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An E-Core Based Integrated Coupled Inductor for
Interleaved Boost Converter
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Abstract—Interleaving in a boost converter is beneficial for low-
ering input and output current ripples through ripple cancellation
due to phase-shift between channel currents. However, interleaving
does not affect the channel current ripple. The channel current
comprises circulating Differential Mode (DM) current and Com-
mon Mode (CM) boost current, whose ripples constitute the total
channel current ripple. Inverse coupling between channel inductors
effectively lowers channel current ripple while maintaining the
same input and output current ripples. However, with a single
inverse coupled inductor, its leakage inductance, which serves as
a boost inductor, depends on the winding arrangement and is
challenging to balance in both channels. To overcome this, the
inverse coupled inductor can be implemented as a cascade of inverse
(DM inductance) and direct (CM inductance) coupled inductors.
The DM and CM currents and their ripples then depend on CM and
DM inductances, respectively. Nonetheless, this approach results
in increased size and count of magnetic cores. In this paper, an
Integrated Magnetic Structure (IMS), based on a gapped EE-core,
is proposed that combines both CM and DM inductances in a single
core. The CM and DM inductances are independent and depend on
separate winding turns. A reluctance model is derived, and a design
procedure is developed where core parameters are expressed in
terms of converter parameters. Finally, the proposed IMS concept
is validated through a 300 W, 100 V to 168 V prototype, switching
at 70 kHz.

Index Terms—CM and DM inductance, coupled inductor, EE-
core, interleaved boost converter, integrated magnetic structure,
schwarz-christoffel transformation.

1. INTRODUCTION

WO-PHASE interleaving in a simple boost converter has
benefits like twice effective switching frequency, harmonic
cancellation, better efficiency and increased power density [1].
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It is also beneficial for the output filter capacitor. The Equivalent
Series Resistance (ESR) of the tantalum capacitor is inversely
proportional to the frequency of the switching current and inter-
leaving can effectively reduce the filter capacitor size, loss and
weight [2]. Further, the input current ripple is lower than the
non-interleaved case due to the phase shift between the channel
currents. However, the lower input current ripple is achieved
through ripple cancellation of the channel ripples, the channel or
inductor current ripple is still large if the inductance is small [1],
[2].

Inverse coupling between channel inductors is proven effec-
tive in lowering channel current ripple while maintaining the
same input and output current ripples [3], [4]. The channel
current in an interleaved boost converter consists of CM and
DM current components, which depend on the same channel
inductance L. Assuming identical channels, the CM current
in each channel is half of the input current, comprising DC
and AC ripple components [5], [6], [7]. In contrast, the DM
current is an AC circulating current between channels without
DC bias. According to [8], the DM ripple component dominates
the channel current ripple, which can be reduced by increasing
L. Nonetheless, this is achieved at the cost of increased core
volume/turns to accommodate increased ampere-turns (/N 1) due
to CM current DC component, which also flows through the
same L.

Through inverse coupling (Fig. 2), the CM and DM cur-
rent ripples are decoupled and depend separately on leakage
(CM) and mutual (DM) inductances, respectively [1], [6]. The
DC magnetization produced by CM current in both windings
cancels out, while the mutual DM inductance determines the
DM ripple. However, the leakage CM inductance is winding
orientation and core structure dependent, lowering flexibility in
controlling the CM ripple. A cascaded inverse (L¢ ) and direct
coupled (L ps) inductor realization of inverse coupled inductor
is proposed and implemented in [8], which provides complete
flexibility in controlling CM and DM ripples separately. The
inductors Ly and L p s are builtusing U-U cores and cascaded
together.

The inverse and direct coupled inductor implementation of
inverse coupled inductor requires two separate cores, which
increases the overall size and count of converter magnetics.
Several approaches have been proposed in the literature for
the miniaturization of magnetics by integrating both Loy and
L pas in a single structure. Basic EE-core-based structures with
channel windings on outer limbs are proposed in [9], [10], [11].
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Fig. 1.
with center leg air-gap and bifilar winding [17].

A
S, S; 1

ipp(t) ——p
iem (1) ——»

i1 L i@
Cour=— Load Vou
L
VIHCD l’DM(f) — iz (t)
icu () ——» s, E—}L S, E—}L
\

Fig. 2. Two-phase interleaved boost converter with inverse coupled inductor.

The air-gap is either provided in the outer legs [9], [10] or in all
legs [11]. The structures are shown to provide better transient
performance but the CM and DM inductances are not decoupled
and cannot be controlled independently. Moreover, the core
needs to be aligned precisely. For instance, the E and I cores in
Fig. 2 in [9] connect through the center leg. Hence, gap-filling
inside air-gaps is necessary to ensure mechanical stability and
to prevent displacement between the two cores.

Similarly, an EIE-core-based integrated structure is proposed
in [12]. The structure utilizes two air gaps for energy storage. It
is shown that the total air-gap length required for the proposed
structure is less than the EE-core structure; however, a detailed
comparison is not provided. Further, the inductances Lcas
and Lpjs are not independent and cannot be controlled sepa-
rately. Further, a CCTT-core-based magnetic structure, proposed
in [13], is shown to be effective in lowering winding fringe loss.
The associated near-field emission is also less compared with the
EE structure. However, the structure requires custom-designed
cores, which increases the design and fabrication costs. The CM
and DM inductances are also not decoupled as in [9], [10], [11],
[12].

The concept of integrating CM and DM inductances in a
single structure for an interleaved boost converter is analogous
to the structure of an integrated filter for Electromagnetic Inter-
ference (EMI) suppression in power converters. In the context
of EMI, several structures have been proposed to combine Ly
and Lpjs. An integration method using two toroidal cores is
proposed in [14]. While the volume is reduced considerably,

(b) ©

IMSs for EMI filter proposed in literature. (a) Stacked Toroidal Structure [15]. (b) EE-core structure with center leg air-gap [16]. (c) EE-core structure

Lo and Lpys are not independent and the structure suffers
from uneven thermal distribution. The stacked toroidal structure
(Fig. 1(a)) in [15] provides high DM inductance but the size is
considerably large. Moreover, Lp s is shown to depend on the
mutual inductance M between two toroids, but no expression is
provided for M. Similarly, the first structure, based on E-core,
presented in [16] has high-near field emission and Ly, and
Lpys are dependent on the same turns. The third structure
presented in [16] and [17] proposes a design in which Loy
and Lp s are decoupled and depend on different winding turns,
a feature lacking in the integrated structures discussed above
(Fig. 1(a)). Also, it is concluded in [16] that this structure has
lower near-field emissions due to near magnetic field cancella-
tion.

