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ABSTRACT 
Fe-based soft magnetic composites are widely used in power electronics and power system equipment 
due to their excellent magnetic properties and low iron loss. As a key component, the performance of 
the core reactor directly affects the operation efficiency and stability of the power system, and the 
traditional design method is difficult to take into account the electromagnetic performance and noise 
control at the same time. In this study, genetic algorithm is used to co-optimize the core structure, 
electromagnetic parameters and noise characteristics to reduce losses, improve electromagnetic 
compatibility, and reduce the noise generated during operation. In terms of methodology, a multi-
physical field calculation model is constructed based on finite element analysis, electromagnetic 
performance and noise source characteristics are simulated, and genetic algorithm is used to optimize 
the parameter combinations under the constraints to form an optimized design scheme. During the 
optimization process, a suitable objective function is selected and combined with a multi-objective 
optimization strategy to balance the electromagnetic performance and noise suppression effect. The 
results show that the optimized core reactor is better than the traditional design in terms of loss, 
magnetic field distribution and noise level. The optimization scheme derived from the study can 
effectively improve the electromagnetic characteristics of the equipment and significantly reduce the 
noise level, providing strong support for the design and improvement of related equipment. 
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1. Introduction 

With China's explicitly stated goals of peak carbon and carbon neutrality, clean energy related 
technologies such as wind power and photovoltaic have been rapidly developed in China [1-2]. With 
the subsequent large-scale application of power electronics and other nonlinear devices, the 
application of power electronics and other nonlinear devices can bring serious interharmonic 
pollution to the power grid, which not only affects the external environment and the surrounding 
population, but also affects the reactor itself [3-6]. At the same time, with the large number of power 
electronic devices, the impact of grid intermediate harmonics on power equipment is becoming more 
and more serious, and the interharmonics will aggravate the noise pollution of the power core reactor. 
Therefore, it is of great scientiϐic signiϐicance and engineering value to study the electromagnetic and 
noise optimization of the core reactor [7-10]. 

The optimal design of the core reactor refers to the determination of a certain objective under the 
condition of satisfying the speciϐied electromagnetic performance indexes, and the application of 
certain optimization algorithms to seek out the optimal product design scheme [11-12]. Traditionally, 
empirical algorithms are used to repeatedly adjust the design parameters such as core diameter, wire 
size, number of parallel roots and number of turns, etc. It is time-consuming and laborious, and it 
cannot achieve the optimal overall performance [13-16]. Genetic algorithm is a widely used and 
efϐicient stochastic search and optimization method based on the principles of evolutionary theory, 
with few restrictions and requirements on the solved optimization problem and its robustness and 
implied parallelism make it effective for global search in a probabilistic sense [17-20]. In particular, it 
provides great ϐlexibility for optimization of various special problems through the diversity of its 
hybrid domain constructs, and thus is increasingly used [21-22]. 

After combing the magnetic performance parameters of Fe-based soft magnetic composites, the 
article applies them to the design of the core reactor and explores the vibration and noise 
characteristics of the Fe-based soft magnetic composite core reactor by combining the 
magnetostrictive force and Maxwell's force. The ϐinite element simulation model of the Fe-based soft 
magnetic composite core reactor is established by combining ϐinite element software with 
electromagnetic ϐield, structural force ϐield and acoustic ϐield. A hierarchical optimization model is 
constructed and a genetic algorithm is introduced for optimization and solution to realize the vibration 
and noise structural optimization of the Fe-based soft magnetic composite core reactor. Finally, the 
performance of the Fe-based soft magnetic composite core reactor is simulated and analyzed, and the 
optimization results of the structural parameters are veriϐied. 

2. Fe-based soft magnetic composite core reactors 

The core reactor is characterized by simple structure, high reliability, and can be used to absorb grid 
harmonics and improve the system voltage waveform. In recent years, the reactor has been 
overheating or even catching ϐire during operation, and one of the main reasons is that the 
electromagnetic vibration in the coil area is too high. When the electromagnetic vibration exceeds the 
limit, the insulation and mechanical properties of the material are signiϐicantly reduced, directly 
affecting the safety and stability of the reactor. At present, methods such as increasing the cross-
section of the wire and the width of the air channel are usually used to reduce the electromagnetic 
vibration, but this will lead to an increase in the amount of metal conductor, and at the same time does 
not take into account the effect of the coil structural adjustment on the electromagnetic characteristics 
and vibration characteristics. Therefore, in order to improve the utilization rate of coil metal materials 
and reduce the manufacturing cost, Fe-based soft magnetic composites are introduced to optimize the 
structural design of the core reactor, and the electromagnetic, vibration and noise characteristics of 
the core reactor incorporating Fe-based soft magnetic composites are deeply explored and the 
optimization method of balanced regulation is proposed. 
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2.1. Parameters of magnetic properties of soft magnetic composites 

2.1.1. Magnetic induction and permeability: 
1) Saturation magnetic induction. The magnetic core will be magnetized under the action of the 
magnetic ϐield, and its internal magnetic domains rotate slowly. When the core is completely 
magnetized, the direction of the magnetic domains and the applied magnetic ϐield are all the same, 
even if the external magnetic ϐield is increased, the magnetic domains are no longer rotating, and the 
inductor enters into a saturated state, and at this time, the corresponding magnetic induction strength 
is the saturated magnetic induction strength [23]. Its size can be expressed as: 

 0( )B H M   (1) 

Where 0  is the vacuum permeability, H  is the applied magnetic ϐield strength, and M  is the 
magnetization strength. 

It is generally believed that the higher the saturation magnetic induction strength, the more energy 
can be stored per unit volume (i.e., energy density), in the design of the relevant magnetic device 
requires a smaller volume, more conducive to the miniaturization of the device. 

For inductors, after saturation, the induced magnetic ϐield strength no longer increases with the 
increase in applied current, the inductive potential of the coil can not effectively resist the applied 
potential, so that the coil current rises rapidly, resulting in overheating of the coil, which can cause the 
coil to burn up in severe cases. Therefore, in the selection process of inductors need to strictly consider 
the inductance saturation parameters. In addition to soft magnetic powder, the insulation layer will 
also affect the saturation magnetization strength of the core. Namely: 
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Where, SM  is the saturation magnetic induction strength of the magnetic powder after coating, d  
is the effective diameter of the magnetic powder, t  is the thickness of the insulating layer, RV  is the 
volume of the magnetic powder, LV   is the volume of the insulating layer, SPM   is the saturation 
magnetic induction strength of the magnetic powder, and SLM  is the saturation magnetic induction 
strength of the insulating layer. 

