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ABSTRACT This paper presents a high-frequency model of a brushless DC motor to predict its radiated
emission (RE) through high-frequency simulations of electromagnetic fields. The main RE noise path of
the device-under-test (DUT) motor is specified as the stator winding, and its accurate high-frequency model
in a full-wave EM simulator is proven by a two-port T-network. We analyze the induced surface current
distribution according to the air ventilation hole shapes of the rotor housing and calculate the radiated electric
field intensity using the high-frequency model of the DUT motor. The expected difference in the radiated
electric field intensity by the hole configuration from the simulation model is verified experimentally.

INDEX TERMS Brushless DC motor, electromagnetic compatibility, high-frequency modeling, radiated

emission.

I. INTRODUCTION

The electromagnetic compatibility (EMC) problems in elec-
tric motors and electronics of automobiles are getting
increasingly noticed along with the rapid development of
electric vehicles and self-driving technologies [1], [2], [3],
[4]. They include violated conducted emission (CE) and radi-
ated emission (RE) levels over the CISPR-25 regulations,
mostly caused by the faster switching speed of the motor
driver as well as the increased number of electric motors.
The harmonic noise signals from the motor driver switching
can be radiated through diverse paths of the motor: the noise
current can flow along the power cable of the motor, and it
eventually radiates via either the cable or the stator winding
coils of the motor.

In the electrical device industry, the CE and RE noise
tests for a device-under-test (DUT) are generally carried out
before the final production. If the DUT fails to satisfy the
regulations, it remains a burden to the companies because
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extra time and cost must be spent to resolve the problems.
Against this background, efforts to predict the EMC features
of the electric motors earlier in the design phase are ongoing.
On printed circuit boards (PCBs), it was reported that the
CE noise levels could be predicted by high-frequency circuit
modeling of electronic components [5]. The RE noise level
can be reduced in the design phase by signal integrity analy-
sis, power integrity analysis, and trace layout of the PCBs [6],
[7], [8]. However, they may not be suitable for predicting the
RE noise trend or level of a three-dimensional (3D) electric
motor unless its high-frequency modeling is present. Alterna-
tively, the radiation mechanism from the winding coils of the
electric motor can be expected from its impedance model, just
like the radiation characteristic of the antenna can be inferred
from its impedance behavior [9], [10], [11], [12]. It is worth
noting that such impedance models can be readily calculated
from full-wave electromagnetic (EM) simulations.

Fig. 1 shows the measured RE levels of a brushless DC
(BLDC) motor under test in this work. (The measurement
setup can be found from Fig. 12.) It is commonly believed
that the radiated noise of a motor system mostly comes from

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

VOLUME 11, 2023

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

137521


https://orcid.org/0000-0003-3127-3012
https://orcid.org/0000-0003-2603-6426
https://orcid.org/0009-0007-5103-7582
https://orcid.org/0000-0002-7092-6365
https://orcid.org/0000-0001-9623-2612
https://orcid.org/0000-0002-3452-5564

IEEE Access

J. Park et al.: Radiated Emission Prediction of a BLDC Motor Using High-Frequency Simulations

Reference DUT motor system
Cable shielded
Motor shielded

Frequency (MHz)

FIGURE 1. Measured radiated emissions of the DUT BLDC motor.

the cable harness. However, as can be seen from Fig. 1, the
RE noise level does not change from that of the DUT motor
system measurement even when the cable is shielded. The
level rather decreases at 200 kHz-3 MHz frequencies when
the motor itself is shielded, meaning that the main path of the
RE noise is the motor, including the stator coil and rotor, not
the cable for this DUT.

In this paper, we use a high-frequency modeling technique
to predict the radiated electric field, mainly from the DUT
motor using a full-wave EM simulator. To this end, we first
build a high-frequency model of the stator winding in the
Ansys HFSS and extract its impedance data of a single-phase
operation considering the harmonic signal flow from the
motor driver. Its accuracy is verified experimentally across a
wide frequency range from 150 kHz to 30 MHz, wide enough
to include the AM frequency (540 kHz — 1.7 MHz) band of
interest from the motor industries. Consequently, we com-
pare the radiated electric field level difference according to
different configurations of the rotator housing’s ventilation
holes using the built high-frequency model. It is found that the
difference in the radiated electric field intensity by the con-
figuration of the holes can be estimated from the computed
expectations, and such a comparison is further successfully
verified through the measurement of the DUT motor proto-
types in a semi-anechoic chamber.

