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ABSTRACT Power converter topologies with inductors at the input offer the potential to reduce conducted
electromagnetic interference (EMI). To harness this benefit in converters conventionally implemented with
inductors at the output, an input passive network consisting of two inductors and a bypass capacitor can be
utilized instead of the output inductor. This work focuses on the current-sourced buck converter (CSBC), the
most fundamental two input inductor topology, and presents a comprehensive analytical model for the bypass
capacitor voltage and input inductor currents. In addition, an analytical expression for the output voltage
is derived, demonstrating its dependence on not only the duty ratio but also the switching and resonant
frequencies of the CSBC. The analysis is expanded from an uncoupled CSBC to include magnetic coupling
between the input inductors, which enables the CSBC to be implemented with only one magnetic core. The
effects of coupling are thoroughly analyzed, including the potential to reduce passive component volume.
The proposed model is validated through simulation and experimental results for a design example. Design
insights are provided to guide passive component value selection, evaluate switch stress based on capacitor
voltage and inductor current ripples, and identify operating conditions where magnetic coupling may be

(Graduate Student Member, IEEE),

beneficial in reducing passive component volume.

INDEX TERMS Input inductor buck converter, current-sourced buck converter.

I. INTRODUCTION

This work presents a general analysis of component sizing
for the CSBC [1], shown in Fig. 1, a topology which has
also been referred to as the input inductor buck converter [2],
[3], current-type buck converter [4], [S], [6], two inductor
buck converter [7], Kappa converter [8], third-order buck
converter [9], and superbuck converter [10], [11]. While the
CSBC nominally provides the same conversion ratio as a
conventional buck converter, the placement of the inductors
at the input of the converter alters its functionality, pre-
senting advantages and disadvantages. Two inductors are
required, which increases part count and design complex-
ity compared to a conventional buck converter. Furthermore,
splitting the converter’s magnetic energy storage require-
ments between two inductors generally results in larger
overall component volume due to the scaling properties of
magnetic components [12]. Component integration can be
improved by magnetically coupling the two inductors, but this
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FIGURE 1. Schematic of the CSBC implemented with two uncoupled
inductors.

further complicates magnetic design and introduces funda-
mental tradeoffs in the sizing of the input passive components,
which are explored in this work. At the same time, the input
inductors enforce a continuous input current, a significant
benefit which has been exploited in various applications, such
as photovoltaic power conversion where continuous input
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current is beneficial for maximum power point tracking algo-
rithms [11]. In contrast to standard current-sourced topologies
such as the boost converter or SEPIC converter, the CSBC
can be designed to have no RHP zero, thereby improving
controller bandwidth [1].

More recently, interest in multilevel topologies utilizing the
input passive network of the CSBC have been explored for
various applications. Continuous current draw at the input has
the potential to reduce conducted EMI [8], which is exploited
in the development of the input inductor power factor correc-
tion (PFC) converter in [3]. In addition, recent studies have
demonstrated that current-sourced hybrid switched-capacitor
converters (SCCs) enable high power density [13] and pro-
vide a foundation for future system-in-package (SiP) and
system-on-chip (SoC) implementations [5], [6]. These fea-
tures directly address the design criteria for point-of-load
(PoL) converters in data centers, which prioritize high power
delivery capability and compact size [14], thereby positioning
current-sourced converters as a potentially competitive can-
didate for such applications. Furthermore, the adoption of the
two inductor input passive network has facilitated the develop-
ment of novel converter topologies, including the condensed
buck-boost (CoBB) converter [15], which improves multi-
level scaling in applications requiring both buck and boost
functionality.

Although interest in current-sourced converter topologies
based on the two inductor input passive network continues
to rise, limited research has been conducted on the bypass
capacitor (G in Fig. 1). Prior studies on CSBCs commonly
adopt a linear model for voltage and current ripple calcula-
tion, in which simplifying assumptions are applied to evaluate
the behavior of inductors and the capacitor [1], [7], [10],
[11]. Specifically, when calculating the input inductor current
ripples, the bypass capacitor voltage ripple is neglected, lead-
ing to the assumption of linear inductor current waveforms
and yielding an output voltage of Vo, = DVj,. Conversely,
to obtain the Gy, voltage ripple, the inductor current ripples
are assumed negligible, resulting in a linear capacitor voltage
waveform. Using these linear assumptions, for a given switch-
ing period (7 ) and a load resistance (Rjy,q), the voltage and
current ripples are calculated as

(Vin - Vout)DTsw

Aip = — I n € {t,b} (D
Vout(1 — D)DT,
Ava — out(R ) SW, (2)
10adCb

where Aij, Ai,, and Avg, denote the peak-to-peak inductor
current ripples and capacitor voltage ripple respectively.
While this linear model simplifies analysis and provides
general design guidelines, its underlying assumptions inher-
ently decouple the ripple effects of the inductors and capacitor.
As a result, the capacitor voltage ripple and inductor current
ripple are not simultaneously captured within a unified frame-
work. This linear model has two main sources of inaccuracy.
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First, it assumes that the output voltage is always DVj,, which
is not the case in practice when both capacitor voltage ripple
and inductor current ripples are included. Any error in the out-
put voltage approximation further propagates into the linear
model equations shown in (1) and (2). Second, it only consid-
ers the linear ripple and therefore neglects ripple components
which occur due to resonance in the input passive network.
As shown in Fig. 2, the shape and peak-to-peak ripples of
the linear model waveforms exhibit significant disagreement
with simulated results. The limitations of the linear model
therefore necessitate conservative over-design of the passive
components to ensure that the specified ripple constraints are
satisfied in practice. Moreover, the uncharacterized capacitor
voltage ripple can lead to non-optimal design choices for other
components, such as switches, whose voltage and current
stresses are directly influenced by these ripple magnitudes. To
address these limitations and reduce the total passive compo-
nent volume, a more accurate model is proposed in this work.
The comparison between the linear and proposed models un-
der the same resonant frequency frs and varying switching
frequency fsw shown in Fig. 2 demonstrates the improved
accuracy of the proposed model. The development of the
proposed model along with a detailed discussion of the lim-
itations of the linear model will be presented in the following
sections.
This work is an extension of [2] and presents a compre-
hensive model of the CSBC. Beyond analytical accuracy, the
proposed model provides practical design insights by relating
switching frequency, power level, load condition, and passive
component sizing to the resulting capacitor voltage and induc-
tor current ripples. In addition, though the potential to improve
magnetic component integration by coupling has been noted
in literature [1], [11], its effects have not been explored in
depth. This work provides a detailed analysis of the effect
of coupling on the passive component waveforms and their
required volumes, denoting uncoupled and coupled inductor
implementations respectively as U-CSBC and C-CSBC. The
developed model enables designers to quantitatively evaluate
whether the capacitor voltage ripple and inductor current rip-
ples satisfy given design constraints and, more importantly, to
systematically select appropriate inductance and capacitance
values to achieve desired ripple performance and minimized
passive component volume.
The major contributions of this work are summarized as
follows:
® A comprehensive analysis of the U-CSBC is developed
in Section II, where general expressions for the bypass
capacitor voltage, output voltage, and input inductor cur-
rents are derived which remain applicable under varying
conditions. The developed analysis is then extended to
the C-CSBC in Section III.

® A thorough discussion on the implications of coupling
the input inductors, including its effects on passive com-
ponent volume and other practical design considerations,
is presented in Section IV.
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FIGURE 2. Capacitor voltage waveforms obtained from the linear and proposed models compared with simulations. The values of passive components

are Ly = Lp, = 30 pH and C, = 0.2 uF. The operating conditions are Vi, = 100 V, D = 0.4, and Ry,q = 45 . (a) fsw = fres; (b) fow = 3fres; (€) fow = 5fres-

® A design example for U-CSBCs and C-CSBCs is pre-
sented in Section V, demonstrating that the developed
model enables improved component selection compared
to the conventional linear approach. Experimental vali-
dation is provided in Section VI.

® A comparison between the CSBC and conventional buck
converters based on the equivalence between coupled
input inductors and conventional output inductance is
derived in Appendix A and B.

The analysis presented in this work establishes a foundation
for extending the developed methodology to other topologies
incorporating input inductors, thereby supporting future op-
timization of current-sourced converters for a wide range of
applications.

Il. THEORETICAL ANALYSIS OF THE U-CSBC

In this section, analytical expressions for the bypass capacitor
voltage and input inductor currents for the uncoupled case
are derived. These expressions form the basis for voltage and
current ripple analysis associated with switch stress and for
evaluation of potential passive component volume reduction.
For simplification of the model, the ripple of the output volt-
age is assumed to be negligible such that the output voltage
is a constant, Vou. The focus of this work is primarily on
passive component volume, and as such, losses are excluded
to reduce complexity and generalize the analysis. However, as
the converter losses are dependent on the passive component
waveforms, the developed model can be applied to analyze the
influence of component selection on efficiency. Additionally,
the proposed modeling approach can be extended to explic-
itly include losses which presents a compelling direction for
future work.

