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A Selective Common Mode Noise Mitigation Method
Using Phase-Shifted Modulation for Four-Switch
Buck—Boost DC/DC Converter

Yuning Bai ¥, Sideng Hu

Abstract—Wide bandgap power devices can work at higher
switching frequencies compared to silicon competitors. It helps
reduce the volume of passive components but brings more serious
electromagnetic interference (EMI) noise issue. The increased noise
filtering requirements may restrict the power density improvement.
This article discusses the conducted EMI issue and noise filtering
in the four-switch buck-boost (FSBB) dc/dc converter. The differ-
ential mode and common mode (CM) noise models embedded with
noise source features are derived and analyzed. It is found that
modifying the spectral distribution of the CM noise is a challenge
when the duty cycles are fixed by voltage gain. Inspired by the CM
model, a phase-shifted modulation method is proposed to achieve
selective CM noise mitigation. The recommended operating range
and the implementation process are presented. The theoretical
modeling and the proposed method are verified through an FSBB
converter with 48 V input and 100 kHz switching frequency, and
experimental results validate that the proposed method can achieve
30% volume reduction of the CM filter.

Index Terms—Common mode (CM) noise, four-switch buck—
boost (FSBB) converter, phase shift, selective harmonic control.

1. INTRODUCTION

ONISOLATED dc/dc converters are employed in a wide
N range of applications like consumer electronics and in-
dustrial and medical equipment [1]. Four-switch buck—boost
(FSBB) converters are widely adopted in these fields, such
as battery energy storage systems [2], photovoltaic application
[3], microgrid [4], and universal serial bus power delivery [5].
The converter features in bidirectional energy transfer with
either step-down or step-up voltage gain. Unlike the traditional
buck-boost converter, the output voltage polarity is the same
as the input. Thereby, it is also called noninverting buck—boost
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converter [6]. This topology can also be regarded as a basic unit
and further combined into a multilevel converter to expand the
voltage and power range [2], [7].

In recent years, with a large-scale commercial use of wide
bandgap (WBG) devices, designers are inclined to develop
FSBB converters with them [8], [9]. Compared with traditional
silicon devices, WBG devices offer faster switching speeds
and high switching frequency adaptability, with the potential
to reduce the size of heat sinks and magnetic components. How-
ever, they also bring more serious conducted electromagnetic
interference (EMI) challenges. The volume of EMI filters gets
increased to meet the electromagnetic compatibility standard
[10]. It could result in a much lower increase in power density
than expected.

A lot of general methods have been published to suppress EMI
noise and reduce the volume of filters. One idea is to replace
the large passive filters with a smaller active EMI filter (AEF)
[11]. In AEF, a noise detection circuit separates the EMI noise
from the power circuits into low-voltage and low-current sig-
nals. Then, a signal processing circuit, which can be composed
of operational amplifiers, generates compensation signals, and
finally injects them back into the system [12]. Because the AEF
only needs to deal with noises other than the full power, it can
be made by small low-power circuits. For example, some AEFs
take only printed circuit board and surface-mounted devices,
which significantly reduces the size of the EMI filter [13].

Many control strategies are also developed, with the advan-
tage of making fewer changes to the existing hardware. Con-
sidering that the noise is directly related to the power switching
action, researchers try to select the proper switching sequence to
reduce the noise voltage [14]. The idea is especially suitable for
multiphase systems [15]. Because multiphase systems contain
more control degrees of freedom, more control objectives can
be achieved. By elaborately designing the switching sequence,
the challenges of nonideal factors such as the dead time could
also be overcome [16]. Some articles try to change the features
of the carrier wave. By regulating the rising and falling order of
the sawtooth waves, the switching noise can be mitigated [17].

Another kind of control strategy is the spread spectrum
technology [18]. The method uses sinusoidal signal, chaotic
signal, or other signals to modulate the switching frequency.
As a result, the noise energy is dispersed to a wide frequency
range, and the noise amplitude is cut down. Thus, the required
filter’s suppression ability, usually described by the insertion loss
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Fig. 1. Circuit diagram of the FSBB DC/DC converter system with parasitic
capacitors.

(IL), is reduced. Designers can meet their needs with smaller
components. The challenge of this scheme for dc/dc converter
is the increasing output voltage ripple due to the changing
switching frequency. Consequently, ample attention is required
to design the output capacitor [19].

Noted that the high frequency brought by WBG devices not
only leads to more serious noise but also provides opportunities
for sophisticated design. By careful design of shielding, device
integration and optimized placement, designers may signifi-
cantly reduce the filter’s volume [20], [21].

The above general approaches all can be applied to FSBB
converters [22]. However, reducing EMI by using the converter’s
characteristics itself is still an open research question [23]. Be-
sides, there is also a lack of noise models to guide the early design
of filters. The motivation of this study is to develop a specialized
method to mitigate conducted EMI and reduce the volume of the
filter. The method is compatible with the above general schemes
and can be used together to further improve performance. It can
also be easily extended to multilevel structures. The article’s
contributions are summarized as follows.

