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INTRODUCTION

Air-core coils are an essential component of 
many electromagnetic systems, used in actuators, 
sensors, and wireless power transfer systems, 
among others [1]. However, their design involves 
the necessity of reconciling conflicting require-
ments – high magnetic flux density along the 
coil axis and minimal structural mass [2]. Clas-
sical analytical models, based on the Biot-Savart 
law, allow for rapid estimates and calculation of 
flux density values along the coil axis, but finding 
optimal solutions requires the application of other 
computational tools [3].

In the literature, the role of intelligent optimi-
zation methods in the design of electromagnetic 
systems is increasingly emphasized. Examples 
include works on linear induction machines, 

where the application of evolutionary algorithms 
enabled reduction of losses and mass while simul-
taneously increasing efficiency [4]. The applica-
tion of similar approaches, such as particle swarm 
optimization (PSO), in optimizing the geometry 
of air-core coils allows for obtaining Pareto-
optimal solutions, and their correctness can sub-
sequently be verified using FEM simulations and 
experimental studies [5].

Air-core coils and their applications

Air-core coils, unlike coils with a ferromag-
netic core, are characterized by simple construc-
tion and a linear relationship between current 
intensity and the generated magnetic flux density. 
The absence of a core eliminates hysteresis and 
magnetic saturation phenomena, which makes 
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them particularly useful in systems requiring sta-
ble operating parameters [6].

Applications of air-core coils encompass 
a wide range of technical areas. In electronics, 
they are used as components of filters, resonant 
circuits, and antennas. In electrical engineering, 
they find application in systems exciting magnetic 
fields, including Helmholtz coils, used to gener-
ate uniform fields in laboratory research [7]. Such 
systems are utilized in magnetic sensor calibra-
tion, material property studies, and experiments 
on new functional structures, including magneto-
rheological materials [8].

In recent years, the growing importance of 
air-core coils in research on smart materials has 
been observed. Thanks to the possibility of pre-
cise magnetic field shaping, these coils allow 
for dynamic control of mechanical properties of 
materials. In medicine and NDT techniques, they 
are used for non-invasive structural examinations 
and in applications requiring controlled magnetic 
fields in confined spaces [9].

Optimization methods in coil design 		
– the role of PSO

The design of electromagnetic coils requires 
consideration of multiple criteria simultaneously 
– from magnetic flux density values and its distri-
bution within the coil, through energy efficiency 
understood as the amount of magnetic energy 
generated by the coil in its interior relative to the 
electrical energy supplied to the coil windings, 
to mass (significant in devices implementing 
motion) and manufacturing costs [10].

The magnetic field energy generated by an 
air-core coil is determined by Equation 1:
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where:	 I – coil supply current [A], L – coil induc-
tance [H], and the inductance of a core-
less coil (solenoid) is calculated from 
Equation 2:
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where:	μ0 denotes the magnetic permeability of 
vacuum, A – coil cross-sectional area 
[m2], N – number of coil turns [-], 	
Lc – coil length [m].

After substituting (2) into (1) we have:

	

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 = 1
2 𝐿𝐿𝐼𝐼2 

 

𝐿𝐿 = 𝜇𝜇0
𝐴𝐴𝑁𝑁2

𝐿𝐿𝑐𝑐
 

 

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 = 1
2 𝜇𝜇0

𝐴𝐴𝑁𝑁2

𝐿𝐿𝑐𝑐
𝐼𝐼2 

 

𝐵𝐵𝑧𝑧 = 𝜇𝜇0𝐼𝐼𝑅𝑅2

2(𝑅𝑅2 + 𝑧𝑧2)3/2 

 

𝐵𝐵𝑧𝑧𝑧𝑧 = ∑ 𝜇𝜇0𝐼𝐼𝑅𝑅𝑖𝑖
2

2(𝑅𝑅𝑖𝑖
2 + 𝑧𝑧𝑖𝑖

2)
3
2

𝑁𝑁

𝑖𝑖=1
 

 

𝑚𝑚 = 𝜌𝜌 ∙ 𝑙𝑙 ∙ 𝐴𝐴 

 

