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Spread-Spectrum Frequency Modulation With Adaptive Three-Level Current
Scheme to Improve EMI and Efficiency of Three-Level Boost DCM PFC

Moonhyun Lee

Abstract—Discontinuous conduction mode controlled boost-
ing power-factor-correction (PFC) converters suffer from high
differential-mode electromagnetic interference (EMI) and require
a large input filter due to high inductor current ripples at a single
switching frequency. To remedy the shortcomings, a downward
spread-spectrum frequency modulation (SSFM) is proposed in this
letter. The SSFM can be used by boosting PFC converters for
reduced EMI and improved efficiency. On top of the frequency
modulation, a novel adaptive three-level current (ATC) scheme is
devised with three-level boost PFC using multilevel capability to
obtain further reductions of peak current and EMI amplitude.
Analyses and experiments validate that the proposed SSFM and
ATC scheme can bring improvements of EMI and efficiency at the
cost of increased output-voltage ripple.

Index Terms—Discontinuous conduction mode (DCM),
electromagnetic interference (EMI), power-factor correction
(PFC), spread-spectrum frequency modulation (SSFM), three-level
boost.

I. INTRODUCTION

EPENDING on inductor current waveforms of boost-
D ing power-factor-correction (PFC) circuit operations, PFC
control methods can be categorized into three—continuous con-
duction mode (CCM), discontinuous conduction mode (DCM),
and critical conduction mode (CRM) [1]. Among the methods,
DCM- and CRM-based boosting PFC converters have been
employed in universal-voltage low-to-mid power applications
because of the absence of reverse recovery by zero-current turn-
ON, low-cost diode implementation, and low converter cost [2].

Boosting PFCs with DCM operate based on fixed switching
frequency, while CRM control brings inherently time-varying
operation frequency [3]. Due to the difference, DCM con-
trol can exclude zero-current-detection circuitry and exquisite
switching-cycle control, achieving a simpler control structure.
However, higher current peak/ripple and device current stresses
are relative drawbacks compared to CRM method. Furthermore,
differential-mode (DM) electromagnetic interference (DM-
EMI) amplitudes from DCM are much higher than CRM since all
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Fig. 1. Frequency spectrum by control method.

the EMI-related energies are concentrated on a single frequency,
causing increased size and weight of the input filter [4].

In recent years, an effective EMI reduction technique called
spread-spectrum frequency modulation (SSFM) has been widely
studied and adopted to power-electronic systems in various
applications [5]-[7]. Major clients of SSFM method have been
dc—dc converters, especially for resonant-type converters of
which system characteristics are highly related to frequencies
[5], [6]. With SSEM, the switching frequency can be distributed
to the intended range so that critical EMI amplitudes can be
significantly reduced at the acceptable cost of increased output
voltage ripple [7]. According to the proven effects of SSFM, high
DM-EMI amplitudes of boosting PFC converters with DCM
control can be an apposite target. In [8] and [9], SSFM techniques
were proposed for PFC rectifier applications based on integrated
modulation of clock and signal generator.

EMI amplitudes in the research were significantly reduced,
but waveform qualities were affected by the implemented SSFM
due to the nonstraightforward frequency modulations.

Along with the trend, this letter aims to propose an SSFM
suitable for DCM control in many boosting PFC converters. In
Fig. 1, the desired spectrum of the proposed SSFM is shown.
Under equal specifications of input—output, inductance, and
power, the conventional DCM spectrum in black has much
higher peak amplitudes than the distributed CRM spectrum in
blue. Since the current mode of boosting PFC by DCM control
can easily violate CCM when switching frequency is increased
near the boundary, the proposed DCM spectrum aims to be
located at the lower switching frequency region in red, which
is called the down-spread spectrum technique [7]. Accordingly,
reduction of switching losses is expected as an additional benefit.
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Fig. 3. Key waveforms of the proposed SSFM.

On top of the proposed SSFM, this letter utilizes three-level
boost (TLB) PFC in Fig. 2 to achieve further EMI reductions.
It can be mainly enabled by the proposed adaptive three-level
current (ATC) scheme which is based on multilevel current-slope
capability of TLB PFC [10]. Thus, two different DM-EMI
reduction approaches are collaborated as follows.

1) Proposed SSFM technique: Distribute EMI spectrum.

2) Proposed ATC scheme: Minimize inductor current ripple.

This letter includes operation principles of the proposed meth-
ods, equations, implementation, and experimental results.

