm = 8

.
(18)

The thickness of the magnets is fixed at 8 mm, while the two variables of the PCB coils,
hc and Nc, are optimized initially.

Following the initial optimization, the coil parameters are kept constant. The objective
function is then applied to optimize the height of the magnets. The constraints for the
second optimization are as follows:

min fobj(hc, Nc, hm)

s.t.


hm > 0
hc = constant
Nc = constant

.
(19)

Figure 5 illustrates the PSO process used in this study. Initially, the magnet dimensions
are set to a random value. The magnetic node model is then used to calculate the objective
function fobj for each particle, allowing for the determination of the optimal number of
coil turns and coil thickness through the PSO algorithm. Once these optimal values are
achieved, the dimensions of the PCB coil are fixed. Subsequently, the optimization process
focuses on the magnet height, hm, using the same objective function fobj and applying the
same optimization procedure. This two-step optimization method has not been applied
to ML systems before. The approach helps manage system complexity by addressing
the coil and magnet separately, given their distinct design variables and constraints. The
structure allows this work to focus on the specific optimization goals for each component
while maintaining their interdependence within a unified framework, ensuring overall
system performance.

Figure 5. Flow chart of PSO in proposed method.
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4. Validation and Verification of Magnetic Model and
Optimization Process

To confirm the feasibility of the proposed magnetic model, three experimental config-
urations (A1, A2, and A3) were designed. These experiments aim to validate the accuracy
of the model, reduce energy loss, lower the operating temperature of the ML system, and
evaluate the robustness and general applicability of the optimization methodology.

A1: This experiment compares the magnetic model constructed in MATLAB with an
equivalent model built in Radia. The objective is to assess the feasibility and accuracy of the
modified magnetic node model, ensuring that it can reliably represent magnetic behaviors
under varying configurations.

A2: In this phase, the proposed PSO optimization method is applied to an ML system
with a 1D Halbach array. Key parameters of the PCB coil and magnets are adjusted within
this setup to enhance the overall performance of the ML system, targeting reductions in
energy loss and improved thermal management.

A3: The optimization method is further tested on an ML system with a 2D Halbach
array, as illustrated in Figure 6, to verify its generality and correctness. This configura-
tion examines the adaptability of the optimization approach across different magnetic
arrangements, underscoring its versatility and effectiveness.

The initial fixed parameters for the ML system using a 1D Halbach array are detailed
in Table 1. These constants provide a baseline for assessing improvements and validating
the proposed impact of optimization on system performance.

Figure 6. A typical example of ML system with 2D Halbach array.

4.1. Feasibility of the Modified Magnetic Node Model

To validate the feasibility of the modified magnetic node model, the results are com-
pared with those obtained using Radia. The magnetic node modeling approach was
implemented in MATLAB. Figure 7 illustrates the magnetic force per unit current distri-
bution within the model, which was developed using magnetic nodes and Radia. The
simulation incorporates a coil thickness of 8.32 mm with seven wire turns and displays the
distribution of force per unit current across one magnetic period. The MATLAB and Radia
results shown in Figure 7 demonstrate strong agreement.

Table 2 presents the magnetic force per unit current generated by PCB coils of varying
sizes, comparing results from both the magnetic node method and Radia for the 1D
configuration. The data clearly demonstrate that, across different current densities and
coil thicknesses, the outcomes are closely aligned with those obtained from the Radia
simulations. This consistency confirms the accuracy and reliability of the modified magnetic
node method.
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Table 1. Initial constant parameters of ML system.

Parameter Value

Heat transfer coefficient (α) 15 W/m2k
Inner length of the coil (L) 60 mm
Inner width of the coil (W) 10 mm
Distance from the inner to the outer coil (D) 10 mm
Thickness of copper (h) 0.2 mm
Distance between each wire (d) 0.1 mm
Resistivity (ρc) 1.72 × 10−5 Ω·mm
Air gap (g) 1.5 mm
Length of the magnet (lm) 40 mm
Width of the magnet (wm) 10 mm
Remanence (Br) 1.2 T
The relative permeability of magnet (µr) 1.1
Density of the magnet (ρm) 7.5 × 10−3 g/mm2

Height of the magnets (hm) 8 mm
Constant weight of the stator (Gm) 20 N
Room temperature 25 ◦C

Figure 7. Magnetic force distribution of the ML system with 1D Halbach array using (a) magnetic
nodes and (b) Radia.