𝑚𝑚𝑚𝑚𝑚𝑚𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝐷𝐷𝑖𝑖𝑖𝑖, 𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜, 𝐿𝐿𝑐𝑐)  

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝐷𝐷𝑖𝑖𝑖𝑖, 𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜, 𝐿𝐿𝑐𝑐) 

 

𝑥𝑥𝑖𝑖  =  (𝐷𝐷𝑖𝑖𝑖𝑖 , 𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜 , 𝐿𝐿𝐶𝐶) 

 

𝑣𝑣𝑖𝑖(𝑡𝑡 + 1) = 𝑤𝑤𝑣𝑣𝑖𝑖(𝑡𝑡) + 𝑐𝑐1𝑟𝑟1(𝑝𝑝𝑖𝑖 − 𝑥𝑥𝑖𝑖(𝑡𝑡)) + 
+𝑐𝑐2𝑟𝑟2(𝑔𝑔 − 𝑥𝑥𝑖𝑖(𝑡𝑡)) 

 
 
 

𝑥𝑥𝑖𝑖(𝑡𝑡 + 1) = 𝑥𝑥𝑖𝑖(𝑡𝑡) + 𝑣𝑣𝑖𝑖(𝑡𝑡 + 1) 

 

 

𝑓𝑓𝑘𝑘(𝑥𝑥𝑎𝑎) ≤ 𝑓𝑓𝑘𝑘(𝑥𝑥𝑏𝑏), ∀𝑘𝑘 ∈ {1,2}, 

and ∃𝑘𝑘: 𝑓𝑓𝑘𝑘(𝑥𝑥𝑎𝑎) < 𝑓𝑓𝑘𝑘(𝑥𝑥𝑏𝑏) 

 

 

 

	 (3)

Classical design approaches, based on the 
analysis of analytical relationships and gradient 
methods, often do not allow for finding globally 
optimal solutions, especially in the case of com-
plex geometric and material constraints [11].

Algorithms inspired by natural phenomena, 
such as genetic algorithms, simulated anneal-
ing, or PSO, are widely described in the literature 
[12]. PSO in particular has gained popularity due 
to its implementation simplicity, small number 
of control parameters, and high effectiveness in 
multi-criteria problems. In coil design, it allows 
for simultaneously maximizing flux density along 
the coil axis and minimizing its mass, with the 
obtained solutions presented in the form of a 
Pareto front [13].

The role of PSO in electromagnetic engineer-
ing is becoming increasingly visible – this meth-
od finds application in the design of air-core coils, 
as well as electric machines and wireless power 
transfer systems. Optimization algorithms can be 
based on decision variable values calculated from 
analytical relationships (e.g., Biot-Savart law) or 
on values calculated using approximate methods 
- e.g., the finite element method. An important 
step is conducting experimental studies, which 
allow for confirming the results obtained by com-
putational methods [14]. For example in [15], 
Chiarello and Malagoli presented a procedure for 
using the PSO algorithm in coil optimization for 
an electromagnetic actuator with four decision 
variables (electric current, number of turns, air 
gap and wire diameter).

MATERIALS AND METHODS

In order to perform optimization of air-core 
coil geometry, an integrated research procedure 
was developed encompassing analytical modeling, 
PSO algorithm, numerical simulations using the 
FEM. The research process was designed to enable 
comparison of results obtained at two levels:
	• analytical model (exact solution), allowing for 

rapid estimation of flux density along the coil 
axis and its mass,

	• numerical model, taking into account com-
plete magnetic field analysis, implemented in 
the Agros2D software [16].
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This chapter presents the successive stages 
of the adopted methodology: definition of the 
optimization problem and the adopted design 
space, construction of objective functions and 
constraints, implementation of the PSO algorithm 
along with Pareto analysis, as well as the scope of 
five analyzed geometric cases. Subsequently, the 
FEM simulation configuration is described.

