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Abstract—Power converters operating in boundary conduction
mode (BCM) can benefit from an efficiency increase compared to
continuous conduction mode (CCM) based on the soft-switching
transitions at turn-ON and/or turn-OFF. However, for a given aver-
age inductor current, the RMS current in BCM converters becomes
larger than in CCM converters, leading to an increase in conduc-
tion losses. Interleaving smaller BCM power converters overcome
this drawback by reducing the total ripple current amplitude at
the expense of an increase in complexity and in magnetic parts
count. Nevertheless, as the magnetic devices are among the largest
components in power converters, it is convenient to find the de-
sign conditions under which BCM or CCM could yield the smaller
net volume. This paper proposes a method to estimate the volume
ratio for magnetic parts, between single-phase CCM and multi-
ple interleaved BCM power converters as a function of the num-
ber of phases, inductor loss, and switching frequency. The results
obtained can be applied to boost, forward, and flyback dc-to-dc
topologies.

Index Terms—Boundary conduction mode (BCM), continuous
conduction mode (CCM), inductor design, interleaved power con-
verters, photovoltaic (PV) converters, power factor correction
(PFC).

1. INTRODUCTION

WITCHING power converters have become widely used in
S renewable energy dc/dc converters and power factor correc-
tion (PFC) front ends [1]-[3]. The efficiency achieved in these
applications can be improved by having the converter operate in
boundary conduction mode (BCM), which reduces most of the
reverse recovery and hard switching losses found in continu-
ous conduction mode (CCM) [4]. However, as the peak-to-peak
inductor current ripple in BCM is twice as much the average
inductor current, the increase in conduction losses and in dif-
ferential mode noise, limit the power throughput typically to a
few hundreds watts [1]. These issues can be mitigated by in-
terleaving N power converters, such that the total current is
divided among the IV constituent phases. Hence, the amplitude
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of the inductor ripple current becomes smaller with a frequency
N-times higher the individual switching frequency, therefore
reducing the requirements and losses in the differential mode
filter [5].

Besides the efficiency advantage obtained with N-BCM the
N-phase interleaved BCM converters over 1-CCM—the single-
phase CCM converter—by trading off complexity, it is also
relevant to assess the volume related to both topologies as it
impacts the overall size and cost [6]. Interleaved power con-
verters allow to reduce size of semiconductor devices and fil-
ter capacitors [7]-[9]. However, as the magnetic devices are
among the largest components in power converters [10]-[12],
it is necessary to determine how the total volume associated
to the N-interleaved BCM inductors compares to the vol-
ume of a single CCM inductor for a constant load power
converter.

This paper presents a method to estimate the total inductor
volume ratio between 1-CCM and N-BCM interleaved con-
verters, as a function of N, the number of phases, taking into
consideration winding and core losses.

II. PROPOSED METHOD

The volume of an inductor can be estimated using the area
product A, criteria, which is associated to its energy-handling
capability [13]. The area product, defined as the product between
the core cross-sectional surface A. and the window area W,,, is
related to the electrical characteristics as:

Lig ILR,MS

A =AW= T5 K,

()
where L is the inductor value, z; isits peak current, I,  is the
RMS inductor current, J is the winding current density, By, ax 1S
the maximum magnetic field density, and K, <1 is the copper
fill factor. Notice (1) provides an estimate based on maximum
flux swing related to iy .

As A, has linear dimensions raised to the fourth power, in-
ductor volume can be estimated as follows [13]:

Vol = A,/ )

Hence, the ratio between 1-CCM inductor volume Volccown,
and the N-BCM counterpart Volg () =V Vol car (1), can be
obtained by calculating the area product for each case.

Fig. 1 shows the inductor current for 1-CCM and N-BCM
operation. As previously stated, in 1-CCM converter the load
current is provided by a single converter, being iz, the
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Fig. 1. DC/DC inductor current. CCM and BCM operation.

inductor mean current, with a ripple A1, . On the other hand,
each BCM converter has Ai, ., current ripple, equal to its
mean value, 7z, (1). Notice each BCM mean current is N
times smaller than 1-CCM average current.

