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Abstract: High switching frequency and fast switching speed of wide bandgap power semicon-
ductor device-based power converters may increase radiated emissions more than conventional
silicon-power device-based power converters. Based on the background, this article experimentally
investigates radiated emission sources in buck converters. The experimental system constructed
in this article has two common-mode noise paths, the primary common-mode and the secondary
common-mode. First, this article outlines that a secondary common-mode voltage source is caused
by a primary common-mode current and an imbalance of power supply side impedances, and the
secondary common-mode current path acts as a monopole antenna. The common-mode currents and
the radiated emissions are measured in an anechoic chamber when the common-mode inductor for
each mode is connected. The measurement results show that the primary common-mode current gen-
erates the secondary common-mode noise, and the secondary common-mode noise is the dominant
source of radiated emission in the experimental system.
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1. Introduction

Due to their high efficiency and controllability, power electronics technologies based
on power semiconductor devices continue to expand their range of applications [1,2]. State-
of-the-art wide-bandgap power semiconductor devices realize high power density because
their fast-switching speed can increase the switching frequency of power converters [3].
However, as a side effect of using wide-bandgap semiconductors such as silicon carbide
and gallium nitride, electromagnetic emission increases significantly even above several
tens of MHz [4-7]. Thus, the practical use of wide-bandgap power devices raises concern
about increased radiated emissions in power converters. In general, excessive design of
electromagnetic interference (EMI) filters can be avoided by applying countermeasures
based on the appropriate knowledge of noise sources.

For example, the common-mode (CM) voltage of a pulse-width-modulation (PWM)
inverter is known as a conducted emission source in three-phase motor drive systems [8].
The CM voltage varies with the inverter’s switching, and CM current flows to the ground
through stray capacitance between the motor windings and the frame. Various techniques
have been proposed to suppress CM emissions in motor drive systems [7,9-15]. Ref. [9] has
investigated the floating filter in which the neutral point of the sine wave filter connects
to the DC midpoint of the inverter to bypass the CM current. Ref. [10] has proposed the
cancellation method of CM voltage using active components such as bipolar transistors.
Moreover, the CM voltage-reduction methods by changing the structure of power con-
verters have been proposed [13-18]. On the other hand, there have been fewer studies on
the source of radiated emission in power converters than on conducted emission [19-26].
As shown in Figure 1, power cables of power converters are known to act as antennas
for radiated emission, and previous studies have analyzed radiated emission in power
converters by applying antenna theory [23-26].
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Figure 1. Radiated emission from power cables of power converters.

Research has also addressed the use of the loss resistance of magnetic cores to suppress
radiated emission from cables [20]. Moreover, an active-filtering technique for reducing
radiated emission from power cables has been investigated [22]. On the other hand,
power converters with ground wires and shielded cables form the secondary common-
mode (SCM), in addition to the conventionally defined primary common-mode (PCM).
Electromagnetic noise propagating through the SCM has been investigated for shielded
cables of signal transmission systems [27-29]. However, the relationship between the SCM
noise and radiated emission in power converters has yet to be investigated.

This article investigates the generation mechanism of radiated emission in power
converters with ground wires, experimentally. The contribution of this article is to clarify
that the SCM noise is a radiated emission source in power converters with ground wires
and that the PCM current and an unbalance of the power supply side impedances cause
the SCM noise. The rest of this article is composed as follows. First, Section 2 shows that
an experimental system has two major noise propagation paths, PCM and SCM. Section 3
describes the generation mechanism of the SCM noise in the experimental system. Section 4
clarifies that the PCM current and unbalance of impedances of the power supply side
causes the SCM voltage source, based on the measurement results of CM and SCM currents.
Moreover, measurements of radiated emission from the experimental system are performed
in a semi-anechoic chamber. The measurement results verify that the SCM noise is the
source of radiated emissions in the experimental system. Note that this article is not
intended to meet radiated-EMI standards in any particular power conversion system. This
article aims to experimentally clarify the generation mechanism of radiated emission in
power converters with the ground wire. The radiated emission generation mechanism
demonstrated in this article widely applies to power converters using ground wires or
shielded cables. By applying effective radiated emission suppression techniques based on
this article’s result, the time and cost spent for suppressing radiated emissions are expected
to be reduced.

