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Abstract: This paper proposes an improved common mode (CM) electromagnetic interference (EMI)
suppression method in switching power supplies. The lossless snubber circuit can reduce du/dt
and EMI in the high-frequency band. Nevertheless, it has a weak EMI suppression effect on the
low-frequency band. A method combining the chaotic spread spectrum and the lossless snubber
(CSS-LS) is proposed to improve the EMI suppression effect of the lossless snubber. It is an effective
means to suppress CM EMI further. The paper used a Boost PFC converter as the object of analysis to
study the CM EMI suppression effect of CSS-LS. Firstly, a CM EMI-equivalent model of the lossless
snubber PFC converter was established. Then, the power spectral density function under chaotic
spread-spectrum modulation was derived. The simulation analysis was performed. Finally, an
experimental prototype was built, and relevant EMI tests were carried out. The experimental results
show that CSS-LS can reduce CM EMI by 4~20 dBuV with little impact on converter stability. Fewer
extra costs are needed for this optimization method, which is suitable for high-power-density power
electronic devices.

Keywords: PFC converter; lossless snubber; chaotic spread spectrum; common-mode electromagnetic
interference; power spectral density

1. Introduction

In recent years, wide forbidden-band semiconductor devices, such as silicon carbide
and gallium nitride, have been widely used. Power electronic converters operate at higher
switching frequencies [1,2]. Higher frequencies require power-switching devices to have
faster turn-on and turn-off speeds. Faster switching speeds increase the voltage and current
change rates of power-switching devices. Excessive voltage and current change rates
can cause overvoltage and overcurrent in the device, which will cause damage to the
device. Generally, du/dt is used to express the voltage change rate, and di/dt is used to
express the current change rate. In addition to damaging the device, du/dt and di/dt
also produce noise that interferes with other electrical devices [3-5]. Moreover, at higher
switching frequencies, the influence of the converter circuit distribution parameters is more
prominent. It poses new challenges to electromagnetic compatibility (EMC) issues [6,7].

High-speed jump voltage and current generate electromagnetic interference (EMI)
through near-field coupling and conductive media [8]. This EMI will enter the grid through
the input power lines, which will cause conducted EMI problems. Conducted EMI may
cause signal distortion, voltage fluctuation, surge voltage, grid pollution, and other prob-
lems. Therefore, the conducted EMI can affect the regular operation of the device and other
power-using devices on the same grid [9-11]. Especially in microgrids, the effect of con-
ducted EMI is more serious. Therefore, it is essential to study and suppress the conducted
EMI [12-14]. Conducted EMI is usually divided into common mode (CM) and differential
mode (DM) noise. Compared to DM EMI, CM EMI is more extensive in magnitude and
higher in frequency. Furthermore, CM EMI can be radiated through the wire [15]. It is
generally believed that CM noise has a more significant impact on the regular operation
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of a circuit. So, suppressing CM noise has a more theoretical significance and practical
engineering application [16].

Nowadays, using EMI filters is a conventional and effective method of CM EMI sup-
pression. The EMI filter can be divided into passive EMI filter (PEF) and active EMI filter
(AEF). PEFs are relatively simple to design and have a wide range of applications [17-20].
However, to effectively suppress CM EMI, the size and weight of PEFs are relatively large.
The excessive weight and volume are not conducive to the high-density design of power
electronic converters. Compared to PEFs, AEFs are smaller and lighter, which allows for
a better integration degree of the converter using the AEF [21-23]. Nevertheless, due to
the bandwidth limitation of active devices, AEFs have poor CM EMI suppression in the
high-frequency band. In addition, the control signal’s spread-spectrum pulse-width mod-
ulation is also a CM EMI suppression method. In recent years, chaotic spread-spectrum
techniques have received much attention from scholars. Because the chaotic spread spec-
trum can reduce the noise from the circuit at the source, it is easy to implement. Moreover,
it has a better spread-spectrum effect than the periodic spread spectrum. Many papers
demonstrate the effect of the chaotic spread spectrum in suppressing EMI [24,25]. Reducing
du/dt is another effective method of CM EMI suppression. Larger du/dt through the
distributed capacitance will cause CM noise [26].Therefore, reducing du/dt can reduce
CM noise. Snubber capacitors and soft switching are usually conventional methods to
reduce du/dt [27,28]. However, snubber capacitors can cause excessive turn-on losses. Soft
switching requires additional auxiliary circuits in single-phase power factor correction
(PFC) circuits. It increases the circuit’s cost, and the converter becomes more complex.
Lossless snubber circuits have lower switching losses than conventional snubber circuits
because the lossless snubber circuit transfers the energy in the snubber capacitor to the
load or back to the power supply after the power device is turned off. The energy is
not consumed internally. It reduces switching losses and increases the converter’s effi-
ciency [29]. Furthermore, a passive lossless snubber circuit uses only a small number of
passive components. It does not increase the complexity of the control circuit. Therefore,
the lossless snubber has been widely used in PFC circuits.