Problem definition and design space

The aim of the research is to optimize the 
geometry of air-core coils in such a way as to 
obtain maximum magnetic flux density along 
the coil axis while simultaneously minimizing its 
mass. This is a classic multi-criteria problem in 
which conflicting requirements occur – increas-
ing the number of turns or geometric dimensions 
usually leads to an increase in flux density, but 
simultaneously causes a significant increase in 
total mass. Increasing the winding wire diameter 
allows for supplying the coil with higher cur-
rent, which increases the magnetic flux density 
value, but simultaneously, for a given coil vol-
ume, decreases the number of turns. One must 
also remember the aspects of thermal phenomena 
resulting from the flow of current through the coil 
windings [17].

The design space was determined by three 
main geometric dimensions:
	• coil inner diameter – Din,
	• coil outer diameter – Dout,
	• winding height – Lc.

In all calculations, it was assumed that all 
considered coil cases (Case 1–5, described in 
detail in Section 2.4) are wound with wire of 0.8 
mm diameter and supplied with a current of 2 A 
intensity.

Figure 1 presents a cross-section of a cylin-
drical coil used as an electromagnetic field exci-
tation in an MR fluid clutch. The figure should 
be treated as an axial cross-section showing the 
section up to the axis of symmetry (the axis of 
symmetry is the z-axis). Geometric dimensions 
are marked in the figure.

Based on these parameters, the number of 
turns resulting from the selection of copper wind-
ing wire diameter and the total conductor mass 
are determined. The ranges of dimensional vari-
ability were selected to cover five optimization 
variants (Case 1–5, described in detail in Sec-
tion 2.4), encompassing different design space 

configurations – from compact coils with small 
dimensions to larger constructions intended for 
generating stronger magnetic fields. An addition-
al constraint is the minimum spacing between the 
inner and outer diameter, equal to at least twice 
the wire diameter, which ensures the physical cor-
rectness of the solution.

Objective function and analytical model

The optimization task was formulated as a 
two-criteria problem in which two conflicting 
objectives are considered:
1.	Maximization of the axial component value 

of magnetic flux density along the coil axis. 
The flux density along the air-core coil axis (at 
the coil’s central point) was calculated based 
on the Biot-Savart law. For a single turn with 
radius R, through which current I lows, the flux 
density value at distance z from the turn plane 
is described by Equation 4:
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where:	μ0 denotes the magnetic permeability of 
vacuum, I – coil supply current [A], 	
R – winding radius of a single coil turn [m], 
z – distance from the geometric center of 
the coil, measured along the coil axis [m].

For a coil composed of N turns, with height 
Lc, inner diameter Din and outer diameter Dout, the 
total flux density along the axis is the sum of con-
tributions from individual turns, uniformly dis-
tributed along the axis and radius:
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where:	Ri and zi denote the radius and axial posi-
tion of the i-th turn, respectively.

2.	Minimization of coil mass.
The conductor mass was calculated as:
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where:	ρ – copper density (8.96 g/cm3), 		
l = N ∙ 2πRavg – total wire length, where 

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐷𝐷𝑖𝑖𝑖𝑖 + 𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜

4  

 

𝐴𝐴 = 𝜋𝜋𝑑𝑑2
4  

 

Emag ∝ B2 

 

 

F = ∇Emag 

, 

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐷𝐷𝑖𝑖𝑖𝑖 + 𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜

4  

 

𝐴𝐴 = 𝜋𝜋𝑑𝑑2
4  

 

Emag ∝ B2 

 

 

F = ∇Emag 

 – wire cross-sec-
tional area with diameter d.

The optimization problem for the air-core coil 
was formulated considering two criteria:
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The first criterion is understood as achieving 
the maximum peak value of the axial component 
of magnetic flux density. The second criterion is 
understood as the minimum coil mass value – the 
winding wire mass.

It should be noted that the analytical model 
based on the Biot-Savart law involves several sim-
plifying assumptions that define the scope of its 
applicability: (1) the finite thickness of the conduc-
tor cross-section is neglected, with each turn mod-
eled as an ideal current loop; (2) the effects of cur-
rent density distribution and Joule heating within 
the windings are not taken into account; (3) the 
analysis is limited to the axial component of mag-
netic flux density along the coil axis, and off-axis 
field errors are not evaluated. These assumptions 
are well-justified for the purpose of iterative geom-
etry optimization, where computational speed is 
critical, and are consistent with the standard appli-
cation of the Biot-Savart law in the literature. The 
FEM model in Agros2D, used for final verification, 
does not rely on these simplifications and accounts 
for the full spatial distribution of the magnetic field.