This paper draws an inference from IMSs proposed in [16],
[17] for EMI suppression and extends it to an IMS design for
a bi-directional two-phase interleaved boost converter [18]. At
first, CM and DM modeling of an interleaved boost converter
for both uncoupled and coupled configurations is discussed
in Section II. A comparative study of converter performance
for both inductor configurations in Section III follows this.
The CM and DM modeling approach for an interleaved boost
converter has yet to be discussed in detail in the existing
literature. Although CM and DM current modeling approach
has been used to design a Buck-Boost converter in [8], the
underlying expressions for CM and DM current components
differ from those for the interleaved boost converter.. The CM
and DM modeling presented in Section II serves as a basis for
the analysis of the proposed IMS. Section IV introduces the
proposed IMS and presents analysis for deriving expressions for
Ly and Lpyy, followed by a detailed discussion of the design
procedure. In addition, Section IV also discusses the extension
of the proposed IMS to multi-phase boost converters and an
iterative approach for estimation of input current ripple. Lastly,
Section V presents IMS concept validation and performance
comparison on a hardware prototype.

II. REVIEW OF UNCOUPLED AND INVERSE COUPLED
CONVERTER DESIGN AND OPERATION

Fig. 2 shows the schematic of a two-channel bidirectional
interleaved boost converter. The channel inductors L can be
uncoupled or inverse coupled with mutual inductance M. The
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channel currents ¢;(¢) and i,(¢t) comprises the following two
components: Circulating DM current ip(t) and Boost cur-
rent o (t). This circulating current is an inherent feature of
interleaving regardless of coupling between the channels. It is
generated by the differential voltage, which is produced due to
switching of lower switches S| and S,. icas(t) is the actual
boost converter current which flows in same direction in both
channels. The CM and DM currents i (t) and i ppys () can be
expressed in terms of channel currents 7; (¢) and 4, (t) as

i1(t) +ia2(t)
2

i1 (t) —ia(t)
2

(D

icm(t) =

ipm(t) = 2

The expressions for input current ripple A4, channel current
ripple Ai; = Ai, canbe derived in terms of CM and DM current
components for both uncoupled and inverse coupled inductor
configurations.

A. Uncoupled

The steady state waveforms of an uncoupled two-phase inter-
leaved boost converter are shown in Fig. 3. For both duty cycle
ranges D < 0.5 and D > 0.5, there are four different operating
states. The switches in ON state are marked on top in Fig. 3.

The input current is twice of CM current i(t) = 2icps(2).
Similarly, the current ripples in icp () and ipas(t), Aicm
and Aipyy are related to input current ripple and channel cur-
rent ripple as: Aigpyr = 0.5A¢ and Aipy = Aiy — Aoy =
Aiy — Aig . Through analysis of the steady-state waveforms,
following equations are obtained for Ai, Ai; = Aiy and Aipyy
for both D < 0.5and D > 0.5.

1) D<0.5:
. o VinD(l - 2D)
Alev = S0 D)fL @
) Vin D
Aipy = m “4)
M Tu-nir o
Ay = Aiy = Aigpyr + Aipy = YD (6)
fL
2) D>0.5:
. _ ‘/171(2D - 1)
Aicy = LT (7N
. ‘/i/n,
Aipy = 2L ®)
. ‘/;n(ZD — 1)
Ay = Aiy = Nigpy + Aipy = VfL (10)
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Fig. 3. Steady state waveforms of the converter with uncoupled inductor L.
(a) D <0.5.(b) D > 0.5.

B. Inverse Coupled

Inverse coupling results in different equivalent channel induc-
tances for different switching states. The equivalent inductances
depend on duty ratio D and on self and mutual inductances L
and M [1]. This causes the channel currents to fall with different
slopes, illustrated in Fig. 4. Similar to the uncoupled case, there
are four different operating states and the switches in the ON
state are marked on top in Fig. 4.

The CM current i (t) is dependent on the leakage induc-
tance L — M of the inverse coupled inductor. Nonetheless, the
desired value of boost inductance L — M is difficult to achieve
as itdepends on the layout of the winding and the structure of the
core. To mitigate this issue, the inverse coupled inductor can be
realized through a cascade of two separate inverse (Lp,s) and
direct (Lcpr) coupled inductors as proposed in [2], [8]. Fig. 5
shows the transformation. Based on the direction of coupling,
icm(t) only sees Lops and ipas(t) only sees Lpys. This
implementation allows the desired value of boost inductance to
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Fig.4. Steady state waveforms of the converter with inverse-coupled inductors
LCI\/I and LDM- (a) D <0.5. (b) D > 0.5.
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Fig. 5. Transformation of an inverse coupled inductor into inverse and direct
coupled inductor.

be realized and to reap the benefit of inverse coupling, reducing
the channel current ripple while maintaining the same transient
response. Finally, the expressions for input current ripple Az,
channel current ripple Ai; = Ai, can be derived in terms of
LC M and L DM-
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1) D<0.5:
Nicyr = m ()
AiDM:AiZZ% (12)

2) D >0.5:
Aicy = ‘W (15)
Nipar = i — thZW (16)
i = Vré(szi;f D (17)
Aiy = Aiy — Vin(Lpm (2D — 1) + Lew) (18)

4LcmLpm f

III. COMPARATIVE STUDY OF UNCOUPLED AND INVERSE
COUPLED CONFIGURATION

Channel current ripple cancellation is the major benefit of the
interleaving technique in a boost converter. However, interleav-
ing only lowers the input current ripple Ai. The channel current
ripples Ai;(t) and Aiy(t) are still significant. This results in
increased core loss and winding loss due to greater harmonic
content superimposed on top of DC current I o flowing through
the channel. Inverse coupling lowers the steady-state channel
current ripples, which improves converter performance and effi-
ciency while maintaining the same transient response. Further, in
terms of CM and DM currents, the decoupled Loy and Lpay
(Fig. 5) implementation of inverse coupled inductor in Fig. 2
makes CM and DM currents and their associated ripples to be
controlled independently.

