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Abstract—Wide-bandgap power devices have enabled single-
phase totem-pole (TP) power factor correction (PFC) converter
designs to be switched at several tens of kilohertz under hard-
switching and hundreds of kilohertz under soft-switching. It is
straightforward to analyze and compare the volume of boost induc-
tor for TP PFC converters having multileg and multilevel configu-
rations operating under continuous-conduction-mode (CCM) and
critical-conduction-mode (CrM) at various switching frequencies;
however, the impact of topology and switching frequency selections
remains unchallenged for generated differential mode (DM) noise.
This article proposes a unified and generalized DM noise estimation
method for multileg, and multilevel TP PFC converters operated
under both CCM and CrM operation modes. The method has been
verified with simulation results obtained from various TP PFC
topologies, as well as experimental results obtained from single-
leg CCM and 4-Level CCM TP PFC converters. The empirically
determined boxed sizes of DM filters have been compared among
various TP PFC topologies, and the best switching frequency for
each topology has been determined with the integration of boost
inductor volume comparison.

Index Terms—Differential-mode (DM) filter, DM noise,
electromagnetic interference (EMI), interleaved, multilevel,
power factor correction (PFC), switched-mode power supply,
totem-pole (TP).

I. INTRODUCTION

IN order for power supply units (PSU) to be eligible for the
industrial market, they must comply with certain electro-

magnetic interference (EMI) standards provided in IEC 61000-
6-3 [1] and CISPR 25 [2]. With the introduction of wide-bandgap
devices, particularly in emerging power electronics markets
such as server/telecom and automotive industries, switching
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frequencies have been subjected to increase to achieve higher
power densities [3], [4], [5] while EMI filter sizes still remain
the same or get larger due to being not addressed well [6], [7],
[8]. The unknown correlation between the switching frequency,
power topology, and the EMI noise poses a great challenge for
engineers to design compact and effective EMI filters.

When designing power supplies, especially continuous-
conduction-mode (CCM) power factor correction (PFC) con-
verters, a rule of thumb is to choose the switching frequency
at 45, 67, and 135 kHz to limit the EMI noise appearing in the
EMI spectrum, as the PFC inductor lowers the differential-mode
(DM) noise by 20 dB per decade and several multiples of
switching frequency harmonics remain below the 150-kHz limit.
However, very little is known about multileg and multilevel
CCM, and multileg critical-conduction-mode (CrM) totem-pole
(TP) PFC converters.

In the majority of the design approaches and analyses, the
volume of the boost inductor is considered independent of the
DM filter design, where it is typically designed by defining
a maximum inductor current ripple limit to be a predefined
percentage of the peak input current, i.e., around 20%–25%.
However, the boost inductor design cannot be isolated from the
DM filter design, as the inductance helps lower the DM noise
on top of its other benefits such as providing controllability and
improving the total harmonic distortion (THD). Therefore, the
switching frequency-inductance combination that provides the
minimum total DM filter and boost inductor volumes should be
chosen in high power-density designs. This necessitates eval-
uating DM noise and filter design models while designing the
boost inductor of any PFC converter.

Many research efforts have been put into estimating the DM
noise of conventional boost PFC topologies [9], [10], [11], [12],
[13], [14]. In [13] and [14], DM noise estimation is analyzed for
single-leg and two-leg interleaved topologies under a limited
frequency range of 9–150 kHz. On the other hand, the works
[15] and [16] cover both frequency bands, i.e., 9–150 kHz
and 150–30 MHz for two-leg interleaved CCM boost PFCs.
In [9], a generalized DM noise estimation approach is proposed;
however, the impedance modeling of the converter needs to be
obtained with the help of experimental data, and the necessity
to solve a set of linear equations prolongs the process. The
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DM noise estimation methods presented in [10], [11], and [12]
require extensive model-based simulations that are time con-
suming and are topology-specific. The studies presented in [13],
[14], [15], and [16] adopt an analytical approach with equivalent
circuit modeling, which considers the switch node voltages as
DM noise sources and then time-domain signals are converted to
the frequency domain using fast Fourier transform (FFT). These
approaches are not generalized and involve extensive mathemat-
ical computations. The authors in [17], [18], and [19] present a
promising method for CrM topology for estimating DM noise by
calculating the input current ripple harmonics using the Fourier
analysis. This method has been demonstrated to be effective
for single-phase boost PFC configurations; however, it is not
applicable for more complex multileg multilevel topologies.

