
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022 10903

Modeling and Comparison of Passive Component
Volume of Hybrid Resonant Switched-Capacitor

Converters
Zichao Ye , Graduate Student Member, IEEE, Seth R. Sanders, Fellow, IEEE,

and Robert Carl Nikolai Pilawa-Podgurski , Senior Member, IEEE

Abstract—Hybrid and resonant switched-capacitor (SC) con-
verters enable efficient utilization of both active and passive com-
ponents, and have the potential to achieve higher efficiency and
higher power density than conventional SC and magnetic-based
converters. One or more added inductors offer an additional degree
of freedom in the design space. It is of great interest to understand
the tradeoffs between capacitor and inductor size and volume allo-
cation. In this article, we analyze the reactive energy processed by
the passive components and use it to calculate the total passive com-
ponent volume. It is shown that the total passive component volume
of resonant SC (ReSC) converters can be expressed as a function of
flying capacitor voltage ripple, and the optimized capacitor voltage
ripple that minimizes the total volume is dependent on topology
specific parameters and the relative energy density ratio between
capacitors and inductors. Moreover, we also demonstrate through
theoretical analysis and experimentation that ReSC converters use
significantly less passive component volume than conventional SC
and buck converters for the same amount of power converted. Next,
to compare different ReSC topologies, a normalized passive volume
parameter is proposed for simple and fair comparison. This can be
used along with a normalized switch stress parameter (based on
switch VA ratings) to create a framework to showcase the relative
performance of different topologies. This framework can be used to
visualize and compare the passive and active component utilization
among different topologies. Additionally, the proposed reactive
power analysis is extended to hybrid converters with regulation
capability.

Index Terms—DC–DC converter, hybrid converter, multilevel
converter, passive component, reactive energy, resonant, switched
capacitor (SC), topology.
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I. INTRODUCTION

HYBRID and resonant switched-capacitor (SC) convert-
ers [1]–[7] have received increased attention lately, owing

to superior efficiency and power density compared to conven-
tional SC and magnetic based converters. The added inductor(s)
can help reduce or eliminate the capacitor charge sharing loss
present in pure SC converters through soft-charging opera-
tion [8]–[12], thereby allowing larger capacitor voltage ripple
and better capacitor energy utilization. However, depending on
the relative energy density of the inductors and capacitors, it
is unclear whether the capacitor volume reduction can offset
the volume of the augmenting inductor and lead to a smaller
overall volume than that of a pure SC converter. Moreover, as
the augmenting inductors offer an additional degree of freedom
in the design space, it is crucial to evaluate and find the optimum
inductor and capacitor allocation that minimizes the total passive
component volume. In this article, we approach this problem
from the perspective of the fundamental reactive energy/power
processed by the passive components. It is found that the total
passive component volume of resonant SC (ReSC) converters
can be expressed as a function of flying capacitor voltage ripple,
and the optimized capacitor voltage ripple that minimizes the
total volume is dependent on the topology specific parameters
and the relative energy density ratio between capacitor and
inductor. We also experimentally demonstrate that ReSC con-
verters use significantly less passive volume than conventional
SC and buck converters for the same amount of power converted,
while maintaining the best efficiency performance.

The proposed reactive energy/power analysis can also pro-
vide direct passive volume comparison among different ReSC
topologies. Given fixed output power and switching frequency,
the passive volume of each topology can be normalized and
expressed as a function that consists of only topology-dependent
parameters and the relative energy density of inductors and
capacitors. Combining with the classical switch total VA rat-
ing metric, which reflects potential efficiency, we provide a
simple yet powerful framework to evaluate the relative per-
formance (active and passive component utilization) of various
ReSC topologies. Moreover, the theoretical lower-bound limits
of passive and active components are derived to identify the
framework boundaries such that any new emerging topologies
can be analyzed and incorporated into the comparison space.
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This article extends an earlier conference publication [13] of
this work. Here, we present more detailed analysis and design
guidelines to facilitate practical ReSC converter designs. We also
provide an in-depth comparison between ReSC converters and
pure SC converters and highlight the favored operating condi-
tion of each type. Three hardware prototypes are designed and
implemented to compare the 2-to-1 ReSC converter with the
pure SC converter and the buck converter. Additionally, the pro-
posed reactive power analysis is extended to hybrid converters
with regulation capability.