The proceeding analysis provides a performance comparison
between uncoupled and inverse coupled inductor implementa-
tion, assuming equal Ai for both cases. This is achieved by
setting L in (5) and (9) for the uncoupled case to twice of Loy
(L =2Lcm).

A. Channel Current Ripple Comparison

According to (14) and (18) for D < 0.5and D > 0.5, Ai; (¢)
and Ai,(t) for inverse coupling depends on both Ly and
L par, whereas it only depends on L = 2 L for the uncoupled
case in (6). By defining & = Leas/Lpys and manipulating
(14) and (18) to accommodate «, a channel current ripple ratio
Ary »(D, «) can be derived. The ratio depends on duty cycle D
and «. Further it can be used to compare relative magnitude of
channel current ripple for inverse coupled inductor (Aij 5(;c)) to
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that of uncoupled inductor (A} 5(y))-

Ay oic)

Aria(D,a) = Ay 5 (ue)

(19)

The variation of Ary »(D, ) with both D and « is illustrated
in Fig. 6. The ratio equals 1 for aw = 1 for whole range of D.
This is due the fact that for « =1 or Loy = Lpas, ripple
current expressions (14) and (18) reduce to (6). Further, the
ratio drops non linearly for a < 1, with minimum value at
D = 0.5. This shows that inverse coupled implementation with
Lpar > Loy is effective in lowering channel current ripple,
while maintaining the same input current ripple. This also lowers
the harmonic content in channel current, which is explained in
the next subsection.

B. Harmonic Comparison

The channel currents i;(t) and i,(¢) in Figs. 3 and 4 can
be decomposed into DC component and switching frequency
harmonics through Fourier series analysis. The magnitude of
switching harmonics is critical as the harmonics are the driving
factor for core loss and high AC resistance loss in windings due
to skin effect. The channel currents are composed of i¢ s (¢) and
ipa (t) components. From (1) and (2), the channel currents are
relatedtoicas (t) and ipas (t) as: i1 (t) = icnm () + ipas(t) and
1(t) =icm(t) —ipa(t). Hence, the Fourier series for i;(t)
and 7, (¢) can be expressed as the sum or difference of the fourier
series of ic s (t) and ipps(¢). The CM and DM current fourier
series with w = 27 f can be expressed as follows (Appendix A).

1) Uncoupled:

~ 2Vin
icm(t) = Ipc + Z 7 g(D, f,2n) cos(2nwt)  (20)
e R —
AncM (uc)
. = 4V,
ipm(t) = Z T h(D, f,n) cos(nwt) 21
n=135..
AnDM (uc)
2) Inverse Coupled:
: — Vin
icm(t) = Ipc + Z 9(D, f,2n) cos(2nwt)  (22)

— Lceum
[ e —

AncMiic)
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parison.

Uncoupled and inverse coupled configuration harmonic content com-

. — 2V
ipm(t) = Z T h(D, f,n) cos(nwt) (23)
n:173,5,_&/_/
AnbDM(ic)

g(D, f,n) and h(D, f,n) are amplitude scaling factors,
which depends on duty cycle D, switching frequency f and
harmonic n. Further, i3/ (t) fundamental component frequency
is 2 f, due to interleaving, which is also evident in Fig. 3 and 4,
respectively. On the other hand, ipys(¢) only comprises odd
harmonics of switching frequency f. Hence, the first harmonic
in channel current at f is contributed solely from i p /().

For equal input current ripple Ai for both inverse and
uncoupled (L = 2L¢ps) inductor implementation, the CM
current harmonic amplitude ratio A, cns(ic)/Ancir(ue) 1s al-
ways unity for all D. However, in case of DM current,
the A, paric)/AnDM(ue) Tatio equals o = Loy /Lpy or
Appnicy = @Anpar(uc). Hence for a < 1, DM current har-
monic content (including fundamental) for the inverse coupled
case is always lower than the uncoupled case as illustrated in
Fig. 7. This is results in lower core and winding loss while having
the same Aq.

C. Power Semiconductor Loss Comparison

In a bi-directional interleaved boost converter, the diode in
the top position in each phase-leg is replaced with a switch to
achieve bidirectional current flow (Fig. 2). The total loss incurred
by each switch is the sum of conduction loss P,, and switching
loss Ps,. P., affects the heavy-load efficiency whereas P,
impacts light-load efficiency of the converter. The expressions
for P, and P,, for top and bottom devices, using the converter
waveforms in Figs. 3 and 4, can be derived as follows [19]

1) Bottom Switch:

Vo . .
P,, = Zf((IDC — Ad1a)Ton + (Ipc + Air2)Torr)
(24)
| (DT
P., = 7 / Rdsonis o(7) dr (25)
0
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Fig. 8. Inverse coupled configuration normalized switching 1oss (Pgq(ic) /
Py (uc)) variation with D, o, ¢ and £ = 0.15. (a) Bottom device. (b) Top
device.

2) Top Switch:

v, . ,
Py, = zf((IDc + Airp)Ton + (Ipc — At p)Torr)
(26)
1 T
Po=1 / Rdsoni? 5(v) dr @7
DT

Ton and T g represent the turn-ON and turn-OFF transient
time duration for the switches S| — S;. The loss expressions
(24)-(27) show dependence on both channel currents 4 (%)
and their ripples A », which differ for uncoupled and inverse
coupled configurations.

For intuitive comparison, the losses for the inverse coupled
configuration can be normalized with losses for uncoupled con-
figuration. Assuming same device parameters such as Rds,,, and
by turn-ON to turn-OFF time ratio { = Ton/Torr and equal
A for both inductor configurations, following normalized loss
expressions are obtained (Appendix B):

Psw ic

S — My (D, 0, € ) (28)
Psw(uc)b,t

Pco ic

Zeolilht N, (D, k) (29)
Pco(uc)b,t

The subscripts b and ¢ denote the bottom and top devices,
respectively. « implies Lo /Lpas. Similarly, £ = Ady 2 /Ipc,
lying within (0,1), represents the ratio of channel current ripple
to its DC component (Fig. 3 and 4).