The voltage across the bypass capacitor is represented as a
time-dependent function, vc, (). Moreover, two-phase opera-
tion is assumed for the CSBC, and the converter’s behavior
in each phase is analyzed separately in the following two
subsections.
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FIGURE 3. Phase one operation of the U-CSBC.

A. PHASE ONE

When Sy is conducting, as shown in Fig. 3, the inductor volt-
ages can be expressed using Kirchhoff’s Voltage Law (KVL)
as

VL[,I = Vin - Vout (3)

ULb,l(t) = UCb,l(t) — Vout- 4

Since the current through the bottom inductor, iy, (¢), flows
only into Cy, during phase one, iy, 1(t) = —ig,,1(t). The con-

stitutive equation of a capacitor describes the current flowing
through the bypass capacitor, ic, (¢), in terms of v¢, (t). Thus,
the voltage across the bottom inductor can also be expressed
as

dip, 1(t)
L, 1 (1) = Ly =
_ _Lbdicb,l(l)
dt
d*ve, 1(1)
= —Cplp—2—. 5
Lo )
Combining (4) and (5) yields
d?ve, 1 (1)
chb% + e, 1) — Vou = 0. 6)
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FIGURE 4. A visualization of vc, 1 (£).

This second-order linear ordinary differential equation can be
solved as in (7), with free parameters A and B

1 B
v t :\/A2+Bzcos< t —tan~! (—))
Gy, 1(1) oL 2

+ Vour- @)

Thus, the general behavior of the bypass capacitor voltage can
be described by a cosine function. To simplify the expression,
Vpk,1 is introduced to represent the amplitude of the cosine
waveform, and 6, represents the phase shift,

va,l(t) = Vpk,l Cos <\/ﬁt + 9]) + Vout- (8)
In phase one, the voltage across the top inductor remains con-
stant according to (3), allowing the inductor to be modeled as
an ac short. As a result, L; does not contribute to the resonant
frequency in this phase, and the circuit reduces to an LC tank
formed solely by Gy, and Ly,. The resulting resonant frequency
of phase one is w; = 1/+/Cy,Lp, which is consistent with the
resonant frequency found in (8).
With phase durations defined as

n = DTSW’ = (1 _D)TSWa (9)

the bypass capacitor waveform for phase one can be rep-
resented as a segment of length 7; extracted from vg, 1(7)
waveform, as illustrated in Fig. 4. Here, Vj 1 is assumed to be
positive for clearer visualization. It should be noted, however,
that Vpk, 1 may in general be either positive or negative. As
vg,,1(t) is a cosine function with amplitude V1, any sign
change in Vj, 1 is mathematically equivalent to a shift in the
phase 6, and does not affect the waveform shape. In addition,
the time interval of phase one is chosen to be [—%, 2] to
simplify the calculation.

The inductor current expressions are derived as follows.
During this phase, if, 1(f) varies linearly because the in-
ductor voltage Vi, 1 is constant. By continuity of inductor
current, the initial value of iz, 1(¢) equals the final value of
ir,2(t), which is ih,z(%)- For the bottom inductor, iy, 1(t) =
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FIGURE 6. The bypass capacitor voltage waveform over a period. As
shown, v, () is the combination of the waveforms of two states, vc, ,1(f)
and vcb,z(t).

—ig,,1(t), which can be derived by differentiating (8). The
resulting expressions are summarized in Table 1.

B. PHASE TWO
Following the same method, during phase two, as shown in
Fig. 5, the bypass capacitor voltage can be expressed as

UCb,Z(t) = Vpk,2 Ccos (ﬁf + 02) ~+ Vin — Vout, (10)
where the respective resonant frequency is given by wp =
1/4/CpLs. In this phase, Vi, » = —Vou and vy, 2(t) = Vi —
Vout — ve,,2(t). The per-phase inductor current expressions
are listed in Table 1 and the time interval of phase two is
—%2, 2] correspondingly.

The overall behavior of vc, (t) can be described as the
piecewise combination of vg, 1(t) and v, () waveforms
over a period as depicted in Fig. 6. A similar piecewise for-
mulation also applies to the inductor current waveforms due to
continuity. The amplitudes of the cosine expressions (8), (10),
Vpk,1 and Vpk 2, along with the corresponding phase shifts, 6
and 6, will be discussed in the next subsection.

C. DERIVATION OF EQUATIONS

To determine the capacitor voltage and inductor currents in
both phases, the five unknowns (Vpk, 1, Vpk,2, 61, 62, and Vour)
must be found utilizing five equations derived from the topol-
ogy. For the following analysis, V1 and Vi > are assumed
to be positive, and 61 and 6, are calculated correspondingly.

1995



LI ET AL.: GENERAL ANALYSIS OF PASSIVE COMPONENT SIZING FOR CURRENT-SOURCED BUCK CONVERTERS

TABLE 1. Derived Expressions for Voltages and Currents in U-CSBCs

Phase One [—%, %]

Phase Two [—%2, %2

vr, (1) Vin = Vout —Vpk 2 cos(wat + 65)

vr, (1) Vpk,1 cos(wit + 61) —Vout

vey (t) Vpkacos(wit +61) + Vour  Vik,2 cos(wat + 02) + Vin — Vout
ic, ()  —Vpk,1Cpwi sin(wit + 61) —Vpk,2Chws sin(wat + 602)
in (t) ip,o(%) 4+ Yepleas(t+ 4) ~Vik2Chwa sin(wat + 03)
ir,(t)  VikaCowisin(wit + 61) ing 1 (%) + = (t+ %)

For the cases of interest investigated in this paper, when Iy
is positive and v, (¢) is always larger than zero, Cy, is predom-
inantly discharged during phase one and v, , (7) exhibits a net
decrease, whereas in phase two, Cy, is predominantly charged
and vc, (t) shows an overall rising trend. Consequently, the
minimum value of vg, (#) over one switching period always
occurs at the transition from phase one to phase two. Accord-
ing to (8) and (10), and noting that V,x,1 > 0 and Vi 2 > 0,
vg,, (1) must be shifted toward negative time and v, ,(f)
shifted toward positive time so that the transition point cor-
responds to the minimum of the waveform. This requirement
leads to 6 > 0 and 6, < O.

Based on the periodic steady-state analysis, the average
voltage across an inductor over a switching period is zero,
which directly yields one volt-second balance equation for
each input inductor. The simplified volt-second balance equa-
tions for L; and L, respectively are

2Vik,2 sin
w?2

Wk 1

w1

(m%) c08(62) = (Vin — Vour1 (1)

t
sin (a)l 51) c0s(61) = Vouta. (12)

From these two equations, it follows that 0 < 6; < % and
s

—7 < 6 < 0. Additionally, the voltage continuity of v, (¢)
at the phase boundaries leads to

t —t
Vpk,1 cos (wlil + 91) + Vout = Vpk,2 cos <a)272 + 92)

+ Vin — Vou (13)

—1 r
Vik,1 cos <w171 + 91) + Vout = Vpk,2 cos (wZEZ + 92)
+ Vin -

Vout- (14)

As Voue 1s assumed to be constant, the average output cur-

rent Iy is correspondingly constant. The instantaneous output
current equals the sum of the two inductor currents for both
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phases, iou(t) = ir, (t) + ir, (¢), and therefore the average out-
put current can be expressed as

1 n
1 7 2
Towe = T (/ | fout,1(2) dt +/[ loutz(l)dl>

2 2

5)

1
—( D),
T(1+ 2)

where [} and I, are parameters defined as follows:
Vin - Vout 2
—1

I =
2L

1
— Vpk,2Cpwaty sin <w2§2 + 92)

n
+ 2Vpk,1Cp sin <w1 2) sin(f;) (16)

L=

—Vout . 2 . 15
Itz + Vpk, 1Cpw112 sin <a)1 B} + 91)

— 2V 2Cpsin (wz%) sin(6s). (17)

In summary, five equations (11)—(15) are derived that can
be used to solve for five unknowns: Vpk 1, Vpk 2, 61, 62, and
Vout- Given designer-selected values for input voltage, output
load, passive component values, duty ratio, and switching fre-
quency, exact analytical expressions for the bypass capacitor
voltage and inductor currents can then be obtained.