2. Configuration of Experimental System

Figure 2 shows a configuration of the experimental system under evaluation in this article.

A buck converter based on SiC-MOSFETs (SCT3120AL, Rohm, Kyoto, Japan) and load
resister are housed inside a metal box to block radiated noise from the power converter
itself. The metal box is placed on a wooden desk of which the height is about 0.8 m
from a ground plane. An aluminum board (1 m x 1 m x 5 mm), which is placed on the
laboratory’s floor and is grounded through LISNs, imitates the ground plane. The buck
converter and a DC power supply are connected via LISNs (LI-325C, COM-POWER [30]) to
stabilize an impedance of the power supply side in the frequency range under evaluation.
A 1.5 m three-core cable of which cross section area of conductor is 2.0 mm? is used for the
connection between the buck converter and LISNs. Note that the metal box is connected to
the ground plane via LISNS.
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Figure 2. Configuration of the experimental system.

This article defines the following three noise propagation modes in the experimental
system. First, differential-mode (DM) of which noise circulates between phases of the
power converter. The noise path in which the noise propagates through the ground line E
via stray capacitance, and returns through the power lines P and N, is defined as primary
common-mode (PCM). Furthermore, there is another propagation path in which the noise
propagates through the power lines P and N and ground line E as a whole [27-29]. This
noise propagation path is defined as the secondary common-mode (SCM) in this article.

3. Generation Mechanism of the SCM Noise in the Experimental System

This section describes the generation mechanism of the SCM noise in the experimental
system. First, the impedances of the noise sources and noise propagation paths in the
experimental system shown in Figure 2 are represented as shown in Figure 3.

Here, the buck converter is represented as the behavioral model [31-33], where Ipy
is the DM current source; Vpcy is the PCM voltage source; and Ipcys is the PCM current.
The impedance between terminals P’-N” when the three-core cable is disconnected near
the input terminal of the buck converter is denoted as Zpy;. Moreover, the impedance
between the input terminals of the buck converter and the metal box is Zpcy, and it is
equally distributed to each phase of the buck converter. Zj iy represents the impedance of
LISNs, and Zp, Zy;, and Zg represent the impedances of the power lines P, N, and ground
line E of the three-core cable, respectively. The impedance between the terminal E and the
ground plane near LISNSs is represented as Zg (Z¢ is depicted by a dotted line in Figure 2
because it is very small).
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Figure 3. Simple representation of noise sources and noise paths in the experimental system.

First, in Figure 3, assuming that each phase impedance of the three-core cable is
balanced (Zp = Zn = Z), the following Equation (1) for the PCM is derived as

3. Zis
Veem = (ZPCM + EZE + L; N) Ircm 1)

Thus, the PCM current Ipcy is given using

1%
Ipcm = "M ()

(ZPCM +37Z + LL?N)

Next, assuming the PCM currents that flow through each phase are balanced, voltage
potentials of the terminals P, N, and E for the ground (Vp, V, and Vg) are represented as

I
W = Zyisne (-PZCM) 3)
I
W = Zuisne (—PzCM> 4)
Vi = Zg-Ipcm ®)

From Equations (3)-(5), the average voltage of Vp, Vy, and Vg, which is the CM
voltage of the three-core cable as a whole Vgcy, is given with

Vers = VoW VE (Zg — Zrisn)
scM = 3 = 3 :

Ipcm (6)

Since the impedance of the ground wire should be as small as possible for safety rea-
sons, Zg and ZyjgN are not equal, and the right side of Equation (6) is not zero. Thus, it can
be considered that the SCM voltage, which is the average voltage given with Equation (6),
is caused by the PCM current and the unbalance of the power supply side impedances
(Zr1sN # Zg) in this experimental system.

The SCM voltage Vscpm causes the SCM current Iscy to flow through the entire three-
core cable. The buck converter, which is housed in the metal box, is placed on the wooden
table whose height is 0.8 m from the floor. Thus, the power converter side has a large SCM
impedance to the ground plane. In this case, a standing wave of the SCM current with the
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power supply side as the antinode and the power converter side as the node is generated
depending on the cable length, as shown in Figure 4.
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Figure 4. Secondary common-mode of the experimental system.