In order to ensure high resistivity while preparing a thin and uniformly dense insulating layer, 
reducing the volume fraction of non-magnetic substances is the key to obtain a high saturation 
magnetization strength magnetic powder core. 
2) Magnetic permeability. Magnetic permeability is a magnetic quantity that characterizes the 
magnetic conductivity of the magnet and the ease of magnetization, expressed as the ratio of the 
magnetic induction strength B and the magnetic ϐield strength H. The magnetic permeability is the 
ratio of the magnetic induction strength B to the magnetic ϐield strength H. That is: 

 absolutely

B

H
   (3) 

Magnetic powder core permeability decreases with the increase of application frequency, mainly 
due to the large increase of eddy currents in soft magnetic composites in high frequency alternating 
magnetic ϐield, and its induced magnetic ϐield will hinder the effective magnetization process of the 
applied magnetic ϐield and reduce the magnetic permeability. Therefore, the frequency stability of 
magnetic powder core permeability can be effectively improved by improving the insulating cladding 
effect of the cladding layer, increasing the magnetic powder core resistivity, and reducing the eddy 
currents at high frequencies. 

2.1.2. Magnetic Loss and Quality Factor Q: 
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1) Magnetic loss. Magnetic loss refers to the energy loss generated by the magnetic powder core in the 
alternating magnetic ϐield. In the magnetic powder core working process, the magnetic loss is mostly 
dissipated in the form of heat, so the excessive magnetic loss is related to the heat resistance of the 
magnetic powder core. Magnetic loss cvP  consists of hysteresis loss hP , eddy current loss eP  and 
residual loss exP . Where the residual loss refers to all other losses except hysteresis loss and eddy 
current loss, although there are various factors that cause residual loss, they can all be explained by 
the magnetization relaxation process. 

Hysteresis loss refers to the energy loss caused by the hysteresis phenomenon when a magnetic 
material is magnetized in an alternating magnetic ϐield. When the applied magnetic ϐield is small, the 
magnetization is reversible, and the hysteresis loss is small at this time, but when the strength of the 
external magnetic ϐield increases to the point where the magnetization is irreversible, the hysteresis 
loss increases rapidly. It can be expressed as: 

 h h mP K B f  (4) 

Where hK  is the hysteresis coefϐicient, mB  is the maximum induction, f  is the frequency and 
  is the analog coefϐicient. It is proportional to the hysteresis coefϐicient hK , the magnetic induction 

mB  and the operating frequency f , where the hysteresis coefϐicient and the analog coefϐicient are 
related to the coercivity of the material. Therefore, the reduction of hysteresis loss can be achieved by 
reducing the coercivity by reducing the impurities in the magnetic powder material and annealing heat 
treatment. 

Eddy current loss refers to the loss formed when the magnetic powder core generates induced 
current internally in an alternating magnetic ϐield, the induced current forms eddy currents within the 
magnetic powder particles, and the eddy currents pass through the conductor. As the induced current 
increases, the current between the magnetic powder particles conducts with each other to form the 
inter-particle eddy current, so the eddy current loss can be divided into the intra-particle eddy current 
loss and the inter-particle eddy current loss. It can be expressed as: 
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where effd  is the vortex effective size, d  is the powder diameter,   is the geometric coefϐicient, 
and SMCs   and powder   are the body resistivity of the magnetic ring and the original powder, 
respectively. It is proportional to the square of the magnetic induction strength mB  and the square of 
the operating frequency f . The eddy current loss inside the particles can be reduced by reducing the 
powder particle size, and the eddy current loss between the particles can be effectively reduced by 
increasing the body resistivity of the magnetic powder core. 
2) Quality factor Q. The quality factor is a performance index that reacts to the energy storage and loss 
of the magnetic powder core during AC magnetization. The test frequency of magnetic loss is generally 
not higher than 500kHz, so it can not be used to characterize the loss of the magnetic powder core at 
high frequency, so the quality factor is generally used to characterize the advantages and 
disadvantages of the magnetic powder core's soft magnetic performance at high frequency. In 
industrial production, the quality factor at 1MHz is generally used as a reference value, and the larger 
the value of the quality factor, the better the high-frequency soft magnetic performance. 

Can be characterized by the ratio of inductance 5L  and equivalent loss resistance sR  at different 
frequencies, then: 
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where   is the real part of the permeability,   is the imaginary part of the permeability, f  is the 
frequency, SL  is the inductance, and sR  is the equivalent resistance. 
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2.2. Soft magnetic composite core reactors 

2.2.1. Structural parameters of core reactors. A Fe-based soft magnetic composite core reactor 
consists of a number of packages connected in parallel, each with several layers of coils connected in 
parallel, with each branch in its equivalent circuit corresponding to each layer of coils in the reactor. 
This contains the resistance iR  and self-inductance iL  of the coils, and the mutual inductance ijM  
between the branches. When a turn-to-turn short-circuit occurs in layer m , the short-circuit ring is 
embodied as a single-turn closed loop on the equivalent circuit, which is recorded as layer 1n  , and 
its resistance and self-inductance are recorded as 1 1,n nR L   , and there is also mutual inductance 
between the short-circuit ring and each branch circuit ( 1)iM n  [24]. 

According to the equivalent circuit, the nodal voltage equation of the Fe-based soft magnetic 
composite core reactor can be listed as: 

 T TZ I U   (7) 

Where Z  is the impedance matrix of the reactor, I  is the current matrix of each branch of the 
reactor, and U  is the voltage matrix of each branch of the reactor. The above equation can also be 
expressed when the reactor is in normal operation: 
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When a turn-to-turn short-circuit occurs in layer m  of the reactor, a closed short-circuit loop is 
added inside the reactor, i.e., layer 1n  , which has a branch voltage of 0. Then the impedance matrix 
under a turn-to-turn short-circuit fault is denoted as sZ , and: 
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 (9) 

Considering the impedance of the short-circuited turn itself and the mutual inductance with other 
layers of coils, the impedance matrix changes accordingly, and the number of equations for the reactor 
changes to 1n   at this time. The current and voltage matrices change accordingly: 

  1 2 1n nI I I I I    (10) 

  0U U U U   (11) 

Combined with equations (9)~(11), the distribution of short-circuit turn currents in each layer of 
the Fe-based soft magnetic composite core reactor coil and the short-circuit turn currents under turn-
to-turn short-circuit faults can be found. 

