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Abstract: As more and more new power electronics with high switching frequencies are used in
power-electronic equipment on ships and other platforms, the wideband radiation that power-
electronic equipment gives off could affect sensitive equipment on the platform. Therefore, it is
crucial to accurately model and characterize its wideband radiation properties to predict the wide-
band field distribution near such equipment. The traditional equivalent dipole method is commonly
used to model power-electronic equipment at a single frequency. It is difficult to apply this method
to wideband applications, and the precision of equivalent dipole array modeling at each frequency is
insufficient. Additionally, acquiring the near-field phase data necessary for comparable modeling
through practical measurement is frequently difficult. To solve the above problems, this paper pro-
poses an equivalent dipole hybrid modeling method for power-electronic equipment’s broadband
radiation characteristics. Starting with the near-field data at finite frequency points in a wideband,
the method employs a global optimization algorithm to find the best equivalent dipole array, which
characterizes the power-electronic equipment’s radiation characteristics. Furthermore, the interpola-
tion technique is used to predict the wideband radiation properties of power-electronic equipment.
Finally, test and numerical examples demonstrate the method’s accuracy and effectiveness.

Keywords: magnetic field; wideband equivalent source modeling; dipole array; adaptive differential
evolution algorithm

1. Introduction

With the wide application of high-switching frequency and high-power semiconductor
devices in the power-electronic equipment of ships and other platforms, the electromagnetic
radiation produced by the power-electronic equipment is increasing, and the coverage
frequency band is expanding. Furthermore, when the magnetic radiation interference from
power-electronic equipment on ships exceeds the electromagnetic susceptibility (EMS)
threshold of sensitive devices such as low-frequency communication, navigation, and
detection equipment, it may degrade performance or disrupt their normal operation due to
their limited immunity [1–3]. EMS refers to the ability of power-electronic equipment to
resist external electromagnetic interference, while radiation is the source of electromagnetic
interference. To conduct more accurate and comprehensive electromagnetic compatibility
(EMC) analysis, it is urgent to accurately model and characterize the broadband radiation
characteristics of power-electronic equipment. This will make it possible to quantitatively
predict the broadband field distribution characteristics of the s power-electronic equipment,
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support the control of broadband radiation electromagnetic interference, and improve the
EMC performance of the entire platform [4,5]. Currently, the modeling methods for the
broadband radiation characteristics of power-electronic equipment are primarily divided
into two groups. One is the full-wave modeling method [6,7], which needs to accurately
grasp the electromagnetic parameters, circuit topology, specific structure, current path, and
other detailed information of the radiation source to establish the radiation characteristics
model of complex power-electronic equipment. In fact, it is very difficult to obtain all the
necessary information for full-wave modeling of complex power-electronic devices in the
EMC design of platforms such as ships.

On the other hand, researchers have also proposed some equivalent source modeling
methods for characterizing the radiation properties of power-electronic devices. These
methods are based on the Huygens principle and near-field data to establish an equivalent
model of radiation sources. They include the mode expansion method [8], the integral
equation method [9], the equivalent electromagnetic current method [10], and the equiva-
lent dipole method [11–14]. Table 1 details the merits and limitations of various equivalent
source modeling approaches. The equivalent dipole method is the simplest, and Hertzian
dipoles, with their analytical radiation formula and ease of analysis, represent the most
widely used modeling method. It obtains the near-field data of the power-electronic device
by measurements or other means and then solves a set of linear equations to create an equiv-
alent dipole array model of the radiation source. Once the equivalent dipole array model
of the real radiation source is found, full-wave analysis software can be used to predict the
radiation field distribution near power-electronic devices on the equipment platform.

Table 1. Advantages and Limitations of Different Equivalent Modeling Methods.

Modeling Method Merits Limitations

Mode expansion method: The
radiation source is equivalent
to a superposition of waves of
different modes, where the
coefficients of each mode can
be determined from field data
on a known surface.

• Good precision.
• Ability to analyze

different modes of
electromagnetic fields.

• Difficulty in accurately
describing radiation
sources with complex
structures.

• Need for known field
data on a closed surface
that encloses the
radiation source.

Integral equation method: The
radiation source is expressed
as several integral equations,
and then the radiation
electromagnetic fields at other
locations are derived by
solving these equations.

• Good precision.
• Does not need to

consider the boundary
conditions.

• Long solution time.
• Requires knowing field

data on a closed surface
that encloses the
radiation source.

Equivalent electromagnetic
current method: By equating
the radiation source to the
equivalent current or
magnetic current source, the
electromagnetic field remains
consistent with that of the
original radiation source.

• Accurate characteristics
of the magnetic current,
continuous current, and
distribution on the
surface of the
radiation source.

• Heavy calculation
burden.

• Cumbersome derivation.

Equivalent dipole method:
According to the near-field
test data, the
electric/magnetic dipole array
equivalent model is used to
replace the actual
radiation source.

• Relatively simple
method.

• Easy to co-simulate with
full-wave
analysis software.

• Accuracy of model
related to the number,
distribution of dipoles.
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Equivalent dipole modeling is classified into two types based on the computational
domain: time-domain equivalent dipole modeling and frequency-domain equivalent dipole
modeling. The time-domain equivalent dipole model can be utilized to model a wideband
radiation source. Reference [15] proposes a theoretical analysis method that overlooks
the delay time between dipole sources, making it difficult to accurately calculate the field
distribution near the radiation source. Reference [16] introduces an improved modeling
method that uses tangential magnetic field components acquired at different points in time
from near-field scanning, reducing the number of dipole arrays and improving calculation
speed. Reference [17] considers the delay time in the time domain and develops a time-
dependent dipole array model using measured magnetic fields to characterize the object.
Although the time-domain dipole equivalent modeling method is theoretically suitable
for wideband modeling, its accuracy is low and depends on the accuracy and dynamic
range of the time-domain near-field scanning data. Meanwhile, issues such as the narrow
dynamic range of time-domain testing technology make it difficult to further improve its
modeling accuracy, and it fails to meet the requirements for high-precision modeling and
prediction in real engineering.