1) The conducted EMI noise model of the FSBB converter
is derived. The models can characterize noise sources and
inspire the development of noise suppression strategies.

2) A common mode (CM) noise mitigation method for spec-
ified noise is proposed. The EMI noise on the selected
harmonic order can be suppressed. Experiments show that
it enables volume reduction of the CM filter.

The rest of this article is organized as follows. The basic
working principle of the FSBB converter is introduced in Sec-
tion II. Section III presents the noise models and the challenges
faced by conventional modulation methods are briefly analyzed.
Section IV presents the details of the proposed noise mitigation
method. Some comments and the analysis for reducing the
filter’s volume are presented in Section V. The experimental
verification is given in Section VI. Finally, Section VII concludes
the article.

II. BASIC OPERATION PRINCIPLE OF FSBB CONVERTER

A. System’s Structure and Converter’s Topology

The FSBB converter system is shown in Fig. 1. Four power
switches S1—S4 form two half-bridge structures and there is a
power inductor L between them. The converter also includes
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Fig. 2. Drive signals of S§1—S4 in the conventional method. (a) Boost mode.

(b) Buck mode.

input capacitor Cy, and output capacitor C,. There are parasitic
capacitors between each part of the converter and the reference
ground [24], and the capacitances are generally hundreds of
picofarads, including the input port to the ground capacitor
Cypin, the negative dc bus to the ground capacitor Cp, and the
output port and load to the ground capacitor Cy,,. To simplify the
analysis, the parasitic capacitances at the midpoint of the two
half-bridges are considered to be the same value, Cy,.

The conducted EMI noise can be captured by the line
impedance stabilization network (LISN). Then, the signal is
sent to an EMI receiver for measurement and recording. LISN
consists of two fixed 50 2 resistors and passive components.
According to the application areas of the device under test,
the values of these components need to be set according to
corresponding standards [25].

B. Basic Operation Principle

The voltage gain G of the converter is defined as the ratio of
output voltage V,, to input voltage Vi,. It can be controlled by
the duty cycle d; and dy [26]

Vo dy

ey

where d; is the duty cycle of S; and dj is for S4. When V;,, is
lower than V,,, the converter operates in boost mode, whereas if
Vin is higher, it works in buck mode. Fig. 2 shows the driving
signals Vg1 —Vg4 of each switch, and Trepresents the duration of
a switching cycle. Ideally, the logic of these drive signals would
also describe the logic of the switch’s withstand voltage. For
example, when Vg is high, S1 will turn ON. Then, the withstand
voltage of Sg, namely V3, has the same shape as Vg1, and the
same is true for V.

C. Duty Cycle Limit

In practical applications, nonideal factors would limit the
duty cycle generation, such as the nonzero rise and fall time of
switching devices and the dead time for the half-bridge structure.
For an FSBB converter, the duty cycles should satisfy

d17d4 S {01 17 [dmin7dmax]} (2)
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Fig. 3. FSBB system’s equivalent circuits. (a) For DM noise modeling. (b)
For CM noise modeling.

where d,i, represents the exact minimum nonzero duty cycle
that the converter can output, and its value depends on the spe-
cific hardware design. diax = 1-dmin. For early-stage studies,
a harsh value, dy,i, = 0.1, is adopted by many researchers [26],
[27].

III. DERIVED NOISE MODELS

The conducted EMI noise of dc/dc converters can be separated
into two components, which need to be analyzed separately and
attenuated by corresponding filters [28]. The first component is
called differential mode (DM) noise, and it flows through the
positive and negative power lines. The second one is called CM
noise, which propagates between the two power lines and the
reference ground. The parasitic capacitors shown in Fig. 1 are
the main path of CM noise propagation.

A. Modeling DM Noise

The target of noise modeling is to estimate and analyze the
voltage signals to be collected by the LISN. Substitution theory
is used to derive the noise model. As shown in Fig. 3(a), S1
and S5 are replaced by current sources I; and I3, respectively,
whereas So and S are replaced by voltage sources Vs and Vy
[28]. The waveforms of these sources are completely consistent
with the current or voltage of these switches. The DM noise
flows through the positive and negative power lines, so there are
no parasitic capacitors in the equivalent circuit.

Next, superposition theory is used to analyze the contribution
of each source to the DM noise. The final DM noise model is
derived as Fig. 4(a). The noise voltage collected by LISN is

I (w)
Vim (W) = ———. (3)
jwCin + 165
According to the DM noise model in Fig. 4(a) and (3), some
characteristics can be summarized. First, the dominant factor
of DM noise is the current /;, and it is independent of the
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modulation methods. Even if other strategies outside the scope
of this article are used [27], the conclusion is still applicable. In
an early design stage, the time-domain and frequency-domain
information of I; can be easily obtained through simulation.
Then, DM noise can be obtained by (3) to help design DM
filters.

Second, increasing Cj, helps to reduce DM EMI. Designers
can make a compromise between the noise and the capacitor’s
volume. On the other hand, this capacitance may be hundreds
of microfarads. It makes the input impedance only a few ohms
when considering DM noise. Designers need to choose a suitable
filter structure according to the feature [29]. For example, a DM
inductor is more effective than an X-capacitor.