In other words, the three-core cable, which is the SCM noise propagation path, con-
stitutes a monopole antenna and is one of the dominant sources of radiated noise in the
experimental system under investigation in this article.

Equation (6) shows that suppressing the PCM current Ipcy or balancing the power
supply side impedances (Zysn = Zg) effectively reduces the SCM noise. For the experimen-
tal system in this article, it is necessary to connect an artificial impedance network between
the ground line terminal E and the ground plane to achieve the balance of power supply
side impedances. However, in practice, the power supply side impedance is not constant
over a wide bandwidth. Generally, it is difficult to accurately simulate the frequency
characteristics of a power supply side impedance over wide-band frequencies. Moreover,
from the viewpoint of preventing electric shock, it is undesirable to connect an impedance
balancing component to the ground line of power converters. On the other hand, the PCM
current can be suppressed using CM inductors (CMIs) to increase the impedance of the
PCM propagation path [20,34]. The following section demonstrates the above-mentioned
radiated noise generation mechanism by connecting CMIs to the experimental system
and evaluating the impact of CMIs on each CM current and radiated noise based on the
experimental results.

4. Noise Measurements in the Experimental System

Figure 5 shows a process flow to validate the radiated emission generation mechanism
in power converters with ground wires. First, an experimental system for measurement of
CM currents is constructed in the laboratory. Moreover, CMIs for each noise propagation
mode are designed and fabricated. Next, measurements of CM currents are performed,
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and impacts of CMIs on CM currents are evaluated. The generation mechanism of radiated
emission from the power cable is assumed based on the measured results of CM currents.
Finally, the experimental system for measurements of radiated emission is constructed in an
anechoic chamber. Measurements of radiated emission are performed, and the generation
mechanism of radiated emission is validated.

Construct the experimental system

in the laboratory Design and fabricate CMIs

A 4

Measurements of primary and secondary CM currents

|

Assume generation mechanism of radiated emission

!

Construct the experimental system
in the anechoic chamber

!

Measurement of radiated emission

|

Validate generation mechanism of radiated emission

Figure 5. Process flow to validate the generation mechanism of radiated emission.

4.1. Common-Mode Currents

To validate the generation mechanism of the SCM noise, measurements of the CM
currents were performed in the laboratory. The configuration of the experimental system
for CM current measurements has already been shown in Figure 2. Figure 6 is a picture of
the constructed experimental system.

Every measurement in this article was performed when the input DC voltage was
200 V; the switching frequency was 100 kHz; the duty was 0.5; and the output power
was 100 W. Dry cell batteries were used to supply the control circuit for preventing the
radiated emission from the power supply of the control circuit. A spectrum analyzer
(FPL1003, ROHDE&SCHWARZ, Munich, Germany) and current-monitor probe (F-52B,
Fischer Custom Communications, Torrance, CA, USA) were used to measure the CM
currents. The measured CM current is displayed on the spectrum analyzer as the voltage
value. Thus, the measured value is transferred to the current value based on the frequency
characteristics of the transfer impedance obtained from the datasheet of the probe. As
shown in Figure 7, the PCM current was measured by clamping the power lines P and N
together near the LISN with the probe, and the SCM current was measured by clamping
the power lines and the ground line E together.

Since the measured results were obtained as voltage values in the spectrum analyzer,
the measured results were converted to current based on the transformer impedance of the
current-monitor probes provided by the developer. Here, the two-winding CMI connected
to the PCM is called the primary common-mode inductor (P-CMI), and the three-winding
CMI connected to the SCM is called the secondary common-mode inductor (S-CMI). The
measurements of CM currents were performed in the frequency range from 30 to 300 MHz
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when no CMI was connected; the P-CMI was connected; and the S-CMI was connected
near the power converter.

;

Input power cable
(2.0 mm?, 1.5 m)

Aluminum

board

(I'm X1 m HF current

probe

5 (3(/) rectlﬁer + capacitors)

s >
A 7

Figure 6. Experimental setup for measurement of the CM currents in the laboratory.