Fig. 8 shows the variation of normalized switching loss with
D and « for three values of ( and x = 0.15 for both bottom
and top switches using (28). The switching loss shows a similar
trend to the inductor current ripple ratio plot in Fig. 11. For
¢ < 1, the normalized switching loss for the bottom device is
upper bounded by 1, while it is lower bounded by 1 for the top
device. The trend is the opposite for ¢ > 1. However, the total
sum of normalized bottom and top device switching loss equals
2, implying that the net switching loss for uncoupled and inverse
coupled configuration is the same. The total switching loss could
be lowered if the bottom device has ( < 1 while the top switch
has ¢ > 1.

The conduction loss variation with D and « for three val-
ues of x is presented in Fig. 9. The conduction loss is upper

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 59, NO. 4, JULY/AUGUST 2023

(b)

Fig. 9. Inverse coupled configuration normalized conduction loss (P (;c) /
Peo(uc)) variation with D, o and £. (a) Bottom device. (b) Top device.
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A g Y — >
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> DM Flux

Fig. 10. Proposed integrated magnetic structure for two-phase interleaved
boost converter with coupled inductor. (a) Winding layout. (b) Flux distribution.

bounded by 1 for all values of « for both switches. However,
compared with switching loss, the change (drop) in normalized
conduction loss is insignificant with a decrease in . This could
be further supported by the fact that DC current component I
far dominates the conduction loss [19], which is the same for
both inductor configurations.

IV. INTEGRATED MAGNETIC STRUCTURE

The inverse and direct-coupled implementation of the main
inverse coupled inductor in Fig. 5 decouples the CM and DM
inductances. With Loy and Lp s decoupled, the desired value
of channel current ripple Aé; = Ai, and input current ripple A¢
can be achieved. However, this implementation still results in
the same number of inductor cores as for the uncoupled case,
which calls for decoupled integration of both Ly and Ly in
a single structure.
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Fig. 11. Magnetic equivalent circuits for the proposed structure. (a) Differen-
tial Mode. (b) Common Mode.

The third EE-core structure for EMI filter with air-gap in
the middle leg presented in [16] and [17] decouples Ly and
Lpyr. The structure also has lower near-field emission due
to near magnetic field cancellation and L¢ s is much greater
than Lpys due to low reluctance in CM flux path. According
to [8], in an interleaved boost converter, Lp s is considerably
greater than Lcojys. The structure can be extended to inverse
and direct-coupled structure (Fig. 5) to achieve miniaturization
of magnetics for a two-phase interleaved boost converter in a
single unified structure by interchanging the CM and DM flux
paths (Fig. 10). This results in a significant value of L s with
lower Equivalent Parasitic Capacitance (EPC) as the hardware
results in the next section show. Fig. 10(b)) illustrates the flux
distribution of CM and DM fluxes; the CM flux has a high
reluctance air-gap in its path to prevent core saturation. The DM
flux path has low reluctance and its direction alternates every
half cycle.

Fig. 11 shows the equivalent magnetic circuits for DM and
CM currents. R, is the reluctance of the outer core, comprising
the outer limb and half yoke from top and bottom. R, is the total
reluctance of the center limb excluding air-gap. Finally, R, is
the air-gap reluctance. The reason for separating 12, and 2, in
Fig. 11 is the fringing effect, which causes the air-gap effective
area to be larger than that of the center limb. An accurate air-gap
R4 estimation approach using [20] is discussed in the proceeding
section.

The center leg windings (W, and Ws) with N, turns are
responsible for the CM inductance as the flux produced by the
CM current in the center leg is in the same direction. The flux
produced by the side limb windings (W, W3, W, and W) with
N turns due to CM currents gets cancelled. On the other hand,
the side limb windings with N; turns are responsible for DM
inductance as the flux produced by DM current gets added, while
the flux produced by the center leg windings with N, turns gets
canceled. This leads to decoupling between Ly and Ly and
these inductances depend on separate winding turns /Ny and N,,
respectively.

The six windings W;—Wj individually couple with each other
with coupling factor k;; between W; and W;. This results in a
6 x 6 coupling matrix k£ (30), which is symmetric (k;; = k;;)
with all diagonal entries (k;;) equal to 1. Hence, there are 15
matrix elements (k;; = k;;) that need to be determined to define
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(30) fully.
(ki ki ks ki ks kg
kot kxn ki ko kos ko
k k k k k k
po |F kn ks ks ks kse (30)
kst koo kaz kaa kas  Kae
kst ksy ks3 ks kss  kse
Lke1 ko2 ko3 Kea Kes Koo
R,
ke = 31
: \/2(RO+RC+Rg) G
R.+ Ry (32)

°" R, +R.+R,

A close observation of magnetic circuits in Fig. 11 reveals that
the flux produced by top/bottom winding in each leg ideally fully
links to the bottom/top winding in that leg or k¢ = k¢ = k3q =
k43 = kps = ks, = 1. The remaining matrix elements comprise
two distinct coupling factors k. and k,, expressed in (31) and
(32), to define k£ fully. k. represents the coupling between
outer leg winding (W, W3, Wy, Ws) and center limb winding
(W, Ws). k, constitutes for the coupling between outer leg
winding on one side (W;, Ws) to the opposite side (W3, Wy).
The final coupling matrix £ hence can be expressed as

1 ke ko ko ke 1
ke 1 ke ke 1 ke

p B ke 11 ke K 33
ko ke 11 ke K
ke 1 ke ke 1 ke
1 ke ko ko ke 1)

A. Derivation of Lo and Lpay

According to Fig. 10(a), each channel comprises three wind-
ings connected in series. For instance, for channel carrying
11(t), the windings Wy, W, and W3 are connected in series.
The total equivalent winding voltage v(t).,1 for channel 1 can
be expressed as sum of voltages across each of these windings
(W, W, and W3) (34).

Veq1 (1) = V1 (t) + Vw2 (t) + vy3(t) 34)

The expressions for Loy and Lpjy therefore can be derived
by expanding (34) and collecting self (L;;) and mutual (M;;)
inductance terms for CM and DM magnetic circuits in Fig. 11
separately. The mutual inductance M;; can be computed using
the self inductances L;; and L ; and the coupling factor £;; (35).

Mij = kij\/LiiL;

The proceeding subsection shows derivation of Loy, and
Lpys using channel 1 as a reference. The same result can be
obtained by using winding arrangement for channel 2, carrying

ir(t).