PSO algorithm configuration (parameters, 
fitness function, Pareto analysis)

To solve the defined problem, the PSO algo-
rithm was applied, inspired by the flocking behav-
iors of birds and fish. Each solution (swarm particle) 
represents a vector of geometric coil parameters:
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where:	 i = 1,2, ..., Np denotes the particle number 
in a population of size Np.

The movement of particles in the solution 
space is defined by velocity and position update 
equations:
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where:	 w – inertia coefficient, controlling the 
influence of velocity from the previous 
iteration, c1, c2 – acceleration coefficients 
(cognitive and social factors, respectively), 
r1, r2 ~ U(1.0) – random numbers generated 
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far by the i-th particle, g – global best solu-
tion in the population. t – computational 
step,t + 1 – next computational step.

To avoid premature convergence, adaptive 
control of parameters w, c1, c2 was applied, and 
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In this way, a Pareto front was constructed, 
illustrating the compromise between flux density 
increase and mass reduction.
In the studies, the following were adopted:
	• population size: Np = 50,
	• maximum number of iterations: T = 200,
	• inertia coefficient: w ∈ [0.4, 0.9] (decreasing 

linearly),
	• acceleration coefficients: c1 = c2 = 2.0,
	• mutation probability: pm = 0.1.

Figure 1. Axisymmetric Cross-sectional view
of the MR clutch – an example of using

an electromagnetic coil
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Such a configured algorithm ensured balance 
between exploration (global search) and exploita-
tion (refinement of solutions in the neighborhood 
of the optimum).

Five optimization cases

To analyze the impact of geometric constraints 
on the compromise between the axial component 
value of magnetic flux density and coil mass, five 
experiments (Case 1–5) were conducted, differing 
in the ranges of design parameters: inner diameter 
Din, outer diameter Dout, and winding height Lc. In 
all cases, geometric and technological correctness 
conditions were enforced. Table 1 summarizes 
the ranges of upper and lower limits for decision 
variable values.

Thanks to this division, it was possible to 
examine how the range of permissible dimen-
sions affects the distribution of Pareto solutions 
and the compromises between the axial compo-
nent of magnetic flux density along the coil axis 
BZc and coil mass minimization m.

The described optimization task was imple-
mented in the form of an application. The appli-
cation was prepared in the MATLAB environ-
ment using the App Designer module. The user 
interface (Figure 2) consists of three main func-
tional areas:
	• Control panel – enables selection of the 

analyzed optimization case (Case 1–5) and 
launching of the PSO algorithm. Buttons are 
also available to run all cases simultaneously, 
stop calculations, export results, and generate 
the Pareto front.

	• Results panel – displays values obtained in 
successive iterations, including the best solu-
tions so far and geometric parameters corre-
sponding to points from the Pareto front.

	• Visualization panel – presents the distribution of 
Pareto fronts and the course of the optimization 
process in the form of graphs, which facilitates 
interpretation of compromises between flux 
density maximization and mass minimization.

Thanks to this structure, the application 
enables full control over the course of calcula-
tions and intuitive comparison of results obtained 
for different design space configurations. From 
the convergence course, it can be seen that despite 
the adopted maximum number of iterations: T = 
200, the result stabilizes its value after approxi-
mately 30–40 iterations. Figure 3 presents the 
calculation results performed for the 3rd case 
(case 3). On the left side, the Pareto front points 
between Bz and m are presented.