Il. HIGH-FREQUENCY MODELING

The main path of the radiated noise can be specified as
the stator windings of the DUT from Fig. 1. Thus, it is
essential to accurately identify its high-frequency impedance
characteristics. In general, high-frequency modeling uses a
high-frequency equivalent circuit, and it is indeed powerful
in the prediction of CE noise from PCBs [13], [14], [15],
[16]. However, in the case of RE noise, such a method is not
such directive and could be less effective. This is because
to include a highly accurate electrical characteristic model
of a complex 3D configuration in an equivalent circuit is
challenging. Instead, the impedance and radiation character-
istics of the stator windings can be rather easily calculated
using full-wave EM simulations, provided that the operat-
ing sequence of the motor is under consideration. Fig. 2a
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FIGURE 2. (a) Star-winding of the DUT motor. (b) Two-port T-network [14].

shows the star-wiring method of the DUT motor stator wind-
ing. Each inductor represents the total coil inductance of a
single-phase operation. In the real model, each inductance is
composed of four series multi-turn coils. The switching DC
signal current from the motor inverter flows along the coil
windings, or inductors. At the same time, the time harmonic
signal generated by the inverter also flows along the windings
where the EM field should radiate. This way, it acts as a
radiator emitting RE noise. The radiated EM field eventually
emits through the rotor housing body covering the stator coils,
mainly by the air-vent holes of the rotor.

Fig. 2b shows the two-port T-network model [17], where
each three-phase impedance of the stator winding is repre-
sented as Z, Zg and Zc. As is well known, the transfer
impedance Z,; of the network is the same as Z¢, and the
impedance for a single-phase inductance of the DUT motor
can be calculated this way both in the full-wave EM sim-
ulation and measurement. The stator coil modeling and its
measurement setup are shown in Fig. 3. We use HFSS from
Ansys for all the full-wave simulations in this work. The
material properties of the stator core and cover are given in
Table 1. In Fig. 3a, a vertical metal bar connects each end
of the winding of a single phase and the inverter PCB. The
harmonic current from the PCB flows through the metal bar
to the winding. Therefore, two rigid coaxial cables are also
modeled and connected to the metal bars as shown in the
figure such that the transfer impedance can be calculated.
Each end of the coaxial cable is assigned with a wave port
in the HFSS, to increase the accuracy of the simulation in
the low frequency range. The same setup is made for the
measurement as shown in Fig. 3b.

TABLE 1. Electrical material properties of the DUT motor stator parts.

Components Material Properties Value
Permeability 0.01 [H/m]
Stator core Steel ..
Conductivity 0.38 [uQm]
Stator cover ABS Relative Permittivity 2.8

Fig. 4 shows the simulated and measured impedance values
according to the proposed setup. Note that only one case of
the three-phase coils is plotted for brevity. It is observed that
the two data agree very closely in the wide frequency range
from 150 kHz to 30 MHz, meaning that the stator including
the multi-turn coil winding is accurately set in Ansys HFSS.
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FIGURE 3. (a) Stator coil modeling in HFSS. (b) Impedance measurement
setup.
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FIGURE 4. Simulated and measured impedance of the stator winding in
the 150 kHz-30 MHz frequency range.

Ill. RADIATED FIELD ANALYSIS

Although it is always desired to predict the feasible EM noise
characteristic including its change in level according to the
DUT designs, such action is not easy to conduct in the DC
motor design stage. It is again because its high-frequency
modeling is usually not given. As it has been presented that
the high-frequency impedance model can be appropriately
set in the full-wave EM simulator, we now show its usage
in predicting the radiated noise variation according to the
rotor housing design of a reference DUT motor. Specifically,
we show whether the relative difference in the radiated elec-
tric field level can be predicted from simulations.