Introducing £, the CCM ripple factor, as the ratio between

mean and peak inductor current

ké’?&g. 3)

Leon

The following relationships can be established:

- 1-k —

A :(]‘_k)iLCCM :TZLCCM' “)
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Additionally, individual BCM peak and mean values can be
related to CCM values as
, _ 1~ ILec
JAVAP = Upen(1) = QZLBCM(U = NM o)
where i, ., (1) is the average inductor current of a single phase
of the NV interleaved converters.

Using (4) and (5), the RMS current for CCM and each phase
BCM operation can be calculated as

Z.711(‘,(‘,1\1 v 4k* — 2k + 1

Ijmscon = I \/g 6)
2 A 2 ire,
Irmsg ey (1) = %Azncm = ﬁ% @)

Initially assuming both cases operate the inductors at the
same maximum field density By, the single inductor A, can,
respectively, be calculated using (1) and (3)—(7) as

Leewm Ef(,n 4k — 2k +1
APCCM = B) (®)
JBrax K V3 k
—2
LM Lecy

A

I’BCNI(l):JB K,v/3 N2 )

Net volume ratio for 1-CCM and N-BCM converters is de-
termined by combining (2), (8), and (9) as

VOIC(‘M — (APCCM )(3/4) —
VOIBCM(N) N(APBCM(I))(S/4)
1 (L N2/4k2 =2k B
_ ( CCM — 2k + 1) (10)
N \ Lgcum 4k?
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where Vol ., (x) is the net N-BCM volume, corresponding to
the N inductors for the N-phase interleaved converter.

From (10), volume ratio depends on inductance ratio
Leenm /Loy As current ripple amplitude is inversely pro-
portional to inductance value and switching frequency, and as-
suming the input and output voltages are the same in both cases,
the inductance ratio using also (4) and (5) can be calculated as:

Lcem _ AiBCM fstcn _ i k

Lpcewm B Aich fsu'('(‘,m B fR N(l - k)

where fouooy and fouso, are the CCM and BCM switching
frequencies, respectively, and fr = fowoey /fswpey 1S the fre-
quency ratio.

Introducing (11) in (10), a new expression for volume ratio
is obtained, as shown in (12). Noticing the switching frequency
in BCM is inherently variable with the load current, calcula-
tions for BCM inductor are performed for the maximum power
operating point, yielding the minimum switching frequency

1 1 vaE =T\
< ) . (12)

(1)

VOlCCM _
VO]BCM(N) N1/4

fr 4k(1—k)

From (12), volume ratio depends on N, the switching fre-
quencies ratio, and the ripple factor k. This calculation, how-
ever, does not account for differences in core or winding losses.
Therefore, in order to be able to compare volumes when induc-
tor losses in the CCM and the N-BCM converters are similar,
previous expression parameters should be modified.

Winding losses are a function of the length and cross sectional
area of the conductor [14]. Therefore, these losses can be es-
tablished by modifying the current density in each design. This
is accomplished by defining r;..,, and 7., as the current
density correction factors, i.e.,

13)
(14)

Joom = J - Teey
JBCM =.J- TJgcw -

On the other hand, core loss is a function of the ac flux swing
and the switching frequency, neglecting Foucault losses due
to the low conductivity of the core material. In this condition,
core losses can be estimated using methodologies based on the
Steinmetz equation [15]. The improved generalized Steinmetz
equation (¢GSE) allows to accurately predict losses with arbi-
trary magnetic induction waveforms [16], [17]. Furthermore,
i>GSE has been presented in [18] in order to improve iGSE in
applications where constant flux periods are present. Therefore,
for CCM and BCM current waveforms where triangular excita-
tion is present, :GSE is selected for the core power calculation,
as shown below

1/ fsw)
R:ore = fsw / ki
0

where A B is the peak-to-peak flux density and k; is defined as
follows:

«

4B (AB)?~“dt - Vol

T (15)

_ ky
(2m)a=1 27 |cos 6] 20— df

16)

i
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Parameters k¢, o, and 3 are the same parameters as the orig-
inal Steinmetz equation, empirically obtained by experimental
fitting. Particularly, k; is a constant associated to the core ma-
terial, exponent ais 1 < a<2and2 < < 3.