B. Modeling CM Noise

Following the same steps as before, the CM equivalent circuit
can be represented as Fig. 3(b). Further, the CM model is derived
as Fig. 4(b). The CM noise voltage collected by LISN is

_ 25Cy (Vo (w) 4+ Vi (w))
250311 + Cp (25 + jOJCaH)

Vem (w) “)

where Cy = Cpin + Cps + Cpo + Cf.

It is seen that the spectrum of CM noise is determined by the
sum of V5 and V. Since Cy; is usually only hundred picofarads,
the input port shows high impedance when considering CM
noise. A suitable filter structure needs to be selected, such as
adding a Y-capacitor.

Special attention shall be paid to Cp,. Although it is located
at the converter’s output port or the load side, its location in
the model is parallel with the LISN. It means that adding a
Y-capacitor at the output port is beneficial to reduce the CM
EMI for the input side.

C. Challenge of Conventional Modulation Method

As discussed in Section II-B, in the conventional modulation
method, V5 and V,; would not switch simultaneously. Therefore,
the ac component in voltage that generates CM noise can be
expressed as Fig. 5. In this figure, A is the voltage amplitude,
which is equal to V;, in the buck mode and V,, in the boost
mode. Similarly, D is the duty cycle and equals to dy or (1-dy).
Trepresents the switching period, and fs is the control frequency,
which meets fs = 1/T. n represents the multiple of control
frequency and also means the order of switching harmonics.
In the frequency domain, the amplitude of each harmonic can
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Fig. 5. Voltage waveforms in conventional modulation method. (a) Time
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be obtained by the Fourier series

9 DT 4
= |2 [ aema -
0

A

i e—2]nﬂ'D)
Jnm

(1- ©)

where n > 2.

In the conventional method, there is only one control degree
of freedom, i.e., the duty cycle. It is used to adjust the only
control target, usually the output voltage. A fixed voltage target
leads to a determined duty cycle D and further generates a
fixed noise spectrum by (5). The noise filter has to be designed
accordingly [25]. In general, there are limited methods to change
the CM spectrum distribution, which creates obstacles for the
joint optimization of software and hardware to further improve
power density. In this article, a new solution is proposed, which
is presented in the following section.

IV. PROPOSED CM NOISE MITIGATION METHOD

The phase-shifted modulation is attractive for the controller
design. Some published researches succeed in soft switching
[9], [30], and succeed in reducing the current stress of compo-
nents [31]. In this section, a phase-shifted modulation method
is proposed to modify the spectrum distribution of CM noise.
An additional control degree of freedom, the phase shift ratio,
is introduced to corporate with the conventional duty cycle.
Thereby, with the output voltage regulation, another control
target can be set to minimize the CM voltage at a selected
frequency. The frequency is recommended to be set as the
first harmonic entering the conducted EMI test range, which
is 150 kHz—30 MHz in this article. This study will show that the
proposed method is helpful to reduce the volume of CM filters.

A. Phase-Shifted Modulation

Fig. 6 shows the schematic diagram of the proposed modu-
lation method. The phase shift ratio k is the first control degree
of freedom. It is defined as the ratio of the delay time between
Vgsa and Vg to the whole control cycle T, and k € [0, 1]. d; is
regulated as the second control degree of freedom. At this time,
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Fig.6. Drive signals of S1—S4 in the proposed method. The definition of phase
shift ratio k in this diagram is applicable to both buck mode and boost mode.

Based on (4), the CM noise is determined by the sum of V5 and
V4. When the phase-shifted modulation is adopted, the spectrum
of V5 can be obtained by the Fourier series

9 diT
= T .
where the harmonic number meets n > 2.

Similarly, the spectrum of V4 can be obtained. When 0 < k <
dy, the following holds:

Ch,va (d1) Vine 9™t dt (6)

9 kT+(1—dy)T 4
Crva (di,k) == / VinGe 9™t dt.  (7)
’ T Jer
When dy < k < 1, the following holds:
2 kT —dsT )
Chva (di,k) == (/ Vi Ge 1™t dt
: T ;
T .
+ / VinGe‘J"“tdt> . ®)
kT

Then, the CM noise can be calculated as (9) shown at the
bottom of this page. If the harmonic order n and voltage gain G
are given, the CM noise is determined by d; and k. It is easy to
prove that in the definition domain, the function satisfies

Cuc (d1,k) = Coc (dl, k+ i) .o

It shows that (9) is a periodic function.

