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Abstract—Critical conduction mode (CRM) power factor cor-
rection (PFC) converters are widely used in industries. For CRM
PFC converters, high inductor current ripples generate high differ-
ential mode (DM) electromagnetic interference (EMI) noise, which
calls for big EMI filters. On the other hand, the switching frequency
varies during a half line cycle. The characteristics of the EMI in
CRM PFC converters have not been carefully investigated and the
worst case DM EMI noise has not been identified. The design of an
EMI filter is difficult. In this paper, a mathematical model based on
the principle of quasi-peak noise detection is proposed to predict
the EMI noise in CRM PFC converters. The developed model is
verified by experimental results. Based on this model, the worst
case DM EMI noise can be predicted. This will greatly help in the
design of EMI filters for CRM PFC converters.

Index Terms—Critical conduction mode (CCM), electromag-
netic interference (EMI) noise prediction, mathematical model,
quasi-peak detection, worst case analysis.

I. INTRODUCTION

HERE are two popular control modes in power factor cor-
T rection (PFC) converters: constant-frequency continuous
current mode (CCM) and critical conduction mode (CRM). The
CRM PFC converter is widely used in power adapters, entry-
level servers, and other applications. The biggest advantage of
CRM is that the reverse recovery loss of power diodes can al-
most be eliminated with zero conduction current when MOSFET
turns ON. There are two control schemes for CRM PFC: current
mode control and voltage mode control. The turn-on time 7T,,,, of
each switching cycle for either mode is constant over a half line
cycle to guarantee that the average input current is sinusoidal
and it is in phase with the input voltage. Because of the sim-
plicity of voltage mode control, it is becoming more and more
popular in CRM PFC converters. In this paper, a CRM PFC
converter with voltage mode control is investigated in Fig. 1(a)
and (b). In Fig. 1(a), I, is the current in the boost inductor. When
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Fig. 1. Voltage mode control scheme for CRM PFC converters. (a) Control
scheme. (b) Current and voltage waveforms.

I, reaches zero, MOSFET is turned ON. The output voltage is
sensed and compared with the reference voltage V...¢. The error
voltage Vp is compared with a triangular waveform. When the
triangular voltage is higher than Vp, MOSFET is turned OFF.
In Fig. 1(b), Vi, _rec s the rectified input ac voltage within half
line cycle. The diode bridge before the PFC converter is not
shown in Fig. 1.7z peax is the peak current of /7. iz v s the av-
erage current of /1. Because the time constant of control loop is
much longer than line frequency, on-time 7, is almost constant
within the half line cycle and given as

2Lg P,
Ton = B; .
NVrMs

ey

In (1), P, is the output power, Vis is the input RMS voltage,
and 7 is the efficiency.

A major concern for a CRM PFC converter is its high con-
ducted DM EMI noise due to its high inductor current ripple
(200% of the average inductor current). Most of the existing lit-
erature focus on the EMI noise analysis for constant-frequency
CCM PFC converters [1]-[8]. On the other hand, the switching
frequency of a CRM PFC converter varies within a half line
cycle. This has not been carefully investigated.
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Fig. 2. Switching frequency f; versus time ¢ at different input line voltages.
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Fig. 3. Switching frequency fs versus time ¢ at different loads.

It is not easy to analyze the EMI of a PFC converter with vari-
able switching frequency. The switching frequency of a CRM
PFC converter is a function of time, input line voltage, and load
as shown in Figs. 2 and 3. This is quite troublesome because
the converter’s EMI performance is sensitive to the switching
frequencies. In order to design an optimal EMI filter for a CRM
PFC converter within whole line voltage and load ranges, the
worst EMI noise must be identified.

There is one more special characteristic for the EMI noise in a
CRM PFC converter. The comparison between measured quasi-
peak DM noise and average DM noise for a CRM PFC converter
is shown in Fig. 4. The measurements are carried out at 115V
input and 150 W load. The magnitude of quasi-peak noise is
about 20 dB higher than that of average noise. This is related to
the frequency modulation effect, which is well explained in [9]
and [10]. Since the EMI standards, such as EN55022 [11], of
quasi-peak noise are only 10 dB higher than those of average
noise, the quasi-peak noise is much more critical than the
average noise for a CRM PFC converter. This paper will focus
on the prediction of the quasi-peak DM EMI noise. Its result
will benefit the EMI filter design for CRM PFC converters.

