
Citation: Knypiński, Ł.; Kurzawa, M.;

Wojciechowski, R.; Gwóźdź, M.
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Abstract: The article presents an algorithm and optimization software designed for the optimal
configuration of a tuned inductive choke. The optimization software consists of two main parts:
an optimization procedure and a mathematical model for the designed electromagnetic devices. A
lumped-parameters model of a tuned inductive choke was developed, with the device’s structure
described by three design variables. As an optimality criterion, the multi-objective compromise
function was adopted. The objective function merges the total inductances of the electromagnetic
device under different operation states. The optimized structure was analyzed using the finite
element method. The developed lumped-parameters model is characterized by good accuracy and
can be successfully applied to optimize tuned inductive chokes for various rated parameters. The
optimization procedure was adapted to the tuned inductive choke model by appropriately selecting
the characteristic coefficient of the salp swarm algorithm. The reliability of the optimization software
was verified through experimental measurements.

Keywords: optimal design; multi-objective optimization; salp swarm algorithm; electromagnetic
devices; lumped-parameters model; finite element method

1. Introduction

In the contemporary design process of electromagnetic devices, techniques utilizing
the Finite Element Method (FEM) are commonly employed [1,2]. FEM allows for the
accurate determination of field distribution within the designed device, as well as the
precise calculation of its functional parameters [3]. Designers, drawing on their experience
and intuition, initially select dimensions for which calculations are iteratively performed
by varying individual variables to solve the analysis task. Following this, simulation
calculations are conducted to analyze different specified parameters that describe the
structure of the electromagnetic device under consideration [4,5].

By performing simulations for a series of selected structures, the designer aims to
identify structural parameters that yield satisfactory functional outcomes for the designed
device [6,7]. Conversely, during the synthesis process, known as optimal design, structural
parameters are determined using an optimization algorithm. This algorithm automatically
searches for the structural parameters that meet the imposed criteria by iteratively adjusting
variables according to established rules [8,9].

Currently, the most widely used optimization algorithms are non-deterministic or
heuristic algorithms [10]. These algorithms are particularly well-suited for optimizing
devices described by both lumped parameter models, which are less computationally
intensive, and more complex mathematical models developed using FEM [11,12].

A large and growing number of heuristic algorithms are available today, with new
methods continually being developed. Recently, a significant group of methods, inspired by
observations of groups of individuals in natural environments (nature-inspired algorithms),
has gained prominence [13].
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Heuristic algorithms include classical algorithms such as genetic algorithms and
particle swarm optimization, which offer good convergence and a high probability of
finding the global optimum. These methods are well-established and have been successfully
applied to various optimization problems. However, newer algorithms, such as the grey
wolf optimizer, the salp swarm algorithm, the sparrow search algorithm [14], and even the
chimp optimization algorithm [15,16], are increasingly being utilized.

The aim of this paper is to develop a mathematical model, specifically a lumped
parameter model based on the theory of magnetic circuits, for a variable, tunable inductive
choke [17], and to perform optimization using a selected heuristic optimization algorithm,
the Salp Swarm Algorithm (SSA).

Metaheuristic optimization algorithms very often require an appropriate selection
of meta-parameters (adaptation) taken into account in mathematical model of the opti-
mization algorithm [18]. In this paper, the authors adapted the optimization algorithm by
appropriately selecting the coefficient a1 of the SSA.

In the literature, there is no approach presenting the application of metaheuristic
optimization algorithms to the optimal design of the tuned inductive chokes. In [19], the
analytic model to design a three-phase compensation choke is employed. The iterative
design process consists of changing selected structural parameters. In [20], the analytical
design procedure to design choke inductors is presented.

This paper is organized as follows: Section 1 provides an introduction and literature
review. The developed mathematical model of a tuned inductive choke is introduced
in Section 2. In Section 3, the salp swarm optimization algorithm is described. The formu-
lation of the optimization task is presented in Section 4. Furthermore, the results of the
optimization calculation are demonstrated in Section 5. The results of simulation verifi-
cation using the 3D FEM and experimental verification model are presented in Section 6.
Lastly, a summary of the key findings and concluding remarks are given in Section 7.