Fig. 7 depicts the CM voltage amplitude. The function value
here is normalized based on V;,. When different combinations
of dy and k are set, the amplitude of CM voltage can be adjusted
within a range, and it is also possible to mitigate it to close to
zero. Namely, suppressing a selected CM noise is equivalent to
solving the following optimization problem:

another duty cycle signal d4 should be set according to (1) to dy e[dmm,{-lr,l:i]y kel0,1] [Cn.c (. k)l (n
ensure a controlled output voltage.
Do (1= e2inmds - G (<14 e F ) e 2H) 0 <k < dy
Cn,G (dh k) - 3Vin 1— e—2jn7rd1 +G(1- e—2jnm + e—2jn‘n’k _ e;zjnﬂdlgc(iprk)) )) , dy <k<l1 ©)
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B. Solving Optimization Problems

The optimization problem (11) is very complex, and finding
its analytical solution is a severe challenge. In practical appli-
cation, a numerical solution could meet the needs of the control
algorithm [32]. When a high-performance controller is adopted,
the problem could be solved online by referring to some leading
research [33], [34]. When a low-cost controller is used, it is
easier to implement the real-time control based on the look-up
table (LUT), which is built by an offline solution.

This study uses the differential evolution (DE) algorithm to
obtain the numerical solution of the optimization problem offline
[35]. Like some well-known optimization algorithms, DE is a
random search algorithm based on swarm intelligence.

The algorithm starts with initializing a population containing
Np individuals and each of them represents a possible numerical
solution of dy and k. Their coordinates are randomly generated
and located in the two-dimensional solution space

x;w = (Rand [dmin, dmax] , Rand [0, 1]) (12)

where i means the number of individuals in the population, i
=1, 2, ..., Np, and w represents the rounds of evolution,
w € [0, Nnax)- Nmax is the maximum number of iterations. Rand
means to generate a random number within the parameter’s
range.

Next, the algorithm will start searching for the minimum value
of the optimization problem (11). Specifically, the algorithm
will iteratively update the coordinates of all individuals. The
update contains three steps. The first step is called Mutation.
The so-called mutant vector is obtained by

Viw+1 = Lhest,w + F (wrl,w - $r2,w) (13)

where Xpest, o 15 the coordinate that minimizes (11) in the wth
generation. F' is a parameter called mutation factor, and r; and
ro are the numbers of two random individuals.
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TABLE I
PARAMETERS OF DE ALGORITHM

Parameters Value

(1)

Fitness function

Algorithm DE/best/1/bin
Population size (Np) 100
Tteration number (Npmay) 300
Mutation factor (F) 0.6
Cross over rate (CR) 0.2

The second step is called Crossover, and the so-called trial
vector is obtained through

Wit — {Uj,i,w+17 if j =1 or Rand [0,1] < CR
" T;;w, Otherwise
(14)
where j is a certain dimension of the coordinate, j = 1 or 2,
and r; = 1 or 2, randomly. CR is a parameter called crossover
rate. This step aims to introduce new members to the population
and expand the search range.

The third step is called Selection, according to

A _ {ui,w-i-h if f(wiwer) < f(x50)
wz,w+1 —

otherwise (13

L ws
where f() means substituting the coordinates into (11) to calcu-
late its value. This step updates individuals, which makes the
population constantly close to the searching target, namely the
minimum value.

The algorithm parameters are presented in Table I. After
iterating Np,ax tiMeS, Xpegt, 10 the last round represents the
numerical solution, including duty cycle d; and phase shift ratio
k. When the solution is applied to the system, the selected nth
CM noise will be mitigated. Noted that the optimization problem
(11) may have multiple solutions. Therefore, for each selected n
and G, DE needs to be executed repeatedly to ensure that there is
no omission. The tradeoff among these results will be discussed
in the following section.

C. Tradeoff Among Optimization Results

Solving (11) may obtain multiple solutions. For example,
there may be six solutions for Fig. 7. According to (10), some
of them are periodic, and this feature will be more pronounced
when 7 is set with a large number. All of these solutions can
suppress the selected CM noise but have different effects on the
other converter performance. Different selection principles can
be set according to the individual requirements. And finally, one
of them can be chosen to regulate the FSBB system.

In this study, the inductor current ripple is taken as a criterion.
The numerical solution leading to lower ripple is preferred to
minimize magnetic losses.

When considering the position relationship of the driving
signals, there are eight cases, which are summarized in Fig. 8.
Different pulse distributions produce various inductor current
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characteristics, and the formulas of current ripple, |AlL|, are
marked in the figure. Their corresponding region in the solution
space is shown in Fig. 9(a). Fig. 9(a) shows the contour map
of CM voltage, and its parameters are the same as in Fig. 7.
The current ripple is further calculated and shown in Fig. 9(b).
The ripple in Regions I and V is lower. Therefore, the solutions
in these regions will be taken as the final optimization results,
whereas the others will be discarded.

D. LUT-Based Control System

The mitigation of CM noise with a fixed voltage gain is
discussed before. And this section describes how this method
is applied to a real-time control system with variable gain. The
system structure is shown in Fig. 10. In this figure, V¢ is the
output reference voltage, Iy, is the inductor current, and If ;¢ is
its reference value.

Vi Open-loop
f - trol
——»{ Gain Calculator ng
—> o) g
Vin
or
Ve, =, Voltage |[/Lref & Current |G
} Controller _ Controller Closed-loop
v ; control G
0 L
FSBB di N d4, k
Ll
Converter | LUt
Fig. 10.  Structure of the LUT-based control system.