The currently available literature analyzes the input current
ripple of a single-leg or two-leg interleaved CCM and CrM PFC
converters, where the presented method of analysis and equa-
tions are valid only for the analyzed topology. Without a unified
DM noise estimation approach, a different set of equations have
to be extracted or simulations have to be performed to evaluate
other TP PFC topology variants. Moreover, there is no existing
literature that addresses multilevel TP PFC topology from the
EMI point of view. These research gaps put a barrier for a fair
comparison of passive component volumes among multileg and
multilevel variants of TP PFC and make it difficult to identify
the optimal number of legs and/or voltage levels, the operation
mode, and the switching frequency of a TP PFC converter. In
addition, it is challenging to decide which topology has higher
power density for a specific application and power level. It is
also difficult to compare CrM and CCM components in terms
of passive volume without calculating the DM noise.

In this article, a unified analytical framework to estimate
the DM noises for multileg and multilevel TP PFC converters
by expressing the effective ripple current slopes in complex
exponential form is proposed. With the proposed unified DM
estimation method, the required DM filter for n-leg and l-level
TP PFC variants can be found by sweeping the switching fre-
quency. The outcome of the comparison of DM filter size serves
as an important tool to choose the best switching frequency for
each TP PFC topology considering system-level power density,
and compare and identify the optimum TP PFC variant for a
given specific target power. The preliminary work for this subject
had been carried out in [20], where CCM and CrM TP PFCs
are compared in terms of generated DM noise; however, the
proposed DM noise estimation method has not been generalized
for other TP PFC variants. In this article, a unified DM noise esti-
mation method is applied to TP PFC variants shown in Fig. 1 and
verified with the noise in the frequency spectrum obtained from
the PSIM simulation environment followed by experiments.
For a given inductance-switching frequency pair, the required
noise attenuation is calculated, and the DM filters are designed
for multileg and multilevel TP PFC converters. Next, the DM
filter volume is empirically predicted and the boxed volumes
of the DM filter for each topology are estimated based on the
volume estimation approach provided in [21]. The total volume
of the DM filter and the boost inductor is compared for different
topologies at their best switching frequency operation points.
The methodology presented in this article and the outcome of

Fig. 1. TP PFC topologies. (a) Multileg variant. (b) Multilevel variant.

the comparison of DM filter size serve as an important tool to
choose the best switching frequency for each TP PFC topology,
which can be used to optimize converters for power density.

II. UNIFIED DM NOISE ESTIMATION METHOD

A. DM Noise Estimation for CCM TP PFCs

The method to calculate the DM noise for multileg and
multilevel TP PFC topologies is based on the Fourier analysis
of the input current ripple. The complex Fourier coefficient for
the input ripple current of single-leg CCM TP PFC is expressed
as

ck,iL(d(t)) =
Vo

(2π2 k2 Lfs)

(
e−j2πkd(t) − 1

)
(1)

where k is the harmonic multiple of the switching frequency
appearing in the EMI measurement band [17], i.e., ≥ 150 kHz.
Note that (1) represents a time-varying complex harmonic func-
tion of input ripple current for a single-phase TP PFC. From (1),
it can also be seen that it is a function of the duty cycle, which
is expressed as in the following equation for CCM TP PFCs:

d(t) = 1−
√
2Vg

Vo
| sin(ωt)|. (2)

After determining ck,iL(d(t)), an envelope detector is used to
determine the generated DM noise. There are three types of
detectors found in literature, namely “peak,” “quasi-peak,” and
“average” envelope detectors. In this study, the average detector
is considered; however, the method can be applied to other
envelope detectors with ease. For a given harmonic multiple
(k), the average ripple current value of kth harmonic can be
determined by taking the average of (1) over the half-line cycle
as

〈ck,iL〉avg =
2

Tg

∫ Tg
2

0

ck,iL(d(t))dt (3)

where Tg represents the period of the grid. The equivalent DM
noise voltage in dB · μ V is equal to the voltage drop across the
resistance of the line impedance stabilization network (LISN)
network, RLISN = 50 Ω. The average of the complex harmonic
function in the time domain corresponds to its magnitude in the
frequency domain after taking its absolute value as given in

vDM[dB · μV] = 20 log

⎛
⎝
∣∣∣〈ck,iL〉avg

∣∣∣ ·RLISN

1 μV

⎞
⎠ . (4)
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Fig. 2. DM noise estimation procedure illustration for (a) CCM TP PFCs,
(b) CrM TP PFC for fs,min <150 kHz, and (c) CrM TP PFC for fs,min
≥150 kHz [20].