Each CMI was fabricated by applying five turns of multiple windings of the same
polarity to a nickel-zinc ferrite core (43 material, model number: 5943002701, Fair-Rite,
Singapore) for each noise propagation mode. Figure 8 shows each CMI and a configuration
of the entire experimental system when the CMIs are connected.

Figure 9 shows the measured frequency characteristics of the PCM and SCM impedances
(Zpcm and Zgcy) of each fabricated CMI. The measurements were performed using an
impedance analyzer (E4990A, Keysight, Santa Rosa, CA, USA) in the frequency range from
1 kHz to 100 MHz. For the P-CMI, Zpcy was measured by connecting the terminals of the
two windings shorted together to the measurement terminals of the impedance analyzer.
Zpcm and Zgcy of the fabricated S-CMI were measured according to the connections, as
shown in Figure 9a. Figure 9b confirms that the PCM impedance of the P-CMI and the SCM
impedance of the S-CMI show similar frequency characteristics due to the equal turn num-
bers of the two CMIs. Up to about 2 MHz, the impedance increases with a +20 dB(}/dec
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LISN side

slope. Above 2 MHz, the slopes of impedance increase are about +10 dB/Q) due to the
complex permeability of the NiZn ferrite core. Note that the PCM impedance of the S-CMI
corresponds to the leakage inductance of the S-CMI. The PCM impedance of S-CMI is
very small compared to the SCM impedance because of the winding arrangement’s high
coupling between the windings. Moreover, it can be confirmed that the winding resistance
is dominant from 1 kHz to 10 kHz in the measured PCM impedance of S-CMI.
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Figure 8. Configuration of the experimental system when the CMIs are connected.
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Figure 9. CM impedance measurements of the fabricated CMIs. (a) Measurement configurations of
the S-CMI; (b) measured CM impedances.

Figures 10 and 11 show the measured PCM and SCM currents. The background noise
shown in Figures 10 and 11 was measured when only the cooling fan of the buck converter
was operating.
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Figure 10. Measured primary common-mode currents.

First, Figure 10 shows that the PCM current is almost suppressed to the background
noise level over the measured frequency range by connecting the P-CMI near the power
converter. This result is because the P-CMI has high impedance for PCM as shown in
Figure 9b. On the other hand, since the S-CMI has an insignificant impedance for PCM
due to high coupling between the windings, the PCM current was not reduced when the
5-CMI was connected. A peak of PCM current is observed at 110 MHz when the CMI is
not connected which is possibly caused by the standing wave of the PCM current. The
3/4 wavelength of the 1.5 m power cable is 150 MHz. Considering that the shortening
coefficient of the wavelength depends on the cable material, 110 MHz is almost equal to
3/4 wavelength of the power cable. Moreover, an increase in the PCM current at around
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110 MHz is confirmed when S-CMI is connected. This is possibly due to the resonance of
the leakage inductance and winding stray capacitance of the S-CML
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Figure 11. Measured secondary common-mode currents.

As shown in Figure 4, the power converter side is open to the ground plane and has a
significant SCM impedance. Therefore, the standing wave of SCM current is generated in
the three-core cable with the power supply side as the antinode and the power converter
side as the node. In this case, even if the S-CMI is connected near the power converter,
insignificant attenuation is obtained on the SCM current at the frequencies where the power
converter side is the node of the SCM current. Therefore, even when the S-CMI is connected
near the power converter, as shown in Figure 12, a standing wave of the SCM current
similar to those shown in Figure 4 is generated in the three-core cable. Furthermore, the
power cable functions as a monopole antenna for the SCM. Therefore, the radiated emission
is possibly very large at the frequencies where the standing wave peaks of the SCM current
appear. Based on the above discussion, the position of the S-CMI installed and the radiated
emissions from the power cable are strongly related. This relationship will be studied in
detail in future work.