2. Mathematical Model of a Tuned Inductive Choke

In this paper, the authors undertook the optimization of a variable, adjustable in-
ductive choke, the construction of which was proposed in [13]. The primary focus of
the choke design optimization was the appropriate selection of the air gaps in the choke
system (Figure 1a) and the number of turns in the three coils used in the choke—namely,
the main coil and two control coils. Detailed information about the choke’s design and
control method is provided in [17]. For the optimization process, the authors developed an
Equivalent Lumped Parameter (ELP) model of the choke, based on the theory of magnetic
circuits. The equivalent scheme of the choke, depicting the system of mutually intercon-
nected reluctances, is shown in Figure 1b. The reluctances highlighted in yellow on the
schematic represent those related to the areas with the magnetic core of the choke. The
reluctances marked in green correspond to the flux leakages in the region of the individual
choke coils, while the reluctances marked in blue are located in the air gap areas.

In order to determine the values of the individual reluctances assigned to specific
sections of the core, the classical formula for calculating reluctance was used, i.e., the
following relationship was applied:

Rµi =
li

µoµrSi
, (1)

where: li is the length of i-th fragment of the magnetic circuit of the choke, Si is the cross-
sectional area of the i-th section of the magnetic circuit; while µo and µr represent the
magnetic permeability of air and the relative magnetic permeability, respectively.

To determine the reluctance values describing the path of the leakage flux in the region
of each coil of the analyzed choke, the formula proposed in [21] was applied, i.e.,

Rli =
hri

µoDwiCwiKRi
, (2)



Energies 2024, 17, 5129 3 of 14

where: hri is the height of the i-th winding of the choke, Dwi is the distance between the
given i-th winding and the core column of the inductor, Cwi is the average value of the
circuit of the i-th winding, while KRi represents the Rogowski coefficient [22].
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Figure 1. (a) View of the tuned inductive choke structure, (b) lumped parameter tuned inductive
choke.

In determining the reluctance values describing the air gap areas of the columns in the
analysed inductor, the authors utilized the approach proposed by Schwarz–Christoffel [16].
In this approach, the reluctance value Rdi of the considered air gap depends, among
other factors, on the location of the gap within the column area (i.e., whether the gap is
symmetrical with respect to the upper and lower yokes), the width wc and depth h of the
column, the height of the air gap la, and whether the column is located in the outer or central
part of the magnetic circuit. Moreover, the Schwarz–Christoffel approach allows for the
consideration of field distribution irregularities in gaps with a large la value. In the system
analyzed in this work (Figure 1a), the working gaps were placed in the central column
and the right outer column. In the Schwarz–Christoffel method, the reluctance value Rdi
of a given air gap is calculated as the parallel connection of two reluctance components
(Figures 2 and 3). Therefore, in this approach, the reluctance value Rd1 of the gap in the
central column will be the parallel connection of two reluctances (Figure 2), calculated
according to the following relation:

R′
g =

1

µoh
[

wc
2la

+ 1
π ·
(

1 + ln π(cc−wc)
2la

)] (3)
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Figure 3. Visualization of the air gap in the area of the right outer column if the inductor from
Figure 1a.

While the value of Rd2 for the gap in the outer column (Figure 3), was calculated as
the parallel connection of the reluctances R′

g—Equation (3)—and R′′
g —Equation (4).

R′′
g =

1

µoh
[

wc
2la

+ 1
π ·
(

1 + ln πcc
2la

)] , (4)

The values used in Equations (3) and (4) are presented in Figures 2 and 3.
The air gap reluctances for the second column are calculated using the formula:

Rd1 =
R′

gR′
g

R′
g + R′

g
. (5)

The air gap reluctances for the third column are determined:

Rd2 =
R′

gR′′
g

R′
g + R′′

g
. (6)

The primary factor subject to optimization in the considered system is primarily the
inductance ratio for different configurations of control winding activation. Depending on
the configuration (on/off) of the control windings in the inductor, four possible config-
urations result in four different inductance values, marked as L1, L2, L3, and L4. Where
“switching on” a winding refers to connecting (short circuiting) the ends of the winding,
while the winding is considered “switched off” when its ends remain open [13]. The
winding configurations corresponding to each inductance value are summarized in Table 1.

Table 1. The dependence of inductance value on the configuration of the control windings.