On the other hand, the frequency-domain equivalent dipole modeling method is
more accurate and applicable. At present, the modeling methods for broadband radiation
sources using equivalent dipoles include the rational function modeling method [18],
the modeling method based on “hotspot” data [19], the neural network method [20],
the interpolation method [21,22], etc. The rational function modeling method [23] uses
a single rational function to characterize the wideband equivalent source model and
obtains the coefficients of the rational function by solving linear equations. The modeling
method based on “hotspot” data [19] is to establish an equivalent dipole array model
using the maximum near-field radiation test data at each frequency point within a wide
frequency band. The neural network modeling method [20] uses the parallel operation of
Green’s function at a few frequency points as the input for the neural network training
set and the parallel operation of near-field amplitude at multiple frequency points as
the output for the neural network training set. By utilizing the powerful self-learning
and non-linear mapping capabilities of artificial neural networks, a well-trained neural
network can predict the amplitude and phase information of the wideband radiation
field within a certain error range. However, to obtain accurate prediction results, this
method requires enough training data and an appropriate neural network structure for
optimal training. This requires measuring the near-field data of many near-field planes
at various heights, as well as a significant amount of computing resources to support the
training process. The idea of employing the interpolation technique [21,22] to achieve
equivalent modeling of a wideband radiation source is to infer the dipole array model of
other frequency points based on the known dipole array model at specific frequency points.
Since this method largely depends on the fitting of the data of known frequency points, a
wideband radiation source reconstruction method based on numerical Green’s function
and cubic spline interpolation is proposed in [21], and an adaptive frequency sampling
method is proposed to determine the interpolation frequency. T. Song also proposes a
modeling method for a wideband radiation source using near-field data without phase
information [22]. This method first scans the near-field radiation amplitude data at three
predetermined frequencies, then uses the differential evolution (DE) algorithm to obtain the
dipole array, and finally uses the interpolation algorithm to obtain the wideband equivalent
array model. However, the initial value setting of the DE algorithm greatly affects the speed
and results of optimization. Furthermore, to aid interpolation, the position and number of
magnetic dipoles are maintained constant at each frequency. Although the method is simple
and straightforward, the accuracy of the equivalent model suffers when the extrapolation
frequency deviates significantly from the minimum or maximum frequency of the preset
measured frequency.

In real engineering, accurate acquisition of near-field phase information requires
reference probes or reference signals, which complicates measurements and makes it time-



Electronics 2024, 13, 2481 4 of 19

consuming. If the near-field distribution data on the plane lacks phase information, the
modeling speed of the near-field test data will be significantly accelerated. However, the
establishment of the equivalent dipole array model then becomes an optimal solution
problem. Current solutions include global optimization algorithms [23,24], phase recovery
algorithms [25], and neural networks [26,27]. Global optimization algorithms, such as
particle swarm optimization (PSO) and DE, can be utilized for the equivalent dipole
modeling of near-field data without phase information. However, the drawback of such
a method is that the computational efficiency decreases sharply as the number of dipoles
increases. The initial value of the algorithm also affects its efficiency and accuracy. The
phase recovery algorithm requires near-field data of the measured plane at two different
heights, thus resulting in a long scanning time. To overcome these problems, Y. F. Shu
proposes a single-sided iterative reconstruction algorithm to decrease the scanning time [25].
X. C. Wei established a new mapping relationship between dipole arrays and radiation
fields using the equivalent dipole model and an artificial neural network (ANN) [26]. J. Wen
introduces a cascade forward neural network (CFNN) to establish a nonlinear relationship
between Green’s function and the radiation field intensity [27].

There are still some challenges in modeling the equivalent dipole array for wideband
radiation sources, such as inaccuracies and the lack of a unified modeling method based
on near-field with phase or phase-free data. To address these challenges, an equivalent
dipoles modeling hybrid method that combines the adaptive differential evolution (ADE)
algorithm with an optional external archive with an interpolation algorithm is proposed
in this paper for modeling the wideband radiation characteristics of power-electronic
devices. In this method, the optimal magnetic dipole array is determined using the global
optimization capability of the ADE algorithm, which is applied to near-field data with
or without phase information. First, high-precision equivalent modeling is achieved at
n preset test frequency points, and then the interpolation method is used to obtain the
corresponding dipole arrays at other extrapolated frequency points. The unified equivalent
dipole array modeling method for wideband radiation, based on near-field with phase or
phase-free data, has been developed.

The rest of this paper is organized as follows: First, Section 2 describes a hybrid method
for modeling the wideband radiation characteristics of power-electronic equipment. In
Section 3, some examples are used to validate the feasibility and effectiveness of the
proposed hybrid modeling method, and the modeling effect of the wideband modeling
method is also discussed. Some conclusions are drawn in Section 4.

2. Description of the Hybrid Modeling Method

To improve the accuracy of equivalent modeling for wideband radiation sources of
power-electronic equipment and deal with the challenge of unified modeling using near-
field data, whether phase information is available, this paper proposes an equivalent dipole
modeling method for wideband radiation characteristics of power-electronic equipment
by combing the ADE algorithm with an interpolation algorithm. The modeling idea is as
follows: Based on the near-field radiation characteristic test data at finite frequency points
near the power-electronic equipment, a global optimization algorithm is used to determine
the optimal equivalent dipole array that characterizes the wideband radiation character-
istic of the power-electronic equipment. Then, the wideband radiation characteristics of
power-electronic equipment are predicted using the interpolation technique. Finally, some
examples are provided to demonstrate the accuracy and availability of the method. The
specific process is shown in Figure 1.
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Figure 1. Flow diagram for equivalent modeling of wideband radiation sources.