Most research on snubber circuits focuses on the operating principle and circuit
topology. The EMI suppression effect is only shown as an experimental result. The
experimental results of [30] show that passive lossless snubber circuits can suppress high-
frequency EMI. In [31], a new lossless snubber circuit is proposed for flyback converters.
This snubber circuit has a significant effect on radiation interference suppression. However,
the EMI suppression effect is poor in the conducted interference band (150 kHz~30 MHz).
In [32], the effect of the RC buffer circuit on the switching oscillation is analyzed. This paper
indicates that increasing snubber capacitance can reduce the low-frequency oscillation and
EMI. However, excessive snubber capacitance will cause high-frequency oscillation. It does
not contribute to the stability of the converter. The snubber circuit has the problem of poor
EMI suppression in the relatively low-frequency band (typically 150 kHz~5 MHz). For
this problem [33] proposes a combination of zero-voltage switching (ZVS) and periodic
spread-spectrum modulation EMI suppression method. This method effectively reduces
the low-frequency EMI. However, it increases the design difficulty of the control circuit.

In order to improve EMI suppression, this paper proposes an improved method based
on the chaotic spread spectrum and the lossless snubber (CSS-LS). CSS-LS improves CM
EMI suppression of the lossless snubber. At the same time, CSS-LS has better CM EMI
suppression in the high band compared to the conventional chaotic spread spectrum.
Moreover, CSS-LS can reduce the converter’s switching loss and increase the converter’s
efficiency. This method does not need to occupy much space. So, it can be integrated into the
converter circuit. Furthermore, considering the widespread use of lossless snubber circuits
in Boost PFC converters, this paper takes the passive lossless buffer Boost PFC converter as
the research object. The Boost PFC converter has a high power factor. Therefore, it is often
used in AC-DC applications. Moreover, because the PFC converter is directly connected to
the input power supply, its EMI problem is severe. Reducing the EMI of the PFC converter
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can prevent the grid from being polluted and other power equipment from being affected.
At the same time, because of the simple structure of the Boost PFC converter, the CM EMI
conduction path of the lossless absorption PFC converter can be analyzed explicitly.

In the following Section 2, the principles of nondestructive absorption will be pre-
sented. The CM EMI conduction path of lossless snubber PFC converters is analyzed.
Then, a CM EMlI-equivalent model is constructed. The principle of EMI suppression by
the snubber circuit is revealed. Moreover, Section 3 explains the principles of CSS-LS. On
this basis, the power spectral density function of the drain—source voltage under CSS-LS is
derived. In Section 4, the simulation analysis is completed. The simulation results verify
the accuracy of the theoretical derivation. In Section 5, the experimental platform is built.
Related EMI tests were conducted on the converter. The experimental results show that
CSS-LS reduces the CM EMI by 4~20 dB uV and has little effect on the converter stability.

2. Lossless Snubber PFC Converter
2.1. Principle of the Lossless Snubber

Passive lossless snubber circuits can be used in various power electronic converters.
Their structure is relatively universal. CM noise dominates the conducted EMI in slight
to medium power Boost PFC converters. This paper, therefore, takes a low-power PFC
converter as the object of study. The CM EMI suppression effect of a lossless snubber circuit
is analyzed, while other disturbances caused by complex topologies can be reduced.

A Boost PFC converter topology with a passive lossless snubber circuit is shown in
Figure 1. Inductor L, switching S, diode VDy, and output capacitor C, form the main circuit
of the PFC converter diodes. VD1, VD, VD3, inductor L;, and capacitors C; and Cs in the
dashed box form the passive lossless snubber circuit.

Figure 1. Lossless snubber Boost PFC circuit topology.