For triangular excitation, and combining (15) with (16), the
following expression for P, is obtained:

Pcore = Cm fsuaABSVOl (17)

where (), is a constant that depends on k¢, o, 3 and the duty
cycle.

From previous expression, P, is a function of AB. There-
fore, this parameter will be used to equalize core losses in the
CCM and the N-BCM designs, as usually core losses in BCM
are larger than the CCM losses. Assuming the core is not driven
into saturation, A B can be related to the number of turns n and
to current ripple and peak values as [19]

LA7 L AiIpys Ai

AB = = = Bm' X~
nA, A, J Ky, “ ir

(18)

with the following replacement: n = M

From (18), AB in BCM operation can l;e reduced by increas-
ing n, which implies increasing W, and therefore A, in order
to accommodate for the additional wire. Thus, if the number of
turns is increased r > 1 times and the inductance is assumed to
be restored to its initial value by increasing the air gap, AB is
redefined as A B, as shown in (19). It should be pointed out that
this method is applicable whenever excessive gap length is not
generated, as it could increment the winding losses. However,
these losses can be greatly reduced by placing the wire wind-
ings away from the gap or distributing the total gap among the
different core legs [20]

LA A AB
ABT‘ = . = BnlaxiE = . (19)
rn A, rip r
Therefore
A,
ABuey = B =221 = By (1— k) (20)
eon
JAVIS 1
ABB(,M = Bmaxw = Bmaxi (21)
) ] 2r
T llgconm

From (1), it can be seen that modifying the number of turns
and the current density produce a variation in A,,. Therefore, so
as to consider these redefined variables, a new A, is defined for
each design

A

PccMr
A

(22)
(23)

= (1/TJCCM )Apccm

PBCMr (T/TJBCI\[ )APBCM :

In order to obtain r, ..., , and s, ., values, core and wind-
ing losses are analyzed.

Winding losses are defined as Poy ¢y and Py ..y, (1) Tor the
CCM and a single BCM inductor, respectively. These losses are
proportional to the current density squared [14]. Additionally,
winding losses can be specified as a proportion of P, by
using factors 7., and 7, for the CCM and the BCM

BCM
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cases, respectively
Pougon = Twoow Peoreon
pKw (J “TJeou )2 AP(*(‘M r (3/4) = Tween PCOfe('(tM (24)
PCUB(‘M<1) = Twgoum PcoreB(M(l)
pKy, (J “TIscu )2 APBCMT ®/4) = Twgewn PCOFeBcM (1) (25)

where p is the copper resistivity. Then, combining previous
expressions, the core losses ratio between the CCM and the
N-BCM converter is obtained as

F corec ¢ M

P PCOrec CM
R
NPcoreBCM (1)

PcoreB cM (AV)

2 3/4
_ Twgcum <r=](‘,(‘,\l ) (APCCM r > (26)
Nru‘ocn TJscoum APB(‘I\Ir

Furthermore, from (17) and assuming BCM and CCM mag-
netic parts use the same core material, and that temperature,
input and output voltages are also the same, the core power
losses for both operation modes can be calculated per

PCOTCCCI\I - C'm 9“71 'CCM Bl?l‘lx( k)ﬂApC CMr <3/4) (27)
" 3/4
PCOICBCM(N) =N |C, ;]’UJB(ZM (212;,3; pBCMr( /4) (28)

Consequently, combining expressions from (24) to (28), the
value of r can be calculated for a given Pp and winding to core
losses ratio as

P8/
" « k))? Vol P (r e
B CoM wBCM
Fr® 21 = k) (o) (e )

29)

Finally, Voly is defined as the volume ratio for a given core

losses ratio Pr, and considering that losses in the winding

are Ty, and 7., relative to the CCM and BCM core

losses, respectively. Combining (29), (26), and (12), Volp is
obtained as

3/4
VOIC cM ( TJocu ) / _
VO]B em (N) \TTJgcn

(77%)
4 2_2 1 23 (}+z
VOIR = (k ok k+ N(rzja)P}(; =5/ )

S (ot 33/(58—6
=) (r) o)
R .