The detailed steps of the hybrid modeling method are as follows:
Step 1: The near-field radiation data of the equipment at preset frequency test points

within a wideband is obtained through near-field measurements. This section takes n preset
frequency points as an example to discuss the wideband radiation equivalent modeling
method. The frequency values are chosen randomly. These frequency points are as follows:
f1, f2, · · · , fn, and f1 < f2 < · · · < fn.

Step 2: Based on the available near-field data, an optimal equivalent dipole array model
at n frequency points is established using the global optimization capability of the ADE
algorithm. As a result, high-precision equivalent modeling is realized at n frequency points.

(1) If the field distribution data in the near-field plane includes phase information, there
is a clear relationship between the array model and the data. The equivalent dipole
array radiation model can be solved by setting the dipole coordinates. However,
the efficiency and accuracy of equivalent modeling are constrained by the height of
the array, as well as the number and distribution of dipoles. To further enhance the
accuracy of equivalent modeling and address the selection problem of the number
and distribution of dipoles and the height of the array, this paper utilizes the ADE
algorithm to optimize the dipole array model. When the ADE algorithm is used on
the equivalent dipole array modeling based on near-field data with phase information,
specific steps and processes are mentioned [28].

(2) If the field distribution data in the near-field plane lacks phase information, develop-
ing an equivalent dipole array model becomes an optimal solution to the nonlinear
problem. In this case, the ADE algorithm is used to solve the equivalent dipole
array model.

When applying the ADE algorithm and near-field data without phase information to
model wideband radiation, it is necessary to initialize the population and set the optimiza-
tion parameters. The ADE algorithm requires optimization parameters to be set, p, µCR, µF,
and c, and the specific processes and steps are referenced [29]. The individual’s expression
within the population is shown in the following equation:

xo =


xo, yo, h,
Re(Mx,o, f1), Im(Mx,o, f1), Re(My,o, f1), Im(My,o, f1), Re(Mz,o, f1), Im(Mz,o, f1),
Re(Mx,o, f2)Im(Mx,o, f2), Re(My,o, f2), Im(My,o, f2), Re(Mz,o, f2), Im(Mz,o, f2),
· · ·
Re(Mx,o, fn), Im(Mx,o, fn), Re(My,o, fn), Im(My,o, fn), Re(Mz,o, fn), Im(Mz,o, fn)

 (1)
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where o is the serial number of the magnetic dipole, 1 ≤ o ≤ m, and m is the total number
of magnetic dipoles; xo and yo are the coordinate components of the o-th magnetic dipole;
Mx,o, f1 , My,o, f1 , and Mz,o, f1 are the components of the dipole moment of the o-th magnetic
dipole at a frequency of f1, respectively. h is the height of the magnetic dipole array. Re( )
and Im( ) are the real and imaginary parts of the magnetic dipole moment, respectively.

The basic principle of ADE is consistent with the classical differential evolution algo-
rithm. Through mutation, crossover, and selection operations, the optimal solution is found
through iterative processes. The two control parameters of the classical differential evolu-
tion algorithm, the crossover probability factor, CR, and the scaling factor, F, are determined
based on the specific optimization problem. The ADE algorithm introduces an external
storable population, denoted as A, and a new mutation strategy. It can also adaptively
update the algorithm parameters, eliminating the need for constant testing to determine
the optimal control parameter values. The algorithm has improved its convergence speed,
global optimization capability, and ability to solve high-dimensional problems.

Next, we must define the fitness function in the ADE algorithm, which directs the
population’s evolution toward error reduction. As a result, the fitness function is repre-
sented by the relative error [17,21], as given in Equation (2). Following that, each iteration
can result in an optimal dipole array by performing mutation, crossover, and selection
operations. This indicates that the modeling accuracy is greater than a predetermined value
at n frequency test points.

f = a ·


1
n

n
∑

w=1

N
∑

q=1
∑

t=x,y,z

√√√√√
[
Re(Hcal

t,q,w)− Re(Hsim
t,q,w)

]2
+

[
Im(Hcal

t,q,w)− Im(Hsim
t,q,w)

]2

Re(Hsim
t,q,w)

2
+ Im(Hsim

t,q,w)
2


+b ·

 1
n

n
∑

w=1

N
∑

q=1
∑

t=x,y,z

√√√√√√
(∣∣∣Hcal

t,q,w

∣∣∣− ∣∣∣Hsim
t,q,w

∣∣∣)2

(∣∣∣Hsim
t,q,w

∣∣∣)2


(2)

where n is the number of frequency points. N is the total number of points in the near-field
plane at each frequency point. t takes the x, y, and z components; w refers to the serial
number of the calculated frequency point; q refers to the serial number of the measurement
point on the near-field plane at each frequency point; Hsim

t,q,w is the value of the t-component
magnetic field on the q-th measurement point at the w-th frequency point; Hcal

t,q,w is the
calculated value of the t-component magnetic field on the q-th measurement point at the
w-th frequency point. a and b are control variables. When the modeling method is based on
near-field data with phase information, a and b take the values 1 and 0, respectively; other-
wise, 0 and 1 are used. When phase information is available in the near-field data, the error
is defined as the difference between the measured magnetic field and the magnetic field
generated by the equivalent magnetic dipoles. When phase information is unavailable, the
error function is defined as the difference between the measured magnetic field amplitude
and the magnetic field generated by the equivalent magnetic dipole array.