The proposed method can be applied to the open-loop control
or the closed-loop control. An LUT is used to convert the gain G
to the duty cycle d; and phase shift ratio k. When the open-loop
control is used, the gain can be calculated by (1) directly. When
the closed-loop control is adopted, the current controller outputs
voltage gains instead of duty cycles, which is different from
the conventional control method. The controllers can adopt the
proportional-integral regulator. Its design and tuning methods
with voltage gain output can be found in [36].

During the real-time control, the input and output voltage
may change. The voltage gain is various, and its range is
G € [Gminy Gmax)- Gmin is the minimum gain and G,y is the
maximum value. They can be calculated by

~ _ Vou, min
Gmln - ‘/i“, max (16)
Ie. _ Vour, max
max .

where Viy max and Viy min are the maximum and minimum
input voltage of the converter, and Vot max and Vioue,min are the



BAI et al.: SELECTIVE CM NOISE MITIGATION METHOD USING PHASE-SHIFTED MODULATION FOR FSBB DC/DC CONVERTER

dmax=0.9 limit---»
=
RS
[}
3
<
>
- dmin=0.1 limit ek
%04 06 08 10 12 14 16 18 20 22
Voltage gain (G)
Fig. 11. LUT to mitigate the second-order CM noise.

o
o

Proposed method
Conventional method

o
i

N
~

e
o

CM voltage amplitude (p.u.)
<) o
—_ %)

(=}

04 06 08 1.0 12 14 16
Voltage gain (G)

1.8 20 22

Fig.12.  Effect of the proposed method in second-order CM voltage mitigation.

maximum and minimum output voltage. For each G in thisrange,
the optimization result of (11) needs to be obtained. Finally, all
the results can be summarized into an LUT, which covers all
voltage gain range. In order to obtain the continuous and smooth
regulation capability, the LUT should have sufficient resolution.
Therefore, the step Ggtep in the LUT should be small enough.
In this study, Ggep = 0.01.

Fig. 11 shows the LUT when mitigating the second-order CM
noise, namely n = 2. When G € [0.51,1.99], each parameter
changes smoothly. Outside this range, d; or d4 will touch the
available duty cycle limit introduced in Section II-C, and its
value will saturate.

E. Recommended Operating Range

Fig. 12 compares the amplitude of the CM voltage, namely
|Vo+Vy|, with different modulation methods. The conventional
one is calculated by (5), whereas the proposed one is by the
function value of (11). The CM voltage of the conventional
method will reach the maximum value around G = 1.4. As long
as the CM filter is designed according to this point, it can provide
sufficient suppression capability within the whole voltage range.
For the proposed method, in the range of G € [0.51, 1.99], the
scheme can significantly mitigate the CM voltage to close to
zero. The mitigation helps to reduce the demand for filter’s
suppression capability and reduce its volume.

Comparing Figs. 11 and 12, when the duty cycle is saturated,
the proposed method will no longer have advantages. That is,
forn=2,G € [0.51,1.99] is the recommended operating range.
Empirically, the larger the n, the longer the range. Table II
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TABLE II
EXAMPLES OF RECOMMENDED OPERATING RANGE

Recommended
noise order (n)

Recommended gain

Switching frequency (fs) range ([Gon » Guas])

75 kHz < f, < 150 kHz 2 [0.51, 1.99]
50 kHz < f; < 75 kHz 3 [0.34, 2.96]
37.5 kHz < £, < 50 kHz 4 [0.26, 3.90]

( System design ) (Create LUT offline) Real-time Control
v
Set n,

Set G according to |

Set Gmin, Gmax, Gstep | | Fig.10

Design switching
frequency (f5)

Select n according to
Table II

->| For G=Gmin:Gstep:Gmax

->| dl, k=LUT (G) |

Design input voltage and
output voltage range

Solve (11) by DE
algorithm (Section IV-B)

Calculate d4 by (1)

Get multiple solutions
(d1, k) for this G

Calculate Gmin, Gmax by
(16)

Phase-shifted
modulation by Fig.6

Trade-off of Solutions
by Fig. 9 (Section IV-C)

Get unique solution
(d1, k) for this G

Yes
Create LUT for
[Gmin, Gmax] e.g. Fig.11

Overall flowchart of the proposed method.

| Design control accuracy |_ | End

(Gstep)

Fig. 13.

summarizes some examples of recommended operation points.
If a longer range is needed, it will be helpful to allow a relaxed
dmin during the hardware design.

Note that Table II only lists examples that help reduce the
filter’s volume, and the application scenarios of the proposed
method are not limited to it. For example, when a system is
sensitive to the noise of a certain frequency, the proposed method
can also be used to reduce the interference. At this time, f; and
n could be set as required.

F. Implementation Flowchart

Fig. 13 shows the implementation flowchart of the proposed
phase-shifted modulation method. The creation of LUT could
be finished by a computer offline. A smaller G, can achieve
finer output voltage control, but it will be more time-consuming.