D. OUTPUT VOLTAGE

If the inductor currents are assumed to be linear, the output
voltage can be expressed as Vo, = DVj,. However, by com-
bining (11)-(14), this work derives the analytical expression
to provide an exact calculation of the output voltage as

fwy
2 42
tan(wy 5 )

Vout = Vin

(18)

hwy
[
tan(w; 5)

hwy

+4

7
tan(w; %)

This suggests that V, is a function of the two resonant fre-
quencies, the switching frequency, and the duty ratio given in
(9). To quantify the extent to which the switching frequency
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is greater than the resonant frequency, two parameters, I'; and
I'», are defined as

r = “;:V = o VIoGh (19)
w
[ = aj:] = wswv LiCy. (20)
Combining (18)—(20) leads to
ZlffiD
—_—2 12
tan(LgD)) +
Vout = Vin 27(1-D) 27D (21)

Ty %)
D _
tan( % 7(1=D)
) tan( 5

+4

In the special cases where I'y =T» and D = 1/2, (21) is
equivalent to Vo, = DVj,. However, Vi, is more accurately
determined by the interdependence of I'j, I'», and the duty
ratio. As depicted in Fig. 7(a), when D = 1/4, densely packed
contour lines are observed in the region where 'y and I'; are
relatively small, indicating that slight variations in the reso-
nant frequencies result in large changes in the output voltage.
Notably, the dense contour lines appear approximately hori-
zontal, suggesting that changes in I'; have a more pronounced
effect on the output voltage than the changes in I';. As both
I'1 and I'; become sufficiently large, (21) converges to DVj,.
A similar analysis can be conducted for the cases shown in
Fig. 7(b) and (c), which correspond to a duty ratio of 1/2 and
3/4 respectively.

Fig. 7 shows that, to obtain an output voltage close to DV,
and to ensure low sensitivity to variations in 'y and I'; (i.e.,
to operate in a region where the contour lines are sparse), the
minimum of these two parameters, defined as

Fmin = min{l"y, T2}, (22)

must be sufficiently large to satisfy specific output voltage reg-
ulation requirements. Accordingly, there exists a fundamental
tradeoff between the switching frequency and passive com-
ponent sizing. Higher switching frequency permits the use of
smaller inductance and capacitance values while increasing
switching losses, whereas larger inductance and capacitance
values lower the resonant frequency and reduce switching
losses at the cost of increased passive component volume.

E. BYPASS CAPACITOR VOLTAGE RIPPLE

Although the average bypass capacitor voltage is equal to Vj;,
the voltage ripple varies across different operating conditions.
Since the capacitor voltage influences the energy storage of
passive components and thereby their sizing requirements, as
well as the peak voltage stress across the switches, a careful
analysis of the voltage ripple is essential to support optimal
component choices.

The peak-to-peak capacitor voltage ripple can be deter-
mined as the difference between its maximum and minimum
values. The minimum capacitor voltage occurs at the transi-
tion from phase one to phase two. The maximum voltage,
however, needs to be found based on specific operating
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FIGURE 7. Modeled variation in output voltage as a function of I'; and I',.
Vi, = 100 V. The duty ratios are: (a) D = 1/4, (b) D = 1/2, and (c) D = 3/4.

conditions. Since the bypass capacitor voltage waveform is
comprised of segments from two cosine functions correspond-
ing to the two operating states, whether each segment contains
the cosine peak or not determines the location of the maxi-
mum value. Specifically, if a segment contains a cosine peak,
the capacitor voltage waveform in that state exhibits non-
monotonic behavior, implying that the maximum value of the
segment occurs at the peak. Conversely, if no peak is present,
the waveform of that state is monotonic and the maximum
value occurs at the endpoint. Since there are two states and
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TABLE 2. Different Cases of the Bypass Capacitor Voltage Ripple

Case 1 Case 2 Case 3 Case 4
Phase One Monotonic Non-Monotonic Monotonic Non-Monotonic
Phase Two Monotonic Monotonic Non-Monotonic Non-Monotonic
Waveforms \/ /\/ \/\ M
120 | { 120} 120
Ty :
—~ <« >
Z 110 1 10} 110
[5) H
=y :
= 100 /\/\/\/\ 100 100
> :
3 90t} : {1 90t} 90 |
R3]
a
8 80 f Model 80 f 80 f
20t --"-- Simulation - 20t
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time (us) Time (us) Time (ps)

(a)

(b)

(©)

FIGURE 8. Calculated and simulated capacitor voltage waveforms under three different output powers. The values of passive components are Ly = L, =
30 uH and G, = 0.2 uF. The operating conditions are V;, = 100 V, D = 0.4, and fs, = 3fi.s. The case numbers (as defined in Table 2), output loads, and
power levels are: (a) Case 4: Rjaq = 45 2, Pout ~ 36 W; (b) Case 3: Rjgoq = 10 2, Pyt ~ 160 W; (c) Case 1: Rjgaqg = 5 €, Pout ~ 320 W.

the behavior of each state needs to be considered, there are
four potential cases as shown in Table 2.

Although an accurate evaluation of the bypass capacitor
voltage ripple requires detailed analysis, its overall variation
trend can be examined qualitatively. For instance, Fig. 8 shows
how the capacitor voltage ripple varies with output power.
Since I'j = I'; is fixed at three and D is held constant, it fol-
lows from the previous section that the output voltage remains
unchanged as the output power increases. Consequently, the
current flowing through G, increases with rising output power,
which naturally leads to larger values of Vjk 1 and Vi 2,
corresponding to an increased voltage ripple. As Vi 1 and
Vpk,2 increase, maintaining (12) and (11) requires cos(6) and
cos(fp) to decrease, which in turn implies an increase in 6,
and |0»|. As the phase shifts become larger, the waveforms
appear more linear. It is also illustrated in Fig. 8 that PLECS
simulation waveforms exhibit strong alignment with theoret-
ical calculation, thereby providing initial validation for the
proposed model.

F. INDUCTOR CURRENT RIPPLE

Inductor current ripple plays a critical role in inductor value
selection and, consequently, in determining the total inductor
volume. Excessive inductor current ripple may also diminish
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the potential benefit of input current continuity for EMI filter
size reduction. The top inductor current iz, (¢) is linear in phase
one and sinusoidal in phase two, whereas the bottom inductor
current iz, (¢) exhibits the opposite behavior. Accordingly, if
the sinusoidal segment is monotonic over the phase interval,
the ripple can be evaluated from the linear portion; otherwise,
it must be determined from the extrema of the sinusoidal
waveform. Therefore, assuming the inductor current as purely
linear can underestimate the ripple whenever the sinusoidal
segment is non-monotonic, potentially leading to undersized
inductors. Fig. 9 illustrates how the inductor current varies
with T'pin. A larger 'y, corresponds to a shorter phase in-
terval, over which the extracted sinusoidal segment appears
more linear.

G. COMPARISON BETWEEN THE LINEAR AND PROPOSED
MODELS

With the proposed model established, the sources of inac-
curacy in the linear model become evident. First, the linear
model assumes a fixed output voltage, Voue = DV;,, whereas
the actual output voltage depends on I'; and I'>, as shown
in (21). As I'yin decreases, the deviation between the actual
output voltage and DVj, increases. Since the capacitor voltage
ripple and inductor current ripples are functions of the output
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FIGURE 9. Calculated and simulated (a) inductor current i,, and (b)
inductor current i,,h waveforms under three different switching
frequencies. I'y = I'; = I'y,;, because Ly = L. Rjgaq = 15 2 and other
operating conditions are the same as in Fig. 8.

voltage, as indicated in (2) and (1), any discrepancy in V¢ di-
rectly contributes to modeling error. This trend is reflected in
Fig. 2. As 'y increases from I'ipi, = 11in Fig. 2(a) to 'y =
5 in Fig. 2(c), the inaccuracy in the capacitor voltage wave-
form correspondingly diminishes. Second, the linear model
considers only the linear ripple component while neglecting
the nonlinear contribution. Consequently, as the actual wave-
forms become more sinusoidal, the inaccuracy of the linear
model increases. For clarity in this work, the following ter-
minology is defined: the converter behavior captured by the
linear model is referred to as “first order”’, whereas the effects
of the resonant ripple components and output voltage devia-
tion are referred to as “second order”. For example, Fig. 10
illustrates how the capacitor voltage ripple can be separated
into first-order and second-order components.

IIl. EXTENSION TO COUPLED INPUT INDUCTORS

In [1], [11] the potential to improve magnetic component
utilization by coupling the two input inductors has been noted,
but its effects on the current and voltage ripple in the input
network and required passive volume have not been closely
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FIGURE 10. Decomposition of the capacitor voltage ripples into first-order
and second-order ripple components. The passive component values and
the operating condition are the same as Fig. 2(b) and Fig. 8(a).

analyzed. In addition, due to an equivalence between cou-
pling the input inductors and output inductance, the following
analysis of coupling in this section and Section IV can addi-
tionally be applied to compare CSBCs with conventional buck
converters. A derivation of this equivalence and a comparison
between the passive volume required in CSBCs and conven-
tional buck converters is detailed in Appendix A and B.