II. PROPOSED SSFM WITH ATC SCHEME
A. Proposed SSFM

Fig. 3 shows key waveforms of the proposed SSFM for DCM
boosting PFCs founded on general phase-locked-loop (PLL)
control of ac input voltage [11]. From PLL control, angle 6 of
ac input is extracted to produce linearized switching-frequency
distribution during ac line period 7. Minimum and maximum
frequencies are designed to locate at zero-crossing and peak
input voltages, respectively. By doing so, the down-spread
spectrum in Fig. 1 can be realized. The proposed frequency
distribution in Fig. 3 can be formulated by (1) in terms of 6

fsw = |H9| - 7T/2| - 7/2’ . (2/7() . Af + fsw.min (1)

where Af is the frequency range of SSFM and fy.. min i the
minimum frequency limit, respectively. The minimum switching
frequency is usually set above audible range while the maximum
frequency of SSFM should be designed with considerations of
switching losses, DCM operations, and hardware capabilities.
With the proposed SSFM, conventional two-level DCM current
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Fig. 5. Proposed ATC scheme with the proposed SSFM.

modulation can be used as Fig. 4. ON-time duration T,, is
resulted from slow-dynamic compensator for v, and remains
almost constant during line cycles [4]. With a properly designed
compensator, two-level DCM operations in Fig. 4 can be obtain-
able not only by TLB PFC, but also by two-level boosting PFC
topologies (e.g., conventional boost PFC, dual boost PFC, and
totem-pole boost PFC).

B. Proposed ATC Scheme for SSFM

With the proposed SSFM, DM-EMI amplitudes of DCM
control can be significantly reduced. However, with TLB PFC,
there remain chances to reduce EMI noises further. In general,
multilevel feature is exploited to improve waveform qualities
(e.g., THD) in ac—dc rectifiers and dc—ac inverters. From this
standpoint, three-level current-slope capability of TLB can bring
additional degrees-of-freedom to the proposed SSFM. In Fig. 5,
key waveforms of the proposed ATC scheme are depicted. The
main concept is adding an adaptive single-switch ON-time 7,
in each switching cycle to get three-level current modulation.
Depending on the input voltage level, inductor current can be
both DCM and CRM forms, as shown in Fig. 5. Toggling of
switch conduction for 7, between S; and S» is to mitigate
asymmetry and output voltage unbalance.
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Under the assumption of equal input—output voltages, power,
and inductance, average input currents of two-level DCM and
ATC schemes can be equal only when the areas of inductor
currents in each switching cycle are matched to each other. Since
the duration of nonzero inductor current in Fig. 5 is longer than
that in Fig. 4, it is reasonable to expect lower peak current from
the proposed ATC scheme. Mathematically, the average T,,, by
the two-level DCM scheme is proven to be (2) by [1] and average
T,y by proposed ATC scheme can be derived as (3) under equal
power delivery assumption as follows:

sw 2m swLPo
Ton.2L = f Pl (2)
‘/in pk fﬂ —— sin®0 do
. 0 (1*%‘Sin 9\)
Vo Ton.2L
T n = ' T n. 3
on-3L <Uo - Vvin.rms tsw > on-2k ( )

where Vi, ;4 is the peak of input voltage and Vi, s is the rms
value of input voltage, respectively. Since Ty, 57, is shorter than
Ton 21, in most cases, lower peak current can be expected by
ir.pk = (in/L)-Ton. In other words, the proposed ATC scheme
can bring additional reductions of DM-EMI amplitudes in a
different way, compared to the proposed SSFM itself. While the
proposed SSFM distributes concentrated EMI energies to wide-
range frequency spectrum, the proposed ATC scheme directly
minimizes inductor current ripple and corresponding DM-EMI
amplitudes. The feature of proposed ATC scheme is distinctively
achievable by none other than TLB topology.

Although the toggling function of conducted switch for 7,, in
Fig. 5 is applied to the proposed ATC scheme, voltage balancing
between vy and v o cannot be guaranteed. It is because the ac
input and switching frequency conditions keep changing for line
cycle 77 so that asymmetric charging/discharging amounts of Cy
and Cy are unavoidable. Thus, a balancing method that can be
equipped with the proposed ATC scheme is devised as Fig. 6.
The principles are as follows. The setup has sampling frequency
set higher than fq,. max; 1) vo1 and v oo are measured and higher
voltage is defined as v,; 2) higher voltage cell’s switch is chosen

required 7, by
equation (4)

T

Flowchart of the proposed SSFM with ATC scheme.

To
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Fig. 8.

to be conducted in #,, period for discharging; and 3) required ?,,
in a cycle which can be calculated by the following is applied
to the selected switch through pulsewidth-modulation (PWM)
module

(Uo - Uin) : tsw — Vo - Ton

to = . (€]
Up

The solution in (4) reflects all the real-time input—output volt-
ages and unbalanced conditions in order to achieve quadrangular
CRM-shared current waveforms as close as possible; corre-
spondingly, minimized inductor current ripple and DM-EMI
amplitudes can be achieved under given switching frequency
specifications. By the steps 1)-3) in each sampling cycle, TLB
PFC with the proposed SSFM and ATC scheme can get balanced
outputs; the flowchart of one sampling routine is summarized in
Fig. 7. The entire control block diagram for the proposed SSFM
and ATC scheme is also drawn in Fig. 8, visualizing the feedback
path of T, and feedforward process for ¢, respectively.