Inductance of the Main
Winding Control Winding I Control Winding II

L1 switched off switched off
L2 switched on switched off
L3 switched off switched on
L4 switched on switched on

In the developed approach, the inductance value was calculated from the definition:

Li =
ψi
i1

=
Nϕi

i1
, (7)

where: ψi is the flux linkage with the main winding of the choke in the i-th configuration of
the control winding, i1 is the predetermined value of the current in the main winding, ϕi is
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the magnetic flux in the column of the main winding of the magnetic circuit, and N is the
number of turns in the main winding (it is assumed in the design that the number of turns
in the control windings will also be N). The choke values were calculated using the loop
method based on the equivalent circuit, assuming that when a given control winding is
activated; the magnetomotive force of that winding will be equal to the magnetomotive
force of the main winding.

3. Salp Swarm Optimization Algorithm

The salpid algorithm was developed in 2017 by Mirjalili [23], drawing inspiration
from the behavior of salpids, a type of marine organism in the Thaliacea class. These
creatures are known for forming large colonies, most often moving in chain formations.
Salpids inhabit equatorial and cold waters. Their most numerous communities occur near
Antarctica. Salpids move using contraction and pumping water through their gelatinous
body, which is an example of one of the most efficient ways of moving in nature.

The Salp Swarm Algorithm (SSA) can be classified as a swarm intelligence method, but
the latest research shows a high convergence of the method in comparison to the classical
particle swarm algorithm [24,25].

The mathematical model of the optimization method was developed based on the social
interactions that occurred in sapling colonies while searching for food. The method assumes
that a chain consisting of all individuals forming a population follows the leader [26,27].

Salp population moves in a d-dimensional permissible area and the positions of all
salps are described by the following matrix:

z =


z1

1 z1
2 . . . z1

d
z2

1 z2
2 . . . z2

d

zm
1 zm

2 zm
d

, (8)

in which: m = 1, 2, 3, . . ., M is the salp number, M is the number of salps constituting the
population.

The first stage of the optimization algorithm is the initialization of the initial population.
In the developed algorithm, the starting population is created randomly. The population
follows the food source, which is assumed to be the global extremum. In the SSA, the food
source is assumed to be the position of the best-adapted individual creating the chain [28].
Then, the salp population is evaluated and ordered so that the best-adapted salp takes the
first position in the matrix [29,30].

The position of the i-th individual (zi) with the second highest value of the objective
function in the swarm is determined:

zi =

{
S + a1[a2(zmax − zmin) + zmin] for a3 ≥ 0
S + a1[a2(zmax − zmin) + zmin] for a3 < 0

, (9)

where: S is the position of the best-adapted salp, a1, a2 are random numbers selected from
the range (0, 1), zmin, zmax are vectors of upper and lower values of decision variables.

The value of the characteristic coefficient a1 is changed during the optimization process.
In the k-th iteration, the value of the coefficient is determined according to equation:

a1 = 2e−( 5k
2kmax

), (10)

where: kmax is the maximum iteration number of iterations declared before starting the
optimization process.

The new position of the i-th salp in the k-th iteration is calculated as follows:

zi
k =

1
2

(
zi

k + zi−1
k

)
, (11)
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The solution to Equation (9) requires the consideration of Newton’s dynamics equa-
tion:

zi
k =

1
2

b(∆t)2 + v∆t, (12)

where: ∆t is the time step, b = vf/v0, v0 is the initial velocity, vf is the final velocity.
The block diagram of salp swarm algorithm is presented in Figure 4.
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4. Formulation of the Optimization Task

The choke structure is described using three design variables: (a) d1 is the air gap
length of the middle choke column, (b) d2 is the air gap length of the right choke column,
and (c) N is the number of turns of each of the three-choke winding. All design variables
form the vector z = [d1, d2, N]T. The ranges of variation of the decision variables are shown
in Table 2.

Table 2. Ranges of variability of the design variables.

Design Variable Upper Limit Lower Limit

d1 [mm] 3 8
d2 [mm] 1 6

N 50 100

The choke with tuned inductance value, depending on the coil connection config-
uration, should provide the following total inductance values: L2 = 0.75L1, L3 = 0.5L1,
L4 = 0.25L1.