The principle of a lossless snubber circuit to reduce the du/dt of the converter is as
follows: When the switching is disconnected, the rate of rise of the drain—source voltage
(vgs) is limited by Cs. Afterward, the lossless snubber circuit transfers the energy from the
snubber circuit to the load by resonance, and its operating modes are shown in Figure 2. In
mode 1, the switch is in the off-state, the same as when switched off in a conventional PFC
converter. In mode 2, the switch turns on, and the current flowing through L, decreases
linearly. Because the switching frequency is much greater than the operating frequency,
the input current i;, can be approximated as constant over one switching cycle. Then, the
drain-source current iq starts to rise linearly. L, has a significant impact on mode 2. A large
L, can reduce the rising rate of iy. However, too large L, will make mode 2 last too long
and affect the whole process of the lossless snubber circuit. In mode 3, diode VDj turns off,
and VD, turns on after the current flowing through L, drops to zero. Cs, C;, and L, start
the first resonance process. The energy on C; is gradually transferred to C; and L, in this
mode. Mode 3 ends when the energy transfer in Cs is complete. In mode 4, the voltage
across Cs drops to zero. At this time, VD; is on. In addition, C; and L; carry out the second
resonance process through VD; and VD,. The energy on L, is transferred to C;. When the
energy transfer in L, is completed, mode 4 ends. In mode 5, the second resonance process
ends. This mode coincides with the conventional PFC converter when the switching is on.
The energy of the snubber circuit is stored in C;. In mode 6, the switching is off. However,
v4s cannot change rapidly due to the presence of Cs. Cs limits the rising rate of v4s. Cs
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plays a significant role in this mode. A suitable value of Cs can effectively reduce du/dt.
Nevertheless, too large a Cs can affect the resonance process and reduce the stability of the
converter. Meanwhile, in mode 6, VD3 conducts. The energy in C; is transferred to the load,
which realizes the lossless operation of the lossless snubber circuit.
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Figure 2. Operating modes of lossless snubber PFC: (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4;
(e) Mode 5; and (f) Mode 6.

The operating principle of the lossless snubber circuit shows that the snubber circuit
mainly relies on the snubber capacitor to suppress the du/dt of the switching tube. Be-
cause the lossless snubber circuit can transfer the energy from the snubber circuit to the
load through resonance, its opening loss is smaller than that of the conventional snubber
circuit. Therefore, without affecting the regular operation of the converter, the lossless
snubber circuit can choose a larger capacitance snubber capacitor to obtain a better du/d¢t
suppression effect.

2.2. Equivalent Model of CM EMI

To clarify the impact of du/dt on the CM EMI, the CM EMI conduction path of
the lossless snubber PFC converter was first analyzed. When using the linear impedance
stabilization network (LISN) for EMI measurements, the CM EMI conduction path is shown
in Figure 3.
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Figure 3. Conduction of CM EMI: (a) Positive half-cycle of input voltage and (b) Negative half-cycle
of input voltage.

According to Figure 3, during switching, the high-speed jump of v45 forms a CM noise
conduction loop through the parasitic capacitance Cp, between the switch heat sink and
the protective ground. Moreover, the CM current icy; causes CM EMI through the noise
conduction loop.
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In order to quantify and analyze the principle of nondestructive snubber circuits to
suppress CM EMI, the CM EMI conduction loop is equated. The voltage across the LISN
resistor was used to measure the magnitude of the CM EMI. We denoted the voltage of
resistor Ry, on the L line as v and the voltage of resistor Ry on the N line as vy. The CM
noise voltage vcy can be quantified as:

ocm= (v +oN)/2 1)

Because C;, is usually very small, its value is only a few tens of pF, and C; = 1 uF
and Cp = 0.1 pF in LISN. Therefore, the CM noise equivalent circuit can be obtained by
combining Equation (1) with the conduction path of CM EM]I, as shown in Figure 4. In this
figure, Rin = Rp./2 = RN /2 =25 Q). As shown in Figure 4, the high-speed jump vy; is the
primary noise source of CM noise. So, suppressing du/dt can directly reduce CM EML.

— Uds +

Figure 4. Equivalent circuit of CM EMI.