Analysis of Pareto fronts for all five cases 
allowed for unambiguous indication of optimal 
weights in the objective function. Adopting val-
ues of wB = 0.7 for flux density and wM = 0.3 for 
mass ensured the best compromise between the 
conflicting requirements described by Equation 
7. In each of the analyzed cases, the point corre-
sponding to these weights was located in the area 
of the Pareto front where a significant increase in 
flux density was obtained with only a moderate 
increase in mass. For cases 1 and 2, these weights 
allowed for a clear increase in magnetic field 
value compared to very light initial constructions. 
In cases 3 and 4, the 0.7/0.3 optimum gave high 
flux density close to the maximum value, with 
mass maintained at an acceptable level, which 
was also confirmed by analysis of the Score(w1) 
indicator, defined as Score(w1) = w1 · B̂zC − (1−
w1) · m̂, where B̂zC and m̂ denote normalized 
values of flux density and mass respectively, and 
w1 is the weight assigned to the flux density cri-
terion. In case 5, the flux density preference at 0.7 
level ensured a favorable compromise, avoiding 

Table 1. Dimensional ranges adopted in the five analyzed optimization cases

Case [mm] Dout [mm] Lc [mm] Case characteristics

Case 1 25–45 45–65 25–45 A

Case 2 5–25 15–35 5–25 B

Case 3 45–65 75–95 35–55 C

Case 4 25–35 65–95 20–40 D

Case 5 25–45 35–55 35–55 E

Note: Case characteristics: A – Medium dimensions; balanced B/mass compromise,
B – Very compact coils for precision applications, emphasis on low mass,
C – Larger windings generating high B, D – Slender, wide winding; high Dout with moderate Din,
E – High windings in medium diameters; h limit test.
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both too low field value (for smaller weights) and 
unprofitable mass increase (for larger flux den-
sity weights). This choice can therefore be con-
sidered most appropriate for further analyses and 
numerical comparisons. Calculation results for all 
5 cases are presented in Figure 4.

Figure 4 presents a summary of results 
obtained within the five optimization cases con-
ducted, illustrating both the distribution of Pareto 
solutions and key geometric dependencies, as well 
as the course of PSO algorithm operation. On the 
three-dimensional graph Figure 4a, the solution 
space is visible, in which electromagnetic flux 

density values along the coil axis are marked in 
color. Analysis of this area clearly indicates that 
the highest flux density values are obtained for 
configurations with larger outer diameter and 
winding height, while maintaining moderate inner 
diameter. The relationship between flux density 
value and mass presented in the bar chart Fig-
ure 4b confirms that in the third and fourth cases, 
the highest magnetic field values were obtained, 
however, in the third case, this came at the cost 
of significantly higher mass. Analysis of the effi-
ciency indicator defined as the ratio of flux den-
sity to conductor mass Figure 4c indicates that the 

Figure 2. GUI interface of an application that optimizes the shape of an air coil using the PSO algorithm

Figure 3. Example Pareto analysis for “Case 3”
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best material effectiveness is provided by the sec-
ond case, in which compact geometry allows for 
achieving a favorable compromise between low 
mass and useful field level. The convergence his-
tory Figure 4d confirms stable algorithm operation 
in all cases – fitness function values stabilize after 
several dozen iterations, and the calculation course 
shows no signs of oscillations or instability. Addi-
tional information is provided by geometric pro-
portion graphs Figure 4e, which show that opti-
mal configurations are characterized by an outer 
to inner diameter ratio of approximately 3–4.5 
and a height to outer diameter ratio in the range 
of 0.55–0.70. The last graph Figure 4f illustrates 
the evolution of population diversity – periodic 
increases resulting from mutation introduction are 
visible, which allows avoiding premature conver-
gence and increases the chance of exploring glob-
ally favorable solutions. The entire analysis leads 
to the conclusion that the fourth case represents 
the most balanced compromise between high flux 
density and moderate mass, while the second case 
stands out with the highest efficiency in terms of 
material utilization.

FEM numerical analysis of flux density 
distribution in the air-core coil using 		
Agros2D software

The results obtained from calculations with the 
program developed in the MATLAB environment 

using the App Designer module were decided to be 
compared with results obtained from field calcula-
tions. The purpose of these simulations is to obtain 
information about the distribution of magnetic flux 
density in the area inside the coil (not only along 
the coil axis) and around it. Agros2D software [16] 
was used for calculations, which enables analysis 
of electromagnetic phenomena in axisymmetric 
systems, which allowed for significant reduction 
in the number of mesh elements while maintaining 
high accuracy in field distribution representation. 
The mesh was generated automatically with adap-
tive refinement in areas with the highest magnetic 
flux density gradients, particularly in the conductor 
region and along the coil axis.