III. EXPERIMENTAL RESULTS

For verifying the proposals, a 300-W TLB PFC prototype was
built and tested with the specifications in Table I; the laboratory
setup is shown in Fig. 9. Conditions 110V,,,s and 300 W are
chosen for spectrum analysis because the combination of low
input voltage and full load induces the largest DM-EMI.

In Fig. 10, steady-state waveforms of the proposed SSFM
and ATC scheme are presented. The switching frequency varies
between 25-35 kHz with input voltage variation. Zoom-in in-
ductor currents in Fig. 10(b) show good agreement with the
proposed ATC scheme in Fig. 5. Depending on the input level,
TLB operates both in DCM and CRM forms with reduced peak
currents which are direct root causes of DM-EMI amplitudes.
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TABLE I
EXPERIMENTAL SPECIFICATIONS

110 Vi
400 V
60-300 W (20-100%)
TPWG0R041P6 (C,y=310 pF, Ry =41 mQ)
C4D10120D (v=1.4 V)

Input voltage
Output voltage
Load
Switches (51, 5>)
Diodes (D1 Dz)

Inductance (L) 230 uH
Capacitance (Cy, C») 470 uF
Digital controller Texas instruments TMS320F28377D
SSFM frequency 25-35 kHz
Sampling frequency 40 kHz
EMI spectrum analyzer Agilent N9320B

==

&) )

Fig. 9. EMI measurement setup.

Ver [100 V/div] Vea [100 V/div]

v |
- - AN TELEDYNELECROY

V,, [100 V/div] i [10 A/div] Ave=10.28 V |
[5 ms/div] 1
(a)

50 Vidiv] Iz [5 A/div] g T ecnoy Vin [50 V/idiv]  if [5 A/div] g TEome ecnoy

T0u =368 s T =327 ps

(fiw=27.1kHz) (fow=30.6 kHz)
[10 ps/div] [10 ps/div]

Zoom-in at v;, = 50 V Zoom-in at v, =90 V
Vi [50 V/div] i [5 A/div] i [5 A/div] PR 1 oo

P Vin [50 V/div]

T =297 ps
3.7 kHz)

(&

[10 ps/div] [10 ps/div]

Zoomein at v, = 130 V Zoom-in at v, = 156 V' (near peak)

(b)

Fig. 10.  Experimental results. (a) Steady state. (b) Zoom-in by input voltage.

In Fig. 11, the proposed SSFM based on ATC scheme is tested
with and without voltage-balancing method. Before activating
the balancing, 176 V unbalance existed. But, after activation, the
unbalance is effectively resolved.

In Fig. 12, the measured DM-EMI results are shown by the
control method. Around the switching frequency region, the
proposed SSFM can reduce peak amplitudes by 12.7 dBuV
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than fixed-frequency DCM, by the principle of distributing
EMI-related energies on the frequency spectrum. The proposed
ATC scheme can also bring further reduction by 2.5 dBuV by
minimizing the inductor current ripple under given conditions of
frequency, power, and voltages. Reduction effects are repeatedly
found in integer multiples of switching frequencies and those
patterns in the higher frequency region will be helpful for
reducing filter sizes and fulfilling EMI standards.

In Fig. 13, measured efficiency and output voltage ripple
are plotted. The proposed SSFM based on down-spectrum is
rewarded with efficiency improvement by 0.43% on average
than fixed-frequency modulation (FFM), and the proposed ATC
scheme brings additional 0.12% increment on average. As men-
tioned in Section I, increased output voltage ripple is a tradeoff
of the proposed SSFM. The results show that 7.14 and 8.28 V
increments were measured from SSFM and SSFM with the ATC
scheme, respectively.

IV. CONCLUSION

This letter proposes an SSFM technique for DCM boosting
PFC converters including TLB topology to reduce DM-EMI
amplitudes originated from high inductor current ripple and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 3, MARCH 2021

peak. To remain in DCM, down-spectrum-based frequency dis-
tribution is adopted to the SSFM and the reduction of switching
losses is given as secondary benefit. On top of the proposed
SSFM, this letter devises a novel ATC scheme for TLB PFC.
The concept of adaptive single-switch ON-time brings further
reductions of current ripple and EMI amplitudes by forming
inductor current in quadrangular CRM shape, especially at the
peak of input voltage. In summary, it can be noted that while
the SSMF technique intentionally distributes EMI spectrum, the
ATC scheme directly reduces inductor current ripple, which are
main root causes of DM-EMI noises. Therefore, a collaboration
of the two different EMI-reduction approaches can bring the
lowest EMI amplitudes. Experimental results verify that the
proposed SSFM and ATC scheme can improve EMI noises and
efficiency at the cost of output voltage ripple increment.
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