After coupling the two input inductors, the schematic illus-
trated in Fig. 1 is generalized to the coupled case as shown
in Fig. 11(a). The coupling of the top and bottom inductors
is represented by leakage inductors Ly, Ly, an ideal trans-
former, and a magnetizing inductor L, [16], [17]. To simplify
the analysis, it is assumed that the turns ratio of the trans-
former is 1:1. A non-unity turns ratio coupled inductor can be
mapped to an equivalent 1:1 model, enabling the direct appli-
cation of the equations in this work to an arbitrary coupled
inductor [18]. However, the mapping process can produce
negative inductances, potentially resulting in computation and
simulation issues [19].

With a unity turns ratio, Kirchhoff’s Current Law (KCL)
gives the expression for the magnetizing inductor current,

ip, (1) = i, (1) + i, (©). (23)

Using (23), the voltage across the magnetizing inductance can
be expressed in terms of the current in each leakage inductor.
The expression for vz, () in (24) is applicable during either
switching phase.

v, () =L (24)

diLl dip, (t) dig, (1)
L — L 0t b .
" dr ”( ar T ar )

A. PHASE ONE
From Fig. 11(b), accounting for the phase one magnetiz-
ing inductance voltage vz, 1(#) results in the following KVL

equations:
VG, 1 (1) = Vout + v, 1(8) + vpy 1 (7) (25)

VL1 (1) = Vin —vr, 1) — Vour- (26)
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(a) (b)

FIGURE 11. (a) Schematic of the C-CSBC, indicating (b) phase one operation and (c) phase two operation.

TABLE 3. Definition of Coupled Inductor Equation Constants

Parameter Symbol Value
Magnetizing-to-Self L,
Inductance Ratio i L.+La
Magnetizing-to-Self L,
Inductance Ratio b Lu+Ley
Phase One Effective
Resonant Inductance Lex Lo + (L&HL“ )
Phase Two Effective
Leo Lo+ (Ll Ly)

Resonant Inductance

As in the uncoupled case during phase one, the current
through the bottom inductor, iz, (), flows only into Gy, which
results in

dig,, 1(t)
dt
dic,1(1)
dt
d*ve, 1(1)
drr

Substituting (26) and (27) into (24) results in

L, dzvc 1(1)
— L (Viy — Vou — Lt Cp——2—=1) . (28
Lu +L£t ( in out b dl‘z ( )

VL, 1(t) = Lgy
= —Ly
= —CyLgp (27)
v, 1) =

Combining (25), (27) and (28) produces a second-order linear
ordinary differential equation defining the capacitor voltage
behavior:

d*ve, 1(1)
Co(Lgp + Ly, IILEt)—b’z =
dt
Vot + —21 (Vin — Viout) (t) (29)
— Vi, — - )
out LM+L€t in out Cyp, 1

To simplify the equations, a set of four constants are
introduced in Table 3. In terms of the effective resonant in-
ductance, the phase one resonant frequency can be written
as w1 = 1/4/L¢1Cy. Using the phase-shifted cosine represen-
tation from (8), the bypass capacitor voltage can be written
as

VG, 1 ) = Vpk,l cos (w1t + 01) + Vour + ¥t (Vin — Vour). (30)
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Notably, the capacitor voltage waveform has a similar form
to (8), with an altered resonant frequency and modified con-
stant term dependent on y;, the magnetizing-to-self inductance
ratio. Both values are constants that can be directly calculated
from the leakage and magnetizing inductances.

B. PHASE TWO
Similarly, in phase two, the KVL equations accounting for the
voltage across the magnetizing inductance are

UL, » )+ ULy () = Vin — Vour — va,2(t)

ULpﬂz (l) + ngb.z (t) = _Vout- (31)

The current in the top leakage inductor now only flows into
the bypass capacitor, so the same approach can be taken as in
phase one. In phase two, the resonant frequency is given by
@y = 1/y/LexCy. The resulting equation for v, »(¢) is

v, 2(t) = Voo cos (wat + 62) + Vi —

+ ¥ Vout-

Vout
(32)

In phase two, the bypass capacitor voltage expression has a
similar form to (10) with a modified constant term yp V.
With the bypass capacitor voltage in each phase defined by
(30) and (32), the voltage and current in all of the input passive
components can be derived. These expressions are provided in
Table 4.

C. DERIVATION OF SYSTEM EQUATIONS WITH COUPLING
To solve for the five unknowns (Vi 1, Vpi 2, 01, 02, and Vour),
the equations utilized in the uncoupled case, (11)—(15), must
be modified to account for the effects of coupling. In particu-
lar, the voltages across the top and bottom leakage inductors
are no longer linear in any phase due to the voltage across
the magnetizing inductor, vy, (¢). The resulting volt-second
balance equations for Ly and Ly, respectively are

2Voko . 153
P22 sin (wz— cos(62) = (Vin — Vour)t1

w? 2
— Y Voutl2 (33)

2V, t

Pl Gin (0)1 —1> cos(01) = Voutt2

w1 2

— 1 (Vin — Vout1. (34)
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TABLE 4. Derived Expressions for Voltages and Currents in C-CSBCs

Phase One [—%, 4]

Phase Two [—%2, 2]

vr, () " (Vin — Vour + Z4 cos(wnt + 91)) T (Vom + LV cos(wat + 92))
v, (1) (1= 7%)(Via — Vou) — %‘Y"k' cos(wit + 601) —%me cos(wat + 05)
o (t) (1 _ MLLCIZ‘) V;Jk’l COS(W1t + 61) %Lizéb V;)k,z COS(W2t + 92) - (1 — ’Yb)%ut
ve, () Vik cos(wit + 01) + Vou + 7 (Vin — Vo) Via cos(wat + 02) + Vi — (1 — 75) Vour
iy () —Vik,1 Cowr sin(wit + 601) —Vik2Cpwa sin(wat + 602)
ir, (t) 1,1 (t) +ir, 1(t) i1 2() + i1, 2(t)
; ing2 () + Vo) (4 4 4 |
ir,(t) Wik (o " 0" Vi Cows sin(wat + 0)

1w (sin(wit + 61) 4 sin(wy 4 — 61))

) 1— out

iLa (1) Vi1 Cown sin(wit + 61) in,1(3) - % (t+ %)

4 2o Vok2 (sin(wgt +62) + sin(wz%2 - 92))

Lews

The voltage continuity equations of vc, (t) between the two
phases are similar to the uncoupled case, except for the addi-
tion of the modified constant terms as described in (30) and
(32). The resulting equations are

I
VPk,l Ccos <0)l E + 91) + Vout + ve(Vin — Vour) =
—t
Vpk,2 cos <w27 + 92) + Vin — Vout + Yo Vout (35)
—1
VPk,l cos <wl T + 91) + Vout + ¥1(Vin — Vou) =

1)
Vpk,2 cos (6025 + 92) + Vin — Vour + ¥ Vour- (36)

Equation (15) is used to provide the last required equation,
which enforces that the sum of the average current output from
the leakage inductors is equal to the average output current.
Applying the expressions for vz, (#) from Table 4 results in
the following expressions for /1 and I»:

Vin — Vour - . 5]
I = ——t7 — Vi 2Cpwnty sin =46
1 2L, 1 L) 1 pk.2Cbw2l1 w22 + 0h
t
+2(1 — YV 1 Gy sin <w1 5‘) sin(6;)
. 51
— Vtcbvpk,lwltl sin (,015 — 6 37
—Vout 2 . 1
h=———1 Vok.1Cow1 12 Sin — 40
2 Z(L;L+Lib)2+ pk,1Cbw112 w12+ 1

15
— 2(1 — 15)Vpi 2y sin <w252> sin(6s)
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. 1
+ Vi 2Cowaty sin <w252 - 92) . (38)

In summary, coupling the input inductors augments the five
equations required to solve for Vi 1, Vpk2, 61, 62, and Voy.
These equations are given by (33)—(36), and (15) with the
coupled expressions for /; and I, given by (37) and (38).
The effect of coupling appears as changes in the resonant
frequency of each phase, and additional terms dependent on y;
and 4. If there is no coupling, L,, = 0 and Ly, Lyy, are treated
as the two uncoupled input inductors, in which case (33)—(38)
reduce to (11)—(17).

The strength of coupling in a coupled inductor is often
expressed using the coupling coefficient k. For the unity turns
ratio case considered here, the coupling coefficient is given by

Ly

k=
v/ Lseif1 Lsel2

(39)

with Lgeir) = Ly, + Le¢ and Lgeir» = Ly, + Lgy. The coupling
coefficient can alternatively be expressed in terms of the
magnetizing-to-self inductance ratios defined in Table 3.

k= nn (40)

Thus, y; and 4, are closely associated with the coupling co-
efficient of the coupled inductor. If the coupled inductor is
implemented using symmetrical magnetic structure such that
Lyt = Ly, the coupling coefficient and magnetizing-to-self
inductance ratios are all equal, i.e. k = y; = .