Fig. 2(a) illustrates the adopted approach for the calculation of
DM noise in CCM TP PFCs, in which the complex harmonic
function ck,iL(d(t)) is calculated using (1) for each kth harmonic
and mapped into the frequency domain.

B. DM Noise Estimation for CrM TP PFCs

DM noise derivation for multileg CrM TP topology is not
as straightforward as CCM TP topology as the switching fre-
quency is variable resulting in distributed continuous harmonic
spectrum of input ripple current instead of discrete harmonics
multiples of fs. Due to the time-varying switching frequency
in the CrM converter, (1) is rewritten incorporating the time-
dependent switching frequency as

ck,iL (fs(t)) =
Vo

2π2 k2 Lfs(t)

(
e−j2πkfs(t)Ton − 1

)
. (5)

The discrete frequency harmonic of interest can be extracted
from the continuous spectrum using a Gaussian filter of particu-
lar bandwidth, centered at fIF, as explained in [22], the Gaussian
filter expression is given as

|GIF (k, fs(t))| = e−(kfs(t)−fIF)
2/(4.5×103/

√
ln(2))2 . (6)

Hence, ripple current harmonic at the desired frequency after
filtration is given by

ck,iL,filter (fs(t)) = ck,iL (fs(t)) · |GIF (k, fs(t))| . (7)

Afterward, one of the envelope detectors from “peak,” “quasi-
peak,” and “average” is used to estimate the magnitude of the

harmonic. For instance, the following envelope detectors are
used to find peak and average values, respectively:

〈ck,iL,filter〉pk = max

(
N∑

k=1

ck,iL,filter (fs(t))

)
(8)

〈ck,iL,filter〉avg = mean

(
N∑

k=1

ck,iL,filter (fs(t))

)
. (9)

Here, k = 1, 2, 3, ..., N and N = �fIF/fs,min�. N represents the
largest integer smaller than fIF/fs,min, where fIF = 150 kHz.
The procedure to obtain the estimated DM noise at the desired
frequency for CrM TP PFCs is illustrated in Fig. 2(b) and (c).
As an example, two different cases are presented, in which
the first one depicts when the minimum switching frequency
of CrM mode is less than 150 kHz while in the other case, it
is more than 150 kHz. The difference between the two cases
is that subharmonics of noise at some other frequencies may
contribute to the magnitude of DM noise at 150 kHz, when
fs,min < 150 kHz. For instance, when fs,min = 75 kHz and the
switching frequency variation is more than 75 kHz, the input
current ripple contains the first harmonic of 150 kHz as well
as the second harmonic of 75 kHz. Hence, the DM noise at
fIF = 150 kHz is contributed by 75 kHz (second harmonic) and
150 kHz (first harmonic). On the other hand, if fs,min > 150 kHz,
i.e., 200 kHz, fIF = fs,min and in this case, DM noise at fIF is
contributed only by 200-kHz component.

C. DM Noise Estimation for Multileg and Multilevel TP PFCs

The DM noise model mentioned above can be extended for
multileg and multilevel TP PFCs as well. It is well known that
DM noise is associated with the effective input current ripple;
therefore, the Fourier analysis of the effective input current
ripple for multileg and multilevel TP PFCs can be used to
determine the DM noise. However, it’s quite a cumbersome and
time-consuming task to determine the expressions for effective
input current ripple and then calculate the Fourier transform
of them for each case. A much more efficient and easier way
to find the generalized expression is to apply the effective
slope determination approach along with obtaining the impulses
associated with the effective input current ripple as discussed in
this section.

1) Determination of Effective Slopes: For instance, in the
case of three-leg interleaved TP PFC, there are three inter-
vals in which the slope of the effective input current ripple is
determined, as illustrated in Fig. 3. In the first interval when
0 < d ≤ 1/3, the rising and falling slopes of input ripple are
given as

min,rise = miL,rise − 2miL,fall (10)

min,fall = −3miL,fall . (11)

Similarly, when 1/3 < d ≤ 2/3

min,rise = 2miL,rise −miL.fall (12)

min.fall = miL.rise − 2miL.fall (13)



7200 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 6, JUNE 2023

Fig. 3. Visualization of the slope of the effective input current ripple for three-
leg interleaved case when (a) 0 < d ≤ 1/3, (b) 1/3 < d ≤ 2/3, and (c) 2/3 <
d ≤ 1.