II. PRINCIPLE OF QUASI-PEAK NOISE DETECTION

The principle of quasi-peak noise detection in a classic analog
spectrum analyzer is shown in Fig. 5 [13]. There are generally
three devices in a quasi-peak detection process: intermediate
frequency filter (IF), envelope detector, and quasi-peak detector.
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Fig.4. Comparison of quasi-peak and average noise for a CRM PFC converter.
(a) Quasi-peak DM noise. (b) Average DM noise.
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Fig. 5. Block diagram of quasi-peak noise detection.

IF is a band-pass filter with a 9 kHz resolution bandwidth (RBW)
at —6dB. It has an intermediate frequency varying from 150 kHz
to 30 MHz. It can be characterized using a near-Gaussian filter.
In this paper, based on the near-Gaussian filter theory, the
magnitude of the IF gain is approximately described as

Gir (f, fir) | = o (f=fiE)? /e )

where fis the frequency of the input noise, fir is the intermediate
frequency, and

4.5k
c= . 3)
VIn2 ¢
Equation (3) defines the 9 kHz bandwidth at —6dB. A com-

parison between the IF gains specified in (2) and in the standard
is shown in Fig. 6. They match very well.

The input noise signal is first processed through the IF with
the IF gain described in (2). Then the envelope detector detects
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Fig. 6. Comparison between IF gains specified in (2) and the standard.
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Fig. 7. Principle of quasi-peak DM EMI noise prediction for a CRM PFC
converter.
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the envelope of the noise signal filtered through the IF. IF
and the envelope detector work together to detect the envelope
of the noise signal within the band of fir &+ 4.5kHz and filter
out the noise signal outside the RBW. From the mathematical
point of view, for the input noise signal with constant frequency
f and constant amplitude P, the output of the envelope detector
is equal to P |Gir(f, fir)|. Similarly, for the input noise signal
with variable frequency f{(f) and variable amplitude P(¢), the en-
velope E(t, fir) would be P()|Grr (f(7), fir)|. The mathematical
models of the output of an envelope detector for any signals can
be derived similarly. Finally, the output of the envelope detec-
tor is fed to a quasi-peak detector. The quasi-peak detector is a
charging and discharging network with time constants specified
as [12] charging time constant 7¢ = 1 ms and discharging time
constant 7p = 160 ms. The analog circuit for the quasi-peak
detector in Fig. 5 is an example of the implementation [14].
Fig. 7 illustrates the detail on how the quasi-peak amplitude
of the noise at 150kHz is predicted for the variable-frequency
inductor current in a CRM PFC. It is assumed that the switching
frequency ranges from 40 to 200 kHz. The frequencies of the
triangular ripple currents which can contribute to the noise at
150 kHz would be 50 kHz (third harmonic), 75 kHz (second har-
monic), or 150kHz (fundamental). The fundamentals and the
harmonics of the 50, 75, and 150kHz triangular current ripples
are all shown as red bars in Fig. 7. The heights of the red bars
represent the amplitudes of the fundamentals or harmonics. As
shown in the figure, only the red bars with frequency equal to
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Fig. 8. Inductor current of a CRM PFC converter.

150 kHz can pass the IF; all other red bars with frequencies un-
equal to 150kHz are greatly attenuated (filtered out). Following
the same principle, the triangular ripple currents with the fre-
quencies adjacent to 50, 75, and 150 kHz contribute to the noise
close to 150 kHz. The blue bars in Fig. 7 demonstrate this. As
long as these blue bars are in the RBW, the corresponding fun-
damental and harmonic components will still pass the IF with
limited attenuations. All other blue bars will be filtered out. In
the time domain, all of these “survived” bars represent sinusoidal
waveforms with frequencies equal to or close to 150 kHz and
their amplitudes are equal to the height of the bars. The envelope
of these sinusoidal waveforms will be recorded by the envelope
detector and finally fed to the quasi-peak detector. The output
of the quasi-peak detector will be determined by the envelope
series in Fig. 7. Essentially, the proposed mathematical model
for the quasi-peak EMI noise prediction of variable frequency
noise is based on this principle, and the complete theoretical
calculation is shown in Section III.

