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Abstract As a key equipment in the power system, the noise problem of dry-type iron core reactor directly affects 
the stability of equipment operation and the user's environmental experience. Based on the multi-physical field 
coupling theory, this study analyzes the vibration noise formation mechanism and optimization control method of 
Fe-based soft magnetic composite core reactor by combining COMSOL simulation and experimental test. The 
contributions of Maxwell force and magnetostrictive effect to the vibration of the core are quantified by coupled 
electromagnetic-mechanical-acoustic field modeling. The results show that the maximum vibration displacement 
induced by Maxwell force is 3.81×10-5 m, which is much higher than that of magnetostrictive force of 3.56×10-8 m. 
Aiming at the insensitivity of air-gap structural parameter, the topology optimization algorithm of electromagnetic-
mechanical-acoustic field coupling is proposed, which reduces the vibration displacement of the Fe-based soft 
magnetic reactor by 90.19% from 9.41×10-7 m to 9.23×10-8 m. After the optimization, the vibration noise formation 
and control method of the Fe-based soft magnetic reactor are optimized. The optimized Fe-based soft magnetic 
reactor has a high voltage noise of 45.71 dB(A) and a sound power value of 58.93 dB(A), which are 31.9% and 
28.7% lower than that of the conventional silicon steel reactor, respectively. 
 
Index Terms dry core reactor, Fe-based soft magnetic composite, COMSOL, electromagnetic-mechanical-acoustic 
field coupling, air gap structure 

I. Introduction 
With the increase in power loads as well as the complexity of power systems, the demand for reactors is also 
increasing and they have become an integral part of power systems [1]. Reactors play a role in power systems to 
regulate voltage, improve system stability and enhance power quality. Reactors can be classified into iron core 
reactors and hollow core reactors according to their structure, which are widely used for reactive power 
compensation, harmonic suppression, short-circuit current limitation, and system voltage stabilization [2], [3]. 

In today's power systems, ferrocentric reactors and hollow reactors play their respective advantages in different 
scenarios. Hollow-core reactors are larger in size, have lower environmental requirements, are suitable for outdoor 
environments, and are commonly used in high-voltage power systems, such as substations and transmission lines 
[4], [5]. However, the magnetic field generated by it has a wide range of influence and is prone to electromagnetic 
pollution, which adversely affects the surrounding electrical equipment and systems [6]. The core reactor is smaller 
compared to the hollow reactor and is widely used in low-voltage power systems, especially in the voltage level of 
10 kV, which is used in large quantities [7]-[9]. However, with the long-term operation of reactors, partial discharges 
and noise problems inside the device will lead to continuous deterioration of insulation [10]. 

The noise of the reactor is an extremely important technical parameter to measure the performance index of the 
reactor [11]. The level of reactor noise is also naturally one of the important indicators of the design capability and 
manufacturing level of reactor manufacturers [12], [13]. Therefore, many reactor manufacturers are actively taking 
various measures as a way to reduce reactor noise. The noise sources of the core reactor can be divided into two 
kinds, i.e., the body noise and the noise of the cooling system [14]. Among them, the intrinsic noise is inherent in 
the reactor itself, including electromagnetic vibration and winding vibration [15]. Electromagnetic suction is one of 
the critical factors leading to electromagnetic vibration of the reactor. Electromagnetic suction, which is Maxwell's 
force, is due to the fact that when the main magnetic flux passes through the core with high permeability and the air 
gap with low permeability, some kind of force that makes the magnetic field energy smaller forces the reactor core 
to undergo periodic deformation [16], [17]. Yan, R et al. in their study of Maxwell's force solved the problem of 
reactor vibration and noise by finding out that by accessing a core reactor in an AC circuit, the finite element model 
calculates the stresses in the gapped core reactor and by analyzing the stress distributions and spectra of the 
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reactor under various excitation conditions [18]. Zhang, P et al. simulated and experimentally verified the core 
vibration in a reactor and explored the effect of air gap on the vibration noise of the reactor core and the roles of 
Maxwell stress and magnetostriction in triggering the vibration process [19]. Rossi, M and Le Besnerais, J studied 
the case of vibration noise in reactors due to Maxwell's force and magnetostrictive force and proposed a method to 
reduce the vibration noise by canceling these forces [20]. Magnetostriction has a complex nonlinear relationship, 
and the establishment of magnetostrictive forces describing the phenomenon of magnetostriction is the basis for 
the calculation of electromagnetic vibration in core reactors [21]. 