Figure 5 presents a color map of magnetic 
flux density value distribution and field isolines 
in the area around the coil for optimal coil dimen-
sions according to Case 3 (Table 2) (Din = 45 mm, 
Dout = 93.19, Lc = 26.44). In the simulation, it was 
assumed that the coil windings were made with 
winding wire of 0.8mm diameter and are supplied 
with a current of 2A intensity.

For finite element mesh generation, the mesh 
refinement parameter was set to 2 in Agros2D. 
Approximately 16,770 finite elements are gen-
erated for the entire domain. Figure 5 shows the 
appearance of the finite element mesh - at the 
top the initial mesh, and at the bottom the solu-
tion mesh. As part of the analysis, the distribu-
tion of the magnetic flux density vector in the 

Figure 4. Summary of calculation results performed with the developed calculation program
for the five studied cases
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coil surroundings and the detailed course of the 
axial component Bz along the axis of symmetry 
were determined. The results were later com-
pared with analytical calculations for the coil’s 
central point. Additionally, numerical field pro-
files enabled more accurate assessment of flux 
density distribution uniformity and the influence 
of geometric dimensions on local values outside 
the coil center, which is not possible to capture 
in the analytical model. The use of FEM simu-
lation also allowed for verification of the influ-
ence of adopted geometric constraints on Pareto 
front formation. It was demonstrated that vari-
ants indicated by the PSO algorithm as optimal 
were characterized by a favorable compromise 
between field value along the axis and total con-
ductor mass also from the numerical perspective, 
which constitutes significant confirmation of the 
proposed methodology’s effectiveness.

RESULTS

The developed computational tool allowed for 
carrying out the process of selecting coil dimen-
sions meeting two established optimization crite-
ria. Based on adopted assumptions – e.g., the range 

of coil dimension variability (Din , Dout, Lc), the 
dimension optimization process was carried out 
using the PSO method while satisfying criteria (7) 
and (11), and then for such calculated coil dimen-
sions, calculations of flux density distribution in 
the coil area and beyond were performed using two 
methods. The results were compared. The present-
ed computational tools (Biot-Savart model, PSO 
algorithm, FEM) can be combined into one pro-
cedure sequence, which is presented in Figure 6.

This chapter presents the results of conducted 
research encompassing optimization of air-core 
coil geometry using the PSO method, comparison 
of obtained results using the finite element method 
in Agros2D software. Results analysis began with 
five optimization cases (Case 1–5), in which dif-
ferent ranges of geometric dimensions were con-
sidered, sufficiently different to lead to different 
optimal solutions, which allowed for assessment 
of the influence of the adopted design space on the 
distribution of Pareto fronts and the compromise 
between magnetic flux density value and conduc-
tor mass. Subsequently, results obtained in the ana-
lytical model were compared with numerical simu-
lation results. Such an approach enabled compre-
hensive assessment of the proposed methodology’s 
effectiveness and confirmation of its correctness.

Figure 5. Results of the analysis of the distribution of magnetic induction values and field isolines in the area 
around the coil for optimal coil dimensions according to Case 3
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PSO optimization results (Case 1–5)

Within the five analyzed cases, Pareto-
optimal solutions were obtained corresponding 
to different geometric coil configurations. For 
each case, the PSO algorithm returned a set of 
parameters describing the inner and outer diam-
eter, winding height, number of turns, and total 
conductor mass, as well as magnetic flux density 
values along the axis and fitness indicators. The 
results are summarized in Table 2, which pres-
ents both geometric quantities and solution qual-
ity assessment indicators.