III. QUASI-PEAK DM NOISE PREDICTION

The typical inductor current waveform and input voltage
waveform for a CRM PFC converter in a half line cycle is
shown in Fig. 8. The peak inductor current iy, p(¢) is

Vin (t)
Lp

Z'LP (t) = Ton- (4)

If unit power factor is achieved, the input average current
iin (1) is

Py
iin(t) = \/5

rms

1
sin(wt) = §iLP (t). ®)

From (4) and (5), the turn-on time T,,, is

2Pin LB 2Po LB
Ton = V2 = V2

rms n rms

(6)

Thus, T, is a constant time for the given input line voltage and
load.

In a CRM PFC converter, the switching frequency varies
over a half line cycle. When the circuit operates at CRM, the
switching frequency f;(?) is

1 L-Vi(®)/Ve _1- V2V sin(wt) /V,

=75, Ton

(N
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Fig. 9. The current waveform zoomed in at 7y in Fig.7.

Thus, the minimum and maximum switching frequencies are

1-— 2‘/1'111 3 V;) ]-
\/> S/ and fs,max = .
Ton Ton

However, based on the quasi-steady-state assumption, within
a very short time interval, the PFC converter is like a boost
converter with constant input voltage. Thus, the inductor current
ripple is approximately a periodical triangular waveform during
the small time interval. The inductor waveform is redrawn and
zoomed in Fig. 9.

In Fig. 9, the rising slope of the ripple current is

fs,min = (8)

‘/in(t) Ton ‘/o
S, = =|1- —. 9
' Lp ( T,(t)) Ly ©)
And the falling slope of the ripple current is
‘/0 - ‘/in(t) Ton ‘/o
S = = ) 10
! Lp T, (t) Ly (19

Then the ripple current in a switching cycle can be expressed
as (11) shown at the bottom of this page. The amplitude of the
harmonic current can be derived with Fourier analysis as

) 1V, 1
|Zk (fa (t))| - k2 Lg 27T2f5 (t)
where £ is the order number and £k = 1,2,3. . ..

Equation (12) is the expression for the noise source current
of CRM PFC converters.

In CRM PFC applications, conducted EMI standards are from
150kHz to 30 MHz. To measure the EMI noise, fir of the spec-
trum analyzer sweeps from 150 kHz to 30 MHz. The EMI mea-
surement setup is shown in Fig. 10.

|e_jk727rfs<t)Ton _ 1| (12)
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Fig. 11.  Simplified circuit for DM noise measurement.

model of the noise separator are fully described in [15]. The
impedances of two 1 uF capacitors are ignored; thus, the DM
equivalent circuit of Fig. 10 can be simplified to the circuit in
Fig. 11.

In Fig. 11, the gain of the LISN is

Grisn(f)
_ Ryisx - 2-j (27 f) Lrisx
2Rrisn +(2/7 21 f) Crasn) +2 -7 (27 f) Luisn
(13)

where RLISN =50 Q, LLISN =50 /.LH, and CLISN =0.1 MF.
So the noise added to the input of the spectrum analyzer is

In Fig. 10, the input impedance of a spectrum analyzer is P(t) = ix (fs(£)||Grisn (kfs(t)) | (14)
equivalent to a 50 (2 resistance. The noise separator [15] is used
to separate the DM noise from the CM noise. (It can also be set ~ where k is the harmonic order number and £ = 1,2,3. . ..
up to measure the CM noise.) The noise separator maintains a For each order harmonic, the envelope is
50 €2 input impedance (from each line to the ground) within the
measured frequency range. The principle and the mathematical Ey (t, fir) = Py (t) |Gre (kfs(t), fir) | (15)
1 ‘/U TOH ]- ‘/;7 TOH
S’r' _7Sr'Ton:7 1- . 1- Ton 0< <Ton
o T LB< .1)" 2LB( Ts<t>> ! .
iy (T) =
v LS, T — S (1 —Ton) Yo Ton +1V" 1+ T N1, < <Ts(t)
ST n — \T —don) = — T 5 on n>T s .
27r o Ly T,(t) ' 2Lp T, (t) °
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Fig. 12.  Principle of a quasi-peak detector. (a) Charge balance. (b) Dichotomy

algorithm for calculation.

The output of the envelope detector can be described as

E(t, fir) = max{E\ (t, fir), Ea (t, fir),..., En (t, fir)}
(16)
where N = [fir / min f;], which is the largest integer smaller
than fip/ min f;.