From the perspective of equivalent modeling of wideband radiation sources based on
the above two types of near-field data, the process remains the same. The distinction lies
in the setting of the population individual and the fitness function of the ADE algorithm
during the modeling process. The population setting of wideband radiation equivalent
modeling with phase information in near-field radiation data is determined by the position
and number of dipoles. The population setting of the wideband radiation equivalent model
without phase information is determined by the position of the dipole and the moment
component of the magnetic dipole corresponding to each frequency point.

Step 3: Based on the known optimal magnetic dipole array model at n frequency
test points, the magnetic dipole moment of the array is determined using the equivalent
dipole method. The magnetic dipole moment at other calculated frequency points is then
calculated using the interpolation method.
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The radiation interference at each frequency within a frequency band of power-
electronic equipment is produced by the same circuit topology and physical structure.
This implies that the radiation properties of the radiation source at various frequency
points in the wideband are inherently linked. Dipole arrays at different frequency points
can be obtained using the interpolation method, as demonstrated in the following equation.

Mo,t( fw) = a ·
{

Interp([Mt,o, f1 , Mt,o, f2 , · · · , Mt,o, fn ])
}

+b ·
{

Interp([Re(Mt,o, f1), Re(Mt,o, f2), · · · , Re(Mt,o, fn)]) + j · Interp([Im(Mt,o, f1), Im(Mt,o, f2), · · · , Im(Mt,o, fn)])
} (3)

where o is the serial number of the magnetic dipole, 1 ≤ o ≤ m, and m is the total number
of magnetic dipoles; t is the x, y, and z components; fw is the w-th calculated frequency
point in the broadband or outside the frequency band; Mo,t( fw) is the moment of o-th mag-
netic dipole at a frequency of fw. Interp( ) represents interpolation techniques, including
linear interpolation, cubic interpolation, spline interpolation, Lagrange’s interpolation, etc.
These techniques can determine the dipole moment at fw based on the dipole moments at
f1, f2, · · · , fn. a and b are control variables. When the modeling method is based on near-
field data with phase information, a and b take the values 1 and 0, respectively; otherwise,
0 and 1 are used.

Step 4: Finally, after the magnetic dipole moments at the calculated frequency point
are obtained, the wideband radiation characteristics of power-electronic equipment can be
accurately and effectively characterized, based on the relationship between the magnetic
dipoles’ moments and the radiation field at any observation point.

Hi,j,x =
Ni′
∑

i′=1

Nj′

∑
j′=1

k2
0

4π

(
Mi′ ,j′ ,yyi′ ,j′ + Mi′ ,j′ ,zzi′ ,j′

)
xi′ ,j′ g1(r) +

k2
0

4π
Mi′ ,j′ ,x

[
g2(r)−

(
y2

i′ ,j′ + z2
i′ ,j′

)
g1(r)

]
Hi,j,y =

Ni′
∑

i′=1

Nj′

∑
j′=1

k2
0

4π

(
Mi′ ,j′ ,xxi′ ,j′ + Mi′ ,j′ ,zzi′ ,j′

)
yi′ ,j′ g1(r) +

k2
0

4π
Mi′ ,j′ ,y

[
g2(r)−

(
x2

i′ ,j′ + z2
i′ ,j′

)
g1(r)

]
Hi,j,z =

Ni′
∑

i′=1

Nj′

∑
j′=1

k2
0

4π

(
Mi′ ,j′ ,xxi′ ,j′ + Mi′ ,j′ ,yyi′ ,j′

)
zi′ ,j′ g1(r) +

k2
0

4π
Mi′ ,j′ ,z

[
g2(r)−

(
x2

i′ ,j′ + y2
i′ ,j′

)
g1(r)

]
(4)

where Mi′,j′,x, Mi′,j′,y, and Mi′,j′,z are the magnetic dipole moments in the x, y, and z directions
of the j′-th magnetic dipole in the i′-th dipole plane, respectively; where i′ = 1, 2, . . . , Ni′ ,
where Ni′ is the number of dipole planes; j′ = 1, 2, . . . , Nj′ , where Nj′ is the number of
magnetic dipoles in each dipole plane. Hi,j,x, Hi,j,y, Hi,j,z are the x, y and z components
of the magnetic field at the j-th measuring point in the i-th near-field plane, i = 1, 2 . . .,
j = 1, 2, . . . , Nj; Nj is the number of tests in each measured plane.

xi′ ,j′ , yi′ ,j′ , and zi′ ,j′ are shown in Equation (5).
xi′ ,j′ = xi,j − x

′
i′ ,j′

yi′ ,j′ = yi,j − y
′
i′ ,j′

zi′ ,j′ = zi,j − z
′
i′ ,j′

(5)

where xi,j, yi,j, and zi,j are the x, y, and z coordinates of the j-th measuring point in the the
i-th near-field plane, respectively; x

′
i′ ,j′ , y

′
i′ ,j′ , and z

′
i′ ,j′ are the x, y, and z coordinates of the

j′-th magnetic dipole in the i′-th dipole plane, respectively.
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k0 is the wave number in free space and r is the distance between the magnetic dipole
and any observation point. g0, g1(r), and g2(r) are given in Equation (6).

r =
√
(xi′ ,j′)

2 + (yi′ ,j′)
2 + (zi′ ,j′)

2

g1(r) =
[

3
(k0r)2 + j 3

k0r − 1
]

e−jk0r

r3

g2(r) =
[

2
(k0r)2 + j 2

k0r

]
e−jk0r

r

(6)

3. Experiment and Simulation Verification

In this section, a model for wideband radiation interference of power-electronic equip-
ment is developed to validate the accuracy of the proposed method, and the model is validated
using experiments and full-wave simulation. Section 3.1 presents an experiment to verify the
hybrid modeling method. Section 3.2 verifies the effectiveness of the hybrid modeling method
using near-field data with phase-free information, and Section 3.3 provides verification for the
hybrid modeling method using near-field data with phase information.