The rest of this article is organized as follows. In Section II,
the proposed reactive energy analysis methodology is introduced
and demonstrated on a 2-to-1 ReSC converter. Based on this
analysis, a number of observations and design guidelines is de-
rived to facilitate practical ReSC converter designs in Section III.
Next, the proposed reactive energy analysis is generalized to
arbitrary ReSC topologies in Section IV and a simple yet pow-
erful framework to evaluate the relative performance (in terms
of active and passive component utilization) of different ReSC
topologies is presented in Section V. In Section VI, with the
examples of a three-level buck converter and a series-capacitor
buck converter, the proposed reactive power analysis is extended
to hybrid converters with regulation capability. Finally, Sec-
tion VII concludes this article.

II. ANALYSIS OF BASIC 2-TO-1 RESC CONVERTER

The volume of a passive component is directly related to the
peak energy it can store, as well as its type and technology. In
ReSC converters, the resonant inductors are able to transfer all
stored energy as the sinusoidal or rectified sinusoidal inductor
current reaches zero at each switching state. In contrast, each
flying capacitor can typically only deliver a portion of its stored
energy, which is determined by the magnitude of its voltage
ripple on top of the dc average voltage. To calculate the total
passive component volume of ReSC converters, we propose an
energy-based method by fundamentally analyzing the reactive
energy/power processed by the passive components. Note that
the term “reactive power” is also referred to as “indirect power”
in [14] and [15]. Here, we use the basic 2-to-1 ReSC converter as
an example to demonstrate the proposed method. The reactive
energy processed by the flying capacitor and the resonant induc-
tor is first calculated. Then, this processed energy is related to
the required stored energy through an energy utilization factor.
Finally, the passive component volume is derived by dividing
the required stored energy by the energy density of the corre-
sponding passive components. It will be shown that the total
passive volume can be expressed and subsequently optimized
as a function of the flying capacitor voltage ripple ratio.

The schematic drawing of a 2-to-1 ReSC converter and its two
operating states are shown in Fig. 1. All switches have a fixed
duty ratio of 50%, and there is a 180◦ phase shift between the
“A” switches and the “B” switches. The switching frequency is
the resonant frequency of the flying capacitor and the inductor
(fsw = ωr

2π = 1
2π

√
LC

), as it is the minimum frequency with
full soft-charging for hybrid SC converters [11]. The switching
period T is T = 1

fsw
. As shown in Fig. 2, the flying capacitor has

Fig. 1. Schematic drawing of a 2-to-1 resonant SC converter and its two
operating states.

Fig. 2. Current, voltage, and power waveforms of the flying capacitor and the
resonant inductor in a 2-to-1 ReSC converter.

a sinusoidal current IC = Ipksin(ωrt), and the corresponding
capacitor voltage has a dc component of VC0 = Vout and an
ac component of − Ipk

Cωr
cos(ωrt), with a peak-to-peak ripple

voltage of ΔVC0 =
2Ipk
Cωr

. In contrast, the inductor current is
a rectified sine wave with the same amplitude as that of the
capacitor current, and the voltage across the inductor has the
same peak magnitude as the capacitor voltage ripple, but at
twice the frequency. By multiplying the current and the voltage
waveforms, the instantaneous power processed by the capacitor
VC(t)IC(t) and the inductorVL(t)IL(t) can be derived as shown
in Fig. 2, and the shaded areas represent the energy flowing into
and out of the passive component in each cycle.

Here, we define the concept of “reactive energy processed”
by a passive component. In periodic steady state, the net energy
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flowing into a passive component is zero under the assumption of
lossless energy transfer, i.e., the energy flowing in,Ein, at one (or
a few consecutive) operating state(s) equals the energy flowing
out, Eout, at the next (or the next few consecutive) operating
state(s). The reactive energy processed by a passive component,
Eprocess, is the maximum amount of energy that is cyclically
stored and delivered, i.e., Eprocess = Ein = Eout.