2.3. CM EMI Suppression Effect of Snubber Circuit

As vgg is the primary source of CM noise, the analysis of the CM EMI suppression
effect of the snubber circuit can be equated to the analysis of the effect of the snubber
circuit on the v4g spectrum. The v45 waveform is usually approximated as a trapezoidal
waveform to simplify the analysis. Decomposing v44 into Fourier steps, the amplitude of
each harmonic can be obtained as:

A(k) = 2Atw fs| sinc(knf ;Tw) || sinc(knf (77) | 2)

In Equation (2), k =1,2,3, ..., denotes the number of harmonics. The function A(k)
represents the amplitude of the kth harmonic. The function sinc(x) = sinx/x. A is the
amplitude of the trapezoidal wave; f; is the switching frequency; Ty is the time between
the voltage rising to A¢/2 and falling to A;/2, and 7, is the rise and fall time of the voltage.

Due to the fast switching speed of the power-switching devices, the drain—source
voltage’s rise and fall times are short. So, there is Ty >> 7. According to Equation (2), the
envelope of the harmonic amplitude decays with a slope of —20 dB/dec when the number
of harmonics is greater than 1/(nfs7w). When the number of harmonics is greater than
1/(nfsTr), the decay slope is —40 dB/dec. Increasing the snubber capacitance suppresses
du/dt and reduces the rate of rise of v4s. When the higher harmonics start to decay at a
relatively low number of times with a slope of —40 dB/dec, this reduces the CM noise at
high frequencies. However, to ensure the converter’s regular operation, the value of the
snubber capacitor should not be too large, resulting in a lossless snubber circuit for the
relatively low-frequency band of the CM noise suppression effect that is poor.

3. Principles of CSS-LS

To improve the low-frequency EMI suppression of the lossless snubber circuit and to
further reduce the CM noise of the circuit. The lossless snubber Boost PFC converter was
optimized using chaotic spread-spectrum modulation.

Chaos spread spectrum reduces the noise peak at the switching frequency and its
multiples by extending the switching spectrum. At the same time, the chaotic spread
spectrum has been widely used in various power electronic converters because it does
not change the circuit structure or add additional hardware. The key to achieving chaotic
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spread-spectrum modulation is to make the switching frequency of the switching converter
vary chaotically within a specific range. After using chaotic spread-spectrum modulation,
the PWM and the drain—source voltage waveforms of the switching are shown in Figure 5.
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Figure 5. Waveforms of PWM and drain-source voltage.

In Figure 5, V, is the output voltage amplitude. 7, is the starting moment of the nth
switching cycle. T, is the duration of the nth switching cycle. D, is the duty cycle of the nth
switching cycle, and D’;, = 1 — D,,. The slope of the voltage rise when the switching tube is
switched off was approximated as K. The slope of the voltage fall was approximated as —K.

According to Figure 5, the time domain equation for vys is:

v4s(t) = Z;O:l Odsu (t — Tn) 3)
In Equation (3), vgg,(t) is
Kt, 0<t<h
_ ) Y, <t <t
Oasn (F) = Vo—K(t—1t), th< t <D,Ty @
0, Others

where 0 to ¢ is the switching-off process. t to t; is the switching-off time. t; to D", T}, is the
switching-on process, and the slope of voltage rise K =V, /1.

Because T, is the accumulation of the first n — 1 switching periods, 7, is a chaotic
sequence. A time-continuous function N(f) is defined from 7, [34]. N(f) denotes the number
of vg4s trapezoidal waves in the time interval [0,¢].

N(t) = max{n :7, < t} ()
For Tn(1) < T < Tn(T1)+1, the spectrum of vy(t) is:
VdsT (]f ) = ZnN:(tl) Vdsn (]f )e7j27'(f"rn 6
_ vN(®) / : : / —jref (2Ty+D) Ty) ©®)
=Y,-1 Vo(D; Ty — ty)sinc(rft,) sin(D; T, — t1)e™) n T Enln

In order to analyze the energy distribution of vy45 at fundamental and octave frequen-
cies, a replacement representation can be made using the power spectral density. The
power spectral density is often used to characterize the distribution of the power of a signal
in the frequency domain. The power spectral density P(f) of v44 after chaotic spreading is
calculated from V4,7(jf) and can be expressed as:

P(f ) =Jim ZE(|V g7 ) @)
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VastGf)* =

where E(-) is the expectation function.
Substituting Equation (6) into Equation (7), and | V4er(jf) 12 is calculated as:

[ N(t) ZN(lt) cos2nf (D1 Ty — 1) |

1

+):l 1 Zan% lcoserf AT + AT+M

szz sinc?(nfty) x +):l ; 25(1‘% ’cos27tf At+ AT — M @®
- Zfi(lt) Zﬁﬁi* cos2nf (AT + AT + M s
—Zil\i(lt) Zﬁ(ﬁ_ cos 2mtf Ar+% M+t

where AT =T; — T, and AT =T; — Ty,. Because 1, and T, are chaotic sequences, AT and
AT are chaotic variations.