The output of the envelope detector is fed to a quasi-peak
detector for quasi-peak noise measurement. Because the quasi-
peak detector’s charge time constant is much smaller than its
discharge time constant, at the beginning, the voltage across the
output capacitor is charged up by E(¢, fir) and finally reaches a
steady state. In Fig. 12, at steady state, during the time intervals
t1—to and t3—t4, the envelope voltage Venvelope 1S higher than
the quasi-peak voltage Vquasi; the capacitor in the quasi-peak
detector is charged up. The charges injected in intervals ;5
and #3—t, are equal. On the other hand, during the whole time
period 0—(Tyipe/2), where Ty, is the period of the line current,
the capacitor in the quasi-peak detector is discharged. Applying
the charge balance principle on the capacitor, at steady state,
(17) holds. For noise at each given frequency fir, the quasi-
peak noise value V,a5i (fir ) can be calculated numerically using
the dichotomy algorithm based on the charge balance principle
described in Fig. 12 and

2 \%: nvelope — \% uasi 1% uasi Tinc
o Y (L P
t Rl R2 2

a7

The quasi-peak detector is actually a charge—discharge net-
work, with charging time constant much smaller than discharg-
ing time constant. Thus, the output of the quasi-peak detector
will be gradually charged up by the input noise envelope signal.
However, the output can never be larger than the peak value
of the input envelope signal. So, we can initialize the output
VQuasi(fir) with half of the peak value of the input envelope
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Fig. 13.  EMI measurement for a CRM PFC converter. (a) Measurement setup.
(b) Comparison of the measured and calculated quasi-peak noise.

signal. If this initial value is equal to the final steady state
value of the output, then (17) should be satisfied. If not, then
we could adjust the initial value by dichotomy, according to
the relationship between charge and discharge in (17). Finally,
the steady state value could be obtained in several iterations.
The dichotomy algorithm is shown in Fig. 12(b). In Fig. 12(b),
VQuasi_Upper(fIF) and VQuasi_Lower (fIF) are the upper limit and
lower limit of the output of the quasi-peak detector, respectively.
Vpeak 1s the peak value of the input envelop signal. gcnarge and
(Discharge are the charges in charging and discharging processes,
respectively. The detailed math calculation is not shown here.

The output of the quasi-peak detector within the whole noise
spectrum can be obtained by sweeping fir from 150kHz to
30 MHz. However, when the frequency is above several mega-
hertz, the circuit parasitic parameter such as the equivalent par-
allel capacitance of the boost inductor will play an important
role [17] to weaken the accuracy of the prediction. In this paper,
only noise at low frequency (LF) range from 150 kHz to 1 MHz
is considered because LF noise determines the filter inductance
and capacitance [16].

A CRM PFC converter [18] is first tested to verify the math-
ematical model and the proposed quasi-peak DM noise predic-
tion technique. The measurement setup is shown in Fig. 13(a).
The input RMS voltage Vs is 110V, the output voltage V,, is
400V, the boost inductor Lp is 130 ©H, and the output power P,
is 160 W. The comparison between the measured and calculated
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Fig. 14. EMI measurement for an interleaved CRM PFC converter. (a) Mea-
surement setup. (b) Comparison of the measured and calculated quasi-peak
noise.

results is shown in Fig. 13(b). It is shown that the experimental
result verifies the predicted result.

In the second step, the proposed mathematical model and the
quasi-peak DM noise prediction technique are applied to a two-
phase interleaved CRM PFC converter [19] (Vrms = 120V,
P, =600W, Lp = 140 pH, V, = 400 V). The measurement
setup is shown in Fig. 14(a). The EMI is measured to verify the
predicted result in Fig. 14(b). In Fig. 14(b), LF noise, which is
important for EMI filter design, is accurately predicted.

IV. ANALYSIS OF THE WORST DM NOISE CASE

In Fig. 2, for a CRM PFC converter, both the highest and the
lowest switching frequencies are shown with the highest input
voltage. This indicates that the highest input voltage causes the
widest frequency range. For a traditional constant frequency
PFC converter, the input voltage has no influence on the switch-
ing frequency. So generally, the worst DM EMI case for a con-
stant frequency PFC converter would be at low line and full load,
because under such conditions, the PFC converter has the largest
input current ripple. However, the same result does not apply to
CRM PFC converters because their switching frequencies are
determined by both the input voltage and the load. Because of
this, it is very necessary to do worst case analysis for the sake
of DM EMI filter design.