In order to effectively reduce the vibration noise of the core reactor, scholars at home and abroad have made a 
lot of efforts, and the main starting points of the research on vibration and noise reduction problems are different. 
For example, Loizos, G et al. investigated the local magnetic field situation distribution of Si-Fe distributed gap cores, 
and proposed a method to increase the external preload to reduce the magnetic force in the lap region so as to 
reduce the contribution of magnetostriction to vibration [22]. Wang, Z et al. in their study analyzed the vibration 
characteristics of series core reactors and achieved an average 11.6% magnitude reduction in vibration noise 
through a specific damping scheme, which in turn enhanced the performance and safety of the core reactors [23]. 
Zhu, S et al. optimized the design parameters of an oil-immersed core reactor using particle swarm optimization 
and thermal network model, which achieved a 23.05% reduction in metal conductor usage and a 20.25% reduction 
in losses by taking metal conductor usage and winding losses as optimization targets [24]. Gao, L et al. studied the 
vibration and noise characteristics of air-core reactors in a high-voltage DC converter station, and analyzed the 
generation process, intrinsic frequency, and noise distribution as a basis for noise control [25]. Adіlbek, T et al. used 
an improved noise reduction design scheme to reduce and eliminate vibration and noise in shunt oil reactors, 
thereby mitigating their environmental impact, significantly reducing the background noise level, and effectively 
extending the service life of the reactors [26]. Gao, Y et al. built a model of the reactor and made a more detailed 
analysis of its magnetic field calculation, analyzed some of the nodal forces for the brief model of the reactor, in 
which the magnetostrictive forces were calculated using equivalent nodes, and proposed the effect of the high-
hardness air-gap dielectric material on the vibrational forces at the nodes [27]. Tong, B et al. investigated the stress 
characteristics in magnetically controlled saturable reactors (MCSRs) with the aim of developing new methods for 
vibration and noise reduction by proposing an electro-mechanical model to analyze the vibrations caused by 
magnetostrictive and electromagnetic forces [28]. Moses, A. J et al. reduced transformer core vibration and noise 
by bonding technique, and then analyzed the relationship between transformer core vibration and noise [29]. At 
present, the vibration research and noise suppression of core reactors are still in the beginning stage, while 
magnetostriction is the key to cause vibration and noise problems, and the special structure of the core reactor 
makes the complexity of the magnetostriction characteristics of Fe matrix composites [30], [31]. Therefore, further 
in-depth studies are still needed to consider the effect of core preload on the vibration of the reactor and how to 
suppress the vibration of the reactor. 

In order to deeply investigate the formation mechanism of the noise source and optimize the design, this study 
starts from the structural characteristics of the core reactor and combines the multi-physical field theory analysis 
method. The coupling mechanism of electromagnetic-mechanical-acoustic field is systematically investigated, and 
theoretical modeling is carried out for the influence of uncertainty of air gap structure parameters on vibration noise. 
The article first elaborates the basic structure and key parameters of dry-type iron core reactor. Through the 
simplified model construction, it is clarified that the core is made of cold-rolled oriented silicon steel sheets laminated 
together, the air gap is separated by epoxy-laminated glass cloth panels, and the coil adopts a multilayer cartridge 
winding structure. On this basis focuses on the theoretical analysis of multi-physics field coupling. The structural 
force field model is established by COMSOL solid mechanics module, focusing on the contribution of 
magnetostrictive effect and Maxwell force to the core vibration. Based on the linear elasticity equation, the 
mathematical relationship between magnetostrictive strain and stress tensor is derived, and the small effect of the 
magnetostrictive coefficient of silicon steel sheet on core deformation is quantified. Meanwhile, the distribution 
characteristics of electromagnetic force in the core and winding are clarified by combining Maxwell's force equation 
and Lorentz force model. And turning to the acoustic field analysis, the transfer path of core vibration to noise 
radiation is established by solving the acoustic pressure fluctuation equation and the acoustic pressure-velocity 
relationship through the pressure acoustic field module. The mechanism of the influence of the uncertainty of the 
air gap structure parameters on the core vibration is further explored. By analyzing the sensitivity of the Maxwell 
stress tensor and the effectiveness of magnetostriction, it is revealed how the variation of the air gap dimensions 
leads to the fluctuation of the magnetic flux density and the magnetic field strength, which in turn triggers the 
uncertainty of the magnitude and distribution of the electromagnetic force. Combined with the vibration equations, 
the transmission mechanism of parameter uncertainty on core vibration displacement is clarified. And the chain 
effect of air gap parameter variation on vibration noise is systematically summarized. 
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II. MSCR-based analysis of vibration and noise mechanism and the influence of air gap 
parameters in core reactor 

II. A. Basic structure and parameters of dry-type core reactor 
The research object of this paper is a single-phase dry-type core reactor with a rated voltage of 10 kV and a 
frequency of 50 Hz, and a simplified model is made in order to take into account the calculation accuracy and 
calculation efficiency. 