The real-time control is implemented by the controller of
FSBB, such as a digital signal processor (DSP). Because d;
and k contain a long decimal part, the processor with a higher
clock resolution is recommended to help improve the accuracy
of pulse position.
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V. DISCUSSION ON THE PROPOSED METHOD
A. Basic CM EMI Filters Design Method

Passive filters composed of CM inductors and Y-capacitors are
commonly used to suppress CM EMI noise. The design process
is reviewed here. Fig. 14(a) presents the structure of the one-
stage CM filter. It can be cascaded to form a multistage filter. To
simplify the analysis, this article only discusses the one-stage
filter, but the conclusion can be easily extended to multistage
structure.

The first step is to find the required IL. IL is used to describe
the filter’s performance to suppress noises, and it can be calcu-
lated by

IL = 10-log <“;1> (17)
2

where V7 is the voltage on the LISN before the filter is installed,
and V5 is the voltage after installation. Fig. 14(b) shows the
original noise of the converter, i.e., V;. The CISPR11 standard
limit can be regarded as the target of noise suppression, i.e., Va.
Therefore, the noise exceeding the limit, which is enclosed in
the blue dotted box, needs to be suppressed by the filter.

The second step is to determine the corner frequency f, of
the filter. As shown in the green dotted box in Fig. 14(b), the
IL of one-stage filter is a line with a slope of 40 dB/dec in the
frequency domain. The line needs to be shifted from left to right
along the X-axis until it first contacts the excess noise spectrum.
At this time, it can be ensured that the IL provided by the filter is
sufficient to meet the standard. And the intersection of the line
and the X-axis is the filter’s f..

The third step is to determine the inductance and capacitance,
which meet the following relationship:

1

- 27/ LemCy

where L, is the CM inductance and Cy is the Y-capacitance. Cy
is determined by the leakage current limit in CISPR11 standard.
Then, L., could be calculated according to (18). Obviously,
higher f. means lower Cy and Ly, as well as smaller filter
volume.

fe (18)
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B. Benefits of Selective CM Noise Mitigation

The proposed method in this article can mitigate a selected
CM noise, and it is recommended to select the first appearing
peak that enters the EMI test range. This section discusses the
benefits of this strategy for reducing the Ly, .

A noise spectrum of the conventional method is shown in
Fig. 15. The amplitude of the first main noise to be suppressed
is A; at the frequency f;. According to the previous discussion, a
filter with a corner frequency f.; is required. After the proposed
method is adopted, the noise energy at f; is mitigated, and the
energy is allocated to a higher frequency. The noise at f5 rises to
As, and a filter with a corner frequency of fo is required. Then,
the following formula holds:

fcl = fl : 107% = nfs . 107%
A
feo=fo 107 = (n+1) f,-10
where f; is the switching frequency of the converter.
Considering that the CM inductor contributes most of the

volume of the filter, a same Y-capacitor Cy is used here to
evaluate the change of inductance

_ 1

Jor = 27+/Lem1 Cy
_ 1

fC2 B 274/ Lem2Cy

where Lc,1 and Ly,2 are the CM inductance corresponding to
the spectrums, respectively. Next, the change of inductance can
be calculated by

19)

Ag
40

(20)

o Lemi — Lema
Lcml

Finally, (22) can be obtained by substituting (19) and (20)
with (21)

2
o= (1 _ (nil> -10A220A1) % 100%.  (22)

Formula (22) can be used to estimate the reduction of induc-
tance after adopting the proposed method. It is seen that the
reduction is related to the harmonic order and the amplitude of
the noise.

An example in an ideal case with n = 2 is presented here.
Fig. 12 shows the effect of the second-order noise mitigation.
The uninhibited noise, namely the blue curve, corresponds to
Aj in (22). The amplitude of the third-order harmonic may
increase, as shown in Fig. 16, in which the red line corresponds
to A,. Then, the change of inductance can be calculated, and

x 100%. 1)
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the result is shown in Fig. 17. In the whole gain range, the CM
inductance can be expected to be reduced by about 55% in an
ideal case. It shows that although the amplitude of some higher
order harmonics may increase, the proposed method can reduce
the volume of the CM filter.

C. Evaluation of DE Algorithm

To solve the optimization problem (11), this study adopts the
DE algorithm. In fact, any optimization algorithm that can find
the minimum value of a function can be used, such as the well-
known particle swarm optimization (PSO) algorithm. A brief
evaluation and comparison is shown in this section.

As described in Section III-B, the DE algorithm has two
control parameters F and CR, whereas PSO has three control
parameters and the values used in this article are C; = 1.6, Cy =
1.2, and w = 0.5. For the detailed principle of the PSO algorithm,
refer to [35]. In the author’s opinion, the parameter adjustment
of DE may be easier owing to fewer parameters, whereas PSO
with well-tuned parameters may show wider adaptability due to
the more flexible configuration.