After performing many optimization test runs for different variants involving the
optimality criterion, the best repeatability of the final result was obtained for the following
multi-objective function:

f (z) = λ1

∣∣∣∣ L2

L1
− 0.75

∣∣∣∣+ λ2

∣∣∣∣ L3

L1
− 0.5

∣∣∣∣+ λ3

∣∣∣∣ L4

L1
− 0.25

∣∣∣∣, (13)
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where: λ1, λ2, λ3 are the weighting coefficients.

5. Results of the Optimization Calculations

Optimization calculations were performed for a chain consisting of 300 individuals
(salps). The maximum value of the iterations (kmax = 30) was assumed as a stop criterion.
The value of the weighting coefficients: λ1 = 2, λ2 = 2 and λ3 = 1.5 were assumed. The
optimization procedure was run 25 times. From all runs of the optimization procedure,
the best, worst, and average values of the objective function and standard deviation were
determined.

Table 3 summarizes the values of the design variables, particular inductances and the
objective function value in the selected iterations of the optimization process, which ended
with the lowest objective function value among the 25 analyzed processes.

Table 3. The course of the optimization process for the selected iteration of the optimization algorithm.

k d1 [mm] d2 [mm] N L1 [mH] L2 [mH] L3 [mH] L4 [mH] f (z)

1 5.903 1.919 64 6.458 5.201 2.861 1.531 0.03105035
2 6.107 1.926 81 4.956 3.774 2.478 1.239 0.02527294
4 6.104 1.925 82 5.083 3.872 2.542 1.271 0.02395790
8 6.114 1.924 81 4.956 3.775 2.478 1.270 0.02361123

10 6.115 1.925 81 4.957 3.776 2.478 1.239 0.02352791
15 6.115 1.926 81 4.958 3.776 2.479 1.239 0.02350626
20 6.115 1.926 81 4.959 3.775 2.478 1.238 0.02350527
25 6.115 1.926 81 4.959 3.775 2.478 1.238 0.02350522
30 6.115 1.926 81 4.959 3.775 2.478 1.238 0.02350522

Based on the results presented in Table 3, it can be concluded that during the first
10 iterations the optimization algorithm searched the permissible area, and the optimal
solution was determined after 11 iterations of the optimization procedure.

Figure 5 shows a comparison of the convergence curves for the optimization process
ending with the best value of the objective function value (green) and the optimization
process ending with the worst value objective function value (red).
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It can be noted that the result close to the optimal one was determined after five
iterations of the salp swarm algorithm. The optimal inductance values (the best results
from 25 start optimization procedure) were obtained: L1 = 4.959 mH, L2 = 3.775 mH,
L3 = 2.478 mH and L4 = 1.238 mH.

A statistical analysis was performed based on the results obtained during the series of
optimization computations. The following values were determined: minimum value of the
objective function, maximum value of the objective function, average value of the objective
function from the analyzed series of simulation calculations and the standard deviation (SD).

The results of the statistical analysis are presented in Table 4. In all the analyzed
optimization processes, the same values of the decision variables d1 = 6.115 mm and
d2 = 1.926 mm were obtained. There were differences in the value of the number of turns in
the winding (N) for selected optimization processes. Therefore, the results for the variable
N were also added to Table 4.

Table 4. Statistical analysis for a series of optimization calculations.

Minimum Maximum Mean Value SD

f (z) 0.02350522 0.02350562 0.02350535 0.000000052
N 79 83 81.534 0.990430302
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The results of the statistical analysis show that in the case of the optimized objective
function, the value of the standard deviation is very small. Each time, the optimization
process ends with a similar value of the objective function. The elaborated optimization
procedure based on the salp swarm algorithm with adapted to solve optimization task a1
characteristic coefficient is effective. However, the differences occur in the “optimal” values
of the coil turns placed on the columns of the tuned induction coil.

6. Simulation and Experimental Verification of the Optimization Results

Simulation verification of the optimization results using 3D finite element calculations
of the tuned inductive choke in the CST Studio Suite was executed. The structure of the
tuned inductive choke was elaborated on the basis of optimization results.