3.1. Experiment Verification

To validate the hybrid modeling method developed in this paper, experiments are first
carried out to simulate the radiation interference produced by power-electronic equipment.
The signal source generates a sinusoidal signal with a peak-to-peak amplitude of 2 V that
is then routed to a frequency characteristic module. The device is connected to a low-
frequency loop antenna in an aluminum shell, which generates low-frequency radiation by
producing a specific current intensity. The aluminum enclosure’s back is wired to external
devices, and all holes and gaps are filled with shielding tape. Low-frequency near-field
data is collected around the radiation source using a three-axial fluxgate and a magnetic
effect measurement system. Figure 2 displays the test situation [28].
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Figure 2. Measurement setup for measuring the radiated near-field.

The near-field data surrounding the radiation source is measured using flux gates and
grid magnetic measuring equipment. The measuring plane is positioned at a distance of
12.5 cm from the object being measured, and it has dimensions of 85 cm × 100 cm. The
length of the object varies from −35 cm to 50 cm, while its width extends from −50 cm to
50 cm. The measurement sites are evenly distributed at intervals of 5 cm, giving a total of
378 measurement points.

The magnetic field distribution at a distance of 12.5 cm, recorded at a frequency of
60 Hz, is depicted in Figure 3.
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In our validation example, the radiation characteristics at a frequency of 60 Hz for the
measured object are modeled using an equivalent array of 36 magnetic dipoles. In the ADE
algorithm, the iteration process is terminated when the population optimal fitness value is
less than 0.22. The corresponding magnetic dipole array model can be solved by the hybrid
modeling method, and then the predicted magnetic field distributions at 12.5 cm using the
equivalent dipole array model are plotted in Figure 4.
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The relative error of magnetic field amplitude obtained by the hybrid modeling
method is calculated by Equation (2), and the results are given in Table 2. For ease of
comparison, the error of the decimal representation is converted to dB, preserving multiple
decimal points.

Table 2. Relative error of the magnetic field.

Magnetic-Field Component Hx Hy Hz H

Relative error of amplitude 1.6672 dB 1.6370 dB 1.3680 dB 1.3719 dB

The comparison of Figures 3 and 4 reveals that the magnetic field distribution derived
by the proposed hybrid technique closely matches the test ones. Table 2 shows that
the relative error between the measured value and the calculated value is typically less
than 1.7 dB. Errors arise from the measurement process, such as imprecise positioning
of the vector fluxgate on the test plane, environmental noise [11], and calibration errors
of the vector fluxgate sensor [17]. Additionally, due to a trade-off between accuracy and
computational resources [30], the preset fitness value does not reach its theoretical minimum
of 0, implying that the obtained equivalent dipole model may not be unique.
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3.2. Modeling Verification of Wideband Radiation Interference in an Electronic Cabinet without
Near-Field Phase Information

To validate the equivalent dipole array hybrid modeling method for using near-field
with phase-free data to predict wideband radiation characteristics of power-electronic
equipment based on the ADE algorithm and interpolation method, the wideband radiation
characteristics of a power-electronic cabinet are analyzed, and the corresponding numerical
simulation model is established using the full-wave simulation software Ansys 2023 R2
Maxwell 3D, as shown in Figure 5. The solver mode is “Eddy Current”. The cabinet
material is defined as iron, and the coil is copper material. The exterior surface of the
air box is set as “Radiation Boundary”. Adaptive meshing is employed to refine the
mesh. Solver conditions are specified, with the maximum convergence steps set to 10
and the convergence percentage error limited to 1%, while other parameters remain at
default settings.
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Figure 5. Electronic cabinet model.

The size of the cabinet model is set to be 1.70 m × 1.10 m × 2.4 m, and it consists of
three small cabinets. Each cabinet contains a coil arranged as a simulated radiation source,
with currents of 1∠30◦ kA, 1∠25◦ kA, and 1∠45◦ kA, respectively.

3.2.1. Verification of the Hybrid Modeling Method

The wideband radiation equivalent model of the device is established using near-
field data with no phase information. In this case, a planar magnetic dipole array with
16 magnetic dipoles is created. The dimensions of the measurement plane, magnetic dipole
array plane, and extrapolation plane are 2.8 m × 2.8 m, located 0.1 m, 0.05 m, and 0.4 m
away from the cabinet, respectively. The length ranges from −140 cm to 140 cm, and the
width ranges from −140 cm to 140 cm. The measurement interval is 10 cm, with 841 points
measured. The magnetic field distribution at measured frequency points (60 Hz, 180 Hz,
210 Hz, and 240 Hz) is obtained through Maxwell 3D simulation. Next, set the parameters
according to the ADE optimization algorithm: p = 0.2, µCR = 0.5, µF = 0.5, and c = 0.1.

Using 120 Hz and 360 Hz as calculated examples, one frequency point is within the test
frequency band, while the other is outside of it. The magnetic dipole arrays corresponding
to the above two calculated frequency points are obtained by the proposed modeling
method. To avoid too many field graphs, taking the distribution of the calculated plane
magnetic field at 120 Hz as an example, the simulated magnetic field distribution of the
plane at 120 Hz is shown in Figure 6.
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The iteration process ends when the optimal fitness value of the population is less
than 0.10. The predicted magnetic field distribution at 120 Hz on the calculation plane by
the magnetic dipole array model is shown in Figure 7.
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By comparing Figures 6 and 7, it is clear that the predicted magnetic field distribution
at 120 Hz, with the modeling method agrees well with the results obtained by Maxwell 3D.