Analysis of the obtained results shows clear 
differences between individual cases. The first 
variant represents medium winding dimensions 
and provides flux density of 47.9 mT with a mass 
of 675 g. The second case, characterized by very 
small geometric dimensions, achieved the low-
est flux density value (21.3 mT), but at the same 
time is distinguished by the highest material effi-
ciency, expressed by the BzCmax/m indicator. The 
third case allowed for obtaining high flux density 
(53.32 mT), however, with very large conductor 
mass exceeding 1.6 kg, which limits its practical 
usefulness. The most favorable compromise is 
revealed by the fourth case, in which the high-
est fitness function value (0.83) was obtained, 
combining high flux density (55.9 mT) with mass 
maintained at an acceptable level (890 g). The 
fifth case represents a construction with increased 
height, giving flux density of 35.9 mT with mass 
of approximately 409 g, which places it as an 
intermediate solution between compact and heavy 
windings. Comparison of all cases confirms that 
weight preference wB = 0.7 and wM = 0.3 leads 
to obtaining solutions characterized by high field 
value with controlled conductor mass.

Analytical calculation results for optimal 
dimension values Din , Dout, Lc (Case 1–5)

Figure 7 presents characteristics of magnet-
ic flux density distribution for the 5 considered 
cases. Calculations were performed using the 
analytical method based on Equation 4. Dashed 
lines indicate the coil outline. The quantity 
“Field” denotes the definite integral of the axial 
magnetic flux density along the coil axis over 
the coil length, defined as Field = ∫ B𝑧(z) dz, 
where the integration is performed over the coil 
length L𝑐. For improved readability, the units 
in the graphs were changed from T to mT and 
from m to mm.

Comparison of the analytical model and FEM

The field model developed in the Agros2D 
software was used to compare the results 
obtained with this computational method against 
the analytical model, which in this case is treat-
ed as the exact solution (reference point). Fur-
thermore, the model developed and verified at 
this stage can be used in the process of design-
ing and constructing technical devices in which 
solenoids are utilized. Figure 8 presents an 
example comparison of the magnetic flux den-
sity distribution in the coil calculated from the 
Biot-Savart model and the results obtained from 
the Agros2D simulation for CASE3. A clear 
agreement between the curves is visible—both 
the values from the analytical model and those 
calculated using the FEM indicate a monotonic 
decrease in magnetic flux density with increas-
ing distance from the coil surface. The conver-
gence of the results is at a very good level; in 
the worst case, the deviation does not exceed 
2.12% maximum point value of induction BzC-

max on the coil symmetry axis (Case 2). The flux 
density distribution is shown not only within the 
coil area itself (its span is depicted in Figure 8 
by vertical dashed lines and additionally labeled 
as “coil edges”) but also outside the coil outline.

Table 3 summarizes the results obtained from 
the analytical calculations (the Biot-Savart for-
mula), the values calculated by the PSO algorithm 
for the optimal solutions according to the criterion 
described by Equation 11, and the results derived 
from the field models built using the dimensions 
obtained from the PSO algorithm. The maximum 
magnetic flux density values acquired through the 
compared methods were juxtaposed. 

Figure 6. Computational methods useful in 
developing structures with air coils
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Table 2. Summary of parameters for P1-P5 – optimal values and coil mass, maximum flux density along the 	
coil axis calculated using the PSO method

Optimal value according to PSO

Case Din Dout Lc Mass m Induction BzCmax 

[mm] [mm] [mm] [g] [mT]

1 25 64.41 36.17 675.42 47.91

2 5 21.91 12.02 27.59 21.34

3 45 93.10 46.45 1698.74 53.32

4 25 68.45 40.00 890.12 55.94

5 25 53.52 35.36 408.52 35.86

Figure 7. Characteristics of the magnetic induction values along the axis of air coils according to Case 1–5

Figure 8. Comparison of analytical (Biot-Savart) and FEM simulation results for Case 3
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Data analysis indicates a good agreement 
between the analytical calculations and the FEM 
results. For Case 1, the difference between the ana-
lytical method (48.30 mT) and the FEM simula-
tion (47.67 mT) is slightly over 1.3%. A similar 
situation is observed in Case 2, where the devia-
tion slightly exceeds 2%. Similarly, for Case 3, the 
discrepancy between the maximum flux density 
calculated analytically and that calculated using 
the finite element method is approximately 1.73%. 
For Case 4, the difference between the FEM results 
and the PSO remains small – only 0.7%. Finally, 
for Case 5, the difference in the results is slightly 
over 1.4%. In summary, the presented comparison 
demonstrates high consistency among the analyti-
cal results, the PSO algorithm calculations, and the 
FEM. The largest differences occur in cases with a 
wider range of geometric dimensions, but they do 
not exceed the typical level for simplified models. 
Ultimately, the obtained results confirm the reli-
ability of the adopted methodology and the cor-
rect implementation of the optimization algorithm. 
Data analysis revealed a very good agreement in the 
curve shapes across all three models. Differences 