Due to the wild and ergodic nature of the chaotic sequences, the double summation
term in Equation (8) shows that the distribution of the v45 spectrum after spreading is
uniform compared to that before spreading. Combining Equation (7) with Equation (8)
shows that CSS-LS makes the energy of v45 concentrated at the switching frequency, and
its multiples are spread over a frequency band with a specific bandwidth. This results in a
reduced and continuous peak in the power spectral density of the v4s.

4. Simulation Analysis

In order to verify the accuracy of the above theoretical derivation, this chapter used the
simulation software Saber 2016 to simulate the CM EMI suppression effect of the lossless
snubber and CSS-LS. A Boost PFC converter simulation model with a lossless snubber
circuit was built, and the simulation parameters are shown in Table 1.

Table 1. Simulation parameters of Boost PFC converter.

Parameters Value
Input Voltage Vi, 15~24V

Output Voltage V, 48V
Inductance L 170 uH
Output Capacitance C, 2200 uF

Load resistance R; 20 Q)
Switching Frequency f 100 kHz

UC3854 was selected for the controller of the PFC converter. The switch was selected
as IRFP460. Considering the relationship between Cs and switching losses, the value of C;
can be calculated by the following equation [35]:

Csopt = % (9)
Us
where Csopt is the optimal value of Cs, Rg is the gate drive resistor, Cdg is the gate—drain
parasitic capacitance of the switching tube, and vg is the gate-drive voltage.

After calculations and simulation tests, Cs was taken to be 4.7 nF. The resonant capaci-
tor C; requires storing the energy of the lossless snubber circuit, and its value is usually
10~30 times that of Cs. The final value of 47 nF was taken for this design.

The analysis of the lossless snubber circuit’s operating mode shows that two resonance
processes exist in the lossless snubber circuit. In order to ensure that the resonance process
does not affect the regular operation of the converter, the resonance should be completed
within the time of the switching tube conduction. Therefore, the resonance parameters
need to satisfy the following:

1 > Dfs
rCr min
275\/1L i (1 0)

271 /L;Ceq ” Drin
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where Dpin = (1 — Vin_max/ Vo) is the minimum duty cycle of the PFC converter, and
Ceq = C:Cs/(Cr + Cs).

Without affecting the regular operation of the converter, the larger the value of the L.,
the better the buffering effect of the lossless snubber circuit. So, Ly was chosen as 1 pH in
this design.

In order to analyze the effect of the lossless snubber circuit, the primary and lossless
snubber PFC converters were simulated. The PFC converter was set up according to the
Application note about UC3854 from Texas Instruments. The simulation circuit diagram is
shown in Figure 6. The chaotic signal for the spread spectrum was generated by Chua’s
circuit. Chua’s circuit is a third-order nonlinear circuit. It mainly consists of a linear circuit
and a nonlinear circuit. Figure 7 shows a typical Chua’s circuit. In Figure 7, the elements
in the dashed box form a nonlinear negative resistor. With correctly set parameters, the
voltages across Cq, Cp, and L vary chaotically.

L - Le
170u Tu >
5 5
.7n
i 50u . T —D}i% R
/jl‘ 1 irfp460, 20
> T P> 5
= 50u o |~ +Co
TT ias T T - ENTh 2300u
/Ttlfle 0.1 :l—\ -lgf 01
0 Vee i
—AAN
- vee
ena

icaout vaout|

multnut—\—Jl; R

isense

t
L gtdrv rs§t
P gnd é

iy
7

Figure 6. Boost PFC converter simulation circuit.
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) 100n 17.2m|10n| |
| |
| 220,
I vee =22k |
| | |
123.3k 2.2k |
|\ d

Figure 7. Chua’s simulation circuit.

The simulation set up the probe to measure vq4s. The corresponding v4, waveforms are
shown in Figure 8a. According to Figure 8a, the lossless snubber reduces the rising rate
of v4s and reduces the du/dt of the switching. The spectrum of v45 was obtained by fast
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Fourier transform of the v4; waveforms using Saber’s waveform calculator. Moreover, the
v4s spectrum is shown in Figure 8b. According to the v45 spectrum of the conventional
circuit and lossless snubber in Figure 8b, we found that the peak of the v445 spectrum of
both the regular circuit and the lossless snubber (LS) occurs at the switching frequency and
its multiples. Furthermore, in the high-frequency band, the peak spectrum of the lossless
snubber is lower than that of the basic. This is consistent with the theoretical analysis.