Table 2. Comparison of magnetic force per unit current along the z-axis generated by PCB coils of
different sizes: MATLAB vs. Radia.

Type
Size Results

Turns (turns) Thickness (mm) fz in MATLAB (N/A) fz in Radia (N/A)

Figure 4

3 3.84 0.599 0.605
3 4.48 0.666 0.675
3 5.76 0.782 0.796
3 7.68 0.917 0.936
7 8.32 1.905 1.950

10 8.32 2.858 2.737
13 8.32 3.810 3.647

4.2. Optimization Process and Results

In the PSO optimization process, a population size of 50 particles is utilized to ensure
a sufficiently diverse search space, while the algorithm runs for 14 iterations to enable
thorough exploration and convergence. The inertia weight is set at 0.5, maintaining a
balance between global and local search capabilities. The cognitive coefficient (C1) and
social coefficient (C2) are assigned values of 1.5 and 2.0, respectively, to fine-tune the balance
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between individual exploration and group cooperation, facilitating effective exploitation of
the search space.

The initial magnet height is randomly initialized at 8 mm to introduce variability
in the starting conditions. Throughout the experiment, the voltage drop of the H-bridge
circuit is varied within the range of 1 V to 10 V, which influences the resulting optimal PCB
coil dimensions. The optimization process at a voltage drop of 4 V is illustrated in Figure 8,
highlighting the step-by-step convergence towards an optimal design, which proves the
validity and reliability of the optimization design. The optimal parameters for the PCB coil
under a voltage drop of 4 V are clearly defined as three turns per layer and a thickness of
9.2 mm. It is also evident that during the optimization process, the increase in coil thickness
leads to a reduction in system temperature. This is due to the greater thickness expanding
the PCB surface, thereby improving heat dissipation efficiency.

Figure 9a,b present the optimized coil size. As the voltage drop across the switch rises,
the number of turns in the PCB coil also grows. The thickness of the PCB coil remains
constant at 9.2 mm. This is primarily due to the fact that a higher voltage drop leads to
greater power loss. To mitigate this loss, the optimization process increases the number of
turns, thereby enhancing the magnetic force generated per unit of current. This adjustment
allows the current of the system to be reduced, thereby minimizing localized heating and
power loss. Figure 9c displays the progression of the objective function values across
iterations, showcasing the ability of the algorithm to gradually refine the design.

(b)

(a)

(c)

Figure 8. Iteration process for PCB coil optimization at a voltage drop of 4 V: (a) number of turns,
(b) PCB coil thickness, and (c) objective function value.

In the subsequent phase, the PCB coil size was held constant, and the magnet height
was optimized based on the same objective function. The height of the magnets in the 1D
Halbach array was optimized from 8 mm to 12 mm during the second optimization phase.
Increasing the magnet thickness enhances the magnetic force generated per unit of cur-
rent, which reduces the current and consequently lowers power consumption and system
temperature. However, once the magnet reaches a certain thickness, the magnetic field
strength becomes saturated, and further increases in thickness do not lead to a significant
improvement in the magnetic force per unit of current. Therefore, 12 mm was determined
to be the optimal magnet thickness for this ML system.
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Figure 9. Optimized results: (a) number of turns, (b) coil thickness, (c) objective function, and
(d) operating temperature values for 1D Halbach arrays.

The results for the objective function value are depicted in Figure 10. When comparing
these results to the values in Figure 9c, it is evident that the objective function achieves
significantly lower values after optimizing the magnet height. These visualizations empha-
size the effectiveness of the optimization approach in meeting the targeted performance
metrics for the PCB coil across different conditions. Notably, the operating temperature
of the ML system in Figure 10b shows a significant reduction. For instance, at a voltage
drop of 9 V, the temperature of the system decreases by 50 degrees. This is because the
optimal thickness of the magnets reduces the current in the system, resulting in lower
power consumption and a decrease in operating temperature.

(a) (b)

Figure 10. Optimal results for (a) the objective function values and (b) operating temperature of the
second optimization for 1D Halbach arrays.