Fig. 4. Determination of the complex impulses from the slopes of the effective
input current ripple in ith interval for n-phase interleaved case.

and when 2/3 < d ≤ 1

min,rise = 3miL,rise (14)

min,fall = 2miL,rise −miL,fall . (15)

Hence, the generalized expressions for the slopes of input current
ripple based on the number of legs n and interval of duty cycle i
for a given specific interval (i− 1)/n < d ≤ i/n can be shown
equal to

min,rise = i ·miL,rise − (n− i)miL,fall (16)

min,fall = (i− 1)miL,rise − (n− i+ 1)miL,fall (17)

where i = 1, 2, 3, . . ., n.
To determine the envelope of the effective current ripple

harmonic for multileg interleaved TP PFCs, the generalized
slopes are considered and impulses are determined as shown in
Fig. 4. Any signal having finite-order time derivative in the form
of scaled unit impulse functions, its Fourier series coefficients

can be obtained by means of the Fourier expansion coefficients
as explained in [23]. The complex envelope function for the
effective current ripple harmonic is determined by adding all
the impulses in the given effective time period Te, and taking
the double integration of the result to get back the expression
for the effective input ripple current harmonic

ck,i(d(t)) =
2

Te

1

(j2πkfe)
2

(
min,rise e

−j2πkfe
(i−1)

n Ts

− (min,rise −min,fall) e
−j2πkfed(t)Ts

+min.fall e
−j2πkfe

i
nTs

)
. (18)

Note that the above expression is for ith term at the effective
switching frequency fe, also the expression is in the complex
domain, and the integration is achieved by multiplying it with
1/(jωk), whereω = 2πfe, fe = nfs, and k represents harmonic
numbers. The final form of the generalized expression can be
determined by adding all the terms as given in

ck,nφ(d(t))

=

n∑
i=1

(
ck,i(d(t)) when

(i− 1)

n
< d(t) ≤ i

n

)
. (19)

2) Generalized Harmonic Function for N-Leg Interleaving
and L-Level Converter: The relationship between the input
current ripple of multileg interleaved and multilevel converters
can be explained by comparing the two-leg interleaved and
three-level (3L) TP PFC. The input current ripple expression
for two-leg interleaved topology is derived as

Δiin,2φ(t) =

⎧⎨
⎩

1−2d(t)
1−d(t) ΔiL(t), 0 < d(t) ≤ 1

2

2d(t)−1
d(t) ΔiL(t),

1
2 < d(t) ≤ 1

. (20)

Similarly, the ripple current expression for 3L topology can be
expressed as

Δiin,3 L(t) =
1

2

⎧⎨
⎩

1−2d(t)
1−d(t) ΔiL(t), 0 < d(t) ≤ 1

2

2d(t)−1
d(t) ΔiL(t),

1
2 < d(t) ≤ 1

. (21)

Hence

Δiin,1φ,3 L(t) =
1

2
Δiin,2φ(t). (22)

Similarly, it can be easily proven mathematically that for an
arbitrary n-leg, l-level TP PFC converter, the input current ripple
is equal to a scaled-down version of the [n× (l − 1)]-leg TP PFC
input current ripple. Here, the scaling factor is always 1/(l − 1).
The analytical proof involves extensive mathematical steps, so it
has been omitted in this article. However, the simulation results
for a 4-level, 2-leg TP PFC, and a 6-leg TP PFC are provided
in Fig. 5 as a visual demonstration and serves as a proof of this
concept. Therefore, the ripple current relationship between the
n-leg interleaved and l-level topologies is derived as

Δiin,nφ,lL(t) =
1

l − 1
Δiin,n(l−1)φ(t) (23)

where l denotes the number of voltage levels. As the proposed
method determines Fourier expansion coefficients from the input
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Fig. 5. Simulation waveform of input and inductor ripple currents for a line
cycle of (a) 6-leg TP PFC and (b) 4-level 2-leg TP PFC.

current ripple, any scaling on the input ripple current would
directly affect the complex harmonic function that is composed
of Fourier expansion coefficients. Hence, using (18), (19), and
(23), the overall generalized expression of the complex harmonic
envelope function for n-leg, l-level TP PFCs is found as

ck,nφ,lL(d(t)) =
2

Te(l − 1)