When the reactor coil ϐlows AC current, it is continuously subjected to electromagnetic force under 
the action of the alternating magnetic ϐield, and the size of the electromagnetic force is proportional to 
the product of the magnetic induction strength and the ϐlowing current, i.e., it is proportional to the 
square of the current. Then: 

 2F BI I   (12) 

Assume that the Fe-based soft magnetic composite core reactor encapsulates the coil with the 
current ϐlowing: 
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 sin(2 )mI I ft    (13) 

Then the electromagnetic force acting on the reactor envelope is: 

 2 2 1 1
cos(2 2 2 )

2 2mF AI AI ft       
 

 (14) 

where A  is the electromagnetic force coefϐicient. 

2.2.2. Reactor vibration noise characteristics: 
1) Effect of magnetostriction on core vibration noise. Magnetostriction is a macroscopic deformation 
of materials with ferromagnetic properties caused by changes in microscopic magnetic domains under 
the action of an external magnetic ϐield. Speciϐically manifested as when the magnetic ϐield of the 
reactor changes, the core silicon steel sheet in the direction of magnetization elongation or shortening 
phenomenon [25]. 

Assuming that the reactor has a supply voltage 0sin tU U  , the electromagnetic induction strength 
of the core is 0cos tB B   . Under the action of the magnetic ϐield, the core undergoes microscopic 
magnetic domain changes to satisfy the relationship: 

 2

21
| |x
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
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Where L  is the initial length, L  is the increment of the composite material under the action of 

the external magnetic ϐield, C
S

B B
H H

B
    is the magnetic ϐield strength, where    is the core 

permeability, sB  is the saturation magnetic induction, cH  is the coercivity, and x  is the saturation 
ϐlux coefϐicient of the silicon steel sheet. 

Magnetostriction is generally described by the magnetostriction coefϐicient  , viz: 
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Where 0U  is the voltage amplitude, N  is the number of turns of the winding, S  is the cross-
sectional area of the core. 

The core vibration acceleration caused by magnetostriction is: 
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From the equation, it can be seen that the vibration frequency caused by magnetostriction of the 
core is 100 Hz. 

The electromagnetic force on the core is another important cause of core vibration. Reactor 
magnetic ϐield distribution along the core, mainly concentrated in the inner side of the yoke and the 
core cake and produce a large electromagnetic force, the presence of air gap between the core cake 
cushion block, so that the electromagnetic attraction between the adjacent core cake, resulting in core 
vibration. 
2) Maxwell force on the core reactor vibration noise effects. Reactor core through the winding 
excitation, generating frequency and frequency consistent with the alternating magnetic ϐield, in order 
to reduce the core column permeability, so that the impedance and the current is basically 
proportional to prevent the reactor in the work of magnetic saturation, the reactor core column exists 
by the non-conducting materials composed of the air gap, so the iron core between the cake with the 
change in the magnetic induction intensity produces an alternating electromagnetic force --- Maxwell 
force. -Maxwell force. In addition, silicon steel sheet stacked into the yoke in the magnetic ϐlux density 
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changes in the presence of magnetostrictive effect, Maxwell force and magnetostrictive changes in the 
frequency are 2 times the frequency, that is, the main vibration frequency of the reactor. Reactor 
working ϐlux density is low (usually less than 1.4T), magnetostriction is much lower than the vibration 
caused by the Maxwell force, so that the Maxwell force of the core cake is considered to be the main 
factor in the vibration of the reactor. 

For transient magnetic ϐields deϐining the magnetic vector potential A , exists: 

 B A H    (18) 

where B  is the magnetic ϐlux density,   is the magnetic permeability, and H  is the magnetic ϐield 
strength. 

For a transient magnetic ϐield with a winding excitation current density of J , the magnetic vector 
potential A  can be solved from the following equation, which leads to the magnetic ϐlux density B . 
i.e: 

 1( )
A

A J
t

  
   


 (19) 

where   is the conductivity. 
The electromagnetic force between the core cake is the surface stress at the interface between the 

core air gap and the core cake manifold due to the magnetic ϐield, which can be expressed by 
integrating the Maxwell stress tensor over the surface domain: 
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where   is the integration domain of the air gap and core cake interface, and I  is the unit matrix. 
Neglecting the core damping, the core vibration can be calculated from the vibration differential 

equation of the continuous multi-degree-of-freedom system. 
where x   is the displacement vector, M   is the mass matrix of the core, and K   is the stiffness 
matrix, which is related to the structural and material parameters of the core. 

3. Optimized electromagnetic and noise design of core reactors 

With the continuous improvement of voltage level and transmission capacity, the noise problem of Fe 
soft magnetic composite material core reactor becomes more and more serious, and although the 
external sound insulation measures have achieved a certain effect, they treat the symptoms but not 
the root cause, and bring about problems such as heat dissipation difϐiculties, affecting the appearance 
and infrared inspection, and so on. On the other hand, the previous research on core reactor mainly 
focuses on the vibration characteristics under industrial frequency excitation, and there is insufϐicient 
understanding of its vibration mechanism under multi-harmonic excitation in converter station, and 
the research on noise reduction measures for the equipment body lacks sufϐicient theoretical support. 
Therefore, in order to propose effective noise reduction measures, there is an urgent need to carry out 
research on the vibration generation mechanism and inϐluencing factors of Fe soft magnetic composite 
core reactor, and optimize its parameters based on genetic algorithm, in order to further improve the 
stable operation of Fe soft magnetic composite core reactor. 