Dry-type core reactor core part consists of cold-rolled oriented silicon steel sheet, the core column of each 
pancake is evenly divided by a number of air gaps between the air gaps using epoxy laminated glass cloth plate as 
a spacer. The coil part is wound by multi-layer cylinder structure, and the wire inside the coil is flat copper wire 
wrapped with insulating layer, the number of layers is 3 layers, and the layers are fixedly connected with each other 
by bracing strips to form axial heat dissipation airway between the coils. The core is fixed externally by clamps and 
tie rods, and the core lamination factor is 0.97. The main structural parameters of the core reactor are shown in 
Table 1. 

Table1: Structural parameters of the core reactor 

Structure Parameters Value 

Iron heart 

Core diameter /mm 300 

Yoke height /mm 145 

The height of the discus /mm 45 

Total height of air gap /mm 88 

Air gap number 7 

Cross-sectional area of the core column /cm² 545 

Coil 

Inner coil width /mm 18 

Middle coil width /mm 27 

Outer coil width /mm 27 

Coil height /mm 475 

Cross-sectional area of the wire /mm² 8.52 

 
II. B. MSCR multiphysics field theory analysis 
Based on the above structural characteristics and parameters of the core reactor, its vibration and noise generation 
is essentially a result of the coupling of electromagnetic, mechanical and acoustic multiphysics fields. Therefore, in 
this section, the quantitative analysis model of core vibration and noise radiation is established from the dimensions 
of structural force field and acoustic field, respectively, in combination with the MSCR multiphysics field theory. 

 
II. B. 1) Structural force field analysis 
In the structural force field simulation, the solid mechanics module in COMSOL is selected, and the structural force 
field solution domain equations are shown in the following equation: 

 
2

2 v

d u du
m ku F

dtdt
    (1) 

where m   is the mass matrix;    is the damping coefficient 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: 

 
vF     (2) 

where   is the stress tensor in N/m and 
vF  is the volumetric force in N/m³. 

The so-called magnetostriction is a phenomenon in which the size of a magnetic material changes in all directions 
due to a change in the magnetization state of the magnetic material under the action of an applied magnetic field. 
When the applied magnetic field is removed, the ferromagnetic material will return to its original shape. The 
magnetostriction effect of ferromagnetic materials can be divided into two categories, one is line magnetostriction 
and the other is body magnetostriction. Linear magnetostriction is a change in the length of a ferromagnetic material 
under the action of an applied magnetic field, where the length of the material is elongated or shortened. Body 
magnetostriction is a change in the volume of a ferromagnetic material under the action of an applied magnetic field. 
Under the action of an applied magnetic field, line magnetostriction and body magnetostriction will exist at the same 
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time, but the strength of the magnetic field is different at the same time, the two kinds of magnetostriction produced 
by the impact of the role of the different, if one effect is the main effect, then the other is a secondary effect. 

The magnetization process of the ferromagnetic material is the main influence of the line magnetostriction effect, 
while the body magnetostriction effect occurs when the magnetic field strength is greater than the saturation field 
strength, when the internal magnetization strength of the material is greater than the spontaneous magnetization 
strength. Since in ferromagnetic materials, the spontaneous magnetization strength is related to the exchange 
between its spins, the nature of the force generated by the body magnetostriction effect is an exchange force. Since 
bulk magnetostriction occurs mainly as an increase or decrease in the volume of the material, it predominates when 
the ferromagnetic material reaches saturation. 

At present, the magnetostriction effect is dominated by three forms of magnetostriction along the magnetic field 
direction, magnetostriction along the perpendicular direction of the magnetic field, and volume change 
magnetostriction of magnetic materials. Among them, the magnetostriction effect of volume change is very small, 
so scholars can ignore the influence of this factor when carrying out related research. Therefore, this paper only 
considers the transverse magnetostriction along the direction of the magnetic field and the longitudinal 
magnetostriction along the direction of the perpendicular magnetic field, both of which belong to the linear 
magnetostriction. Due to the complexity of the intrinsic relationship of magnetostriction effect, so far there is no 
canonical unity conclusion related to it, so usually according to experience, the transverse magnetostriction and 
longitudinal magnetostriction change with the nature of the material Poisson's ratio analogous to analyze and study, 
that is, the magnitude of the magnetostriction effect and the magnitude of the applied magnetic field and the 
ferromagnetic material's own properties of the relationship is close. 