(35)
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N2
255
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Veqi (t) =2 & ipa(t) =2Lpripa(t)
0
2N?
Lpy = Rl 37

B. Influence of Air-Gap

The design of air-gap in gapped structure is critical as the
reluctance R, of air-gap is much larger than the reluctances of
the core. R, hence dominates the inductance whose flux passes
through the air-gap, which is Lc s in the proposed IMS. The
reluctance of an air-gap with gap length [, and cross-sectional
area A, can be calculated as

lg
o= A,

(38)

Ideally, A, should be equal to A.., which is the cross-sectional
area of the core where the air-gap is situated. However, when the
magnetic field lines pass through an air gap, they tend to spread
out due to discontinuity introduced by the air-gap known as flux
fringing [21]. Flux fringing causes A, to be higher, eventually
leading to increased inductance and flux density in the core [22],
[23]. Further, it leads to eddy current loss in windings covering
enclosing the air-gap. However, in the proposed structure, no
winding covers the air-gap. Moreover, if the distance between
winding edge on the core leg and air-gap edge is greater than
twice of the air-gap, the losses due to fringing at air-gap are
negligible and can be ignored [24].
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Fig. 12. 3D core geometry with labelled dimensions related to Schwarz-
Christoffel transformation.

Several methods have been reported in the literature to esti-
mate and compensate fringing effect in the design of air-gapped
inductors. One conventional approach is to iteratively change the
number of turns experimentally for a specific air gap length [, un-
til the desired inductance value is reached. The approach, albeit
simpler, is time-consuming and ignores the effect of fringing on
flux density [21]. Further, some closed-form models have been
proposed to estimate 12, on paper without tweaking the number
of turns. The most common closed-form model is the generic
fringing factor F' proposed by McLyman’s equation in [22],
[23] for C and E cores. F' is the ratio of actual air-gap cross-
sectional area A, to core cross-sectional area A.. McLyman’s
equation is limited to small air gaps and does not differentiate
between air gaps with a rectangular or round cross-section. A
more simplified closed-form approach is proposed in [25], [26].
The concept is to increase each edge of the gap cross-section
by lg having perimeter p.. The resulting F' comes out to be
1 +14(0.5p.) + 13, which is a quadratic equation. For small and
large [, the approach is shown to under and over estimate A,
respectively [21].

In [20], [27], a capacitance to reluctance analogy, based of
Schwarz-Christoffel transformation, is used to develop an ana-
Iytical expression for air-gap reluctance estimation. The method
is systematic and is shown to be accurate in estimating 12, with
a maximum of 5% deviation between calculated and measured
inductance value [27]. Based on this, the Schwarz-Christoffel
transformation approach in [27] is chosen for the estimation of
R, for the proposed IMS.

In the Schwarz-Christoffel transformation method, the air-
gap 3D geometry is decomposed into basic 2D geometries to
represent the front and side faces of the air-gap. Fig. 12 shows
the 3D geometry of the proposed magnetic structure. The two 2D
distinct geometries for the air-gap are in 2z plane (x direction)
and yz plane (y direction). w and d represent the width and
depths of the air-gap, respectively. h is the inner height of the
core leg. The 2D reluctance per-unit length, incorporating fringe
effects, for = and y direction is related to core dimensions as
follows [20], [27]

1

/o
in w 2 1 l mh
Mo E‘F; + Tlm

(39)
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Fig. 13.  Variation of maximum core flux components with duty cycle D. (a)
CM. (b) DM.

1
R, = (40)

wo (g + 3 (143t
Similarly, the 2D reluctance per-unit length, neglecting the
fringing effects, can be computed as

R, = ulgw (1)
l
R, = Mgd (42)

The corrected air-gap reluctance R; could then be estimated
with (38) and (39)—(42). Finally, R, in (31)—(32) and (36)—(37)
can be replaced with R;, to yield accurate value of inductance
and core saturation current.

R (RIL R; ) R R
= =0
R, Ry g g

(43)

g

C. Flux Distribution and Core Saturation

The design of the proposed structure involves computing the
number of turns /Ny and N, while ensuring that the core remains
unsaturated. The DM inductance depends on the reluctance of
the outer core, which is a known core parameter. Hence, for a
desired value of Ly, the required number of turns /Ny can be
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computed from (37). Further, N, for L), needs to be chosen
so that the core is not saturated. As evident in Fig. 10(b), the
core can saturate in the outer leg where both CM and DM fluxes
add. The maximum value of flux ¢o(max) = Bo(maz)Ao in the
outer core limb must satisfy the following criteria

d)O(maa:) < BSat Ao 44)

A, is the cross sectional area of the limb [19]. The maximum
flux @0 (max) comprises CM and DM flux components (45).

(ZSO(ma;E) = ¢CM(TIICLI) + QSD]\/I(maw) 45)
Ny b Aicy
I(maz) = 46
$CMmen) = 7 Ry + 05K, | 2V T 2 (46)
10 M (max)
2N, . 2Ny (Aipy
(bDJW(max) = ?OZDNI(max) = R, ( ) 47)

The expressions for ripple quantities Aic s (t) and Aip s ()
differ for D < 0.5 and D > 0.5, resulting in two different ex-
pressions for ¢o(maq) (48)—(49). Fig. 13 shows the symbolic
variation of ¢ a7 (maz) a0d @ par(mar)- The DM flux increases
exponentially for D < 0.5 and becomes constant for D > 0.5.
On the other hand, the CM flux variation with D shows a
skewed bell shape for D < 0.5 and increases linearly with D
for D > 0.5.

1) D<0.5:
5 B Vin D PinLew  VinD(1 —2D)
Olmaz) = 4(1 = D)fN, ' 2V;yN, ' 8(1 — D)N»f
P DM (max) PO M (max)
(48)
2) D>05:
mazx) — 49
vomen = Ny Yo, T osny @
——
¢D1W(7nam) ¢CZM(m,az)
¢C(max) . 2¢C]\/I(ma;c) (50)

¢O(maz) - ¢CM(ma:c) + ¢D]\l(maz)

In a similar fashion, from Fig. 10(b), the maximum flux in
the center leg ¢c (1maq) is twice CM flux component in the outer
leg (46). For intuitive comparison, ¢¢(maz) can be normalized
With ¢ (maz) (52). The variation of normalized ¢ (;n4,) With
v = ¢DM(77Lax)/¢CM(n,,ax) is plotted in Fig. 14. For v < 1, the
normalized center leg flux exceeds 1 while it drops drastically
fory > 1.