60 =
- Regular 125 Regular
= s 2 —5
LS
I — ——
240 i} 2100
< i E
=} | —
o | o = 75
£ | :\ ' | E
E  E O A £ 50
0 | VA B 2
~ 254 PEpE— I
7 T T 100k 1M 10M  30M
t/(10 us/div) Frequency/Hz
b
(@) (b)

Figure 8. Drain—source voltage waveforms under regular and lossless snubbers: (a) Drain—source
voltage waveform and (b) Drain-source voltage spectrum.

The lossless snubber PFC converter with traditional PWM (TPWM) and chaotic spread
spectrum was simulated. Chaotic signals were generated using Chua’s circuit with a spread
spectrum of +10 kHz. Furthermore, the spectrum of v4, under TPWM and chaotic spread
is shown in Figure 9. The simulation results show that the v45 spectrum of CSS-LS has good
continuity. The energy of the v45 spectrum at the switching frequency and its multiples
was dispersed to the surrounding frequencies by using CSS-LS. The energy dispersion
reduces the peak value of the v4¢ spectrum with CSS-LS. Compared to the v4s spectrum
with TPWMH+LS, the peak of the vy45 spectrum with CSS-LS decreases significantly. At
300 kHz~10 MHz, the v44 spectrum with CSS-LS is reduced by 6~20 dBuV compared to the
v4s spectrum of TPWM + LS. The simulation results verify the accuracy of the theoretical

analysis, and the chaotic spread spectrum can optimize the EMI suppression effect of the
lossless snubber.

150

TPWM+LS
CSS-LS

—_
o
(=

~1
Ul

Spectrum of vas

25 T T T T Trrrr T T T T rrrr T 1
100k M 10M  30M
Frequency/Hz

Figure 9. Drain—source voltage spectrum under TPWM and CSS-LS.
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5. Results and Discussion

A prototype Boost PFC converter was built to verify the accuracy of the theoretical
derivation and simulation. The experimental circuit diagram is shown in Figure 10. The
prototype is shown in Figure 11. The inductor L of the prototype was measured to be
174 uH. The output capacitor C, was selected to be 2200 pF. The load resistance R; was
selected to be 20 (). According to the Application note, the UC3854B was set up with a
voltage feedback loop and a current feedback loop. Pin 12 of the UC3854B was connected
to a resistor Rget, and pin 14 of the UC3854B was connected to a capacitor C;. The values
of Reet and C; determined the oscillation frequency of the UC3854B. According to the
Application note, the switching frequency of the prototype can be derived from the equation
fs =1.25/(Rset X Ct). The switching frequency fs of the prototype was calculated to be
about 110 kHz. A programmable power supply provided the input power. The input
voltage was 24 V, and the frequency was 50 Hz.
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M A
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i —c.
VD1 VD2| VDs|
Vin@k LISN :} _
] *WE'— To CalR
U[" ",UN *
CM ’ Current Chua's
EMI : samplin "
] Noise UC3854B |eti|  chaotic
cparator Voltage system
sampling

Figure 10. Circuit experiment.
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circuit

-

A (G

®s'd Analyzer
-
& al

Chaotic signal

W -

Lossless
snubber

Figure 11. Experiment platform.

An adjustable Chua’s circuit provided the chaotic signal. The attractor of the chaotic
signal is shown in Figure 12a.The waveform of the sawtooth wave delayed by 1 s at Pin 14
of the UC3854 after spreading is shown in Figure 12b, with the switching signal jittering in
the time domain.
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Figure 12. Chaotic spread spectrum: (a) Chaotic attractor and (b) Sawtooth waveform.

Firstly, an EMI test was carried out to measure the CM EMI spectrum of the PFC
converter in the regular circuit, lossless snubber, and CSS-LS states. LISN was added
between the input power supply and the prototype during the test. LISN represents the
noise as a voltage. Then, the noise separator separated the CM EMI from the noise voltage.
The spectrum of CM EMI was measured by the spectrum analyzer, as shown in Figure 13.
The peak value of the CM EMI spectrum at switching frequency multipliers is shown in
Table 2.