3.1. Core reactor vibration noise modeling 

3.1.1. Multi-physics ϐield simulation module: 
1) Magnetic Field Module for Iron Core Reactors. The analysis of the magnetic ϐield problem for the Fe 
soft magnetic composite core reactor is based on Maxwell's system of equations. With the magnetic 
vector as the unknown quantity of the system of equations, other unknown quantities can be 
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calculated. The main dependent variable for the solution is the magnetic vector potential A , and it is 
possible to solve for variables such as the Lorentz force at each node, and the solution equation can be 
expressed as: 

 1 1
0( )r e

A
A J

t
   

  


 (21) 

where 0  is the magnetic permeability of free space and r  is the relative magnetic permeability. 
where for the magnetic ϐlux density B  and the external current density Jò  there is the following 
relationship: 

 
0 ,

e

B H A

NI
J

A

  




 (22) 

Where, N   is the number of coil turns, I   is the winding current and A is the winding cross-
sectional area. 
2) Structural force ϐield module of core reactor. In the structural force ϐield simulation, the solid 
mechanics module of the ϐinite element software is selected, and the structural force ϐield solution 
domain equations can be expressed as follows: 

 
2

2 V

d u du
m ku F

dt dt
    (23) 

where m  is the mass matrix,   is the damping coefϐicient matrix, k  is the stiffness matrix, and u  
is the displacement vector. 

In order to describe the mechanical equations of the core, the linear elasticity equation is chosen to 
describe the magnetostriction, i.e: 

 VF    (24) 

where   is the stress tensor and VF  is the volume force. 
When a ferromagnetic material is located in a magnetic ϐield, the magnetic ϐield within the material 

will change, and when stabilized, it will show a signiϐicant enhancement of the potential, which makes 
the ferromagnetic material show a strong magnetism in the external magnetic ϐield, a phenomenon 
known as the magnetization of ferromagnetic materials. This phenomenon is called the magnetization 
of ferromagnetic materials. The reason why ferromagnetic materials can be magnetized is that there 
are many very small natural magnetization areas called magnetic domains, each of which can be 
regarded as a micro-magnet. When the ferromagnetic material applied to the external magnetic ϐield, 
the direction of its magnetization changes, after stabilization of the internal magnetic domains and the 
magnetic ϐield in the same direction. 
3) Core reactor sound ϐield module. The pressure sound ϐield module is selected in the sound ϐield 
analysis, and the variable solved by the pressure production ϐield module is the sound pressure p . 
The solved domain sound pressure ϐluctuation equation is: 
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where c  is the speed of sound and p  is the sound pressure. 
The relationship between sound pressure and sound velocity can be described by applying the 

linear equation of motion as: 
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 (26) 
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where 0  is the air density. 
The vibration noise of Fe-based soft magnetic composite core reactor in ϐinite element analysis is 

essentially a multi-physics ϐield coupling study, which involves the coupling between electromagnetic 
ϐield, structural force ϐield and acoustic ϐield. The so-called coupling, physics refers to two or more 
systems or two forms of motion through a variety of interactions and inϐluence each other to the joint 
phenomenon. In electronics it refers to the transfer of energy from one circuit part to another. In short, 
the coupling involved in the study of the object must be two or more than two, and in the study of the 
object, according to the coupling with or without coupling elements can be divided into direct coupling 
and indirect coupling, and according to the direction of the coupling can be divided into one-way 
coupling and two-way coupling. 

3.1.2. Finite element simulation modeling. In this paper, the Fe-based soft magnetic composite core 
reactor of model CKSC-105/20 is taken as an object and its three-dimensional multi-physics ϐield 
simulation model is constructed as shown in Fig. 1. The reactor has a rated capacity of 10 kVA, a 
nominal system voltage of 12 kV, a rated operating current of 110 A, and a rated reactance of 3 Ω. The 
reactor windings are made of multilayered ϐlat copper wires and cast with epoxy resin, with two layers 
in each phase, a single-layer coil with a turn count of 90, and a single-layered coil with a width of 18.8 
mm. The upper and lower yokes of the core are made of oriented Fe-based soft magnetic composites. 
The upper and lower yokes of the core are made of oriented Fe-based soft magnetic composites, while 
the core column consists of multiple core cakes stacked on top of each other and separated by epoxy 
cloth panels to form an air gap. 

Core sampling point

Clip sampling point

Winding sampling point

Screw sampling point

 

Fig. 1. 3D simulation model of Fe base soft core reactor 

Considering the vibration amplitude and the difϐiculty of detection, this paper selects sampling 
points on each group of components of the core reactor to facilitate the subsequent comparison of 
simulation and test results. The model focuses on the inϐluence of the screw used to fasten the upper 
yoke, the lower yoke and the screw running through the double-layer winding, as well as its end bolts, 
support pads and other structural components. On the one hand, the vibration of the yoke along the y-
direction is limited to a certain extent by the clamps on its left and right sides, top and bottom, while 
the vibration amplitude of the winding along the z-direction is inϐluenced by the pads and clamps on 
its top and bottom. On the other hand, the mutual inϐluence of the vibration of the core and the winding 
can also be transmitted through the structure of the clamps, pads, and threading screws, thus realizing 
the vibration analysis of the reactor under the joint action of multiple forces. 
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3.1.3. Parameter setting and boundary conditions. According to the vibration and noise 
characteristics of the Fe-based soft magnetic composite core reactor described in the previous paper, 
combined with the ϐinite element method, the magnetic-structural-acoustic multi-ϐield coupling model 
of the Fe-based soft magnetic composite core reactor is established by using the ϐinite element 
simulation software to calculate and analyze the magnetic, structural, and acoustic ϐields during its 
operation. 

In the simulation calculation, in order to make the model calculation results more in line with the 
actual equipment, on the basis of the accurate characterization of the reactor core structure, in order 
to improve the calculation efϐiciency of the model to make the following settings: 
1) Because the vibration of the reactor core can be calculated without considering the heat dissipation 
of the core, the marble cushion in the structure of the air gap between the core cake is equivalent to a 
piece. 
2) Set the lower surface of the iron yoke as a ϐixed constraint to simplify the ϐixed structure of the 
external box. 
3) Simplify the bolts and connectors to be uniformly added to the core column in the form of loads. 
4) Include the main parts such as the core, windings, yoke, magnetic splitter, and tank, and set the core 
as a magnetostrictive material in order to calculate the magnetostrictive force applied to the core, and 
apply Maxwell's force as a load on the surface of the core structure. In addition, the internal space of 
the Fe-based soft magnetic composite core reactor tank is set as the transformer oil in the simulation, 
and the components in the tank are surrounded by this domain. 