2001



LI ET AL.: GENERAL ANALYSIS OF PASSIVE COMPONENT SIZING FOR CURRENT-SOURCED BUCK CONVERTERS

07 2

Vnul (V)
Coupling Coefficient (

Iﬂmin

07 2

‘/Ulll (V)
Coupling Coefficient (

FIGURE 12. Modeled effect of coupling on output voltage as a function of
T'min With a symmetrical coupled inductor for V;, = 100 V. The symmetrical
coupled inductor produces y; = y;, = k and I'y = I’ = [pyip. The duty cycles
are (@) D=1/3 and (b) D = 3/4.

D. OUTPUT VOLTAGE
In the coupled case, the analytical expression for the output
voltage is obtained by combining (33)—(36).

Vout = Vin X
7 1
27D D4 D +2(1-n)
tan <Q> tan (—”(I_D)>
il i (41)
1-D(1—p) D+yp(1-D) ’
2 | — 2 4201+ )

D n(1-D)
tan (F_l> tan (F—z)

where '] and I'; are the previously defined parameters from
(19)—(20), and the duty ratio is given in (9). As in the uncou-
pled case, if D = 1/2 and 'y = I',, the output voltage is given
by the nominal conversion ratio Vo, = DVj, regardless of the
resonant frequencies or coupling coefficient.

Fig. 12 showcases the effect of coupling on the voltage
conversion ratio for D € {1/3,3/4} as 'y, is increased for
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a symmetrical coupled inductor. The output voltage at res-
onance is unaffected by coupling, but convergence to its
nominal value occurs at lower values of ', with stronger
coupling. This result aligns with the limit of the output voltage
equation as the coupling coefficient approaches one,

lim Vot = DVjp, (42)
k—1

indicating that the output voltage has no switching frequency
dependence for a fully coupled inductor.

IV. EFFECT OF COUPLING ON PASSIVE VOLUME

As the nonlinear system of equations derived in Sections II
and III lack analytical solutions, the effects of coupling on
component volume are not immediately clear. As a result,
understanding the impact of coupling on passive component
volume and practical differences between U-CSBCs and C-
CSBCs requires an in-depth analysis.

The remainder of this section is structured into analysis of
several primary considerations regarding coupling in CSBCs.
Section IV-A describes how coupling affects bypass capac-
itor sizing. Section IV-B derives a calculation for the best
case reduction in magnetic component volume achievable by
coupling in a ripple-limited design. Section IV-C presents
an overview of important practical considerations regarding
coupling. Section I'V-D concludes this section with a summary
of the key design insights for coupling in C-CSBCs.

A. EFFECT OF COUPLING ON BYPASS CAPACITOR AND
RESONANT FREQUENCIES

As coupling alters the effective resonant inductances of the
converter, it significantly affects the sizing of the bypass ca-
pacitor Cy. This is most clear when k approaches one, as the
magnetizing inductance becomes much larger than the leak-
age inductances, and the effective resonant inductances from
Table 3 are approximately L.; & Lep = (Lg + Lgp). Thus, as
leakage inductance is decreased in a tightly coupled inductor,
the effective resonant inductances decrease as well, align-
ing with the results from [1], where coupling is observed to
worsen small signal converter stability.

For a given switching frequency, the bypass capacitance
must be increased to counteract the effects of the decreased
effective resonant inductances to ensure the resonant fre-
quencies remain sufficiently below the switching frequency.
However, to evaluate this increase in required bypass capaci-
tance between due to coupling, the input current ripples must
be constrained to provide a fair comparison. To constrain the
first-order ripples, the linear model can be utilized to express
the inductances as a function of the ripple constraints, A max
and Aip, max. The equations are parametrized using the parallel
leakage inductance Ly = Ly||Lgp.

_ VaTw(Da —D3)

L, = — - L 43)
" Alt,max + Alb,max b
A
Ly = Ly (1 + A) (44)
Alt,max
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Al
Loy = (1 + ma") , (45)
Al max
Combining (44) and (45) results in
lib _ Ait,max (46)

Lét A ib,max

indicating that the ratio between the two input ripple con-
straints is equivalent to the reciprocal ratio of the correspond-
ing inductors. Note that the inductors must be designed based
on the duty cycle where the maximum current ripple occurs,
which is denoted as D and is the same for all inductors in the
linear model.

To constrain the second-order input current ripples, 'y,
is kept fixed. In other words, I'y,, is treated as an analyti-
cal constraint on the second-order converter behavior. With
the first- and second-order components of the CSBC input
current ripples constrained, the increase in required bypass
capacitance due to coupling can be fairly calculated. This
increase is Cy¢/Cpy Where ‘c’ and ‘u’ denote the coupled
and uncoupled designs respectively. The value of G, ¢/Cp
required to maintain the same I'j, can be expressed as a func-
tion of the coupling coefficient k and an additional parameter
Lgr = max({ LZ‘J L“’} The expression for Gy, /Cyy is derived
by combining (1), (40) (43), (46) and the resonant frequencies
calculations. The derived expression is generally complex, but
has straightforward bounds. The lower bound occurs when
Lr — oo and the upper bound occurs when Lg = 1.

(6 1

D =— 47)
Cou lower bound 1 —k
G 1
be - (48)
Cou upper bound -k

The behavior of Gy, . /Gy, 1s plotted as a function of & for the
range of Ly in Fig. 13. Equivalently, if the bypass capacitor is
kept fixed, the value of I'y;, for the U-CSBC is /Cpy/Coc
times greater than the value of I'y, for the C-CSBC, which
is shown in Fig. 13 as well. It can be concluded that at a
given switching frequency, the required bypass capacitor to
maintain I'ji, increases monotonically with & for any inductor
current ripple constraints, and is unbounded as k approaches
one. If the bypass capacitance is not increased, the converter’s
[min will decrease, resulting in larger second-order ripples
and eventual constraint violation.

B. EFFECT OF COUPLING ON MAGNETIC COMPONENT
ENERGY STORAGE REQUIREMENTS

From the preceding analysis, it can be concluded that coupling
has detrimental effects on the second-order converter behav-
ior due to the decrease in effective resonant inductances. To
compensate, the bypass capacitance, switching frequency, or
ripple constraints must be increased. In practice, these dele-
terious second-order effects limit coupling strength, but may
be warranted if coupling is able to reduce magnetic compo-
nent volume. Therefore, an analysis of magnetic component
volume which neglects the second-order effects of coupling is
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FIGURE 13. Left axis: required increase in C-CSBC bypass capacitance as a
function of k for a fixed I'y;,. Right axis: increase in U-CSBC I'y,i, as a
function of k for a fixed bypass capacitance. The shaded areas correspond
to different ranges of Lg.

warranted. This can be accomplished using the linear model
equations (43)—(45). A visualization of the effects of coupling
on the inductor current ripple when using the linear equations
to size the inductances is provided in Fig 14. As the coupling
is increased, the second-order ripple is increased, but the first-
order ripple remains unaffected. Effectively, analysis based on
the linear C-CSBC model presents the “best case” for cou-
pling, enabling the coupling strength to be set arbitrarily, and
facilitating analysis of the fundamental potential for coupling
to reduce magnetic component volume. If coupling is deemed
to be effective for a particular design, the model developed
in Section III can be applied to optimize the tradeoff between
coupling strength and increased bypass capacitance.

To calculate the potential reduction in magnetic component
volume, it is assumed that all inductors have the same, fixed
energy density pg L. As a result, the total magnetic component
volume is proportional to the sum of each magnetic com-
ponent’s maximum energy storage requirement, denoted as
Enag.

1 2 2 2
Volmag ¢ Emag = E(LZIILgl,pk + Lovif,, ok + L,LzLM’pk) (49)

The maximum achievable reduction in magnetic compo-
nent volume by coupling is parameterized as the best-case
reduction in total required magnetic energy storage ¢..

Min. Coupled Epag
Min. Uncoupled Eiag

P = (50)

linear model

Due to the assumed constant energy density, the reduction in
total maximum magnetic energy storage is equivalent to re-
duction in magnetic component volume. Note that in general,
the maximum energy storage requirement for each component
can occur at different points. Therefore, each component’s
peak energy storage requirement must be found individu-
ally and summed to determine Ep,s. The expression for the
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FIGURE 14. Modeled increase in second-order input current ripple due to coupling. The converter design specifications are

Vin =100V, Rigaqg = 1.5 2, D = 0.4, fsw =100 kHz, C;, = 250 nF, and Aitmax = Aip,max = 8 A. The magnetic components are sized utilizing the linear
model equations in (43)-(45), which results in identical first-order ripples regardless of k. However, as the coupling strength is increased without
changing C,,, the resonant frequencies are increased resulting in larger second-order ripple components and significant inductor current ripple constraint

violation. The coupling coefficients are (a) k = 0, (b) k = 0.5, and (c) k = 0.8.

best-case reduction in magnetic energy storage from coupling
parameter ¢. depends on the particular set of design con-
straints. To provide an example for the calculation of ¢,
and how its value can be applied to determine the situations
in which coupling is effective in reducing component vol-
ume, the case of a ripple-limited design is considered. In
a ripple-limited design, the magnetic component volume is
minimized by using the smallest inductances which satisfy the
constraints, given in (43)—(45). The ripple constraints, Ai; max
and Aip max are assumed to be constant between coupled and
uncoupled implementations to enable direct comparison.