To further quantify the accuracy of the proposed hybrid modeling method, the relative
error of the amplitude of each magnetic field component obtained by the proposed method
is calculated using equation (2), and the results are listed in Table 3.

Table 3. Relative error of the amplitude of the magnetic field.

Frequency |Hx| |Hy| |Hz| |H|

120 Hz 1.0099 dB 1.0884 dB 0.9743 dB 0.9952 dB
360 Hz 2.0418 dB 1.8593 dB 1.9881 dB 2.0418 dB

As shown in Table 3, the wideband radiation equivalent modeling method, based
on the ADE algorithm and interpolation method, produces small relative errors for each
magnetic field component, with no more than 1.1 dB at 120 Hz and no more than 2.1 dB at
360 Hz. This indicates that the method can achieve an equivalent model with high accuracy.
Furthermore, the magnetic dipole equivalent array model shows higher accuracy when the
calculated frequency falls within the predefined measured frequency band.

3.2.2. Analysis of the Interpolation Method’s Effect on Modeling Accuracy

We further explore the impact of the interpolation strategy on the modeling accuracy
of wideband radiation characteristics. After determining the optimum group, linear in-
terpolation [31], spline interpolation [32], and the piecewise cubic Hermite interpolation
polynomial (PCHIP) method [33] are used to obtain the corresponding equivalent dipole
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array, and the radiations at 150 Hz, 200 Hz are then calculated. The relative errors of the
magnetic dipole array equivalent model at 120 Hz and 360 Hz are calculated by Equation
(2), and the results are shown in Table 4.

Table 4. Relative Error of a Wideband Equivalent Model.

Interpolation Method Frequency |Hx| |Hy| |Hz| |H|

Linear interpolation 150 Hz 0.9991 dB 1.0092 dB 0.9307 dB 1.0130 dB
Spline interpolation 150 Hz 0.9400 dB 1.0354 dB 0.9447 dB 0.9237 dB

Piecewise cubic Hermite
interpolation polynomial 150 Hz 0.9025 dB 0.9065 dB 0.8444 dB 0.7780 dB

Linear interpolation 200 Hz 1.0546 dB 0.9867 dB 0.9190 dB 1.1037 dB
Spline interpolation 200 Hz 1.0261 dB 0.8523 dB 0.9991 dB 0.8735 dB

Piecewise cubic Hermite
interpolation polynomial 200 Hz 1.0122 dB 0.9626 dB 0.8357 dB 1.0091 dB

It can be seen that using the piecewise cubic Hermite interpolation polynomial, the
radiation at 150 Hz has a lower magnetic field amplitude error. Compared to the linear
interpolation method, the piecewise cubic Hermite interpolation polynomial reduces the
amplitude error by 2.4126 dB. Furthermore, compared to spline interpolation, the piecewise
cubic Hermite interpolation polynomial reduces the amplitude error by 1.5651 dB. On the
other hand, spline interpolation achieves a smaller radiation amplitude error at 200 Hz.
In contrast to the linear interpolation strategy, spline interpolation reduces the amplitude
error by 2.1491 dB. Compared to piecewise cubic Hermite interpolation polynomials,
spline interpolation reduces the amplitude error by 1.3225 dB. These results represent
improvements over the linear interpolation method.

3.3. Modeling Verification and Analysis of Cabinet Wideband Radiation Interference with
Near-Field Phase Information

In this section, we further validate the proposed equivalent dipole array hybrid
modeling method for the wideband radiation characteristics of power-electronic equipment
using near-field data with phase information. The wideband radiation characteristics of
a power-electronic cabinet are investigated, and the related 3D electromagnetic model is
created in the Maxwell 3D software, as shown in Figure 8.
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The dimensions of the power-electronic device cabinet are set to be 2.26 m × 1.10 m ×
2.24 m. The cabinet consists of four small cabinets with a coil to simulate radiation sources.
The alternating current flowing through the coil is 1 kA.
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3.3.1. Verification of the Hybrid Modeling Method

An array of 16 magnetic dipoles is used to model the radiation characteristics of the
electronic cabinet. First, the Maxwell 3D software is used to obtain magnetic field data
with phase information at three frequency test points: 60 Hz, 180 Hz, and 240 Hz. The
parameters of the ADE optimization algorithm are set as follows: p = 0.2, µCR = 0.5, µF = 0.5,
and c = 0.1. The population individual is set as a row vector with 9 entries, as shown in the
following equation.

xo = {m1, m2, h, xA, yA, xB, yB, xC, yC} (7)

where o is the serial number of the magnetic dipole, with o ranging from 1 to 16. xA, yA,
xB, yB, xC, and yC represent the x and y coordinates of magnetic dipoles in regions A,
B, and C [28]. m1 and m2 represent the number of magnetic dipoles in regions A and B,
respectively. h represents the height of the array.

Next, according to the fitness function in Equation (2), the iteration process in our
simulation will stop when the population optimal fitness value is less than 0.10. At this
point, the optimal population can be determined. The output includes the coordinates
of the magnetic dipole array, as well as the height of the dipole array and the number of
dipoles in various regions.

Subsequently, the magnetic dipole array corresponding to the two calculated frequen-
cies of 120 Hz and 360 Hz can be calculated. To avoid too many field graphs, taking the
distribution of the calculated plane magnetic field at 120 Hz as an example, the simulated
magnetic field distribution of the plane at 120 Hz is shown in Figure 9.
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Figure 9. The magnetic field distribution at 120 Hz obtained by simulation: (a) The amplitude
distribution of H; (b) The amplitude distribution of Hx; (c) The amplitude distribution of Hy; (d) The
amplitude distribution of Hz; (e) The phase distribution of H; (f) The phase distribution of Hx; (g) The
phase distribution of Hy; (h) The phase distribution of Hz.