1

(j2kπfe)
2

×
n′∑
i=1

[(
min,risee

−j2πkfe
(i−1)

n′ Ts

− (min,rise −min,fall) e
−j2πkfed(t)Ts

+min,falle
−j2πkfe

i
n′ Ts

)

when
(i− 1)

n′ < d(t) ≤ i

n′

]
(24)

where n′ = n(l − 1). In the CrM TP PFC case, fe(t) =
n′d(t)/Ton. When the power losses are assumed as zero, the
turn-ON time in CRM TP PFC can be expressed as Ton =
(2PoL)/(nV

2
g ). Once the input current ripple harmonic enve-

lope functions are determined, the same steps can be followed
as explained in the previous section to determine vDM [dB μV]
at desired switching frequency fD.

Fig. 6. Single-leg CCM TP PFC prototype switched at 65 kHz. (a) Photo of
the prototype. (b) DM noise spectrum obtained from simulation, experiment,
and calculation at fD = 195 kHz for Vg = 220 Vrms. (c) DM noise spectrum
obtained from simulation, experiment, and calculation at fD = 195 kHz for
Vg = 110 Vrms.

D. Validation of the Unified DM Noise Estimation Method

The proposed unified approach for estimating DM noise of
multileg and multilevel CCM and CrM topologies is validated
by comparing simulation results with that of experimental and
calculated ones. For experimental validation purposes, the gen-
erated DM noises are measured on both single-leg CCM and 4L
CCM TP PFC prototypes. Fig. 6(a) shows the test setup to carry
out DM noise measurement for the single-leg TP PFC prototype
running at 65 kHz with L = 532 μH at Vo = 400 V and under
two different input voltages; 1) Vg = 220 Vrms and 2) Vg = 110
Vrms. DM noise is measured without its EMI filter to get the
actual DM noise by taking the FFT of the input current ripple.
The experimental data are plotted along with the simulated and
calculated results in Fig. 6(b) and (c). The calculated DM noise
by the proposed estimation method is in close agreement with
both the experimental and simulated results. It can be seen that
the first harmonic appearing in the EMI spectrum (≥150 kHz) is
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Fig. 7. DM noise measurement and estimation results. (a) Designed 4-Level
CCM TP PFC prototype switched at 45 kHz. (b) Results of the simulation,
experiment, and the calculated value at fD = 270 kHz for Vg = 220 Vrms.
(c) Results of the simulation, experiment, and the calculated value at
fD = 270 kHz for Vg = 110 Vrms.

130 dB and 130.5 dB at 195 kHz in simulations and experiments,
respectively for Vg = 220 Vrms case while the proposed method
also calculates the noise as 130 dB at 195 kHz. Similarly, for the
case of Vg = 110 Vrms, the experimental DM noise is recorded
as 128.3 dB, which is very close to the simulated (127.5 dB) and
the calculated (127.52 dB) ones.

For the multilevel case, the DM noise has been measured on
the designed 4-Level TP PFC prototype switched at 45 kHz with
L= 108 μH at Vo = 380 V under different input voltage, i.e., Vg

= 220 Vrms and Vg = 110 Vrms, as shown in Fig. 7(a). Similarly,
the DM noise measurements are taken without the EMI filter
for this prototype. The experimental data are plotted together
with the simulated and calculated results for Vg = 220 Vrms and
Vg = 110 Vrms as shown in Fig. 7(b) and (c), respectively. As
can be seen from the figures, the obtained DM noise harmonic
appearing in the EMI spectrum at 270 kHz is 136 dB for 220
Vrms and 134.9 dB for 110Vrms in simulation, whereas it has been

Fig. 8. DM noise simulation and estimation results for 2-leg CrM interleaved
TP operated at Po = 3700 W. (a) Vg = 220 Vrms. (b) Vg = 110 Vrms.

recorded as 135.5 dB for 220 Vrms and 135.2 dB for 110 Vrms

experimentally. The proposed DM estimation method calculates
the noise as 136.4 dB for 220 Vrms and 135.03 dB for 110 Vrms,
which is within ±1 dB of experimental and simulated results.
More simulation results on other TP PFC variants can be found
in [20].