Since the amount of change in the length of the ferromagnetic material caused by the linear magnetostrictive 
effect is small, the magnitude of magnetostriction is described by the relative change in length, as shown in the 
following equation: 

 
0 0( ) /HL L L    (3) 

where 
0L   is the initial length of the magnetic material; 

HL   is the length of the ferromagnetic material after 
elongation or shortening under the action of an applied magnetic field. 

The coefficient of magnetostriction of the electrical silicon steel sheet used in MSCR is about one part per million, 
usually expressed in ppm. The linear magnetostrictive effect of ferromagnetic materials is reflected at the 
microscopic level by changes in the magnetic domains within ferromagnetic materials including iron, nickel, cobalt, 
and their alloys. 

When the ferromagnetic material is located in the magnetic field, the magnetic field within the material will change, 
after stabilization will be a significant enhancement of the potential, which makes the ferromagnetic material in the 
external magnetic field presents a strong magnetic, this phenomenon is known as the ferromagnetic material 
magnetization. This phenomenon is called the magnetization of ferromagnetic materials. Ferromagnetic materials 
can be magnetized because there are many very small natural magnetization zones called magnetic domains, and 
each magnetic domain can be regarded as a miniature magnet. When an external magnetic field is applied to a 
ferromagnetic material, the direction of its magnetization changes, and when stabilized, the internal magnetic 
domains are in the same direction as the magnetic field. The process of magnetic domain change is macroscopically 
manifested as a change in the length and width of the ferromagnetic material, and the change in the size of the 
ferromagnetic material due to the change in rotation of the internal magnetic domains is shown in Figure 1. 

Without magnetic field

With magnetic field

L

L0

h0

h

 

Figure 1: Magnetic domain state transformation 
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In this paper, the following magnetostriction model is used for the calculation: the calculation of magnetostriction 
is defined as a function of the initial strain loaded into the reactor core, which serves as the excitation source for the 
magnetostriction of the core. Where the magnetostriction can be viewed as a function of the magnetization along 
any direction and is expressed by the following equation: 

 
2

23 1 3 1

2 3 2 3
i

i s i s
s

M

M
   

          
     

 (4) 

where, the magnetostriction 
i   along the i  -direction depends on the magnetostriction constant 

s   and the 
directional cosine of the magnetization strength 

i  , where the directional cosine is the ratio of the material's 
magnetization strength along the i -direction to the saturation magnetization strength. -1/3 means that the magnetic 
domains are random in the absence of any magnetic field, and the term can be omitted because all the magnetic 
dipole moments and the magnetization direction are perpendicular to the magnetization direction at the beginning 
of the magnetization process of the actual core material. So the above equation can be simplified as: 

 
2

23 3

2 2
i

i s i s
s

M

M
   

 
   

 
 (5) 

Core reactors generally have an air gap, and neighboring core cakes are adjacent to each other at any instant of 
time with heteromorphic poles, so the Maxwell force between them is an attractive force, and the magnitude of the 
Maxwell force is: 

 
2 2

0 02 2

B S
F

S 


   (6) 

where F  is the Maxwell force; 
0  is the vacuum permeability; B  is the magnetic induction in the air gap; S  is 

the flux area; and   is the flux. 
In the case of industrial frequency: 

 sinm t  (7) 

Therefore, the above equation can be reduced to: 

 
22

2

0 0
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mF t
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
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



  (8) 

Let 
2

02
m

mF S


 , then the Maxwell force reduces to: 

  1 cos 2
2
mFF t   (9) 

The Lorentz force on the windings is loaded into the reactor windings as a body load and the Lorentz force on the 
windings is given by the following equation: 

 F J B   (10) 

where J  is the current density in A/m² and B  is the magnetic flux density in T . 
 

II. B. 2) Sound field analysis 
The pressure sound field module is selected in the sound field analysis, and the variable solved for in the pressure 
sound field module is the sound pressure p . The solved domain sound pressure fluctuation equation is: 

 
2

2
2 2

1
0

p
p

c t


  


 (11) 

where c  is the speed of sound in m/s² and p  is the sound pressure in Pa. 
The relationship between sound pressure and sound velocity can be described by applying the linear equation of 

motion as: 
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0

u
p

t
 
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

 (12) 

where 
0  is the air density in kg/m³. 

II. C. Theoretical analysis of reactor core vibration under uncertainty of air gap structure parameters 
Multi-physical field coupling analysis lays the foundation for the mechanism study of core vibration noise, but the 
manufacturing tolerance of air gap structural parameters and service aging in actual engineering may cause the 
theoretical model to deviate from the actual working conditions. Therefore, this section will focus on the dynamic 
effects of the uncertainty of the air gap parameters on the electromagnetic force distribution and vibration response 
to improve the engineering applicability of the theoretical model. 