It should be pointed out that although the highest input volt-
age leads to the lowest switching frequency, only noise with a
frequency above 150kHz is of concern because the EMI stan-
dards start from 150 kHz. For example, if the lowest switching
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Fig. 15. Comparison of the predicted quasi-peak noise.

frequency is 30 kHz, only the harmonics with an order equal to
or higher than 5 need to be attenuated. On the other hand, at
some lower input voltages, the converter may generate an input
current ripple with a frequency equal to 150 kHz. Although the
amplitude of this current ripple is smaller than that with 30 kHz
frequency, the fundamental of 150 kHz ripple is higher than the
fifth-order harmonic of the 30 kHz current ripple. Because of
this, the noise within the whole input voltage and load ranges
should be investigated to find the worst EMI. After the worst
case is identified, the EMI filter can be designed.

Since the DM EMI noise of a CRM PFC converter can be
accurately predicted in previous sections, the worst DM EMI
noise case can be predicted and analyzed.

The question is how to define the worst case for the EMI
noise. The worst case should be the one that requires the biggest
EMI filter. Because of this, we cannot consider an EMI noise
spectrum with the highest noise peak as the worst case because
another EMI noise spectrum with a lower noise peak at a lower
frequency may require a bigger EMI filter. An example is illu-
minated in Fig. 15. Two predicted quasi-peak noise spectra are
shown in Fig. 15. One has a noise peak of 150 dB at 300 kHz
and the other has a noise peak of 143 dB (lower noise peak) at
150kHz (lower frequency). If a simple LC filter is used to atten-
uate the EMI noise, considering that the insertion gain of the LC
filter is increasing by 40 dB/decade after the corner frequency,
the filter’s corner frequency for these two noise spectra can be
calculated using [24]

Noise
Jou = m. (18)

The calculated corner frequencies are 2.38 and 1.78 kH, re-
spectively. It turns out that the latter needs a larger LC filter.
It is also clear that the corner frequency is a great criterion to
evaluate the size of LC filters. Even for real EMI filter designs,
the corner frequency criterion would be still valid to evaluate
the size of EMI filters with different filter topologies. Because
of this, the worst case of the DM EMI noise is the one requiring
the lowest DM filter corner frequency.

A two-stage 7-type filter is used in Fig. 16 for analysis. Con-
sidering that the insertion gain of the two-stage filter (CLCLC)
is increasing by 100dB/decade after the corner frequency, the
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filter’s corner frequency for the given noise spectra can be cal-
culated using

Noise

Jfom = j[()Attefnum (19)
For a design at the given boost inductance, the quasi-peak DM
EMI noise with certain input line voltage and certain load can be
predicted with the method proposed previously. The DM filter’s
corner frequency fps can be calculated based on the predicted
noise and the EMI standard. The process is repeated for the
whole load range with the input line voltage as a sweeping
parameter. The curves of DM filter’s corner frequency versus
load can be obtained via this process. The calculated curves for
a 300-W CRM PFC converter with Lp = 150 uH are shown
in Fig, 17. From these curves, the worst case, fpn = 21 kHz at
150kHz, is at 110V low line and partial load. This is not the
same as the case of constant frequency CCM PFC converters,
where the worst case is generally at 90 V low line and full load.
The EMI filter can be designed based on the analyzed worst

case. The design procedure is referred to [16], [20]-[23].
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The worst DM filter corner frequency as a function of boost
inductance can be further developed in Fig. 18. For different
boost inductance, the DM EMI filter can be efficiently designed
with predicted noise without noise measurement, which is usu-
ally impossible before the hardware is finished.

V. CONCLUSION

In this paper, the mathematical model for quasi-peak DM
noise detection is developed. The DM EMI noise of CRM PFC
converters is predicted with the proposed technique. The experi-
mental results prove the effectiveness of the proposed technique
up to 1 MHz. The worst DM noise case can be identified based
on the predicted DM noise. The proposed technique can help
avoid overdesign of the EMI filters in CRM PFC converters. The
predicted corner frequency—boost inductance curves could help
predesign of EMI filters without noise measurement. It is ex-
pected that this technique can help engineers optimize the boost
inductor design with respect to the tradeoff between efficiency
and the total size of boost inductors and DM EMI filters.
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