D. Extension to Multi-Phase Boost Converters

The inverse coupled inductor approach is extendable to even-
order 2n (n = 1,2, 3,4...) phase interleaved boost converters
to achieve lower input current ripple. The reduction in input
current ripple is also beneficial in shrinking the size of the EMI
filter due to reduction in DM noise as concluded in [1]. With 2n-
channels, the effective switching frequency is 2nf. For n > 1,
an 2n-channel interleaved boost converter can be considered as
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Fig. 15. Magnetics for four-channel interleaved boost converter with inverse
couple inductor. (a) Loas and L pps. (b) Proposed IMS.

n two phase interleaved boost converters in Fig. 2, with coupling
between alternate channels. For instance, Fig. 15 shows magnet-
ics for a four-phase interleaved boost converter with cascaded
Lo and Lp s configuration (Fig. 5). The alternate phases 1,3
and 2,4 form 2 two-channel interleaved boost converters. The
total number of magnetic cores are 4, same as for the uncoupled
case. However, the same four-phase interleaved converter can
also be implemented using two proposed IMSs, reducing the
total number of magnetic component by half. In general, for a
2n-phase interleaved converter with inverse coupled inductor, n
IMSs are needed compared with n cores for cascaded L s and
L pps configuration (Fig. 5).

For a multi-phase boost converter with the proposed IMS,
it is desirable to derive a generalized expression for total in-
put current ripple A7 and channel current ripples Ay (k =
1,2,3...2n). As shown in Fig. 15, for a multi-phase boost
converter comprising IMSs, coupling only exists between com-
plementary channels, whose currents are 180 °apart. As a result,
the channels can be grouped into complementary pairs, forming
n two-phase interleaved boost converters. Hence, Aij can be
computed using (14) and (18).

However, the expressions for Ai in (13) and (17) are not valid
for a 2n-phase boost converter with IMS. The expression for
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Fig. 16.  Proposed design flowchart for integrated magnetic structure.

Ad changes with D. For instance, for n = 1 (two-phase), there
are two operating regions (D < 0.5 and D > 0.5), resulting
in two different expressions for Ai. The number of regions
increases to four (D < 0.25, < 0.25D < 0.5, < 0.5D < 0.75
and, D > 0.75) for n = 2 (four-phase), leading to four different
expressions of Ai. The input current is the sum of CM currents
of all 2n channels with effective switching frequency 2n f and
duty cycle D,, expressed as

D,, =2nD — |2nD) (51)
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A closed-form expression for Ai, incorporating 2n f and D,,,
for a2n-phase boost converter with symmetric coupling between
all phase inductors is derived using Lunze’s transformation
in [28]. For an IMS-based multi-phase boost converter, cou-
pling only exists between complementary channels. Hence, the
generalized closed-form expression for A7 needs to be derived
by setting the coupling terms for non-complimentary channels
to zero in the model derived in [28]. The resulting expression
for Ai for an IMS-based 2n-phase boost converter is

' 4LCM(1 - D)Tlf

(52)

V. PROPOSED IMS CONCEPT VALIDATION

The design of the proposed IMS involves estimation of V|
and N,, while ensuring that the air-gap, outer leg maximum flux
constraints and thermal constraints are met. Hence, a systematic
and holistic approach needs to be devised [21].

A. Design Procedure

Fig. 16 shows the flowchart proposed for designing the IMS.
The design process starts with the initialization of converter
parameters such as P;,, V;,, Vous, nominal duty cycle D, o0,
maximum duty cycle D,,,, and required values of Lo, and
Lpar, computed using (11)—(18). D,,on, refers to duty cycle
calculated from the nominal input voltage, whereas D, , im-
plies the maximum duty cycle the converter might be operated
to regulate the output voltage. A database of K core candidates
is also passed as input during the initialization phase.

Passing the initialization phase, a core is then chosen and
N turns are calculated using given core outer leg reluctance
R,. This is followed by the estimation of air-gap reluctance qu
using the Schwarz-Christoffel transformation procedure (38)—
(43), discussed in the previous section. The corrected R’g is then
used to compute the value of N, using the specified value of
Lcoy. After Ny and N, have been estimated, the maximum
outer leg flux constraint (44) needs to be checked. According
to (48) and (49), Yo (max) differs for D < 0.5 and D > 0.5.
Further, it reaches the maximum value for D = 1. If specified
Do is not equal to 1, then ¢o(maz) at D = Dipay is used to
verify (44), else maximum value of ¢o(yaz) at D = 1 is used.
If the constraint is not met, the process stops, initializes the next
core and redirects to the computation of /V;. If constraint is met,
the process moves forward with wire gauge selection and loss
analysis.

The wire gauge selection is performed based on the available
window area A,, and desirable window utilization factor K.
The optimal selection of K, depends on voltage insulation and
cooling requirements. High K, implies close proximity of wind-
ings, which hampers heat exchange and is a potential cause for
high inter-winding parasitic capacitance [19]. If the calculated
wire thickness is enough to keep losses and temperature rise
under the desired limit, the design is concluded as feasible and is
stored. The following core in the database is then loaded and the
design procedure is repeated till all cores are traversed. Finally,
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Fig. 17.

Experimental setup.

TABLE I
CONVERTER SPECIFICATIONS

Parameter Value
Vi 100 V
Vout 168 V
P; 300 W

Dyom 0.41

Dmaz 0.45
f 70 kHz
Ai 0.60 A

A1 = Aig 0.60 A
Loy 155 uH

LDI\/I 806 uH

(a) (b)

Fig. 18.  Developed prototypes. (a) Prototype 1 (IMS). (b) Prototype 2.

an optimal design can be chosen from the stored feasible designs
based on the desired goal, such as size, cost and power density.

B. Experimental Setup and Inductor Prototype Design

To verify and compare the effectiveness of proposed IMS
with cascaded inverse (DM) and direct coupled (CM) inductor
implementation, a low-power converter test bench is developed
(Fig. 17). The phase-legs are built using two Half-Bridge SiC-
based KIT-CRD-8FF65P evaluation board from CREE. The gat-
ing signals are generated using Texas Instrument LAUNCHXL-
F28379D DSP. Table I summarizes the converter specifications.