Table 1 shows the simulation parameters of the Fe-based soft magnetic composite core reactor. The 
speciϐic steps of the calculation process are: 

Step1 Calculate the magnetic ϐield generated by the winding excitation. 
Step2 Couple the calculated Maxwell force and magnetostrictive force as loads into the structural 

ϐield. 
Step3 Calculate the vibration parameters such as core force, vibration displacement, acceleration, 

etc. in the structural ϐield. 
Step4 Perform the Fast Fourier Transform (FFT) of the stresses to obtain the corresponding 

frequencies and amplitudes. 
Step5 Take the stress as the noise source of the sound ϐield, and solve to get the sound ϐield 

parameters such as sound pressure level around the reactor, sound power level and sound pressure 
level in the external ϐield. 
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Table 1. Simulation parameters for Fe base soft magnetic Iron core reactor 

Parameters Value Code 

Stress (MPa) 0 X1 

Air gap number (Per) 16 X2 

Gap height (mm) 9 X3 

Core diameter (mm) 400 X4 

Core distance (mm) 100 X5 

Iron cake height (mm) 50 X6 

Iron yoke height (mm) 350 X7 

Vibration displacement (μm) 25 X8 

Core mass (kg) 9279.16 X9 

Core loss (W) 1753.48 X10 

Reactance (Ω) 120.54 X11 

3.2. Parameter optimization based on genetic algorithm 

3.2.1. Mathematical description of genetic algorithms. Genetic Algorithm (GA), as an intelligent 
algorithm for global search and optimization based on the mechanism of biological hereditary 
evolution, uses genetic operators to mimic the hereditary characteristics of organisms by completing 
the search for the optimal solution with the mechanisms of selection, crossover, and mutation in the 
hereditary and evolution of organisms. The traditional solution to the optimization problem mainly 
consists of two categories: numerical method and analytical method, but due to the complexity of the 
problem becomes larger, the traditional solution method can not solve the problem well, while the 
genetic algorithm solution is not subject to the speciϐic problem constraints, and can be solved complex 
problems, which provides a new solution idea for solving these problems [26]. 

Genetic algorithms are in various forms and are mainly composed of the following four points: 
1) Determining the representation of variables. Encoding is the process of representing each possible 
point in the search space of the problem as a feature string of deϐinite length. The feature string is the 
individual or chromosome, and the individual is represented by a string, and when coding a 
multivariate problem, a variable corresponds to a component of the entire string, which is also known 
as a gene or genetic factor, and all the individuals make up the population. 
2) Determining the ϐitness function. The ϐitness is a measure used to distinguish the degree of 
superiority of the survival of the population, the ϐitness is calculated by the ϐitness function, the 
algorithm in the search of evolution is only based on the ϐitness function and the ϐitness value of each 
individual to carry out the search. Therefore, the ϐitness function is related to whether the algorithm 
can quickly and accurately complete the search for the optimal solution. The ϐitness function generally 
has the following two ways: 

If the objective function is a maximum value solution problem, there are: 

 
max max( ), ( )

( )
0,other

C f x f x C
F x

 
 


 (27) 

where maxC  is the maximum estimate of the objective function ( )f x , ( )f x  is the objective function, 
and ( )F x  is the ϐitness function. 

If the objective function is a minimum value solution problem, there is: 

 
min min( ) , when ( )

( )
0,other

f x C f x C
F x

 
 


 (28) 
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Where, minC   is the maximum estimate of the objective function ( )f x  , ( )f x   is the objective 
function and ( )F x  is the ϐitness function. 
3) Determining the genetic operators of the algorithm. The simulation of the eugenic and hereditary 
processes of biological evolution in genetic algorithms is accomplished through three basic 
operational operators, namely selection, crossover, and mutation. The magnitude of the likelihood of 
offspring retention is determined by calculating the probability of each individual's ϐitness. If an 
individual i , whose ϐitness is if , the probability of its selection is expressed as: 

 

1

( 1,2, , )i
i u

i
i

f
p i u

f


  

  (29) 

where ip  is the probability of an individual being selected, u  is the size of the population, and f  
is the ϐitness of the individual. 
4) Determine the criterion to stop running. The convergence of the genetic algorithm is heuristic, there 
is no strict convergence criterion, the current commonly used basis for judging convergence is to 
determine whether the algorithm has reached convergence by whether the number of calculations 
reaches the maximum number of iterations, and whether the optimal solution has no change within a 
certain time number of conditions. 

3.2.2. System optimization modeling. Considering the many optimization parameters of the Fe-
based soft magnetic composite core reactor, while reducing the complexity of the optimization search 
process, the design variables of the different physical ϐield systems are stratiϐied using the sensitivity 
analysis method. The design variables with higher sensitivity of each physical ϐield are taken as the 
independent variables for the optimization of the subsystem, and the design variables with low 
sensitivity are treated as the system-level design variables. The independent design variables within 
the subsystems are only optimized in this system, and the system-level design variables are 
transferred to the subsystems by the system-level optimization. 

In accordance with the idea of collaborative optimization, the optimization model of Fe-based soft 
magnetic composite core reactor is established as: 
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where rM   is the amount of metal conductor used in the Fe-based soft magnetic composite core 
reactor, and , , , ,elec temp elec temp struct

i i i i iX X Y Y Y  are the system variables and independent variables of the 
electromagnetic, structural, and noise systems, respectively, where the sum of squares of the 
differences between the system variables and the optimal solutions of the subsystems is less than a 
minuscule value  . 

3.2.3. Model optimization solution process. In this paper, GA algorithm is used to solve the multi-
parameters in the vibration noise optimization model of Fe-based soft magnetic composite core 
reactor established in the previous paper. In order to accurately evaluate the accuracy of the 
optimization algorithm, this paper adopts the root-mean-square error as the error between the model 
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calculation value and the experimental measurement value, so as to convert the problem of extracting 
the parameters of the model into the optimization problem of the minimum value of the objective 
function. Figure 2 shows the speciϐic ϐlow of GA algorithm to solve the vibration noise optimization 
model of Fe-based soft magnetic composite core reactor. 
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Fig. 2. The solution process of GA algorithm 

The steps are as follows: 
1) Set the parameters of the input algorithm initial, temperature 0t , Metropolis chain length, random 
initial value 0S , cooling rate r , number of iterations 0k  . 
2) Generate a new state value iS , calculated as: 

 1 0 ( )S S y B A    (31) 
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where y  is a random perturbation that satisϐies a uniform distribution, and ,B A  is the upper 
and lower bounds of the design variables, respectively. 
3) Metropolis criterion. Substitute 1S  into the magnetostrictive model equation to calculate the root-
mean-square error function, and the result is denoted as ( )R S . When the increment between the new 
solution 1S  and the current solution 0S  is less than 0, the new solution is accepted, and vice versa 
when it is greater than 0, the decision of whether or not to accept the new solution is based on the 
probability P , and the probability P  is computed by the formula: 

 
1 0( ) ( )

( )

R S R S

T kP e



  (32) 

If [0,1]P random , the new solution 1S  is accepted, otherwise the current solution is kept. 
4) Crossover Variation. Loop through steps (2) to (3) in the iteration process to get the optimal solution 
at one temperature. Then: 

 
1

1( )
0,( )

Nqk
jT k T e   (33) 

Where 0, jT  is the current solution and 1N  is the number of design variables. When the solution is 
smaller than the set iteration condition, the iteration is completed to output the optimal solution. 