The vibration of the shunt reactor core is caused by the electromagnetic force on the core, and under the action 
of the magnetic field, the electromagnetic force 

vF  on the core is the vector sum of the Maxwell's force 
maxF  and 

the magnetostrictive equivalent force 
msF , i.e. 

 
maxv msF F F   (13) 

where Maxwell's force 
maxF   acts at the interface between the air gap and the core cake on the core column, 

calculated as 

 
max S
F TdS   (14) 

where S  is a closed surface enclosing a portion of the core material; T  is the Maxwell stress tensor, which is a 
second-order tensor computed as 

 

1

2
1

2

x x x y
x

y
y x y y

B H BH B H n
T

n
B H B H BH

    
    
     

 (15) 

where B  is the magnetic flux density of the reactor core; 
xB  and yB  are the components of the magnetic flux 

density in the x -axis and y -axis directions; H  is the magnetic field strength of the reactor core; 
xH  and yH  

are the components of the magnetic field strength in the x -axis and y -axis directions; and 
xn  and yn  are the 

components of the unit normal vector in the x   and y   direction components. Uncertainty changes in the 
parameters of the air-gap structure cause uncertainty changes in the magnetic flux density B  and magnetic field 
strength H  inside the core, which can be seen in Eqs. (14) and (15), and changes in the magnetic flux density 
and magnetic field strength lead to changes in the Maxwell stress tensor, which in turn cause uncertainty changes 
in the Maxwell force. 

The magnetostrictive equivalent force 
msF  is derived from the magnetostrictive strain equivalent of ferromagnetic 

materials, and the relationship between the magnetostrictive stress tensor and the magnetostrictive equivalent force 
for linearly elastic materials in structural mechanics is 

 
msF     (16) 

where   is the gradient operator;   is the magnetostrictive stress tensor of the core, calculated as 

 D   (17) 

where D  is the elasticity tensor matrix;   is the magnetostrictive strain, which can usually be obtained from the 
magnetic field strength H   in the core by the magnetostrictive orthogonal interpolation method   . The elastic 
tensor matrix D  has the form 

 

1
1 1

(1 )
1

(1 )(1 2 ) 1 1

1
1 1
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D

 
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 
 

 
   

       
 
 
   

 (18) 

where E  is the Young's modulus of the core;   is the Poisson's ratio. 



Noise source control and design of Fe-based soft magnetic composite core reactor based on optimization algorithm 

5061 

Uncertainty changes in the parameters of the air-gap structure cause uncertainty changes in the magnetic field 
strength H  inside the core, making the magnetostrictive strain  , which is highly correlated with the magnetic 
field strength H  , change. On this basis, it can be seen from Eq. (16) and Eq. (17) that the change of 
magnetostrictive strain   leads to the change of magnetostrictive stress tensor, which in turn causes the change 
of uncertainty in the effectiveness of magnetostrictive equivalence. In summary, it can be seen that uncertainty 
variations in the parameters of the air gap structure lead to uncertainty variations in the values of the Maxwell force 
and the magnetostriction equivalence force, which in turn cause uncertainty variations in the magnitude of the 
electromagnetic force applied to the core, which consists of the two together. 

In addition, in terms of the distribution of the electromagnetic force on the core, due to the large difference in 
permeability between the core cake and the air gap on the core column, the core cake being a high permeability 
silicon steel material while the air gap is a low permeability marble material, the magnetic flux generates a Maxwell 
stress tensor as it passes through the interface between the air gap and the core cake. As the Maxwell force acts 
at the interface between the core cake and the air gap, uncertainty variations in the air gap structural parameters 
change the position of the core cake and the air gap boundary, thus changing the distribution of the Maxwell force; 
for the magnetostriction equivalent force, which is derived from the equivalent of the magnetostriction phenomenon 
in ferromagnetic materials, acting on the iron yoke and the core cake, and uncertainty variations in the air gap 
structural parameters change the position of the core column on the iron core cake position on the core column, 
thus changing the distribution of the magnetostrictive equivalent effect. Therefore, uncertainty variations in the air 
gap structure parameters also change the distribution of electromagnetic forces in the core. 