For converter magnetics, two inductor prototypes are de-
veloped (Fig. 18). The first prototype (Prototype 1) is
based on the proposed integrated structure. It is built using
B66375G0500X187 E-core from TDK, with an air-gap of 1 mm
in the center leg. The core is composed of N87 ferrite material
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Fig. 19.  FEA result for maximum limb flux ¢o(maz)-
TABLE II
DEVELOPED INDUCTOR PROTOTYPES COMPARISON
Value
Parameter Prototype 1 Prototype 2
CM | DM
Core Manufacturer TDK Magnetics
E-Core .
Core Model (B66375G0500X187) Toroid (C058438A2)
Number of Turns N1 =10, Ny = 16 23 53
Loy (pH) 155 151 -
Lpy (pH) 801 - 795
Wire Guage 18 AWG
Copper Loss (mW) 340 200 510
Core Loss (mW) 5710 870 1436
Weight (g) 380 220 300
Volume (cm?) 124 40.5 40.5
Cost ($) 32 26 26

with saturation flux density Bg,; of 490 mT at 25 °C. The second
prototype (Prototype 2) is built for benchmarking, using two
separate High Flux (HF) toroids from Magnetics. The toroids
are wound using the direct-winding approach to lower parasitic
capacitance [29]. The design procedure discussed in the previous
subsection is followed for the integrated structure. The design is
further validated through a coupled-transient simulation of the
converter in ANSYS Twin Builder. The IMS prototype is drawn
and developed in ANSYS Maxwell 3D using the transient solver.
The 3D magnetic structure is linked to the electric circuit in Twin
Builder. Fig. 19 shows the magnetic field density B at the instant
where the limb flux is maximum in the right outer limb. The
maximum magnetic field density is below the saturation value
and aligns with the calculated 181 mT.

Table II tabulates the design parameters and measured induc-
tances of both prototypes. Due to the high permeability of N87
material, the number of turns N and N, for the proposed IMS
prototype are lower than prototype 2 inductors (Lcps and Lpay).
This results in 52 % and 27 % reduction in total copper losses
and weight, respectively. The core losses for IMS prototype
1 are higher due to N87 material composition. However, it
shall be noted that for the IMS prototype, the core selection
is based on availability from the vendor and is for concept
demonstration purposes. To increase core utilization and reduce
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Fig. 20. Impedance comparison of both prototypes. (a) CM. (b) DM.

core losses, a custom-sized core using advanced materials with
high permeability, such as nano-crystalline, can be fabricated.

The conductor size selected for the winding is AWG 18.
This gives plenty of space for winding for both prototypes. For
prototype 1, the gap between core and winding at the air-gap is
approximately 36 mm, which is greater than twice the air-gap
length. Hence, the fringing losses at air-gap are negligible and
can be ignored according to [24], [30], [31], [32].

C. Impedance Measurements

The values of Lcys and Lpys for both prototypes are mea-
sured using the Bode 100 Network Analyzer. For measuring
Loy, the two winding terminals on each side are shorted and
the impedance analyzer is connected across them. Assuming
perfect coupling, the measured value is L. Similarly, Lp s
is measured by shorting winding terminals of one side only
connecting the other side to the network analyzer; the inductance
measured is 4L p . Fig. 20(a) and 20(b) compare the CM and
DM impedance measurement results. The CM impedance of
both prototypes nearly follows each other. However, for DM
impedance measurement, prototype 2 has a lower self-resonant
frequency (more EPC) than IMS prototype 1. This is because
the DM inductor for prototype 2 has more turns to achieve the
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Fig. 21.  Test Results. (a) Prototype 1 (IMS). (b) Prototype 2.
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Fig. 22.  Efficiency comparison for both prototypes.

same Lpjs (2.5 times), compared with prototype 1, leading to
higher EPC [29], [33], [34], [35], [36].

D. Experimental Results

The impedance measurement procedure is followed by hard-
ware test of prototypes on the developed test bench. The mea-
sured waveforms for both cases are presented in Fig. 21. The
channel current ripples Aié; and Ai, for both prototypes is
approximately 0.6 A as designed. However, compared with
prototype 1, having lower EPC, the channel currents for proto-
type 2 have capacitive current spikes during switching transition
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TABLE III
SLOPE EXPRESSIONS
Slope Expression
D <05 D>0.5
Aid A
me M1 D1 5= DIT
Aicym Aicym
MCcM2 | “(05-D)T | — (A-D)T
Ai Ai
mpmi 1DL,)TJVI (1i%]S/IT

due to higher EPC, substantiating effectiveness of the proposed
structure.

Fig. 22 compares the efficiency for both prototypes. Curve
fitting is performed using the measured efficiency points to
establish the efficiency trend for the intermediate power values.
According to the results, IMS prototype 1 offers lower efficiency
than prototype 2 for power < 800WW. The lower efficiency
is justified because the N87 core material used for concept
validation of the proposed IMS concept has a higher core loss
than the High Flux material used for prototype 2. Replacing
N87 with low loss core material such nano-crystalline could
help to increase the light load efficiency. However, for power
> 800W, the efficiency of the IMS prototype is higher than that
of prototype 2. The increase in efficiency can be explained by
the substantial increase in copper losses of prototype 2 at high
power. Prototype 2 has more turns and channel resistance than
prototype 1 (Table IT). Since copper losses are proportional to the
square of the channel current, the substantial increase in copper
losses leads to a significant drop in efficiency for higher power
values.