4. Validation of electromagnetic and noise optimization of core reactors 

Power transformer as a key equipment in the process of power generation, transmission and 
distribution in the electric power industry, its safe, stable and reliable operation is crucial. Among 
them, Fe-based soft magnetic composite iron core reactor plays a crucial role in the electromagnetic 
performance and mechanical strength of the transformer, and the failure caused by the core problem 
occupies a large proportion in the total transformer failure. Therefore, it is necessary to assess the 
condition of the core reactor and optimize the structure of the Fe-based soft magnetic composite core 
reactor to enhance the application life of the power transformer. 

4.1. Simulation analysis of core reactor performance 

4.1.1. Magnetic ϐield variation in core reactors. Based on the ϐinite element model of Fe-based soft 
magnetic composite core reactor constructed in the previous section, a harmonic effect is given to this 
core reactor in the VC platform, and combined with the magnetostrictive equation, it is known that the 
magnetic induction strength of the core reactor will show different trends under the harmonic effect. 
Figure 3 shows the trend of the magnetic induction strength of the core reactor with time after the 
superposition of the 6th harmonic with a harmonic content of 20% and a phase difference of 30° from 
the fundamental wave with the action of the fundamental wave. Due to the application of three-phase 
symmetrical harmonic excitation, the three-phase cores have similar ϐlux density distribution laws, 
and the magnetic density ϐluctuations of the three-phase core reactors are all in the range of 0.01T to 
1.24T. Therefore, the maximum value of the magnetic density period of the A-phase core is taken as 
the output of the batch simulation. 
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Fig. 3. The curve of the iron core magnetic ϐlux 

The harmonic excitation parameters are set using the visual batch processing interface developed 
based on the VC platform, and a total of 150 3D nonlinear transient magnetic ϐield simulations are 
carried out over a period of 5 h. Since the magnetic density distribution is symmetric about φ=180° 
within 0~360°, the curve is taken within 0~180°, and the simulation results of the magnetic ϐield 
variations of the core reactor are shown in Fig. 4. Among them, Fig. 4(a)~(c) shows the variation of 
2nd, 4th and 6th harmonic magnetic induction intensity with harmonic phase angle and content, 
respectively. 

The magnetic density maxima of the 2nd and 6th harmonics have a distribution law that increases 
with the increase of the harmonic phase angle within 0~180° when the harmonic content is the same, 
and the opposite is true for the 4th harmonic.The 4th and 6th harmonic magnetic densities increase 
with the increase of the harmonic content when the harmonic phase angle is the same, while the 2nd 
harmonic exhibits a different distribution law that decreases with the increase of harmonic content 
when the harmonic phase angle is small, and decreases with the increase of harmonic content when 
the harmonics phase angle is close to 180°, and increases with the increase of harmonic content when 
the harmonics phase angle is close to 180°. When the phase angle is close to 180°, the maximum value 
of magnetic density increases with the increase of harmonic content, and the turning point is located 
near the 2nd harmonic phase angle of 54°, which corresponds to the maximum value of magnetic 
density in phase A of 1.183T, which is similar to the maximum value of magnetic density of the core in 
phase A under the action of fundamental wave, with a difference of only 4.82%. Therefore, there are 
more obvious changes in the magnetic induction strength of Fe-based soft magnetic composite core 
reactors under different harmonic effects, which is of some signiϐicance for grasping the distribution 
law of magnetic induction strength of core reactors under harmonic effects. 
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(a) Two harmonic magnetic induction intensities 

 

(b) Four harmonic magnetic induction intensities 

 

(c) Six harmonic magnetic induction intensities 

Fig. 4. Simulation results of magnetic ϐield change 

4.1.2. Core vibration signal characteristics. For the core reactor, its vibration change affects the 
operation effect of the reactor to a certain extent, and the change of the fastening state of the core in 
the Fe-based soft magnetic composite core reactor will have a greater impact on its vibration state and 
be reϐlected in the vibration signal on its surface. Therefore, the limit state of completely loosened 
clamps on the core is used as a comparison to explore the signiϐicant change characteristics of 
vibration signals before and after the core is loosened. 
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In the low voltage side of the core reactor voltage to 400V, when the transformer core ϐlux is close 
to the rated operating state, measured when the core is tightened and the upper clamps completely 
loosened B-phase measurement point in the time domain vibration signal waveforms in the three 
frequency cycles as shown in Figure 5. Figure 5(a)~(b) shows the vibration signals of the fastened and 
loosened core, respectively. In the ϐigure, the vibration signals in the core tightening and loosening 
state show a periodicity of 100 Hz as a whole, but due to the vibration signals containing certain high 
harmonic components, resulting in certain distortion in the time domain waveform of the vibration 
signals. Loosening of the clips of the Fe-based soft magnetic composite core reactor leads to a decrease 
in the binding force on the core and an enhancement of the vibration, and the comparison shows that 
the peak value of the vibration signal increases from 2.41 V to 3.79 V after the loosening of the core. At 
different core states, the core vibration signal score increases signiϐicantly. 

  

(a) Iron tight                        (b) Loose core 

Fig. 5. The vibration of the iron heart is loose and the vibration signals 

The frequency domain distribution of the vibration signal within 0~1200Hz before and after the 
core loosening is compared, and the comparison results are shown in Figure 6. In the ϐigure, the 
harmonics in the state of core tightening are mainly the higher octave components of 100Hz, and the 
frequency components of the vibration signal are mainly concentrated in 500Hz and below, with the 
components above 500Hz accounting for a relatively small amount. Among them, the amplitude of the 
100Hz harmonic component is larger, thus leading to the vibration signal time-domain waveform in 
Fig. 5(a) to appear asymmetric waveforms in half a cycle. 