To minimize Ey,g, the optimal value of the parallel leakage
inductance Ly must be found. Substituting (43)—(45) into (49),
the derivative of the magnetic energy storage with respect to

Ly is
8Emag 1 Aib,max 2
YD) 1 + AN lL(t’pk

dLy 2 Al max

Al max

: ) 2

+ 14+ —)i —1i .
Aip max Lev-pk Lyopk

(S

As (51) is a constant, its sign indicates if increasing Ly in-
creases or decreases magnetic energy storage. If (51) is zero,
this means that the same total energy storage is required for
any value of L. Given that iy, (1) = ir, (1) + ir,, (7), it follows
that ir, pk < (iLy.pk + iL,.pk)- Noting that il%,l,pk is the only
subtracted term in (51), and all other terms are positive, setting
iLM)pk = (ir,,pk + Ly, pk) Produces its minimum value:

. aEmag
min =
dLy

lL@b,pk (52)

| =
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As the minimum derivative of the magnetic component vol-
ume with respect to Ly can be expressed as a positive multiple
of a real number squared, it is always greater than or equal
to zero. Consequently, increasing Ly can never decrease mag-
netic energy storage. As Ly is the parallel leakage inductance,
its minimum value is zero, so the minimum magnetic energy
storage requirements are always achieved with Ly = 0. From
(44) and (45), this means that magnetic component volume is
minimized by using Ly = Ly, = 0. The volume for an uncou-
pled design can be determined by setting L, = 0, so ¢, can be
expressed as

2

LM lL)A. .pk ) Ly=0

Qe = 2 2
(LNLZL,pk + LZbleb,Pk) ’L -0
m

2
Ly.pk

- Aib,max )
(1 + Ait,max) lLll’pk + (1 +
Assuming a constant pgp, U-CSBC inductor volume is
minimized by using the same ripple ratio (the ratio of the

peak-to-peak ripple to the maximum dc current, Ay max/In)
for each input inductor. In this case, (53) can be simplified as

2
) L (54

Equation (53) can be applied for any design where the input
current ripple constraints are constants, and the coupled induc-
tor is implemented using a unity turns ratio, while (54) can be
applied for any design meeting these conditions and having
the same current ripple ratio for both input branches.

A common practice is to set the inductor current ripple
ratio to 20-40% to limit ac losses and EMI [20], [21]. With a
constant input voltage and current ripple ratio, ¢. is a function
of the duty cycle range, set by D € [Dpin, Dmax], and the

i

(33)

Ail,max l-2
A max Lgy.pk

iLﬂ,pk

(pC|matchin ripple ratios ( :
g ripp ULg.pk T LLgy, pk
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FIGURE 15. Values of ¢. for fixed input voltage (a) CR, (b) CC, and (c) CP
loads. The branch peak-to-peak ripple constraints are 1/3 of the maximum
dc branch current.

load type, which is application dependent. Constant resistance
(CR), constant current (CC), or constant power (CP) loads
are widely used for modeling purposes [22]. Fig. 15 shows
contour plots of ¢. for CR, CC, or CP loads, where Aimax
and Aipmax are set to 1/3 of the maximum dc current in
their respective branches. In CR and CC loads, values of
@ substantially below one are observed for wide duty cycle
ranges, with CC loads providing the smallest values overall.

VOLUME 7, 2026

Conversely, ¢. = 1 if Dy = Dmax, regardless of load type,
and for CP loads, the minimum value of ¢ is 0.97. In sum-
mary, wide-range converter operating conditions, such as a
wide duty cycle range specification, are required for coupling
to reduce total magnetic component energy storage require-
ments, but the behavior of ¢, varies significantly depending
on the load type.

C. PRACTICAL DESIGN CONSIDERATIONS FOR COUPLED
INDUCTORS

From a theoretical perspective, coupling results in a fun-
damental tradeoff between the potential to reduce magnetic
component volume, at the cost of requiring a larger bypass
capacitance to offset the reduced effective resonant induc-
tances. However, in choosing between a coupled or uncoupled
CSBC implementation, designers must also weigh the practi-
cal implications of coupling. Firstly, it is important to consider
the limitations of the energy storage based analysis used to
calculate component volume. In practice, the scaling laws of
magnetic components suggest that a single, larger inductor has
higher energy density than multiple smaller inductors [12],
which is beneficial for coupling. Also, the actual inductor
volume is primarily determined by core selection, which may
favor coupled or uncoupled designs, depending on component
availability. Therefore, the true effect on magnetic component
volume due to coupling generally will differ from the theoret-
ical effect determined by ¢.

Another important consideration for use of coupled mag-
netics is the substantial increase in magnetic component
design complexity. A particularly difficult task is the pre-
cise and reliable design of the leakage inductances, which
depend strongly on many parameters including inductor ge-
ometry [23], [24], [25]. Depending on the application, a wide
range of approaches have been described in literature, in-
cluding custom core structures [17], magnetic shunts [26],
and multi-phase windings [27]. The multi-phase approach
requires more than two windings, making it inapplicable to
the single-phase CSBC. Meanwhile, the design of unique core
structures adds complexity and cost, and typical leakage in-
ductance errors generally remain higher than for uncoupled
inductor design [28], [29]. In tightly coupled designs, the
energy storage requirements of the leakage inductances are
minimal. Despite this, as reflected in (44)—(45), the relative
leakage inductance values significantly affect the input branch
current ripples, meaning the particular value of the leakage
inductances noticeably affects converter performance, even in
tightly coupled cases.

The dependence of the input branch ripples on the leak-
age inductances has historically been a topic of interest in
various topologies utilizing coupled inductors, with signif-
icant research effort devoted to “ripple steering”, or “zero
ripple” techniques. The concept was initially applied to and
is strongly associated with the Cuk converter [30], [31], but
the mechanism has been applied generally [32], [33], [34].
Notably, the potential application of ripple steering to the
CSBC has been specifically described in [33], [35], though
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not analyzed in detail. The ripple steering mechanism can be
explained by the use of a decoupled model (an equivalent
circuit using only uncoupled inductors). In the case of the
C-CSBC, the use of a 1:1 coupled inductor is electrically
equivalent to placing L, at the output as in a conventional
buck converter, while the leakage inductances appear at the
input. This decoupled model is derived and analyzed in
Appendix A and B.

The ripple steering technique enables the elimination of
first-order input current ripple without additional magnetic
components, but requires precise leakage inductor design.
Symmetrical coupled inductors provide a good compromise
between performance and magnetic design complexity by re-
ducing the sensitivity of the coupled inductor to factors such
as manufacturing variation [36], [37], [38]. Using symmet-
rical leakage inductances is not optimal for passive volume
minimization in all cases, but the leakage inductance volume
can be reduced with a high coupling coefficient. Depending on
the converter operating point, the resulting input current ripple
for the symmetrical C-CSBC may be increased or decreased
compared to a U-CSBC. In general, methods for designing
the coupled inductor in a CSBC trade off performance for
simplicity, and the most effective implementation depends on
design specifications and the motivation for coupling.

Though the analysis conducted here focuses on passive
component volume, inductor loss is an additional important
design consideration which is influenced by coupling. Com-
paring loss between uncoupled or coupled designs is difficult
in general. Assuming a constant quality factor, the preceding
analysis of coupling on volume applies to loss minimization
as well. However, it is unlikely that the quality factors of an
uncoupled and coupled inductor would be the same, as the
various winding strategies for coupled inductors significantly
affect dc and ac winding loss [39], [40], [41]. The effect of
coupling on core loss is also challenging to quantify in gen-
eral. The potential decrease in magnetic component volume
via coupling occurs largely due to improved core utilization,
which corresponds to increased peak-to-peak flux swing in the
core, increasing core loss density. In addition, the dc magnetic
field in the core is impacted by coupling, an effect which is
not well represented even by improved variants of Steinmetz
Equation, though various studies have demonstrated core loss
increase with larger dc bias [42], [43], [44]. At the same
time, the potential decrease in core volume from coupling can
reduce core loss. Overall, the impact of coupling on inductor
losses varies nonlinearly with many design parameters, and is
best evaluated on a case-to-case basis.

D. SUMMARY OF COUPLED INDUCTOR DESIGN
CONSIDERATIONS

The preceding analysis of coupling reveals the following de-
sign insights relevant for C-CSBCs:

e For given inductor current ripple constraints, tighter cou-
pling results in decreased effective resonant inductances
in the input passive network. This effect can be compen-
sated for by increasing the bypass capacitance.
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¢ In wide-range converters, coupling can directly reduce
the total maximum magnetic energy storage require-
ments in a CSBC. The achievable reduction can be
calculated using (53) for arbitrary input current ripple
constraints, or (54) assuming matching input ripple ra-
tios.