in absolute values were within the range of slight-
ly over 2%, which can be attributed to numerical 
errors. Simultaneously, it was confirmed that the 
point corresponding to the weights wB = 0.7 and 
wM = 0.3 lies in the region providing the most 
favorable compromise between the flux density 
and the conductor mass, also in the real system. 
Figure 9 presents a comparison of the magnetic 
energy generated by the sample coils relative to the 
volume of the winding wire.

CONCLUSIONS

The conducted research confirmed the effec-
tiveness of applying the PSO algorithm in the 
multi-objective optimization process of air-
core coils. The proposed methodology enabled 
effectively finding a compromise (Pareto front) 
between maximizing the axial component of the 
magnetic flux density (BzCmax) and minimizing the 
winding mass (m). Based on the obtained results 
and physical analysis, the following conclusions 
were drawn:

Model verification: The comparison of the 
results obtained from the analytical model (Biot-
Savart law) with the FEM field simulations 
(Agros2D) showed high agreement, with relative 
errors not exceeding 2.12% for all five analyzed 
cases (Case 1–5). This confirms that the fast analyti-
cal model is sufficient for iterative optimization cal-
culations, while computationally expensive FEM 
simulations can be used solely for final verification.

Optimal geometry: It has been demonstrated 
that the most favorable compromise between the 
parameters (weights wB 0.7; wM = 0.3) is achieved 
for designs with an outer-to-inner diameter ratio in 
the range of 3.0–4.5. This allows for avoiding the 
oversizing of the structure while maintaining high 
field parameters. Flux density – Energy – Force 
relationship: The analysis of the magnetic energy 

Table 3. Comparison of BzCmax results obtained using the analytical method and FEM calculations and the magnetic 
energy generated inside the coil volume

Case
Analit. method MES

Difference col. 3 to 2
Magnetic energy

mT mT J

Case 1 48.3 47.67 -1.32% 1.41*10-2

Case 2 21.69 21.24 -2.12% 3.52*10-5

Case 3 53.30 52.38 -1.73% 7.75*10-2

Case 4 56.02 55.63 -0.70% 2.08*10-2

Case 5 36.23 35.72 -1.41% 7.73*10-3

Figure 9. Magnetic energy in the coil bore vs 	
to the coil volume
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stored in the internal volume of the coil (Figure 9) 
indicates a direct correlation with the determined 
magnetic flux density. According to the relationship 

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐷𝐷𝑖𝑖𝑖𝑖 + 𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜
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4  

 

Emag ∝ B2 

 

 

F = ∇Emag 

, maximizing the flux density along the 
coil axis leads to a quadratic increase in the field 
energy density. This is crucial in the design of elec-
tromagnetic actuators, because the force acting on a 
ferromagnetic element (e.g., an armature or plung-
er) introduced inside the coil is directly proportional 
to the gradient of this energy (

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 =
𝐷𝐷𝑖𝑖𝑖𝑖 + 𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜

4  

 

𝐴𝐴 = 𝜋𝜋𝑑𝑑2
4  

 

Emag ∝ B2 

 

 

F = ∇Emag ). Thus, 
optimizing the geometry to maximize Bz with a con-
strained mass is equivalent to optimizing the useful 
force of the actuator relative to its own weight.

Applicability: The presented approach con-
stitutes a universal engineering tool that can be 
directly applied in the design of actuating sys-
tems, magnetorheological clutches, and magnetic 
separation systems, where a high force density 
while maintaining compact dimensions is crucial. 
It should be noted that the results presented here 
are limited to air-core configurations, and exten-
sion to systems with ferromagnetic cores would 
require incorporation of material nonlinearities 
(e.g., B-H curves and magnetic saturation), which 
falls outside the scope of the present study and 
represents a direction for future work.
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