Tw cCcM

VOlR =

(30)

Expression (30) can be analyzed to obtain the CCM-to-BCM
volume ratio dependence with N, fr, Pg, and k. Considering
2< B <3and1 < «a < 2,itcanbe chcluded that:

1) as Volp is proportional to [V (%), the volume ratio in-

creases when IV decreases;

2) Vol decreases when P is increased, as allowing more

losses in one mode (BCM or CCM), a volume reduction
is obtained in that same mode compared to the other;
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4 . - - T TABLE I
—A— k=0.8 fr=1 / 4 DESIGN SPECIFICATIONS
o 354 —— k=06 fr=1/4}
or—
*5 —~~— k=05 fR = 1/4 Parameter Value
—
s34 e k=08 fR=1/2] 5 . W
—ealye- — =1/2 utput power, P,
§ 3_'1. k 0.6 fR . 1/2 Input RMS voltage, Vi, 220 V
ire) 2.5 =3 k= 0.5 fR* / I Output voltage, V, 400 V
> k=0.8 fR =1 Max. current density, .J 4 A/mm?
E 9 <k k=056 fR_l Maximum field density, B, ax 0.35 T
\ ~ -
_ Copper fill factor, K, 0.6
N k=05 fr=1 oP
° 1'5 LQ\\\ \\\ 4
+~ \\\\\‘&
= N TABLE II
3 1 AT | CCM AND N-BCM INDUCTOR PARAMETERS
O S
- R S M
0.5 e . Mode Ai L value AB A,
!
0 * . * . . . . . I CCM 1.6 A 308 uH 138.2mT 3842 mm*
1 2 3 4 5 6 7 8 9 10 1-BCM  6.43A  39xH  109.87mT  2314mm*
Number of phases N 2-BCM 3.21A 77 puH 92.8mT 1706 mm*
3-BCM 2.14 A 116 pH 83.3mT 1476 mm*
) ) ) 4-BCM  1.61A 154pH  77.6mT  1304mm*
Fig.2.  Volumeratioasafunctionof N, Pp = landry ¢y = Twpoy = 1- 5-BCM 1.29A 193 pH 7311 mT 1205 mm*
6-BCM 1.07A 231 pH 69.89mT 1115 mm*
. . . . 3 4
3) Voly increases when k is decreased, i.e., as CCM ripple 7-BCM  0.92A  270pH  67.07mT  1056mm
4
. . . . . 8-BCM 0.8A 308 pH 64.89mT 997 mm
is being increased, approaching the BCM behavior; 9-BCM  0.71A  347uH  62.88mT 957 mm?
4) Vol increases when fr decreases (fsuy ., higher than 10-BCM  0.64A  385uH  61.26mT  915mm?*
fsweew )- As BCM converters operate with lower switch-
ing losses in the semiconductors, it becomes possible to
run the converters at f > f TABLETI
l_l 'e ¢ . e at Jswg cM sweeoM . CCM AND N-BCM INDUCTORS
The implications of the analysis performed can be illustrated
by taking typical values. For switching frequencies betweep 20 Mode Core a Volume n  Gaplength
and 200 kHz we can assume o = 1.46 and § = 2.75 [21]. Fig. 2
shows the volume ratio as a function of NV, calculated using (30) CCM E25/13/11 4282 mmj 4500 mmi 91 2.62mm
. . 1-BCM E25/13/7 2910 mm” 2990 mm 28 1.292mm
for different Va.lues of k an<'1 fr, assuming the same core losses 5 BCM F25/10/6 2290 mm’  1930mm® 36 0.831mm
on both operating modes, i.e., Pp = 1, and that the cores and 3.BCM E25/10/6 2220 mm?  1930mm?® 36  0.554 mm
WlIldlIlg losses are the same, i.e., Twoen = Twgon = 1. k values 4-BCM E25/10/6 2220 mmj‘1 1930 mm: 36 0.415mm
. 5-BCM E25/10/6 2220 mm” 1930 mm* 36 0.332mm
0.5, 0.6, and 0.8 correspond to CCM ripple values 50 %, 40 %, GBOM  E20/10/6  1120mm®  1490mm® 45  0.346mm
and 20 % of peak current, respectively. 7-BCM E20/10/6  1120mm’  1490mm?® 45  0.297mm
. . 4 3
As it can be seen, for a given fr = foweey /fswpey and k, iggx E;gﬁgiz Eggmrr14 ilggmmg 15 00~2?36lmm
: . J- mimn b mim o} . min
CCM-to-N-BCM volume ratio decreases when N increases. L0BCM  E20/10/6  1120mm®  1490mm® 45  0.208mm