Since the length of the three-core cable connecting the power converter and the LISNs
is 1.5 m, the SCM current near the LISN is at maximum at 50 MHz (1/4 wavelength) and
150 MHz (3/4 wavelength). These frequencies are almost equal to 45 MHz and 110 MHz,
where large SCM currents were observed in Figure 11, considering the cable’s shortening
coefficient of wavelength. As the cable length increases, peaks of SCM current may shift to
lower frequencies. Thus, when the buck converter is connected to LISNs with a long cable,
the measured peaks of radiated emission may be shifted to lower frequencies.

4.2. Radiated Emission

Radiated emission from the experimental system was measured in a semi-anechoic
chamber. Figure 13 shows a picture of the experimental setup for radiated emission
measurements. The experimental system has the same configuration and layout as the
setup for the CM current measurement. As shown in Figure 2, the buck converter and the
load are housed in the metal box to prevent radiated emission from the power converter
itself. The three-core power cable is placed perpendicular to the ground plane, and the
electrical field intensity is measured with a log-periodic antenna 3 m away from the cable.
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In this experimental setup, the vertical polarization dominates the radiated emission from
the cable. Thus, this subsection evaluates only the vertical polarization.
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Figure 12. Configuration of a monopole antenna constructed when the S-CMI is connected to the
three-core cable.

Figure 14 shows the measured results of radiated emission. Every measurement was
performed in the frequency range from 30 MHz to 300 MHz when no CMI was connected;
the P-CMI was connected; and the S-CMI was connected near the power converter. Note
that the background noise was measured when only the cooling fan was operating.

Figure 14 shows that the measured radiated emission indicates a similar tendency to
the measured result of the SCM current shown in Figure 11. This result clarifies that the
SCM current is the dominant source of radiated emission in the experimental system. It
can be confirmed from Figure 14 that the radiated emission is suppressed to almost the
background noise level when the P-CMI is connected. As described in Section 3, the PCM
current and unbalance of the power supply side impedances generate the SCM voltage.
The SCM voltage is suppressed because the P-CMI reduces the PCM current effectively.
Thus, the connection of the P-CMI can suppress the radiated emission from the cable.

When the S-CMI is connected near the power converter, the significant radiated
emissions are measured at around 45 MHz and 110 MHz, where the large SCM current
is observed in Figure 11. This result indicates that the S-CMI connected near the power
converter cannot suppress the radiated noise significantly at frequencies where the SCM
current is the node at the power converter side. On the other hand, the measured radiated
emission is almost equal to the background noise at other frequencies. These results
correlate very well with the measured result of the SCM current, as shown in Figure 11,
and demonstrate the generation mechanism of radiated emission described in Section 4.1.
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5. Conclusions

In this article, the generation mechanism of radiated emission was experimentally
investigated for the simple experimental system consisting of the buck converter. The
contribution of this article is to clarify that the SCM noise is the radiated emission source in
power converters with ground wires, and that the PCM current and the unbalance of the
power supply side impedances experimentally cause the SCM noise.

The radiated emission generation mechanism demonstrated in this article is widely
applicable to power converters with ground wires or shielded cables. By applying effective
radiated emission suppression techniques, based on the result of this article, the time and
cost of suppressing radiated emission are expected to be reduced. For example, clamp-type
ferrite cores have been widely used to suppress radiated emissions from power cables.
Based on the results obtained in this article, it is difficult to suppress the radiated emission
at frequencies where the SCM current is the node when the cable, including the ground
wire, is clamped together near the PCM noise source. In other words, when using clamp-
type ferrite cores, it is essential to consider the appropriate insertion position for each noise
propagation mode. Future studies will investigate effective CMI placement and supply
side impedance balancing to suppress radiated emissions.
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Ipm Differential-mode current
Ipcm Primary common-mode current
Iscm Secondary common-mode current

Vg Voltage potential of the terminal E for the ground
VN Voltage potential of the terminal N for the ground
Vp Voltage potential of the terminal P for the ground

Vpem  Primary common-mode voltage
Vsem  Secondary common-mode voltage
ZpMm Differential-mode impedance

Zg Impedance of the ground wire E

Zg Impedance between the terminal E and the ground plane
Ziisn  Impedance of the line impedance stabilization network
ZN Impedance of the power line N

Zp Impedance of power the line P

Zpcym  Primary common-mode impedance
Zscm  Secondary common-mode impedance
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