1001

Regular
LS
CSS-LS
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(=}
T
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Figure 13. CM EMI spectrum.

Table 2. CM EMI spectrum at multiples of the switching frequency.

Frequency/Hz 220k 440 k 880 k 22M 6.6 M 1M 22M
Regular/dBuV 83.17 87.11 80.37 59.03 52.74 41.48 35.20

LS/dBuVv 81.55 95.81 86.40 57.60 45.64 39.80 29.45
CSS-LS/dBuv 77.20 75.99 71.08 49.82 30.81 25.53 26.32

According to the spectrum of CM EM]I, in 0.15~4 MHz, the spectrum of the lossless
snubber is similar to that of the regular circuit. The CM EMI suppression effect of CSS5-LS
can be seen more clearly in Table 2 for the low-frequency band. In the low-frequency
band, the CM EMI is not reduced or even higher for the circuit with a lossless snubber
than the regular one. In comparison, the CM EMI with CSS-LS is reduced by 6~10 dBuV
compared to the regular circuit. In 4~30 MHz, the peak of the CM EMI spectrum of lossless
snubber is reduced by 4~10 dBuV. Comparing the CM EMI spectrum of basic circuits with
that of CSS-LS, we found that the CM EMI spectrum of CSS-LS has good continuity. In
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0.15~4 MHz, the peak CM EMI of CSS-LS is reduced by 6~20 dBuV compared to the basic.
In 4~30 MHz, the CM EMI is reduced by 4~20 dBuV.

The experimental results show that CSS-LS significantly improves CM EMI suppres-
sion in low frequency compared to the lossless snubber circuits. The suppression effect in
the high frequency is also better than that of the lossless snubber. It is consistent with the
theoretical derivation and simulation analyses.

Finally, a power supply stability test was carried out. The input voltage, current,
and output voltage of the PFC converter were measured under the regular circuit and
CSS-LS state as shown in Figure 14. The CSS-LS has a negligible effect on the power factor
correction, derived by comparing the input voltage and current sections in Figure 14. As
in the conventional circuit, the phase of the input current in the CSS-LS state follows the
input voltage very well. The power factor was 99.4% for the regular and 99.4% for CSS-LS.
It shows that CSS-LS has less impact on the stability of the Boost PFC power supply.

% 120 V/div] 2020 V/div]

g, J

vin:[20 V/div] oin:[20 V/div]
- : /_,/1 10 A/div], o 5 é :[10 A/di’/\'z,]_\

\ / { Y 4 \ ') \
\ f \ f \ \ / \ / \ /

"/ \./ b e/ o/ N/
Times:[5 ms/div] Times:[5 ms/div]
(a) (b)

Figure 14. Input voltage and current and output voltage waveforms: (a) Regular Boost PFC converter
and (b) Boost PFC converter with CSS-LS.

6. Conclusions

Aiming at the severe problem of EMI in high-frequency switching power supplies,
this paper analyses the EMI suppression effect of lossless snubber by establishing a CM
EMI model for lossless snubber PFC converters. A proposed CM EMI suppression method
combines a passive lossless snubber circuit with a chaotic spread spectrum. This method
improves the EMI suppression ability of the lossless snubber circuit at low frequencies.
Moreover, it further reduces the peak of high-frequency EMI. At the same time, this method
can reduce the switching loss and improve the converter’s efficiency. Furthermore, it does
not need to use an auxiliary circuit that is easy to apply. In addition, the CSS5-LS only takes
up a little space and is lightweight. Therefore, CSS-LS can be integrated into the converter
circuit. Using CSS-LS to suppress CM EMI follows the trend of power electronic converters
toward high-frequency and high-power density. CSS-LS can be used as an excellent CM
EMI suppression method in high-power-density power electronic converters.

The final EMI test results show that CSS-LS reduces the CM EMI amplitude by
6~20 dBuV at a low frequency. The suppression effect in the high frequency is also better
than that of the lossless snubber. The power supply stability tests also demonstrate that
CSS-LS has little effect on the stability of the Boost PFC converter. Compared with other
EMI suppression methods, this method requires fewer changes to the circuit structure and
is less costly. The chaotic spread spectrum is suitable for PWM converters that use lossless
buffers. This improved method not only reduces CM EMI but also reduces switching losses
while taking up less space. This method, which is beneficial to high power density, has
certain practical value.
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