A. APERTURE SHIELDING THEORY-BASED

ROTOR HOUSING DESIGN

There must be air ventilation holes in the housing of motors
as a means of preventing the deterioration of the motor from
the heat generated by the windings and power electronics.
The housing holes in Fig. 5 act as a radiating aperture
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FIGURE 5. Housing model with different aperture configurations (D =
maximum length of each aperture). (a) Without apertures. (b) D = 24mm
(reference model) (c) D = 28mm (d) D = 8.2 mm (e) D = 6.38 mm
(improved model).

of the electromagnetic field at the same time and should
affect the shielding effectiveness. The magnetic field gen-
erated by the stator winding creates an induced current on
the housing surface. The generated induced current creates
a secondary magnetic field that forms an induced current
in a direction canceling the original magnetic field on the
surface of the housing. Therefore, the air ventilation holes on
the housing create discontinuity with the induced currents.
The diffracted induced currents cannot effectively cancel the
original magnetic field, resulting in an increased radiated
field level [18], [19], [20].

Fig. 5 shows the top views of the rotor housing of the
DUT motor, with a variation in the ventilation hole (aperture)
shapes. The common hole in the center of the housing is
for motor shaft. The aperture under interest is marked with
a solid circle. These models are set to compare the magni-
tude of the radiated electric field intensity according to the
maximum length of the aperture of the housing. Note that the
generated electric field from the stator coil inside the housing
is along the ¢-direction. Fig. 5b is the case of the reference
aperture shape of the DUT whereas Fig. 5a is the case when
all the holes are blocked. The total area of the holes is the
same in Figs. 5b-5e. Fig. 6a shows the simulation setup for
comparing the magnitude of the electric field emitted through
the apertures. The electric field is measured at 1 meter in
the z-direction, from the center of the motor. The simulated
results are presented in Fig. 6b. It is first observed that Fig. 5a
without any aperture shows the least electric field, confirming
that the generated noise is mainly emitted through the aper-
ture. Next, we can see that the magnitude of the electric field
increases with the longer length of the aperture in ¢.

Following to the previous study, Figs. 7a and 7b show the
top views with the dimension of the rotor housings of Figs. 5b
and Se, respectively, on which the currents are induced from
the stator coils inside in Fig. 7c. Following the rule of thumb
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FIGURE 6. Electric field intensity comparison according to the aperture
configurations. (a) Simulation setup for calculating the electric field
intensity. (b) Simulation results.

in EMC design that the aperture should minimally interfere
with the flow of the induced current, the shape of the single
trapezoid hole in Fig. 7a is divided into a group of eight
small circular holes with a diameter of 6.38 mm, as shown in
Fig. 7b. Their total aperture area is 254.15 mm? close to that
of a single trapezoid hole in Fig. 7a, which is 253.42 mm?.
We call the model in Fig. 7b the improved model from now
on. Note that we assume that the difference in ventilation
capability is negligible once the hole area is about the same.
In addition, the shielding effect (S) according to the maxi-
mum length of the aperture L,,,, can be written as [18]:

150
S =201log [f—] (1)
MHszax

where fjsy, is the working frequency. For the case of multiple
apertures, it is expressed as:

S =201 L 150 :| 2)
= 0 _—
& MHsztmx/’_Z

where 7 is the number of the apertures. According to (1) and
(2), the ideal attenuation of the reference and improved model
is calculated as 75.9 dB and 78.3 dB, respectively, showing
2.4 dB improvement in S.

According to the above two equations, the ideal attenuation
of the reference model is 75.9 dB and the attenuation of
the improved model is 78.3 dB. Changing from the single
aperture of the reference model to the multiple aperture of the
improved model thus increases S by approximately 2.4 dB,
which is close to the difference in the emitted electric field
between the cases of Figs. 5b and 5e, which is 2.1 dB.