® The leakage inductances of a C-CSBC significantly af-
fect input ripple and present challenge in the magnetic
domain. At the same time, the leakage inductance vol-
ume can be reduced by increased coupling, making their
design more flexible than the inductors of a U-CSBC.

V. COMPONENT SELECTION AND DESIGN EXAMPLE

This section provides a design example to illustrate how the
proposed model can be utilized to optimally size the passive
components in a C-CSBC. For comparison, a brief overview
of the conventional component sizing approach using the lin-
ear model is presented first.

A. LINEAR COMPONENT SELECTION

In prior work [1], [3], [5], [7], [10], [11], [15], the input
network passive components are selected by applying linear
ripple calculations to size the inductors. The bypass capacitor
must then be selected conservatively to reduce the resonant
frequencies far below the switching frequency. This approach
is generally reasonable because the inductor volume is typi-
cally much greater than the bypass capacitor volume, and the
linear model provides the minimum inductances required to
meet the ripple constraints. To size the bypass capacitor, the
designer must select a sufficiently high value of I'yy;, such
that the second-order inductor current ripple is negligible. The
required bypass capacitance is then

_ l-‘rznin

B 4772f52w min{Le|, Ly}
The designer must then verify that the chosen capacitance has
acceptable voltage ripple using (2), and increase the capac-
itance if necessary. This approach is referred to as “Linear
Component Selection” in this work.

Gy (55)

1) LINEAR COUPLED COMPONENT SELECTION

While the linear approach is straightforward for U-CSBCs,
the process requires special consideration for application to
C-CSBCs. Due to the fundamental tradeoffs between coupling
strength and required bypass capacitance analyzed in Sec-
tion IV, selecting the proper coupling strength is important
to minimize overall component volume in C-CSBCs. While
this is generally analytically challenging, several approxima-
tions can be applied for tightly coupled C-CSBCs to arrive
at closed form expressions for the optimal component values.
In tightly coupled designs, the effective resonant inductances
are approximately Le; & Ley ~ (Lg + Lygyp), as discussed in
Section III. In addition, the peak bypass capacitor voltage is
assumed to be constant and equal to V;,. This approximation
is reasonable because the requirement to significantly increase
the bypass capacitance in tightly coupled designs typically
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results in small capacitor ripple voltage. By applying the tight
coupling approximation, (46), and (55), all component vol-
umes are expressed as a function of L. The resultant value of
Ly which minimizes overall component volume is denoted as
Lj,.

* Fminvin PEL X
. = A max
2nfsw | pec (1 + A’ltt)_ma)
1

(56)

2 + Ait,max 9 _ Ait,max l-2
Ly, pk Aip max  Leb,pk Ay max+Adtmax  Ly,pk

i

The result of (56) can be substituted into (46) and (43) to
determine the remaining inductance values. Note that as the
calculation of (56) employs the tight coupling approximation,
the exact effective resonant inductances should be used in (55)
to size the bypass capacitor and ensure that the desired value
of 'y 18 attained.

2) LIMITATIONS OF LINEAR COMPONENT SELECTION
Though the linear model provides closed form expressions for
the CSBC component values, it has several disadvantages for
selecting components in practical converters. Various assump-
tions must be satisfied to apply linear component selection,
particularly for C-CSBCs. To ensure that second-order ripple
effects are minimal, designers must arbitrarily choose a large
value of I'yp, which can result in an oversized bypass ca-
pacitor. At the same time, the linear charge model is often
inaccurate for determining capacitor voltage ripple, so it is
also possible for the bypass capacitor to be undersized by
linear component selection. Additionally, linear component
selection is not easily applicable to C-CSBCs, and even af-
ter applying significant approximation, the equations for the
optimal component values remain cumbersome.

B. DESIGN EXAMPLE

In contrast to linear component selection, the proposed mod-
els in Sections II and III do not require a high value of
Imin for accuracy, but lack closed form equations to select
the component values. Instead, methods such as numerical
optimization are required to pick the passive components. A
design example is presented here, comparing the components
selected with the conventional linear approach to those found
by numerical optimization with the model developed in this
work. The converter is designed based on the specifications in
Table 5. Based on the results of Fig. 15, a wide-range, CC load
case is chosen to provide an example where coupling reduces
overall component volume.

Table 6 shows component values for the coupled and
uncoupled designs. The value of I'jhi, used for the linear ap-
proach in existing literature varies from 11.6 to 47.9 [1], [11].
Therefore, I'iyi, = 10 is chosen for the linear component de-
sign to provide an optimistic comparison. The component
energy densities are selected for a conservative capacitive-to-
magnetic energy density ratio pg.c/pg,. = 100 [45].
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TABLE 5. CSBC Design Example Specifications

Specification Value
Vi 20V
I]oad 10 A
fsw 100 kHz
D [0.2, 0.8]
PEL 100 pJ/cm?®
PEC 10 mJ/cm?
A max 24 A
A max 24 A
Uy, ,max 30V

TABLE 6. Design Example Component Values and Required Volumes
Selected Using Numerical Optimization and Linear Approach With I'y;, =
10 for Uncoupled and Coupled Inductor CSBCs

Uncoupled Passive Components

Numerical (this work)  Linear

L, 20.8 uH 20.8 uH
Ly, 20.8 uH 20.8 uH
Ch 1.8 uF 12.2 uF
Volume 16 cm? 16.3 cm?

Coupled Passive Components

Numerical (this work)  Linear

L, 9.97 uH 9.13 uH
Ly 0.899 uH 2.57 uH
Ly 0.899 uH 2.57 uH
Co 15.5 uF 554 uF
Volume 8.69 cm? 10.1 cm?

For the given specifications, the best-case reduction in
magnetic component volume ¢, = 0.5 is found by applying
(54). This indicates a significant decrease in magnetic com-
ponent volume is attainable by coupling, suggesting that the
optimized C-CSBC should utilize a tightly coupled inductor.
Based on the analysis in Section IV, a substantial increase
in bypass capacitance is therefore required to compensate
for the reduced effective resonant inductances which result
from tight coupling. This aligns with the numerically opti-
mized component values shown in Table 6, with the C-CSBC
employing a high coupling coefficient k = 0.92 and bypass
capacitance over 8 times larger than for the U-CSBC. The C-
CSBC achieves a 45.6% decrease in overall passive volume,
due to the magnetic components occupying the majority of the
volume.

In both the uncoupled and coupled designs, the bypass
capacitor selected by the linear approach is significantly larger
than the numerically optimized bypass capacitor. In the un-
coupled implementation, the volume required from the linear
selection method is only slightly increased, as the capacitor
volume is minimal. In contrast, for the coupled design, the
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TABLE 7. U-CSBC Experimental Input Passive Components. Total Component Box Volume: 11.5 cm®.

Component Description Parameters Image
Windings: 12 AWG 16 _
I Core: TDK RM8 Ferrite th - 3%‘51 “I;I
n (B65811J0000R049) Box Volunrei(Totéll)u— 11.5 cm?
Gap: 0.356 mm o
KEMET MLCC
Gy (C1206C475K5RACAUTO) Go(20 V) =15 pF
Box Volume = 0.00922 cm
Case: 1206

TABLE 8. C-CSBC Experimental Input Passive Components. Total Component Box Volume: 5.9 cm3.

Component Description Parameters Image
Windings: 2x9 AWG 18 Ly =0.784 uH
Core: TDK RMS Ferrite Lo, = 0.849 uH
Coupled Inductor = b se1110000R049) L, =10.7 uH
Gap: 0.356 mm Box Volume = 5.75 cm?
2x KEMET MLCC
Ch (C2220C156K5SRACTU) Co(20 V) =20.2 uF
Box Volume (Total) = 0.145 cm
Case: 2220

volume for the linear approach is noticeably larger than for the
numerically selected components, as the capacitor occupies
a considerable volume. From a passive volume perspective,
careful design of the bypass capacitor is most important when
its volume is relatively large. For C-CSBCs, proper sizing of
the bypass capacitor is particularly important, as its volume
is increased with tighter coupling. However, reducing the by-
pass capacitance can be beneficial for other reasons, such
as lower cost and enabling the use of smaller packages with
reduced ESL [46]. Finally, in many applications it should be
considered that the value of ', as well as coupling strength
impacts the small-signal behavior of the converter which is
not addressed in this work [1], [11].