The components of the reactor core are all linear elastic materials, ignoring the damping effect, the vibration 
displacement size of the core can be found by the vibration equation in structural mechanics, namely 

 c c vM a K u F   (19) 

where 
cM  is the mass matrix of the core; 

cK  is the stiffness matrix of the core, u  is the vibration displacement 
of the core; and a  is the vibration acceleration of the core. From Eq. (19), it can be seen that the uncertainty 
variation of the air gap structure parameters changes the distribution of vibration sites and the magnitude of vibration 
values of the reactor core by affecting the magnitude and distribution of the electromagnetic force applied to the 
core. The flow of the effect of uncertainty variation of air gap structure parameters on vibration is shown in Fig. 2. 
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Figure 2: The impact of uncertain changes in gap structural parameters on vibration 
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III. Vibration and noise simulation of Fe-based soft magnetic composite reactor based 
on optimization algorithm 

Based on the quantitative analysis of the formation mechanism of core vibration noise under the uncertainty of air 
gap parameters in Chapter 2, this chapter will combine the multiphysics field simulation and experimental test to 
explore the specific application of optimization algorithm in the vibration and noise reduction design of Fe-based 
soft magnetic composite reactor and verify its effect in engineering practice. 

The simulation calculation can truly reflect the operation of the simulation object. At the same time, the simulation 
calculation can reduce the cost of engineering cost, eliminate or reduce the potential problems existing in the 
engineering design, help the product development and improvement, further improve the performance and reliability 
of the product, and provide a more correct and reliable theoretical analysis for the design program. In order to 
analyze the effects of Maxwell force and magnetostrictive force on reactor vibration in more detail, and on this basis 
to reveal the vibration characteristics of the core of series reactor under normal operation, it is necessary to carry 
out a simulation study on the vibration of the reactor under fundamental and harmonic conditions. 

 
III. A. Simulation Parameter Settings 
In order to verify the noise reduction effect of Fe-based soft magnetic composites, simulation modeling and analysis 
of silicon steel series reactor and Fe-based soft magnetic series reactor with model number CKSC-300/10-5 are 
carried out in this paper. Both reactors have a rated operating current of 320 A. The outer dimensions of the Fe-
based soft magnetic reactor core are 1073 mm × 1387 mm × 238 mm, and the core window dimensions are 1036 
mm × 186 mm, containing four 5-mm air gaps per phase. The outer dimensions of the silicon steel reactor core are 
871mm×1502mm×180mm, the core window size is 1091mm×180mm, and each phase contains six 5mm air gaps. 
Meanwhile, when the vibration displacement is calculated in the simulation, fixed constraints are added to the 
bottom and top of the series reactor, i.e., the displacement magnitude is 0. This is used to simulate the standing 
operation of the reactor and the constrained state of the top fasteners. The simulation parameters of the series 
reactor are as follows: Young's modulus E of both silicon steel and Fe-based soft magnetic composites is 0.35 GPa, 
the number of turns N of the excitation coils of both are 118 and 42, the effective cross-sectional areas S of the core 
columns are 0.0317 and 0.0498 m², and the core ρ is 7671 and 8154 kg/m², respectively. 

 
III. B. Numerical simulation of core vibration of series reactor 
This section quantifies the contribution of magnetostriction and Maxwell's force to the vibration displacement by 
comparing the vibration characteristics of silicon steel and Fe-based soft magnetic composite reactors through 
numerical simulations. 

 
III. B. 1) Series reactor core simulation results 
Since Fe-based soft magnetic composites do not have low magnetostrictive properties like silicon steel materials, 
in order to investigate the contribution of magnetostrictive and Maxwell forces to the vibration displacements, this 
paper compares the maximum vibration displacements generated by Maxwell and magnetostrictive forces, 
respectively, in Fe-based soft magnetic composite reactors under the fundamental wave condition, and the results 
are shown in Fig. 3. 

 

Figure 3: Comparison of Maxwell and magnetostrictive on vibration displacement 
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From Figure 3 can be seen that the magnetostrictive force caused by the reactor core vibration displacement is 
much smaller than the Maxwell force caused by the reactor core vibration displacement, Maxwell force generated 
by the maximum vibration displacement of 3.81 × 10-5m, while the magnetostrictive force generated by the maximum 
vibration displacement is only 3.56 × 10-8m. 

In the power system, the operation of electrical equipment will generate high harmonics such as 3, 5, 7, 9, 11, 
etc., and the shunt capacitor series reactor is applied in the project to carry out harmonic management, so the series 
reactor works in the working condition containing a large number of harmonics. In this paper, the harmonic excitation 
is superimposed on the basis of the fundamental wave to obtain three symmetrical harmonic currents, mainly on 
the fundamental wave +60% of the harmonic conditions of the vibration displacement caused by Maxwell force for 
time-frequency analysis, harmonic conditions of Fe-based soft magnetic series reactor Maxwell force caused by the 
vibration displacement of the spectral analysis of the vibration is shown in Figure 4. 