The components of magnetic dipole moments at 120 Hz and 360 Hz, obtained through
the interpolation method, are shown in Figure 10. It is clear that the variation trend of each
magnetic dipole moment component at different frequencies is nearly identical. This means
that the magnetic dipole moments acquired from near-field data of the same radiation
source at different frequencies are interrelated and that the magnetic dipole moments of
the same array at different frequencies follow similar distribution patterns.
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Figure 10. The value of the magnetic dipole moment at each frequency: (a) Real(Mx), (b) Real(My),
(c) Real(Mz), (d) Imag(Mx), (e) Imag(My), (f) Imag(Mz).

The predicted magnetic field distributions at 120 Hz on the calculating plane using
the equivalent dipole array model are plotted in Figure 11.
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Figure 11. The magnetic field at 120 Hz obtained by the proposed hybrid modeling method is: (a) The
amplitude distribution of H; (b) The amplitude distribution of Hx; (c) The amplitude distribution of
Hy; (d) The amplitude distribution of Hz; (e) The phase distribution of H; (f) The phase distribution
of Hx; (g) The phase distribution of Hy; (h) The phase distribution of Hz.

The comparison between Figures 9 and 11 indicates that the magnetic field distribution
at 120 Hz obtained by this method is nearly the same as the simulated ones.

The relative errors of the magnetic dipole array equivalent model at 120 Hz and 360 Hz
are calculated using Equation (2), and the results are shown in Table 5.

Table 5. Relative Error of the Wideband Equivalent Model.

Frequency Error Hx Hy Hz H

120 Hz amplitude 0.6805 dB 0.7214 dB 0.6136 dB 0.6556 dB
120 Hz phase 0.9525 dB 1.0099 dB 0.8665 dB 0.9158 dB
360 Hz amplitude 1.0331 dB 1.0884 dB 0.9229 dB 0.9119 dB
360 Hz phase 1.9950 dB 2.0088 dB 1.8537 dB 1.7208 dB

Table 5 shows that the modeling method achieves high accuracy in the studied fre-
quency with small relative errors for each magnetic field component. In addition, the
equivalent modeling method achieves greater accuracy in the magnetic dipole array model-
ing at frequency points within the measured frequency band. However, errors in equivalent
modeling will increase for frequency points beyond the measured frequency range.

To further validate the proposed hybrid modeling method, a 10-m measurement line is
selected. It is perpendicular to the side edge of the equipment and forms a 45-degree angle
with the positive z-axis. Observation points are obtained at 0.25-m intervals along this line.
The accurate value obtained from the full-wave simulation (Maxwell3D) is compared with
the calculated value obtained from the wideband magnetic dipole array model, as shown
in Figure 12.

The relative errors between the accurate values at each test point on the measurement
line and the calculated values obtained by the wideband equivalent model are all less than
0.95 dB. Thus, the wideband equivalent modeling method proposed in this paper can also
ensure precise predictions in long-distance tests.



Electronics 2024, 13, 2481 16 of 19

Electronics 2024, 13, x FOR PEER REVIEW  16  of  19 
 

 

120 Hz  phase  0.9525 dB  1.0099 dB  0.8665 dB  0.9158 dB 

360 Hz  amplitude  1.0331 dB  1.0884 dB  0.9229 dB  0.9119 dB 

360 Hz  phase  1.9950 dB  2.0088 dB  1.8537 dB  1.7208 dB 

Table 5 shows that the modeling method achieves high accuracy in the studied fre-

quency with  small  relative  errors  for  each magnetic field  component.  In  addition,  the 

equivalent modeling method achieves greater accuracy in the magnetic dipole array mod-

eling at frequency points within the measured frequency band. However, errors in equiv-

alent modeling will increase for frequency points beyond the measured frequency range. 

To further validate the proposed hybrid modeling method, a 10-m measurement line 

is selected. It is perpendicular to the side edge of the equipment and forms a 45-degree 

angle with the positive z-axis. Observation points are obtained at 0.25-m intervals along 

this line. The accurate value obtained from the full-wave simulation (Maxwell3D) is com-

pared with  the  calculated  value  obtained  from  the wideband magnetic  dipole  array 

model, as shown in Figure 12. 

   

(a)  (b) 

Figure 12. Comparison of simulated and computed values on the measurement line: (a) Comparison 

of the magnetic field intensity at the measured line, (b) Relative error at the measured line. 

The relative errors between the accurate values at each test point on the measurement 

line and the calculated values obtained by the wideband equivalent model are all less than 

0.95 dB. Thus, the wideband equivalent modeling method proposed in this paper can also 

ensure precise predictions in long-distance tests. 

3.3.2. Analysis of Factors Influencing Wideband Modeling Accuracy   

To gain a better understanding of  the accuracy and effectiveness of  the wideband 

radiation modeling method, we use an electronic cabinet in Section 3.3 as a case study. We 

chose the 8 kHz to 2048 kHz frequency range for wideband equivalent modeling. Near-

field data are collected at frequency points of 8 kHz, 16 kHz, 32 kHz, 64 kHz, 128 kHz, 256 

kHz, 512 kHz, 1024 kHz, and 2048 kHz, with each subsequent frequency point being twice 

the previous one. 

First, frequency points for wideband modeling are selected at one-point intervals in-

side the 8 kHz to 2048 kHz range, including 8 kHz, 32 kHz, 128 kHz, 512 kHz, and 2048 

kHz. The wideband radiation equivalent model  is built based on  the near-field data at 

these frequency points. Table 6 presents the relative errors of the calculated magnetic field 

amplitudes on the plane at 16 kHz, 64 kHz, 256 kHz, and 1024 kHz. 