For the 2-to-1 ReSC converter in Fig. 2, EC,in is the energy
flowing into the flying capacitor at the first half switching
cycle. At the second half cycle, the same amount of energy,
EC,out, flows out of the capacitor. Therefore, the reactive energy
processed by the flying capacitor EC,process can be calculated as

EC,process = EC,in = EC,out

=

∫ T
2

0

Ic(t)Vc(t)dt

=

∫ T
2

0

Ipk sin(ωrt)

(
Vout − Ipk

Cωr
cos(ωrt)

)
dt

=
T

2
VoutIout (1)

where Iout =
2
π Ipk is the average output current.

The resonant inductor in the 2-to-1 ReSC converter sees dou-
bled frequency compared to the flying capacitor. It alternately
stores and delivers energy twice per switching cycle. As a result,
when calculating its processed reactive energy EL,process, which
is the maximum amount of energy that is being cyclically used,
we only need to consider one energy in or out state and the
corresponding period is T

4

EL,process = EL,in = EL,out

=

∫ T
4

0

IL(t)VL(t)dt

=

∫ T
4

0

Ipk sin(ωrt)
Ipk
Cωr

cos(ωrt)dt

=
T 2I2out

32C
. (2)

To gain more insights, we next introduce the concept of
“reactive power rating” of a passive component. For a passive
element k, its reactive power rating is defined as Pk =

Ek,process

T .
By factoring out the operating dependent term T , we get a power
rating metric Pk similar to the switch V A rating metric, which
reflects the intrinsic property of the topology. For the 2-to-1
ReSC converter, the reactive power rating of the flying capacitor
and the resonant inductor are derived to be

PC0 =
EC,process

T

=
1

2
VoutIout (3)

PL0 =
EL,process

T

=
TI2out

32C

=
I2out

32Cfsw
. (4)

Equation (4) can be further expressed as a function of flying
capacitor voltage ripple ratio. By substituting in the average-to-
peak capacitor voltage ripple 1

2ΔVC0 =
Ipk
Cωr

= Iout
4Cfsw

, we get

PL0 =
IoutΔVC0

16
=

Pout

16
· ΔVC0

Vout
=

Pout

16
· ΔVC0

VC0
(5)

where VC0 = Vout is the dc average voltage of the flying
capacitor.

A side note is that the definition of reactive power rating
here is slightly different from the Wolaver definition on [16,
p. 63]. Instead of considering the maximum amount of energy
that is being cyclically used (e.g., there are two energy transfer
cycles per switching period for the inductor in the 2-to-1 ReSC
converter, but we only calculate the processed energy of one
cycle), Wolaver focused on the total amount of energy that needs
to be transferred by the passive component per switching cycle,
and therefore defined the reactive power of a reactive element k
to be Pk = 1

2 · 1
T

∫ T

0 | VkIk | dt. This definition would lead
to a result that is twice that of (4) for the resonant inductor.

In conjunction with the “indirect power” concept in [14], the
proposed reactive power rating metric can be used to evaluate
the efficacy of passive component utilization of a topology.
As discussed in [14], the indirect power Pind that needs to be
processed by a converter with a gain of G (G = Vin

Vout
for a step-

down converter) is governed by Pind ≥ G−1
G Pout. For any 2-to-1

converters, Pind ≥ 1
2Pout. In the 2-to-1 ReSC case, PC0 = 1

2Pout

and PL0 = Pout
16 · ΔVC0

VC0
. The same concept will also be used to

analyze regulated hybrid converters in Section VI.
Now that we have derived the reactive energy processed by

the passive components and the corresponding reactive power
ratings, we can next calculate the total energy that needs to be
stored by these passive components. For the flying capacitor,
the processed reactive energy EC,process equals the difference
between the peak and minimum stored energy per switching
cycle

EC,process =
1

2
C

[(
VC0 +

1

2
ΔVC0

)2

−
(
VC0 − 1

2
ΔVC0

)2
]

= CVC0ΔVC0. (6)

Then, we define the energy utilization factor of the capacitor
as the ratio of its reactive energy processed per cycle and the
peak energy that is stored

μC =
EC,process

EC,store
=

CVC0ΔVC0
1
2C(VC0 +

1
2ΔVC0)2

=
2ΔVC0

VC0

(1 + 1
2
ΔVC0

VC0
)2
.