VI. CONCLUSION

Inverse coupling between channel inductors in a two-channel
interleaved boost converter is beneficial for lowering channel
current ripple and harmonic content. The leakage inductance
of the inverse coupled inductor determines the input current
ripple, which is CM in both channels, while mutual inductance
controls the circulating DM current between channels. Further,
the inverse coupled inductor is realized using a cascade of CM
and DM coupled inductors for decoupling input and channel
current. This approach allows for the specified amount of input
and channel current ripple. However, the overall size and count
of the magnetic cores are increased. This paper proposes that
the miniaturization of magnetics can be achieved by combining
both CM and DM inductances in a single structure. A gapped
EE core-based IMS design is presented that combines both
CM and DM inductances in a single magnetic core structure.
The CM and DM inductances are independent and depend on
separate winding turns. A prototype is designed, simulated and
tested to validate the proposed concept. According to impedance
measurement and test results, the IMS prototype offers lower
EPC, resulting in cleaner current waveforms than the prototype
with separate CM and DM coupled inductors.
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APPENDIX A
DERIVATION OF CM AND DM CURRENT FOURIER SERIES

The fourier series of periodic signal g(¢) with period T in a
single sinusoid form can be be expressed as

g(t) = Ag + Z Ay cos(nwt + ®y,)

(53)
n=1
where
AO = Qo
An =V a% + bgL
—b
o, — tan"! <a") (54)

The coefficients ay, a,, and b,, come from the general fourier
series expressions containing sine and cosine terms. The coeffi-
cients are related to g(t) as follows

.Y
et [

by, = T/o g(T)sin(nwt) dt

t)cos(nwt) dt

(55)

The CM and DM current waveforms for both uncoupled
(Fig. 3) and inverse coupled (Fig. 4) have the same shape but they
differ in amplitude and slope, governed by (3)—(18). Hence, to
simplify the analysis, the fourier series expansions for iy (t)
and ipps(t) can be first derived in general form with slopes
during each interval denoted by m¢ s and mp ;. The slopes
differ for D < 0.5 and D > 0.5 and are expressed in terms of
CM and DM ripples (Table III), which in turn differ for both
uncoupled and inverse coupled configurations. Moreover, it is
evident from the waveforms that i (¢) has a DC component
Ipc, which is half of the converter input current DC component.
Hence, apcpr = Ipe for icp(t) fourier series. DM current is
purely AC with zero offset, implying aopar = 0 for ipas(¢)
fourier series.

By using the expressions for slopes in Table Il and ripples cur-
rents (3)—(18) and solving (54)—(55) for converter waveforms,
following expressions for A, cns and A, pys are obtained for
both inductor configurations

A. Uncoupled

2Vin
AnCM(uc) = I

1 — cos(2nmw (2D — 1))
<\/ 5120 f2(D — 1) ) (56)

(\/(cos(2mrD) — 1)(cos(nm) — 1))
64n*r f2(D — 1)2
(57)

4Vin
AnDM(uc) = I
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B. Inverse Coupled

Vin 1 — cos(2nmw (2D — 1))
A ) =
nOM(ie) = T o (\/ 51204t f2(D — 1)? (58)

\/ (cos(2nmD) — 1)(cos(nm) — 1)
64n4774f2 ( _ )2
(59)

The square root terms for both CM and DM coefficients
(56)—(58) are identical for both uncoupled and inverse coupled
configurations. For simplification, these terms can be repre-
sented as amplitude scaling functions g(D, f,n) and h(D, f,n)
for CM and DM coefficients respectively, as shown in (20)—(22).

(D, fn) = \/1 —cos(2nmw(2D — 1))

2Vin
Lpum

AnDM(ic) =

5120 f2(D — 1)

cos(2nmD) — 1)(cos(nm) — 1
0,10 [P T

APPENDIX B
DERIVATION POWER SEMICONDUCTOR LOSS

A. Switching Loss Ps,,

The normalized switching loss ratio Py (ic)b,t/ Psw(uc)b,t
for the bottom and top device using (24) and (26) and ( =
Ton/Torr can be expressed as

Powticy  (Ipc — Adyagiey))C + (Ipc + Adp ic)) 60)
Psw(uc)b (IDC — Ay Z(uc))c + (IDC' + Ail,Z(uC))
Pawtieyr _ (Ipc + A agie) )¢+ (Ipe — A a(ic)) 1)
Pew(uc)t (IDC + AZ],Z(uC))C + (IDC - AZ‘1,2(uc))

For equal input current ripple Ai (L = 2L for uncoupled),
the above expressions reduce to a function M, (D, «, ¢, k)
for both D < 0.5 and D > 0.5 by substituting ripple current
expressions and by taking Aij 5(,.) = KIpc (62)—~(65) shown
at the top of next page.

B. Conduction Loss P,,

The conduction loss P, primarily depends on the DC compo-
nent of the current flowing through both top and bottom devices
during converter operation. The bottom device conducts during
current-ramp up interval, where the inductor stores energy. The
top device conducts during the discharging interval, where stored
energy in inductor is delivered to the output capacitor and load.

The general expression for conduction losses (25)—(27), in-
volve finding the RMS value of the device current. The device
current contains ripple and DC (Ip¢) components. Compared
with uncoupled inductor, the inverse coupled configuration only
impacts the channel ripple current component. Hence, minor
reduction in conduction loss is expected with the inverse coupled
implementation. This can be visualized through the conduction
loss ratio Pro(ic)b,¢ / Peo(uc)b,t» denoted as Ny, (D, a, ), which
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Switching Loss D < 0.5:
(D) KO DG A0
Switching Loss D > 0.5:
M(D.aor) = KUZOF 221)1)(?;?@111)) (( ))))+ k(¢ —1) o
M(D.or.Cor) = k(1 —¢) + 22171)(:(2—_11))4;221?1)(( ))))+ ka(C—1) 65)
Conduction Loss D < 0.5:

Ny(D. . ) = D?(4k* 4 48) + D(— 4(1; i612+)£(1 Jlr)?z +2a(l —2D)) + 48 68)
Ny(D. o, ) = D3(4k% + 48) — D?*(8k% + 144) + Df(liz-illél;;)(l—lj— i2g3aD(1 —2D)+a*(5D —3)—1) —48 69)

Conduction Loss D > 0.5:
Ny(D. o) = D3(4k?* + 48) — 4x2D? + nzljl;((:;(jzfz)— 2) + ak*(4D* — 6D) + 2a) 0
Ny(D. ) = k*(4D* — 4D + 1+ o? — 2a(1 — 2D)) + 48D? an

4D?(K? + 12)

simply reduces to the ratio of device RMS current for both
devices as follows

DT .»
Pco ic f ¢ ic (T) dr
# = Ny(D, o, k) =~ ,21’2( ) (66)
co(uc)b Joo B auey(T) dT
T
Pco ic ! i) \” "

T .
Peotueyy Jor Z%,z(uc) (r)dr

Solution of integrals in (67)-(66) according to converter
waveforms in Figs. 3 and 4 with equal input current ripple A
(L = 2L¢ s for uncoupled configuration), yields the closed-
form expressions (68)—(71) shown at the top of this page, for
Ny, (D, e, k) for both top and bottom devices.
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