Due to the increase of the core vibration intensity caused by the loosening of the core clamps, the 
amplitudes of the 100, 250, and 700 Hz frequency components of the vibration signal increase in Fig. 
6. Among them, the amplitude change of 250 and 700Hz components is more obvious, probably due 
to the change of the mechanical structure of the core so that the intrinsic frequency of the transformer 
vibration has changed, close to the intrinsic frequency of the transformer exists at 250Hz and 450Hz, 
so that the vibration at this place is enhanced. 
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Fig. 6. Frequency distribution of vibration signal 

In addition, in order to further verify the vibration displacement of the Fe-based soft magnetic 
composite iron core reactor under harmonic action, based on the existing studies, the contribution of 
magnetostrictive force to the vibration displacement of the reactor is much smaller than that of 
Maxwell force to the vibration displacement of the reactor core. Therefore, the vibration displacement 
induced by Maxwell force under the fundamental wave condition can be used to characterize the 
vibration displacement of Fe-based soft magnetic composite core reactor. The silicon steel core reactor 
is chosen as a comparison, and its vibration displacement comparison with the Fe-based soft magnetic 
composite iron core reactor is shown in Fig. 7. 

From the ϐigure, it can be seen that the core vibration displacement of the Fe-based soft magnetic 
composite iron core reactor is much smaller than that of the conventional silicon steel core reactor. 
The maximum displacement of the silicon steel series reactor reaches 5.17*10-5m, while the 
maximum displacement of the Fe-based soft magnetic composite core reactor is only 0.25*10-5m. 
Compared with the two, the vibration displacement of the measurement point of the Fe-based soft 
magnetic composite core reactor is reduced by 95.16% compared with the vibration displacement of 
the measurement point of the silicon steel reactor core. The feasibility of applying Fe-based soft 
magnetic composites in the structural design of the core reactor is fully demonstrated, which can 
greatly reduce the vibration displacement of the core surface during the operation of the core reactor. 

 

Fig. 7. Vibration displacement contrast of iron core reactor 

4.1.3. Core Vibration Sound Pattern Characteristics. The voltage waveform added in this experiment 
contains two pulses, which simulate the opening and closing process of the single valve in the actual 
operation of the saturated reactor, respectively. In these two processes, the voltage amplitude and 
voltage change rate are the largest, so that the Fe-based soft magnetic composite iron core reactor is 
sufϐiciently magnetized to produce the strongest magnetostrictive effect, which can better reϐlect the 
actual vibration characteristics of the iron core. Through the Fourier transform, the voltage harmonic 
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distribution of the Fe-based soft magnetic composite iron core reactor under different charging 
voltages is obtained as shown in Figure 8. 

The voltage of the Fe-based soft magnetic composite core reactor contains a large number of 
harmonic components, and the odd and even harmonics account for a comparable proportion, and are 
less affected by the change of voltage amplitude. The frequency spectrum from 0 to 30 kHz is divided 
into 10 bands with every 3 kHz as a band, and the percentage of different bands is calculated 
respectively. With the increasing voltage amplitude, the proportion of 0~6kHz gradually decreases. 
When the charging voltage reaches 2.5kV, the proportion is 35.12%, which is about 16% lower than 
that of 0.1kV, but it is still the main component of harmonics. The proportion of 6-30kHz ϐluctuates, 
and the overall tendency is to increase. Among them, the harmonic components of charging voltage 
0.5kV and 0.6kV change most obviously. Further analysis of the voltage waveform found that the 
charging voltage of 0.6kV voltage waveform has a sudden drop, continue to boost the voltage harmonic 
component change trend slows down. 

 

Fig. 8. Voltage harmonic distribution of iron core reactor 

In order to study the variation of vibration sound produced by the Fe-based soft magnetic composite 
reactor core with increasing voltage, the amplitude of the time-domain acoustic signals at four 
measurement points is plotted on a box-and-line diagram as shown in Fig. 9. The upper and lower 
edges of the graph are 1.5 times the standard deviation of the data. As can be seen from the ϐigure, the 
trend of sound changes at different measurement points is roughly the same, at a voltage of 0.3kV, the 
amplitude of all the measurement points is below 0.2V, at which time the core of the Fe-based soft 
magnetic composite reactor is in a saturated state, generating a large vibration noise. As the voltage 
increases, the core magnetic unsaturation and magnetic saturation state conversion accelerated, 
resulting in high-frequency components of the vibration noise increased signiϐicantly, of which the 
measurement point 3 by the voltage growth of the impact of the larger, acoustic signal amplitude 
change of more than 3.5 times. However, Fe-based soft magnetic composite material reactor core 
reactor vibration and voltage amplitude quadratic nonlinear relationship, when the voltage amplitude 
reaches 1.3kV, the acoustic signal amplitude growth rate decreases, and gradually tends to level off. 
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Fig. 9. The amplitude of the vibration signal changes 

4.2. Validation of core reactor model optimization 

4.2.1. Sensitivity of structural parameters. According to the structural characteristics of Fe-based 
soft magnetic composite iron core reactor, combined with the reactor parameters given in the previous 
paper, the structural parameters that may affect the reactor performance objectives are initially 
screened as design variables. And based on the optimization model of Fe-based soft magnetic 
composite core reactor constructed in this paper, it involves many parameters. In order to improve the 
optimization efϐiciency, this paper adopts sensitivity analysis to study the inϐluence law of structural 
parameters on each physical ϐield characteristic index of the reactor. According to the degree of 
correlation, the parameters with higher degree of correlation are selected for the next step of 
optimization, so as to realize the parameter dimensionality reduction in the optimal design of Fe-based 
soft magnetic composite iron core reactor. 

The degree of inϐluence of each system design variable of Fe-based soft magnetic composite material 
iron core reactor on each physical ϐield characteristic index, i.e., sensitivity, the greater the sensitivity, 
the greater the degree of inϐluence on the state variables. Based on the sample data, the response 
relationship between the design parameters and the state variables is established so as to obtain the 
normalized sensitivity results as shown in Fig. 10. 