 

Figure 4: Analysis of vibration displacement by Maxwell under harmonic conditions 

When the harmonic content is 60%, the maximum vibration displacement of the original fundamental wave is 
2.62×10-6m, the third harmonic will have some effect on the vibration displacement, which will slightly reduce the 
vibration displacement of the reactor and make the maximum vibration displacement decrease to 3.51×10-7m, and 
the vibration displacement caused by the fifth and seventh harmonics is much smaller than that caused by the 
fundamental wave, which are respectively 6.10×10-8m and 8.51×10-9m, respectively. 

 
III. B. 2) Comparison of simulation results of core vibration displacement of series reactor 
From the analysis in the previous section, it can be seen that harmonics have a small effect on the vibration 
displacement of the series reactor, and the contribution of magnetostrictive force to the vibration displacement of 
the reactor is much smaller than the contribution of Maxwell force to the vibration displacement of the reactor core. 
Therefore, the vibration displacement caused by Maxwell force under the fundamental wave condition can be used 
to characterize the vibration displacement of the series reactor. A comparison of the vibration displacements of the 
silicon steel reactor core and the Fe-based soft magnetic composite reactor core measurement points is shown in 
Fig. 5. 

 

Figure 5: Reactor core measurement point vibration displacement comparison 
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As can be seen from Fig. 5, the vibration displacement of the Fe-based soft magnetic reactor core is much smaller 
than that of the conventional silicon steel reactor core. The maximum displacement of the silicon steel series reactor 
is 6.68×10-5m, while the maximum displacement of the Fe-based soft magnetic series reactor is 9.41×10-7m. 
Compared with the two, the vibration displacement of the measurement point of the Fe-based soft magnetic 
composite material series reactor core is 98.61% lower than that of the measurement point of the silicon steel 
reactor core. It is proved that the Fe-based soft magnetic composites can greatly reduce the vibration displacement 
of the core surface during the operation of the series reactor. 

 
III. C. Topological simulation analysis of damping structure for Fe-based soft magnetic reactor core 
In order to further improve the vibration damping performance of Fe-based soft magnetic reactors, this section 
introduces the electromagnetic-mechanical-acoustic field coupling topology optimization method to analyze the 
vibration displacement suppression effect of the damping structure. 

 
III. C. 1) Model convergence analysis 
Based on the electromagnetic-mechanical coupled topology optimization model of the reactor and the objective 
function and constraints, the model simulation solution is carried out, firstly, the analysis of the convergence of the 
topology optimization using the structural force field model based on the COMSOL Solid Mechanics Module is 
conducted to compare with the electromagnetic-mechanical-acoustic coupled topology optimization, and the 
convergence analysis of the electromagnetic-mechanical-acoustic coupled topology optimization model is shown in 
Fig. 6, in which the traditional topology optimization is the one which takes the 0 as the initial value of the multi-
coupling topology optimization, i.e., the initial value of the design variable ρ is zero. 

 

Figure 6: Convergence analysis of Coupled Topology Optimization Model 

As can be seen in Fig. 6, the number of iterations of the traditional topology optimization with 0 as the initial value 
is 29, and the objective function value is 0.905, and the number of iterations of the electromagnetic-mechanical-
acoustic field coupled topology optimization with the electromagnetic topology optimization result as the initial value 
is 20, which is a reduction of 9 times, and at the same time, the objective function value is lowered to 0.759, which 
is reduced by 16.13%, which indicates that the electromagnetic-mechanical-acoustic field coupled topology 
optimization possesses higher computational efficiency and better optimization effect. 

 
III. C. 2) Analysis of vibration reduction effect 
See Figure 7, the maximum vibration displacement of the Fe-based soft magnetic composite reactor before 
optimization is 9.41×10-7m, and the maximum vibration displacement is 9.23×10-8m after the optimization of the 
electromagnetic-mechanical-acoustic field coupling topology optimization with the electromagnetic topology 
optimization result as the initial value, and the maximum vibration displacement is reduced by 90.19% after 
optimization. As a result, the topology optimization method of electromagnetic-mechanical-acoustic field coupling 
of the reactor proposed in this paper has a better vibration damping effect under the premise of ensuring the normal 
operating condition of the reactor. 
III. C. 3) Model Accuracy Verification 
In order to verify the accuracy of the simulation model, vibration tests were conducted on the Fe-based soft magnetic 
composite reactor before and after optimization, and the vibration acceleration in the direction of the main magnetic 
circuit of the reactor core (i.e., x-direction) was selected for comparison, and the port voltage and current waveforms 
of the excitation winding are shown in Fig. 8. 
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Figure 7: The vibration displacement curve at point P 

 

Figure 8: The voltage and current waveforms of reactor 

As can be seen from Fig. 8, under the same excitation voltage, the amplitude of the core induced current before 
and after optimization is 11.54 A and 12.14 A, respectively, and the waveform is basically unchanged; at the same 
time, the inductance value of the reactor before and after optimization is 4.22 mH and 4.01 mH, respectively, and 
the value of the inductance is reduced by 4.98% after optimization. The main reason is that due to the structural 
differences in the core air gap region before and after optimization, the air gap of the reactor after optimization is 
slightly larger, i.e., the magnetoresistance of the reactor after optimization is larger, resulting in a reduction of the 
inductance value. 