DE and PSO are used to create the LUTs. The programs are
written by MATLAB and run in Intel Core 17-10700 processor.
Fig. 18 shows the process of finding the minimum when setting n
=2, G = 1.4. Both algorithms converge rapidly. DE reaches the
accuracy requirement of 107'3 after the 105th iteration, whereas
PSOis faster with 85 iterations. The time consumption is listed in
Table III. The actual time consumption of DE is shorter, 0.19 s.
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TABLE III
COMPARISON BETWEEN DE AND PSO
Item DE PSO

Number of control parameters 2 3
Time consumption for once run 0.19 s 0.24s
Time consumption for LUT n=2 149.04 s 274.42 s
Time consumption for LUT n=3 307.74 s 320.14 s
Time consumption for LUT n=4 409.42 s 353.61s

And DE has advantages in some scenarios when creating the
entire LUT, but it is not decisive.

The LUTs created by DE and PSO are almost identical.
Therefore, optimization algorithm that is used to solve (11)
only affects the offline time consumption and does not affect
the performance of real-time noise mitigation.

D. Implementation Comments

To achieve the best performance, the noise mitigation method
depends on the duty cycles and phase shift ratio with high ac-
curacy [37]. Real-time processors with high clock frequency or
low-cost processors with high-resolution pulsewidth modulation
(HRPWM) function could meet the requirements [38]. At the
design stage, users can convert the accurate data in LUT into
an approximate value according to the output resolution of the
processor, and then evaluate the mitigation capability by (9). In
general, if the switching frequency is increased close to 1 MHz,
the HRPWM function is required.

The proposed idea is suitable for FSBB converters and has
the potential to be applied to other topologies. On the one hand,
the idea could be directly extended to a multilevel structure
consisting of FSBB units [2], [7], [39]. All units themselves
shall be set to mitigate the noise at the same frequency. Further,
the phase shift between multiple units may be used to suppress
the other noises. On the other hand, when trying to extend the
idea to a more general topology, the key point is to find the
additional control degrees of freedom. Usually, the duty cycle is
used to adjust the output voltage. If the switching frequency, the
phase angle, or other variables could be regulated, there is an
opportunity to mitigate CM voltage. In general, each additional
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Fig. 19.

Experimental setup.

TABLE IV
CONTROL PARAMETERS AND COMPONENT PARAMETERS

Parameters Symbol Value
Power switches S1—S4 C3M0060065]
Control frequency s 100 kHz
Control cycle T 10 ps
Inductance L 490 uH
Output capacitance C, 50 puF
Input voltage Vin 48V
Load Ry 100 Q

control degree of freedom could suppress the CM noise at a
selected frequency.

VI. EXPERIMENTAL VERIFICATION

The proposed method is tested on a laboratory prototype,
shown in Fig. 19. The Rohde & Schwarz spectrum analyzer
FPC1500 is used to collect noise signals. The real-time pro-
cessor is TMS320F28388D from Texas Instruments, and its
clock frequency is 200 MHz. Unless otherwise specified, the
experimental parameters are as presented in Table I'V.

A. Evaluation of CM Noise Mitigation

The first experiment takes the second-order CM noise as the
mitigation target, i.e., n = 2. The open-loop control is adopted,
and the output voltage gain is set to G = 1.4 as an example.
According to Fig. 11, the duty cycle and phase shift ratio are set
to d; = 0.6018 and k = 0.086.

Fig. 20 shows the key waveforms when using the proposed
method. The drive signals Vg1 and Vg4 are directly measured
from the DSP pins. It can be clearly seen that there is a phase shift
determined by k between the two bridge arms. The waveform of
inductor current also verifies the analysis of Section I'V-C.

Fig. 21 verifies the mitigation of CM noise. The switching
frequency is 100 kHz, so the noise at 200 kHz should be
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Fig.21. CM noise spectrum demonstration for the proposed method in second-
order noise mitigation.

paid attention to when n = 2. The amplitude of the noise is
mitigated from 86.6 to 72.0 dB V. Theoretically, the noise can be
more significantly suppressed. Nonetheless, the nonideal factors
make it difficult to completely suppress the noise to zero in the
experiment, such as the nonzero action time of the switches and
the dead time in the half-bridge structure.

As discussed in Section V-B, when the second-order CM
noise is mitigated, noise at other frequencies may increase,
such as the noise at 300 kHz. The proposed method does not
vanish the noise energy but changes its distribution. The lines
with 40 dBpV/dec represent the filter’s IL curve. The curve for
the proposed method is on the right side along the X-axis. It
means that the filter’s corner frequency is higher, and its volume
is lower. An experimental evaluation will be presented in the
following section.

Fig. 22 evaluates the experimental results at different voltage
gains. On the one hand, the proposed methods could always
mitigate the CM noises. On the other hand, around the boundary
value, such as G = 0.6 and G = 1.9, the noise mitigation is not as
significant as other cases. The first reason is that the second-order
CM noise itself is minor at these boundaries. The second reason
is that itis assumed that all the parasitic capacitances C}, are with
the same value to simplify the analysis in Section III-B. Noted,
it is important to be equal rather than knowing specific values,
because its equality guarantees the same noise ratio of Vo and
V4. However, in the proof-of-concept prototype, the heat sinks
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of S1 — Sy are installed separately, which makes the parasitic
capacitances unequal.