Table 6. Relative Error of the Magnetic Field at 8 kHz to 2048 kHz with One Point. 

Frequency  |H|  |Hx|  |Hy|  |Hz| 

Figure 12. Comparison of simulated and computed values on the measurement line: (a) Comparison
of the magnetic field intensity at the measured line, (b) Relative error at the measured line.

3.3.2. Analysis of Factors Influencing Wideband Modeling Accuracy

To gain a better understanding of the accuracy and effectiveness of the wideband
radiation modeling method, we use an electronic cabinet in Section 3.3 as a case study. We
chose the 8 kHz to 2048 kHz frequency range for wideband equivalent modeling. Near-field
data are collected at frequency points of 8 kHz, 16 kHz, 32 kHz, 64 kHz, 128 kHz, 256 kHz,
512 kHz, 1024 kHz, and 2048 kHz, with each subsequent frequency point being twice the
previous one.

First, frequency points for wideband modeling are selected at one-point intervals
inside the 8 kHz to 2048 kHz range, including 8 kHz, 32 kHz, 128 kHz, 512 kHz, and
2048 kHz. The wideband radiation equivalent model is built based on the near-field data at
these frequency points. Table 6 presents the relative errors of the calculated magnetic field
amplitudes on the plane at 16 kHz, 64 kHz, 256 kHz, and 1024 kHz.

Table 6. Relative Error of the Magnetic Field at 8 kHz to 2048 kHz with One Point.

Frequency |H| |Hx| |Hy| |Hz|

16 kHz 1.3355 dB 1.3258 dB 2.0095 dB 1.8768 dB
64 kHz 1.7450 dB 3.2345 dB 2.3235 dB 2.2380 dB
256 kHz 1.3793 dB 2.8971 dB 1.6507 dB 1.6715 dB

1024 kHz 1.3941 dB 2.9207 dB 1.7137 dB 1.7015 dB

Secondly, we develop a wideband radiation model using near-field data gathered at
8 kHz, 32 kHz, 128 kHz, and 512 kHz. Table 7 shows the relative errors of the calculated
magnetic field amplitudes on the plane at 16 kHz, 64 kHz, and 256 kHz.

Table 7. Relative Error of the Magnetic Field from 8 kHz to 512 kHz with One Point.

Frequency |H| |Hx| |Hy| |Hz|

16 kHz 1.4281 dB 2.8045 dB 2.1068 dB 1.9826 dB
64 kHz 1.8474 dB 3.3841 dB 2.4437 dB 2.3593 dB
256 kHz 1.4391 dB 2.9671 dB 1.7194 dB 1.7357 dB

Finally, a wideband model is constructed from near-field data acquired at two fre-
quency intervals of 8 kHz, 64 kHz, 512 kHz, and 2048 kHz. Table 8 shows the relative errors
of the calculated magnetic field amplitude on the plane when calculated at 16 kHz, 32 kHz,
and 1024 kHz.
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Table 8. Relative Error of the Magnetic Field from 8 kHz to 2048 kHz with Two Points.

Frequency |H| |Hx| |Hy| |Hz|

16 kHz 3.7803 dB 5.3006 dB 3.5910 dB 3.9119 dB
32 kHz 3.4351 dB 4.8687 dB 2.9671 dB 3.3191 dB

1024 kHz 1.4897 dB 2.9702 dB 1.8530 dB 1.8922 dB

Tables 6 and 7 show that increasing the number of frequency points utilized for
modeling improves the accuracy of the dipole array model within the specified frequency
range. For example, when an additional frequency point is used for modeling, the relative
error of magnetic field amplitude decreases by 0.6299 dB at 16 kHz, 0.5484 dB at 64 kHz,
and 0.3995 dB at 256 kHz. From Tables 7 and 8, it can also be observed that the percentage
increase in the relative error of magnetic field amplitude is 9.9602 dB at 16 kHz when
using two-point intervals within the 8 kHz to 2048 kHz range for modeling purposes. It
indicates that using wider frequency intervals would result in lower modeling precision
in the equivalent dipole array modeling method. Increasing the number of frequency
points utilized in the modeling process and reducing the intervals between them enhances
the depiction of variations in electromagnetic radiation characteristics across different
frequencies. This facilitates a more accurate simulation of the inherent correlation between
the modeled dipole array and the actual electromagnetic field distribution, consequently
reducing the relative errors in the dipole array model.

4. Conclusions

In this paper, we present a hybrid modeling method for wideband electromagnetic
radiation for the power-electronic equipment by combining the ADE algorithm and inter-
polation method together. The hybrid modeling method can be used with or without phase
information of the near-field data. The proposed hybrid modeling method uses radiation
data of the near-field plane at multiple frequency points within a wideband frequency
band. The high-precision dipole array models are then optimized at each frequency point
using a global optimization algorithm. Subsequently, the magnetic dipole moments at other
frequency points can be obtained by the interpolation method. Finally, the corresponding
magnetic radiation field at each frequency point is calculated using the relational formula
for magnetic dipole moments and radiated fields. Moreover, the validity of the proposed
method is validated by multiple electronic cabinet examples, which demonstrate the ac-
curacy and reliability of the proposed approach. Furthermore, the regularity analysis of
the modeling effect from 8 kHz to 2048 kHz is discussed, demonstrating that employing
a larger number of frequency interpolation points may improve the effect of the array
model within the frequency band range and increase modeling accuracy. Furthermore,
this work discusses how the frequency sampling interval of near-field data affects hybrid
modeling accuracy.
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