 
III. D. Noise testing 
On the basis of completing the vibration simulation optimization, this section verifies the actual noise reduction 
capability of the theoretical model and the optimization scheme through noise test experiments, and makes a side-
by-side comparison with the traditional reactor. 

Noise test of reactor samples is carried out according to the Fe-based soft magnetic composite reactor after 
electromagnetic-mechanical-acoustic field coupling topology optimization designed in this paper with the 
electromagnetic topology optimization result as the initial value, and at the same time, comparative experiments are 
carried out with the pre-optimized Fe-based soft magnetic composite reactor, ordinary silicon steel core reactor and 
magnetic powder core iron core reactor. The rated voltage is applied to the reactor, the distance of the contour line 
from the reference plane is 2.0 m, the spacing of the measurement points is 0.9~1 m, and the arrangement of the 
measurement points is 18, and the height of the measurement points is 0.5 m. The data of the noise test are shown 
in Table 2. 

The measured high-voltage noise value of the silicon steel core reactor is 67.18 dB(A), and the sound power 
value is 82.68 dB(A), which is the highest noise level among the four types of reactors; the noise performance of 
the magnetic powder core reactor is the next highest, with the measured high-voltage and sound power values of 
50.47 dB(A) and 65.25 dB(A), respectively. In contrast, the noise of the reactor with Fe-based soft magnetic 
composites is significantly reduced: the measured high voltage value of the Fe-based soft magnetic reactor before 
optimization is 47.42 dB(A) and the sound power value is 62.31 dB(A); The optimized Fe-based soft magnetic 
reactor further reduces the high-voltage noise and sound power values to 45.71 dB(A) and 58.93 dB(A), respectively, 
which are 3.6% and 5.4% lower than the pre-optimization values. Compared with the silicon steel core reactor, the 
optimized Fe-based soft magnetic reactor has a high voltage noise reduction of 31.9% and a sound power value 
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reduction of 28.7%. In addition, the background noise value also shows a decreasing trend, and the background 
noise of the optimized Fe-based soft magnetic reactor is 32.86 dB(A), which is 1.46 dB(A) lower than that of the 
silicon steel core reactor (34.32 dB(A)). The data indicate that the Fe-based soft magnetic composites based on the 
optimization algorithm can significantly suppress the noise radiation of the reactor, which verifies its potential for 
noise reduction in practical engineering. 

Table 2: The audible noise of reactor samples dB (A) 

 

Background noise 

value 

(sound pressure value) 

Measured noise 

value 

(high voltage value) 

Measured noise 

value 

(sound power value) 

Silicon steel core reactor 34.32 67.18 82.68 

Magnetic powder core core reactor 33.56 50.47 65.25 

The Fe-based soft magnetic composite reactor before 

optimization 
33.18 47.42 62.31 

The optimized Fe-based soft magnetic composite reactor 32.86 45.71 58.93 

 

IV. Conclusion 
In this study, the vibration noise mechanism and optimization control effect of Fe-based soft magnetic composite 
core reactor are systematically revealed through multi-physics field coupled simulation and experimental verification, 
and the main conclusions are as follows: 

(1) The core vibration is mainly dominated by the Maxwell force, which causes the maximum displacement, 
3.81×10-5m, which is more than a thousand times of the magnetostrictive force, 3.56×10-8m. 

(2) Compared with the conventional silicon steel reactor, the vibration displacement of the Fe-based soft magnetic 
composite reactor is reduced by 98.61%, and the maximum displacement is reduced from 6.68×10-5m to 9.41×10-

7m, which verifies the advantage of its low magnetostrictive property. 
(3) Based on the electromagnetic-mechanical-acoustic coupling topology optimization algorithm, the vibration 

displacement of the Fe-based soft magnetic reactor is further reduced by 90.19%, which is 9.23×10-8m after 
optimization), and the inductance value is only reduced by 4.98% from 4.22 mH to 4.01 mH, which significantly 
improves the damping effect under the premise of ensuring the performance. 

(4) The optimized Fe-based soft magnetic reactor high-voltage noise is 45.71 dB(A), with the sound power value 
of 58.93 dB(A) compared with the silicon steel reactor were reduced by 31.9% and 28.7%, and the background 
noise is synchronously reduced to 32.86 dB(A), the noise reduction effect is significant. 
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