B. INDUCED CURRENT ON THE ROTOR HOUSING

With the setup presented in Fig. 7, we plot the induced current
distributions on the rotor housing at 1 MHz in Fig. 8 for the
housing without aperture, with the trapezoid aperture (refer-
ence model) and with the circular hole aperture (improved
model). The high-frequency model in Section II is utilized,
and each port of for the three-phase stator coil is fed by a
unit voltage with 120° phase difference (see Fig. 9a). It is
observed in Fig. 8a that the induced currents flow in the ¢-
direction for the case without apertures, showing the desired
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FIGURE 7. Rotor housing with air ventilation holes. (a) Reference model.
(b) Improved model. (c) Housing with the stator coils.

current distribution for perfect shielding of the housing. The
ventilation holes must be formed to avoid interfering with the
flow of this induced current to achieve a good shielding effect.
Fig. 8b shows the induced current flow in the reference
rotor housing. It is observed that the induced current is
diffracted by the trapezoid aperture, as marked by a solid
black arrow. On the other hand, we can clearly see that
the induced current in the improved model in Fig. 8c flows
through the holes, which is likely not the case in Fig. 8b, mak-
ing the distribution more similar to Fig. 8a. One can expect
that the radiated electric field level would be minimal for
Fig. 8a, followed by the aperture configuration in Fig. 8c and
Fig. 8b. This is the same order that was expected in Fig. 6b.
Nevertheless, the similar current flow does not guarantee the
same radiation level, as shown in Fig. 6b, because the noise
still can be radiated through the apertures in the housing.

C. RADIATED EMISSION CHARACTERISTIC ANALYSIS
Consequently, we calculate the difference in the RE levels of
the reference and improved housing models. The excitation
setup of the stator coils is presented in Fig. 9a.
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FIGURE 8. Induced current distribution of the rotor housing at 1 MHz.
(a) Rotor housing without aperture. (b) Rotor housing with a trapezoid
aperture. (c) Rotor housing with circular apertures.

The series coils in the same phase are marked with the same
color of blue, green, and orange. Note that the end of each
winding terminates at one side of the inner housing through a
vertical bar, as represented in Fig. 3a. Each coil of the stator
in the same phase is excited by a lumped port between the
windings and the chassis ground, with 1V Z0° at port 1, 1V
£120° at port 2 and 1V £240° at port 3. In addition, we model
a rod monopole antenna operating from 100 kHz to 30 MHz
to obtain the transmission coefficient between the DUT motor
and the antenna as shown in Fig. 9b, by which the EM scatter-
ing behavior of the semi-anechoic chamber environment can
be encountered. The antenna is terminated with a 50-2 resis-
tive load at port 4. The measurement table is also modeled.
During the simulation, the five sides of the radiation box in
Ansys HFSS but the ground are set to with perfect matched
layers, instead of modeling the ferrite-based absorbers of an
actual ALSE, which would require more computing power.
The used setting is known to reduce the simulation time while
providing an acceptable match between the simulation and
measurement. Using the computing power of a 64-core CPU
and 256 gigabytes of memory, the simulation took five hours
to analyze about 800,000 meshed cells. More time and com-
puting power will be needed to model accurate absorbers for
the chamber environment, which remains another challenge
[21], [22], [23].

Our RE simulation also includes the switching signal
waveform feature of the driving motor driver because the
radiated electric field should be proportional to the source
intensity [18]. In other words, the electric field when radi-
ated with the unit-voltage should be compensated with a
practically used signal level. We measured the phase volt-
age between the port for each winding and the ground of
the inverter in the time domain when the reference and
the improved DUT motors are applied with a 280 V sig-
nal with a maximum rotational speed of 4,300 rpm. The
switching waveforms at the maximum speed of the DUT
are chosen because there is typically more emission at the
maximum speed of the motor [24], [25], [26], [27]. The
physical rotation of the rotor is not included since the RE
difference would be negligible considering the observation
frequency. The measurement points of the switching wave-
form at the inverter are described in Fig. 10a. Fig. 10b shows
the schematic simulation diagram of the Ansys circuit for
Fig. 9b.
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FIGURE 9. Radiated electric field simulation setup. (a) Simulation model.
(b) Measurement environment modeling according to the CISPR-25
standard.

The computed transmission coefficients between each
phase of the stator winding and antenna obtained from the
full-wave EM simulation setup in Fig. 10b are inserted into
the circuit simulator as a black box and noted as an EM com-
ponent in Fig. 10b. Simultaneously, the measured switching
waveforms of each phase of the stator winding are addressed
to each phase port of the EM component through a circuit
simulator. The switching waveform, as an input, is con-
verted to the antenna port through the EM component, which
induces a voltage at the 50-2 resistive load of the antenna.
The voltage in the time domain induced by the resistive
load is transformed into the frequency domain through a
Fourier transform. The antenna voltage obtained this way is
finally converted into an electric field radiated from the DUT
motor, by multiplying it with the antenna factor of the rod
antenna.