The simulation model of the designed device in the CST Studio Suite environment is
presented in Figure 8.
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Field computations were performed for various control winding configurations. The
3D field calculations for the steady-state operation were performed. The device was
supplied by AC voltage with the parameters: maximum voltage Um = 6 V and frequency
f = 50 Hz. Figures 9–12 show the results of the electromagnetic field distribution in the
designed tuned inductive choke for different operation states.
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Next, a series of FEM calculations were made for different supply voltages. Such
investigation should assess the suitability of the developed algorithm for designing a series
of products allowing for the elimination of higher harmonics in the power network and
power electronics systems.

The inductance values L1, L2, L3 and L4 for different supply voltages determined by
simulation calculations are shown in Figure 13.
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The prototype of the tuned inductive choke was built based on the results of the
optimization calculations. The view of the test stand with a three-phase choke prototype is
presented in Figure 14. Figure 14 presents the three-phase tuned inductive choke prototype
in the operation state in which the main winding is supplied, control winding I (CWI) is
switched on and control winding II (CWII) is switched off.
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Next, experimental measurements of the prototype are executed for different supply
voltage values. The main purpose of the performed series of measurements was to verify
the accuracy of ratios of particular inductances for different configurations of the control
windings. Figure 15 illustrates the results of the measurements.
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The comparison of inductance values obtained from optimization calculations, the
three-dimensional FEM model and experimental measurements are presented in Table 5.

Table 5. Comparison of the optimization, simulation and experimental results.

Assumed Value Optimization FEM Model Prototype

L1 [mH] 5.00 4.96 5.12 5.11
L2 [mH] 3.75 3.77 3.88 3.72
L3 [mH] 2.50 2.48 2.44 2.59
L4 [mH] 1.25 1.24 1.29 1.38

The difference between assumed values of particular inductance and results optimiza-
tion is small. The divergence in the case of L1 inductance is about 1%.

The greatest diversity between the optimization and 3D simulation is obtained for L1.
The value of the relative error was approximately 3.3%. The largest difference between the
device prototype and the optimization result is for the L4 inductance and is approximately
10%, respectively.

The results of the conducted research show that the developed improved lumped
parameter model can be successfully applied to the tuned inductive choke design process.
The application of the lumped parameter model significantly shortens the optimization
process total time and allows for calculations to be performed for a larger number of salps.
The employment of a more accurate 3D model of the phenomena in the designed device
slightly improves the accuracy of calculations (about 3.3%—see Table 5), but it significantly
extends the total duration of the optimization process.

7. Conclusions

This paper presents the development of a mathematical model for a three-column
tuned inductive choke and its integration into optimization software. The optimization
process employed the salp swarm algorithm (SSA), a recent swarm intelligence method,
adapted by modifying the a1 characteristic SSA coefficient to better suit the optimization
of the tuned inductive choke. After performing many test calculations, the value of the
objective function described by the relationship (13) was adopted. The form of the objective
function declared in this way provided the best repeatability of the results and reliability of
the optimization procedure.
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The results of the optimization calculation confirm that in order to obtain the expected
relation between various inductances of the main winding, the software supporting the
design process can be successfully applied.

The developed lumped parameter model is characterized by high accuracy. The
accuracy of the developed model was verified using a three-dimensional field model. The
application of the lumped model of the tuned inductive choke significantly speeds up
optimization calculations. It is possible to employ a salp swarm with a large number of
individual individuals, which allows for improving the probability of finding the global
extremum with a single launch.

The developed algorithm and software can be successfully applied for the design of
a series of products (tuned inductive chokes) for different supply voltages and different
values of inductance for main winding.

Based on the results of the optimization calculations, simulation calculations were
performed using a 3D model in CST Studio Suite. The results of field calculations confirm
the good accuracy of the lumped parameter model and the reliability of the optimization
procedure.

In order to evaluate the research work carried out using the optimization procedure,
a prototype of the device was constructed. The dimensions were selected based on the
results of optimization calculations.

As a result of the comparison, a high degree of convergence between the results of
optimization, simulation calculations and the experimental results were obtained.

The developed optimization software should be applied for the optimal design of
tuned inductive chokes, particularly when the ferromagnetic core does not exhibit signifi-
cant saturation.

In future research, the authors intend to apply another algorithm from a group of
nature-inspired optimization algorithms to compare results and convergences with SSA
groups. Additionally, the authors plan to perform optimization of the tuned inductive
choke containing three control winding.
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