If it is necessary to further improve the mitigation capability,
there are two feasible ways. The first way is to make all switches
share the same heat sink in the hardware design stage, which is
helpful to obtain equal C,. The second way is to redesign the
LUT according to the similar ideas in Section IV. At this time,
it is necessary to adjust the minimum value target of (11), from
the simple sum of V5 and V, to the sum of V, and V,; with
proportions by their respective Cj,.

B. Benefits of CM Noise Mitigation

In this section, the experiments evaluate the contribution to
reducing the volume of the CM filter. Li et al. [40] provide a
filter design and comparison method. It suggests that a pair of
comparable CM inductors shall meet:

1) adopting the same core material;

2) adopting the same wire;

3) making with a similar perimeter utilization ratio, which
equals to the length occupied by the windings divided by
the available length.

According to this suggestion, two comparable CM filters are
designed as shown in Fig. 23. The relative permeability of the
cores is about 7000, and other parameters are listed in Table V.

The two filters were tested separately in the experiment, and
the results are shown in Fig. 24. With the help of filters, the
CM noise of both modulation strategies can be reduced below
the standard limit. The first major noise at 200 kHz is mitigated
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TABLE V
PARAMETERS OF CM EMI FILTERS IN EXPERIMENTS

Parameters Filter #1 Filter #2
Y-Capacitance (nF) 2.2 2.2
Inductance (mH) 2.32 1.48
Wire’s diameter (mm) 1.3 1.3
Winding turns 15 13
Core’s part number TIANYUAN TIANYUAN
P TYH7T38-22-15  TYH7T31-19-13
Core’s outer diameter (mm) 38 31
Core’s inner diameter (mm) 22 19
Core’s height (mm) 15 13
Perimeter utilization ratio 1.30 1.28
Filter’s volume (cm?) 73.656 51.430
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Fig. 24.  CM noise spectrum with Filter #1 or #2. Both schemes meet the

CISPR11 standard.

by the proposed modulation method, which greatly reduces the
demand for filter capability. The volume of the CM filter can be
reduced from about 73 to 51 cm?, achieving a 30% reduction.

C. Selective CM Noise Mitigation

The switching frequency varies in different designs. Conse-
quently, the first major noise in the test frequency range is also
different. Therefore, the experiments in this section will show
the mitigation of other selected noise.

Considering the switching frequency f; = 66.7 kHz, the third
harmonic, n = 3, is selected based on Table II. And G = 1.2
is taken as an example. The waveforms are shown in Fig. 25.
The duty cycle and phase shift ratio are set to d; = 0.3668,
k = 0.0306. It is seen that the third-order noise at 200 kHz is
mitigated from 81.6 to 64.1 dBuV. The filter’s IL curve is also
shifted to the right side. A higher corner frequency and smaller
volume can be expected.

When the switching frequency is set to 45 kHz, the fourth
harmonic is selected, n = 4. The results are shown in Fig. 26.
This is an example with G = 1.6. The duty cycle and phase shift
ratio are set as d; = 0.775, k = 0.27. It is seen that the proposed
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CM noise spectrum demonstration for the proposed method in fourth-
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method achieves a 15.2 dB .V reduction on the fourth-order CM
noise at 180 kHz.

D. Efficiency Evaluation

The efficiency of the proposed method and the conventional
method is evaluated. The conventional modulation method in
[4] is used as a benchmark. Since the FSBB converter can both
work in the boost mode or the buck mode, the conventional
method needs to handle the transition between these modes. In
other words, it needs to switch between a variety of different
modulation schemes. It can be expected that the efficiency trend
will be discontinuous at the switching point. Readers interested
in conventional modulation methods could refer to [26] and [27].
For the proposed method, the LUT of n = 2 is used. And the
phase-shifted modulation method is consistent throughout the
voltage range.

The output voltage is fixed at 60 V, and Fig. 27 shows the
experimental results. Noted that the loss of the auxiliary power
supply is not included in them. Compared with conventional
methods, the efficiency of the proposed method will be reduced
by 1%—-2%. The first reason for the reduced efficiency is that the
proposed method uses additional switching actions to adjust the
CM noise. The second reason is the increased conduction loss
of the internal circulation. When S5 and S, are turned ON at the
same time, the inductor current will flow within the converter
without connecting the load. The comparison results show that
the proposed method is not recommended for high-efficiency-
oriented scenarios. At the same time, attention should be paid
to the design of the heat sink to ensure the compactness of the
whole system.

VII. CONCLUSION

The conducted EMI noise of the FSBB dc/dc converter is
discussed in this article. DM noise model and CM noise model
are derived. The models show that the DM noise is related to
the current flowing through S, whereas the CM noise is related
to the sum of Sy and Sy voltages. The models provide tools to
analyze the conducted EMI issues and guide the design of filters.
And it may inspire the development of more control strategies
or design methods.

A selective CM noise mitigation method is proposed. The
implementation steps are presented in detail, and its recom-
mended operating range is discussed. Experiments show that
it can suppress the selected CM noise and help to reduce the
volume of the CM filter. In future research, the optimization
goal can be changed from minimizing the selected one to a
compromise of multiple harmonics, which may further explore
the potential of reducing the volume.
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