To verify the proposed method on CrM TP PFC, a two-leg
interleaved variant with L = 14.25 μH at two different input
voltages, i.e., 220Vrms and 110Vrms has been simulated, as shown
in Fig. 8. The results in Fig. 8 show continuous spectra of DM
noise because of the variable switching frequency operation of
the topology. The results match with that of calculated ones with
good precision making this method very useful in calculating the
DM noise for the CrM case as well. The result for 3700 W and
Vg = 220 Vrms shows that the peak of the DM noise within the
EMI spectrum appears at 400 kHz, which is also the minimum
input current ripple frequency. The simulation result for the DM
noise at this frequency is observed as 144.14 dB, whereas the
calculated value is 144.7 dB, as shown in Fig. 8(a). It can also be
seen that a spike occurs at around 1.2 MHz, which is due to the
DCM clamping of the converter to limit the maximum switching
frequency. Similarly, the simulation result for Vg = 110 Vrms at
Po = 3700 W is provided in Fig. 8(b), in which the DM noise
appears at 282 kHz with a magnitude of 150 dB, whereas it is
calculated as 152.1 dB using the proposed estimation method.

III. COMPARISON OF DM FILTER SIZES AMONG n-LEG,
l-LEVEL TP PFCS UNDER CCM AND Cr M OPERATIONS

After finding the DM noise voltage at the first harmonic
appearing in the EMI measurement band, a DM filter providing
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the required attenuation at the design frequency fD is designed
to meet the EMC standards. The method presented in [21] is
used to find the boxed volumes of the DM filter inductors and
capacitors. Designing the DM filter for converters with switch-
ing frequencies below 150 kHz requires further consideration as
the switching frequency harmonics below 150 kHz may impact
THD performance. Although the DM filter reduces the desired
harmonic in the EMI measurement range, it may not provide
enough attenuation at the switching frequency and its multiples
below 150 kHz. Therefore, switching frequency harmonics be-
low 150 kHz can also deteriorate THD to some extent if not
mitigated with proper DM filter design. In the cases, where
the DM filter does not provide significant attenuation around
the switching frequency harmonic, the cutoff frequency of the
first stage of the filter should be lowered to achieve sufficient
attenuation at frequencies below 150 kHz. Conversely, the cutoff
frequency of the second stage is increased. As a result, the size
of the DM filter remains the same or may slightly increase in
some cases. The DM filter size estimation given in this article
only considers two identical filter stages.

A. DM Filter Size Comparison Among TP PFCs and
Discussion

Since the DM noise is based on the current ripple envelope, the
results of the comparison are highly dependent on the application
power level, particularly for CrM TP PFC designs. On the other
hand, the core of the input inductor is typically larger at higher
power levels in CCM designs to avoid saturation, even if the
inductance or the current ripple remains the same. In this section,
filter sizes among different TP PFC variants are compared for the
output power of 3700 W. The designers can compare filter sizes
for different power levels by following the proposed framework.

1) CCM TP PFC Variants: For a fair comparison among
different PFC variants, it is viable to keep the magnitude of the
maximum effective input ripple current by selecting appropriate
input inductances, even though the harmonic envelope will be
different in each topology. For instance, when L is 400 μH for
single-leg CCM TP PFC, the same ripple current amplitude is
intuitively achieved in two-leg interleaved CCM TP PFC when
L is 200 μH. Similarly, L=100 μH and L=50 μH provide the
same ripple current amplitude for single-leg 3L and two-leg
interleaved 3L variants, respectively. The comparison results for
all the CCM topologies are provided in Fig. 9(a) and Table I.

In the case of single-leg CCM TP PFC, the minimum DM filter
volumes are obtained at around fs of 37, 45, 67, and 135 kHz
considering the side-band harmonics. If fs is increased slightly
beyond 135 kHz, the DM filter volume is increased drastically
as the fundamental harmonic and its side-band harmonics start
to appear in the EMI measurement. Furthermore, it can be seen
that fs of 300 kHz results in a similar DM filter size. Therefore,
choosing fs in the range of 135 and 300 kHz does not bring
any reduction in the DM filter size. It is worth noting that a
single-stage DM filter becomes preferable when fs is chosen
more than 480 kHz.

The minimum DM filter volumes for two-leg interleaved and
3L topologies are achieved when fs is equal to 67 kHz. In order

Fig. 9. DM filter volume comparison for (a) CCM variants over wide switching
frequency range and (b) CrM variants over wide switching frequency range.