4.3. Effectiveness and Versatility of the Proposed Optimization

The same optimization process was applied to an ML system with 2D Halbach arrays,
as illustrated in Figure 6, to confirm its feasibility and adaptability. The range of the drive
voltage in this case remained consistent with that used in the previous 1D Halbach array
experiment, ensuring comparability across configurations. Figure 11 illustrates the PSO
iteration process for optimizing the PCB coil parameters at 4 V within the 2D Halbach
array ML system. The optimal parameters under a voltage drop of 4 V are clearly defined
as seven turns per layer and a thickness of 9.6 mm. As the thickness of the PCB coil
increases, the temperature decreases due to the expanded heat-radiating surface of the
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PCB. The iteration results demonstrate a well-defined convergence trend, underscoring the
effectiveness of the optimization approach.

(a)

(b)

(c)

Figure 11. Iteration process of PCB coil optimization at a voltage drop of 4 V: (a) turns, (b) thickness
of the PCB coil, and (c) the value of objective function for ML system with 2D Halbach array.

Following the initial optimization stage, Figure 12 presents the optimized results with
fixed PCB coil parameters. As the voltage drop increases, the number of coil turns per layer
rises from 1 to 14, while the PCB thickness remains constant at 9.6 mm. The higher voltage
drop results in greater power loss, prompting an increase in coil turns to mitigate the loss.
This adjustment enhances the force per unit current. The results in the PCB coil exhibits
the same trend as the system with a 1D Halbach array, thereby confirming the accuracy of
the method.

In this phase, the magnet thickness is refined, transitioning from an initial random
value of 8 mm to an optimized value of 11 mm. The increased thickness improves the
magnetic force per unit current and reduces the current of the system, thereby lowering
power consumption. At 11 mm, the thickness generates a saturated magnetic field, and any
further increase would not result in a significantly enhanced magnetic force. The values of
the objective function from the second optimization are shown in Figure 13, where a reduc-
tion in the objective function value is observed compared to the first optimization. This
improvement underscores the robustness and effectiveness of the proposed optimization
methodology in enhancing system performance across multiple configurations.

Based on the previous optimization results, two types of ML systems were developed,
as illustrated in Figure 14. For the ML system utilizing a 2D Halbach array, the stator
weight is 10 N in the actual design, and the optimal parameters are determined accordingly.
Similarly, the ML system with a 1D Halbach array was designed based on the previous
optimization results, accommodating the same 23 N load. The detailed parameters are
provided in Table 3. In future work, we aim to implement effective control strategies for
these systems.
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Figure 12. Optimized results: (a) number of turns, (b) coil thickness, (c) objective function values,
and (d) operating temperature for 2D Halbach arrays.

Figure 13. Optimal results for the objective function values of the second optimization for 2D Halbach
arrays (with a load of 2.3 kg).

2D Halbach Array1D Halbach Array

(a) (b)

Figure 14. Actual design of ML system with (a) 1D and (b) 2D Halbach arrays using PCB coils.
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Table 3. Main structural parameters of ML planar with 1D and 2D Halbach arrays.

Basic Parameter Values for 1D ML System Values for 2D ML System

Length of the magnets (lm) 40 mm 16 mm
Width of the magnets (wm) 10 mm 8 mm
Height of the magnets (hm) 12 mm 11 mm
Constant weight of the stator (Gm) 23 N 10 N
Thickness of the PCB coil (hc) 9.2 mm 8.32 mm
Total width of one PCB coil (wc) 30 mm 48 mm
Total length of one PCB coil (lc) 80 mm 48 mm
Total turns of one PCB coil (Nc) 180 turns 171 turns
Number of layer of PCB 20 layers 19 layers
Thickness of the copper (h) 0.2 mm 0.2 mm

5. Conclusions
This paper introduces a numerical model for an ML system equipped with a PCB

coil and a 1D Halbach array, utilizing a modified magnetic node method combined with
Gaussian quadrature. The magnetic model is simulated in MATLAB and then optimized.
A comparison of the simulation results from MATLAB and Radia verifies the accuracy
and robustness of the proposed modified approach. Unlike conventional optimization
approaches, this work emphasizes minimizing power loss caused by coil resistance, driving
voltage, and the maximum operating temperature of the system, while ensuring system
stability. The optimization process focuses on adjusting the PCB coil dimensions and
magnet thickness, with PSO applied to efficiently navigate the search space, avoiding local
optima and accelerating convergence. To demonstrate the versatility of the method, a 2D
Halbach array is also optimized. The results confirm that this method enables efficient and
precise optimization, providing valuable insights for the design and enhancement of ML
systems utilizing PCB coils.
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