In Fig. 13. the final simulation results of the RE of
the motors are shown in yellow and purple solid lines.
As expected, we see that the radiated electric field decreases
wOith the improved hole design compared with the reference
model by 0.8 to 3.2 dB in the frequency range between
150 kHz and 3 MHz, showing that the RE level change
of an electric motor can be estimated using high-frequency
simulations.

IV. RADIATED EMISSION MEASUREMENT
Measurements were carried out under CISPR-25 regulations
to verify the electric field level difference of the motors
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FIGURE 10. Switching waveform measurement and circuit simulation set
up. (a) Switching waveform measurement points. (b) Circuit simulation
schematic.

(a) (b)

FIGURE 11. Built prototypes. (a) DUT motor with reference trapezoid
apertures. (b) DUT motor with improved circular hole apertures.

expected from the simulations. The motor prototypes are built
as shown in the photos in Fig. 11. Note that only the housing
aperture configuration is different, whereas all the other parts
and operating conditions are the same.

Fig. 12 shows the measurement setup in an absorber-lined
shielded enclosure (ALSE) in accordance with CISPR-25
regulations [28]. Although the power cable to the DUT is
shielded, it still could form a common mode loop for the
common mode radiation. To exclude any influence from the
cable during the measurement, the possible RE of the cable
was measured by shielding the DUT under operation with
a metal box as shown in Fig. 12b. The RE level from the
DUT alone but still under operation can be obtained as red
and blue solid lines in Fig. 13 by subtracting the measured
radiation level of the other components but DUT of Fig. 12b
from the measured radiation intensity of the unshielded DUT
of Fig. 12a.

First, we see that the improved model shows less emission
than the reference model by 0.8 to 3.5 dB in the 150 kHz-3
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FIGURE 12. Photos of the measurement setup in an absorber-lined
shielded enclosure in accordance with CISPR-25 regulations. (a) DUT
measurement. (b) Shielded DUT measurement.

——Meas.Reference model

——Meas.Improved model
Sim.Reference model

—Sim.Improved model

0.15 1 3
Frequency (MHz)

FIGURE 13. Comparison of the radiated emission between the simulation
and measurement.

MHz frequency range, very close to the relative difference
from the simulation. In both results of the simulation and
measurement, we also observe that the absolute RE level of
the improved model is reduced over the frequencies. There
is maximally 6.49 dB at 190 kHz difference between the
simulations and measurements. This might be because the
current simulation setup does not include the EM influence
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from the motor zig and chamber absorbers which also could
cause additional scattering in the radiated electric field from
the DUT. A perfect chamber absorber modeling would further
minimize the gap between the simulation and measurement,
although a perfect matching between the simulation and mea-
surement in 3D simulations remains a challenge [24], [25],
[26]. Nevertheless, our results show a deviation of 3-4.2 dB
in the AM band, with a high similarity in decaying tendency
of the field intensity across the frequency. Moreover, the
overall relative difference in the radiated field intensity from
the difference in the 3D configuration can be successfully
estimated [29], [30].

V. CONCLUSION

In this paper, we showed that highly accurate high-frequency
modeling of a complex DC motor stator winding can be
appropriately set in a full-wave EM simulator, and it can
be effectively used in predicting the RE differences from
the variations in the 3D rotor housing configuration. The
simulation successfully predicts the overall ups and downs of
the field variation according to the configurations of the air
ventilation holes, with a deviation in the absolute field inten-
sity level of about 3-4.2 dB in the AM band. The inclusion of
the missed EM field behavior of the motor zig and chamber
absorber would make the proposed simulation setup more
rigorous, and this remains as a future work. Nevertheless,
the reported high-frequency design technique of the motor
in this work is expected to be useful for static field motor
designs operating under EMC regulations as it shows the
possibilities of expecting the overall variations of the radiated
noise according to the configurations of the motor.
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