TABLE I
TOTAL DM FILTER VOLUMES AT CRITICAL FREQUENCIES FOR CCM TP PFCS

to further lower the DM filter volume, fs has to be pushed out
more than 160 kHz, which is more challenging for hard-switched
two-leg interleaved TP PFC as the FETs switch at full dc bus
and experience greater switching losses compared to that of low-
voltage FETs in the 3L converter. For higher power density, 3L
TP PFC can be interleaved at the expense of increased cost.
Fig. 9(a) also shows that the DM filter volume can be 108 cm3

or even less at 88 kHz and beyond.
2) CrM TP PFC: The results of CrM TP PFC are a bit

different in comparison to CCM TP PFCs, as there are no
switching losses other than the circulating current losses, and
the switching frequency is only limited by the core losses of the
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Fig. 10. DM filter size, input inductor volume, and input inductor losses versus frequency graph for (a) single-leg TP PFC, (b) interleaved TP PFC, (c) 3L TP
PFC, and (d) 3L interleaved TP PFC.

input inductor. Fig. 9(b) suggests that the volume of the DM filter
is significantly reduced as the number of the interleaving legs is
increased due to the ripple cancellation effect and increase in the
cutoff frequency of the DM filter. For a four-leg interleaved CrM
at 3.7-kW output power, fs of 46 kHz per leg results in a DM
filter volume of 108 cm3, whereas 300 kHz results in 45 cm3,
which is significantly lower than that of CCM cases.

B. DM Filter and Boost Inductor Volume Comparisons of
CCM TP PFC Variants and CrM TP PFC

The DM filter size is highly dependent on the input induc-
tance; thus, the volume of the boost inductor must be taken into
account. The DM filter size, boost inductor volume, and induc-
tor power loss variations with respect to switching frequency
variations are shown in Fig. 10 for CCM TP PFC variants,
where the inductors are designed using the framework presented
in [24]. According to this, the inductor design is optimized
based on volume and losses. It is seen from the figure that a
lower switching frequency exhibits high inductor losses, and
consequently requires bigger cores with high magnetic flux
saturation. As the frequency is increased and the inductance is
kept constant, the current ripple and the magnetic flux in the core
are reduced. In the case of single-leg CCM TP PFC, kool-μ’s
KM-0077777A7(2-stacks), as shown in Fig. 10(a), is determined
as the optimum core for the input inductor because other cores
are either too small to accommodate the required number of
turns or have too low Bsat. Note that there are no solutions for
frequencies below 45 kHz as low fs demands bigger cores than
KM-0077777A7, which are not available in the used database.

The graph in Fig. 10(b) shows that the volume of the input
inductor decreases with the increase in the frequency for a

two-leg interleaved case. At the lowest frequency of interest,
a bigger core KM-0079727A7 is selected as Bsat of the core
satisfies the operating magnetic flux density, can accommodate
the required number of turns within the allowed window area,
and also gives low inductor loss. As the frequency is increased,
even smaller cores are chosen that not only have smaller volumes
but also lower losses. The loss curve in Fig. 10(b) depicts that
the power losses slightly increase as the core shifts from bigger
to smaller ones, mainly because the operating magnetic flux
density increases due to the smaller cross-sectional area of the
small volume core.

In Fig. 10(c), the volume and power loss curves of 3L single-
leg CCM TP PFC are shown. In the fs range of interest, the best
inductor core is determined as KM-0059083A2, which has a
significantly small volume, 34 cm3. Therefore, the total volume
trend follows the DM filter trend. The results show the clear
advantage of 3L TP PFC over the two-leg interleaved TP PFC
in terms of boost inductor size even though the generated DM
noise levels are the same.

On the other hand, a 3L two-leg interleaved converter does
not provide a significant advantage at low fs as the inductors
experience high core losses and require larger cores for cooling,
as shown in Fig. 10(d). At higher fs, the power losses decrease
as both the ripple current and the magnetic flux density decrease.
From 30 to 33 kHz, KM-0059256A2 is selected as the inductor
core with a total volume of 66 cm3, which is significantly higher
than the 3L single-leg interleaved version. The total size of the
inductors becomes equivalent to that of the 3L single-leg variant
at fs higher than 45 kHz.