From the ϐigure, it can be seen that for the electromagnetic ϐield of the Fe-based soft magnetic 
composite core reactor, the stress (X1) has a signiϐicant effect on the inductance value, and its 
normalized sensitivity reaches 0.468, and the distribution of the air gap changes the distribution of 
the internal ϐlux magnetic circuit of the core reactor, which in turn changes the size of the main 
inductance and leakage inductance. The core diameter (X4) also has a certain effect on the inductance 
size, the core diameter increases, the main ϐlux magnetic circuit area increases accordingly, resulting 
in an increase in the main inductance. The noise ϐield is mainly affected by the number of air gaps (X2) 
and the height of the air gap (X3), and the rest of the structural parameters also have a certain effect 
on the noise ϐield distribution. The inϐluence of different structural parameters on the vibration 
displacement of Fe-based soft magnetic composite core reactor is more complicated, and the inϐluence 
of stress (X1) is the most signiϐicant. In order to simplify the optimization process, an agent modeling 
technique is used to construct a response model between structural parameters and different physical 
ϐields, which provides support for optimizing the structural parameters of the Fe-based soft magnetic 
composite iron core reactor. 
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Fig. 10. Sensitivity of structural parameters 

4.2.2. Optimization results of structural parameters. In order to verify the speciϐic effect of the 
optimization model of Fe-based soft magnetic composite core reactor solved by GA algorithm in this 
paper, RSM and Kriging are chosen as the comparison algorithms to optimize and solve the structural 
parameters of the Fe-based soft magnetic composite core reactor, and the optimization results of the 
structural parameters of different methods are shown in Table 2. 

Table 2 shows the optimization results of the structural parameters of different methods. As can be 
seen from the table, RSM algorithm, Kriging algorithm and GA algorithm proposed in this paper 
effectively reduce the vibration of the core while meeting the electrical performance conditions of the 
Fe-based soft magnetic composite core reactor, among which, GA algorithm has the best optimization 
effect of vibration damping and reduces the electromagnetic loss of the core by 13.83% and 4.65% 
compared to the RSM algorithm and the Kriging algorithm, respectively. At the same time, the metal 
usage of the core is reduced by 15.27% compared to the initial parameters. In addition, in order to 
verify that the optimization scheme proposed in this paper is effective, the magnetic ϐield distribution 
and vibration displacement distribution of the Fe-based soft magnetic composite core reactor are 
analyzed by electromagnetic ϐield-structure force ϐield simulation based on the parameters in the table. 
It is found that, compared with the simulation results of the initial structure, the magnetic density 
distribution of the core remains basically unchanged under the three optimization schemes, and the 
magnetic ϐield reactance values of the three optimization methods are 116.84 Ω, 113.92 Ω, and 110.67 
Ω, with the errors of 3.07%, 5.49%, and 8.19%, respectively, compared with the actual values, and the 
optimization of the GA algorithm has the largest magnitude and meets the requirements of 
electromagnetic performance parameters . Compared with the simulation results of the initial 
structure, the vibration displacements of the core under the three optimization schemes have large 
changes, and the optimized vibration displacements are mainly concentrated at the core cake, and the 
maximum vibration displacements of the core under the three optimization methods are 23.8 μm, 22.6 
μm, and 20.5 μm, respectively, of which the smallest vibration displacement is obtained by the GA 
algorithm. In conclusion, the optimization of the structure-related parameters of Fe-based soft 
magnetic composite core reactor using genetic algorithm can signiϐicantly reduce the vibration 
displacement of the core reactor. 
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Table 2. The structural parameters of different methods are optimized 

Parameter Initial RSM Kriging GA 

X1 0 0.25 0.28 0.32 

X2 16 14 15 18 

X3 9 9.16 8.24 7.93 

X4 400 400 400 400 

X5 100 100 100 100 

X6 50 45 45 40 

X7 350 330 330 330 

X8 25 23.8 22.6 20.5 

X9 9279.16 8524.93 9053.28 9137.46 

X10 1753.48 1579.75 1427.69 1361.32 

X11 120.54 116.84 113.92 110.67 

5. Conclusion 

Based on the magnetostrictive force and Maxwell force, the vibration and noise characteristic 
equations of Fe-based soft magnetic composite core reactor are established, and the multi-physics 
simulation model of Fe-based soft magnetic composite core reactor is constructed by combining the 
electromagnetic ϐield-structural force ϐield-acoustic ϐield. The structural parameter optimization 
model of Fe-based soft magnetic composite core reactor is designed, and the model is solved by genetic 
algorithm to obtain the optimal core reactor parameters. It is found that the peak value of the vibration 
signal of the core reactor increases from 2.41 V to 3.79 V after the clamps of the core reactor are 
loosened, and the maximum displacement of the Fe-based soft magnetic composite core reactor is only 
0.25*10-5m. The GA algorithm has the best optimization effect for vibration damping, and the 
electromagnetic loss of Fe-based soft magnetic composite core reactor is reduced by 13.83% and 4.65% 
compared to RSM algorithm and Kriging algorithm, respectively. Therefore, the use of genetic 
algorithm can effectively optimize the electromagnetic and noise structure design of Fe-based soft 
magnetic composite core reactor, which can provide a guarantee for expanding the application path of 
Fe-based soft magnetic composite materials and enhancing the application life of core reactor. 
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[6] Maza-Ortega, J. M., Acha, E., Garcıá, S., & Gómez-Expósito, A. (2017). Overview of power electronics 
technology and applications in power generation transmission and distribution. Journal of Modern Power 
Systems and Clean Energy, 5(4), 499-514. 

[7] Liang, X., & Andalib-Bin-Karim, C. (2018). Harmonics and mitigation techniques through advanced control 
in grid-connected renewable energy sources: A review. IEEE Transactions on Industry Applications, 54(4), 
3100-3111. 

[8] Hu, Z., Han, Y., Zalhaf, A. S., Zhou, S., Zhao, E., & Yang, P. (2023). Harmonic sources modeling and 
characterization in modern power systems: A comprehensive overview. Electric Power Systems Research, 
218, 109234. 

[9] Ghorbani, M. J., & Mokhtari, H. (2015). Impact of Harmonics on Power Quality and Losses in Power 
Distribution Systems. International Journal of Electrical & Computer Engineering (2088-8708), 5(1). 

[10] Wang, X., & Blaabjerg, F. (2018). Harmonic stability in power electronic-based power systems: Concept, 
modeling, and analysis. IEEE Transactions on Smart Grid, 10(3), 2858-2870. 
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