Additionally, it can be noticed that volume ratio decreases when
k is increased, as previously discussed. On the other hand, in-
creasing BCM switching frequency, which is possible due to the
reduced losses on the switches, leads to a volume reduction. For
example, using &k = 0.8 and fr = 1/2, CCM and 2-phase BCM,
yields approximate the same volume, while if [V is increased to
95, 5-BCM occupies twice the volume than single phase CCM.

A. Practical Case Analysis

In order validate the proposed methodology, the input induc-
tors for both, a single phase CCM as well as for an /N-phase
BCM boost converters are calculated. The volume ratio obtained
by design is compared to the volume ratio predicted by (30) to
verify its accuracy. The design specifications for the converter
are summarized in Table 1.

From the parameters listed in Table I, and assuming the effi-
ciency is close enough to 1, total input average current results

- PU
oo = v 3D

Expressions from (3) to (7) help in computing the induc-
tor values and the parameters required for the area product
calculation. For this example, CCM ripple factor is set to
k = 0.8 and CCM switching frequency to fsy. o, = 100 kHz.
On the other hand, BCM switching frequency is set to
Fswgen = 2fsween = 200 kHz. Table I summarizes the induc-
tors values, the current ripple amplitude, the ac flux density, and
the calculated area-product for each design.

The inductors obtained using the standard design procedure
described in [19] are shown in Table III. In all the cases Fer-
roxcube’s 3C94 ferrite E-cores have been used, whose Stein-
metz parameters are ky = 2.37 - 1073, o« = 1.46, and 8 = 2.75
for the frequency range from 20 to 200 kHz. Selected mag-
netic cores have the nearest larger area product for each case.
It should be noted that, as commercial E cores have limited
size and shapes, not all product areas are available and some
discrepancies have to be expected.
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Fig. 3. Volume and power losses ratios of practical inductors design.

Fig. 3 shows the volume ratio and total (core and winding)
power losses ratio for the above presented designs. Power losses
ratio, which is expected to be equal to 1 by the constraints im-
posed for the calculations, is obtained by computing the core
dissipation of each core using the calculated A B, listed in Ta-
ble II, and the core manufacturer curves, while winding losses
are calculated by using the procedure described on [14]. As
it can be seen, real Volp follows the volume ratio predicted
by (30) in the average. Discrepancies in the practical inductor
calculations are due to discrete availability in core size.

III. CONCLUSION

In this paper, a method for estimating the inductor volume
ratio between a single CCM and N-phase interleaved BCM
power converters has been presented. Volumes for each oper-
ating mode have been calculated using the area product defini-
tion and taking into consideration the core and winding power
losses. As a result, a closed expression for the volume ratio has
been found including design parameters, such as the number
of BCM phases, CCM peak-to-average current ratio, core-to-
winding losses ratio, as well as inductor power loss ratio and
switching frequency ratio between the CCM and BCM designs.
The presented method is, therefore, a useful tool that can be
used in combination with efficiency calculations, already avail-
able in the literature, to determine the optimal number of phases
for a given application. The proposed method can be applied to
boost, flyback, and forward topologies. In the boost case, the
inductor current is the input current, while in the forward case
its inductor current becomes the converter output current. On
the other hand, in the flyback case, there would be no direct
relationship to either input or output current, but through the
introduction of the duty cycle. One extra advantage of the inter-
leaved topology not included in this analysis, is the increased
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dissipation surface on the magnetic parts for the same volume,
which would provide an extra advantage on /N-BCM topologies
over 1-CCM ones.
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