VI. EXPERIMENTAL RESULTS

To validate the proposed model and the potential to reduce
component volume by coupling, a testbed was built as shown
in Fig. 16. Experimental results were obtained using a con-
verter designed for the specifications provided in Table 5.
Passive components were selected based on the numerically
optimized component values found in Table 6. The com-
ponents used and their box volumes for the uncoupled and
coupled CSBC implementations are provided in Tables 7 and
8 respectively. Fig. 17 compares the modeled and measured
output voltage as I'j & I'; increases from around resonance
to above resonance. For the coupled inductors designed here,
the leakage inductance is much smaller than the magnetiz-
ing inductance, resulting in a high coupling coefficient of
k =0.93. The C-CSBC converges to the nominal voltage
conversion ratio at a lower I'y,, aligning with the results
from Fig. 12. Plots of the modeled and measured inductor
current and bypass capacitor voltage waveforms are provided
for D € {0.2,0.5, 0.8} in Figs. 18-20. These duty cycles are
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FIGURE 16. Experimental testbed of the CSBC. The Ly, Ly, and C;, shown on
the testbed indicate component placement only. The actual components
used for testing and their detailed parameters are given in Tables 7 and 8.

chosen as all maximum ripples, peak inductor currents, and
peak bypass capacitor voltage occur at one of these duty cy-
cles. The experimental waveforms closely match the modeled
waveforms, though some error exists due to losses, which are
not considered in the proposed model. Loss results in damping
of resonant behavior, and dc offset in the capacitor voltage due
to source resistance. In the coupled case, the lowered effective
resonant inductances amplify the effects of damping, and the
oversized capacitor lowers voltage ripple, making both forms
of error more noticeable.
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FIGURE 17. Output voltage measurement with varying switching
frequencies.

In the uncoupled design, the effective energy densities
were pp eff = 139.5 uI/em®, pp, e = 133.5 pJ/cm?  and
0C, eff = 65.15 m] /em?>. In the coupled design, the effective
energy densities were pf off = 142.6 puJ /em® and OCy.eff =
28.87 mJ/cm?. Thus, the magnetic components in the C-
CSBC and U-CSBC achieve comparable effective energy
densities, but the overall component volume is reduced by
48.7% in the C-CSBC. Despite the significant passive com-
ponent volume reduction in the C-CSBC, the peak-to-peak
current ripples of both implementations closely match at all
maximum-stress duty cycles, indicating that coupling is di-
rectly responsible for the reduced component volume in the
C-CSBC. Nonlinear behavior of the current waveforms is ob-
served in both phases for the C-CSBC, matching the proposed
model and producing dissimilar waveforms despite compara-
ble peak-to-peak ripples between the uncoupled and coupled
designs. In addition, as the C-CSBC bypass capacitor must
be oversized due to the high inductor coupling coefficient, the
switch stress of the C-CSBC is reduced. As a result, choosing
between a C-CSBC and U-CSBC may also influence switch
selection.

Notably, the effective capacitive energy density is signif-
icantly reduced in the coupled case. The capacitors were
chosen for the same maximum voltage rating to account for
ringing and derating, but the utilization of the oversized ca-
pacitor in the coupled design is lowered. Therefore, designers
should consider that as tightly coupled C-CSBCs tend to re-
quire oversized bypass capacitors, it is likely that the capacitor
utilization will be reduced compared to U-CSBCs. Never-
theless, the capacitor energy density was much higher than
the magnetic component density in either design (over 400
and 200 times larger for the uncoupled and coupled designs
respectively). Finally, the selection of component values could
be further optimized by updating the method of Section V
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with the observed capacitive-to-magnetic energy density ra-
tios.

VII. CONCLUSION

This paper presents a comprehensive analysis of the CSBC,
applicable across various operating conditions and compo-
nent parameters, including coupling between the two input
inductors. The proposed model accurately characterizes the
effects of the bypass capacitor on switch stress, resonant
behavior in the input passive network, and output voltage
regulation. The effects of coupling on passive volume require-
ments are thoroughly analyzed, demonstrating the possibility
for coupling to directly reduce CSBC magnetic component
volume under certain operating conditions, at the cost of de-
creasing the effective resonant inductances. An equivalence
between coupling and output inductance is derived in Ap-
pendix A and B, providing intuition for the effects of coupling
in a CSBC, and extending the analysis of coupling to com-
parison between CSBCs and conventional buck converters.
Experimental results are provided to validate the accuracy
of the proposed model and effectiveness of coupling in re-
ducing passive component volume. Furthermore, this work
establishes a foundation for analyzing other topologies with
input inductor networks, extending its applicability to future
topologies.

APPENDIX A

EQUIVALENCE OF COUPLING AND OUTPUT INDUCTANCE
The use of a coupled input inductor in a CSBC is electrically
equivalent to the addition of an output inductor, as in a conven-
tional buck converter. While an explicit derivation is provided
here, the effect is not unique to the CSBC and has been
explored for other topologies in existing literature [33], [34],
[35]. Nevertheless, the “decoupled” model is valuable not
only for providing further intuition into the effects of coupling
in the CSBC, but also enables the analysis of the C-CSBC to
be applied for comparison between CSBCs and conventional
buck converters. To demonstrate this equivalence between
coupling and output inductance, a general CSBC model with
added output inductor L, is shown in Fig. 21.

By inspection, it is clear that the current in L, is given by
ir,(t) = ir,(t) + ir, (¢) in either phase. Meanwhile, the volt-
ages across L and Ly, in phase one are given by KVL:

ULl,l(t) =V — UL(,,l(t) — Vout
v, 1(8) = —vp, 1(8) + ve,,1(t) — Vou (57)

In phase two, the corresponding inductor voltage equations
are

v 2(t) = Vin — ve,2(t) — v, 2() — Vour

v, 2(t) = —vr, 2(t) — Vour (58)

The input inductor voltage and output inductor
current equations for the CSBC with output inductance
are identical to their corresponding equations for the
C-CSBC in Section HI if L = Lgy, Ly, = Ly, and Lo = L,,.
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FIGURE 18. Experimental and modeled inductor current and bypass capacitor voltage waveforms for D = 0.2.
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FIGURE 19. Experimental and modeled inductor current and bypass capacitor voltage waveforms for D = 0.5.

Furthermore, because the bypass capacitor current is equal
to —ig, (t) or iy (t) in phase one and two respectively,
the bypass capacitor waveforms also match those of the
C-CSBC. A unity turns ratio C-CSBC therefore provides
the same electrical behavior as an U-CSBC with the
addition of an output inductor equal to the coupled inductor
magnetizing inductance, and input inductors equal to the
leakage inductances. If L =1L, =C, =0, the output
inductor CSBC becomes identical to a conventional buck
converter.
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APPENDIX B

COMPARISON BETWEEN CSBCS AND CONVENTIONAL
BUCK CONVERTERS

Applying the equivalence between coupling and output induc-
tance enables the analysis of C-CSBC volume in Section IV
to be applied in comparing CSBCs with conventional out-
put inductor buck converters. As the calculation of ¢, the
best-case reduction in magnetic energy storage requirements
by coupling, assumes zero leakage inductance, the theoreti-
cal minimum magnetic component volume for a C-CSBC is
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FIGURE 21. Electrically equivalent converter model for a C-CSBC, U-CSBC
with added output inductance, or conventional buck converter with added
input inductors.

the same as that of a conventional buck converter’s output
inductor. Thus, ¢. can also be interpreted as a first-order
comparison between the magnetic component volumes of
a conventional buck converter and the input inductors of
a CSBC. The magnetic component volume and bypass ca-
pacitance comparison for conventional buck converters and
CSBCs is summarized in Table 9.

It is also notable that in the case of the C-CSBC, it is not
required that both leakage inductors are nonzero. In fact, in
“ripple steering”, Lg, = 0, which results in zero first-order
input ripple. By inspection of Fig. 21, this is identical to a
conventional buck converter with an LC input EMI filter,
which has been described in [33]. In this special case, Ly acts
purely as an input EMI filter inductor, and does not reduce
output current ripple. In general, if bypass capacitor ripple
is neglected, the output current ripple of a C-CSBC is the
same as a conventional buck converter with output inductance
Loeq,c = LetllLep + Ly, For U-CSBCs, L, = 0, resulting in
Loequ = Lt||Lp. Thus, while the behavior at the input of the
CSBC is significantly altered compared to a conventional
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TABLE 9. Component Sizing Comparison Between Conventional Buck
Converters and CSBCs, Assuming Constant Magnetic Energy Density and
Operation Significantly Above Resonance. If ¢, < 1, Either Variant of CSBC
Requires Increased Magnetic Component Volume Than a Conventional
Buck Converter. C-CSBCs can Mitigate This Increased Magnetic Component
Volume at the Cost of Requiring a Larger Bypass Capacitance Than
U-CSBCs.

Normalized Normalized
Topology
Volmag Ch
Conventional 1 0
U-CSBC 1/ 1
<1/(1—k)
C-CSBC Ly f L+ L
(wc “) /( 2 >1/(1 - k?)

buck converter, the output behavior is unchanged, excepting
second-order effects.
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