The volume of the DM filter at critical frequencies for all
the CCM TP PFC variants is between 108 cm3 and 116 cm3,
which shows 5% variation. Hence, the DM filter volume is kept
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TABLE II
DM FILTER AND BOOST INDUCTOR VOLUMES AT CRITICAL FREQUENCIES

TABLE III
TOTAL DM FILTER AND BOOST INDUCTOR SIZE WHEN fs = 180 KHZ PER LEG IN CRM TP PFC

fixed at 110 cm3 with ±5% to make the comparison easy. All
the feasible fs and corresponding DM filter and input inductor
volumes are obtained and provided in Table II. It must be noted
that this minimum volume of 110 cm3 is achieved at critical
switching frequencies for 2L CCM TP without interleaving (i.e.,
37 kHz, 45 kHz, 67 kHz, and 135 kHz) and with interleaving
at 37 and 67 kHz. 3L CCM TP also achieves this volume at
around the same critical frequencies. On the other hand, the
interleaved 3L CCM TP achieves this volume at frequencies of
37 and 88 kHz. Since the DM filter size is similar at these fre-
quencies, the minimum volume for the input inductor is obtained
at the highest frequency among the given critical frequencies. In
comparison to two-leg interleaved TP PFC, a 3L variant results
in the smallest inductor with a volume of 34 cm3. Even though
a 3L 2-leg interleaved variant doubles the effective input ripple
frequency and lowers the inductor size to 16.5 cm3, the total
inductor volume comes out to be 33 cm3 as the interleaving
structure uses two inductors instead of one. Therefore, the circuit
complexity does not justify using this structure over a single-leg
3L converter.

To obtain 110 cm 3 of DM filter size in CrM TP PFC variants,
the minimum switching frequencies along with corresponding
input inductances are obtained at 180 kHz with 16.17μH, 90 kHz
with 48.5 μH, and 46 kHz with 126.5 μH, in case of 2-leg, 3-leg,
and 4-leg interleaved CrM TP PFC topologies, respectively. The
results summarized in Table II show that the volume of the input
inductor may not necessarily decrease with the increase in the
interleaving legs at low switching frequencies. This is due to
the fact that a lower minimum switching frequency demands
higher inductance, which results in a higher number of turns.
Under this circumstance, the turns might not fit inside the small
cores, despite the low flux density inside the core. To observe

the advantage of multileg CrM TP PFCs, the converter must
be designed for higher switching frequencies, where the input
inductance requirement is small. To observe the effects, the
minimum switching frequency of 180 kHz is kept the same
among multileg structures, and DM filter size is analyzed as
presented in Table III. With each interleaving leg, there is an ad-
ditional inductor volume of 20.5 cm3 contributing to the overall
volume. Nevertheless, there is a significant reduction in the DM
filter volume with the higher number of interleaving legs, which
makes the total volume smaller. As seen from Table III, the total
combined DM filter and boost inductor volumes are calculated
as 151 cm3 and 134 cm3 for 2-leg and 4-leg interleaved CrM TP
PFCs, respectively.

IV. CONCLUSION

This article proposed a unified analytical approach for the
estimation of DM noise for both CCM and CrM multilevel
and multileg TP PFC converters. The accuracy of the analytical
method has been experimentally verified on both a 2-level single-
leg CCM TP PFC with a 532-μH inductor switched at 65 kHz,
and a 4-level single-leg CCM TP PFC with 108 μH switched at
45 kHz. The difference between the estimation and experimental
results taken by the EMC receiver is less than 1 dB. The provided
framework is used to estimate the DM noise and size of the
DM filter by analyzing and calculating their boxed volumes for
different TP variants over a wide switching frequency range.

Furthermore, DM filter and boost inductor volumes have been
compared in an attempt the find the best switching frequency
and total volume trend for each TP PFC variant. The results
suggest that the minimum volume of DM filters for multileg
and multilevel CCM TP PFC converters occurs at the critical
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frequencies. For the same DM noise, the 3-level single-leg
converter shows lower boost inductor volume in comparison to
two-leg interleaved PFCs at the critical frequencies, meanwhile
resulting in lower inductor losses. In order to improve the total
volume further, either more legs need to be interleaved or the
switching frequency needs to be increased over 270 kHz. The
3-Level 2-leg interleaved converter shows a decrease in the size
of the converter at a relatively low frequency of around 88 kHz.
On the other hand, it has been shown that CrM TP PFCs with
a high number of interleaving legs show better performance at
high switching frequencies. In case the switching frequency is
limited for CrM TP PFCs, the two-leg interleaved CrM converter
outperforms the higher number of interleaving leg CrM versions.
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