(7)
For a fixed amount of processed energy, a higher μC indicates

a lower stored energy and smaller capacitor size, and vice versa.
The capacitor volume VolC can be expressed with respect to its
processed energy as

VolC =
EC,store

ρE,C
=

EC,process

μC

ρE,C
=

PC0

fswμC

ρE,C
(8)
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Fig. 3. Effects of flying capacitor voltage ripple on capacitor volume, in-
ductor volume, and overall volume of a 2-to-1 ReSC converter (assuming
ρE,C/ρE,L = 100).

where ρE,C is the energy density of the capacitor; it is physically
limited by the energy density capability of the dielectric material.

For the resonant inductor, the rectified sinusoidal current
reaches zero every half cycle. Thus, the inductor processed
energy equals the stored energy (i.e., its energy utilization factor
μL = 1) and

VolL =
EL,store

ρE,L
=

EL,process

ρE,L
=

PL0

fsw

ρE,L
(9)

where ρE,L is the energy density of the inductor; it is physically
limited by a number of factors, such as the magnetic core struc-
ture (i.e., gapped and nongapped), the maximum flux density
and loss density of the magnetic material, etc.

Revisiting (3) and (5), it can be observed that the reactive
power rating of the capacitor is fixed for a given output power.
Moreover, it can be shown that this value is equal to the power
rating of the flying capacitor in a pure 2-to-1 SC converter.
Even though the augmenting inductor does not change the
power/energy that is processed by the flying capacitor, it allows
unconstrained capacitor voltage ripple ΔVC0

VC0
without efficiency

penalty through resonant soft-charging operation, and therefore
improves the energy utilization factor of the flying capacitor and
results in a smaller capacitor volume. However, the capacitor
volume reduction comes at a cost. As shown in (5), the reactive
power rating of the inductor is an increasing function of ΔVC0

VC0
,

which leads to an increase in the inductor volume (9) when the
capacitor volume is reduced. The effects of ΔVC0

VC0
on capacitor

volume and inductor volume are plotted in Fig. 3, assuming
ρE,C/ρE,L = 100.

The tradeoff between the capacitor volume and the inductor
volume can be observed more clearly from the total passive
component volume

Voltot = VolC +VolL

=
Pout

fsw

(
1
4 (1 +

VC0

ΔVC0
+ ΔVC0

4VC0
)

ρE,C
+

1
16

ΔVC0

VC0

ρE,L

)
(10)

where VolC is primarily a function of VC0

ΔVC0
, whereas VolL is a

function of ΔVC0

VC0
. For a given set of Pout, fsw, ρE,C , and ρE,L,

(10) can be differentiated with respect to the capacitor ripple
ratio ΔVC0

VC0
to find the optimum ratio (ΔVC0

VC0
)∗ that minimizes

Fig. 4. Given fixed output power and switching frequency, the 2-to-1 ReSC
converter can always achieve the same minimum total passive component
volume. But the optimum capacitance (and inductance) allocation depends on
the magnitude of the load resistance. Parameters for the plot: Pout = 100 W,
fsw = 100 kHz, ρE,C = 0.1 J/cm3, ρE,C/ρE,L = 100.

the total volume

dVoltot
ΔVC0

VC0

= 0 =⇒
(
ΔVC0

VC0

)∗
=

√
4ρE,L

ρE,L + ρE,C
≈ 2

√
ρE,L

ρE,C
.

(11)
It can be seen that (ΔVC0

VC0
)∗ is inversely proportional to√

ρE,C

ρE,L
. When ρE,C

ρE,L
increases, (ΔVC0

VC0
)∗ decreases, correspond-

ing to a passive component allocation with more capacitance
and less inductance.

Substituting (11) into (10), the minimized total passive vol-
ume of a 2-to-1 ReSC converter is given by

Voltot,min ≈ Pout

fswρE,L

⎛
⎝ ρE,L

ρE,C
+
√

ρE,L

ρE,C

4

⎞
⎠ . (12)

Note that the above analysis assumes the passive components
are ideal and lossless. A number of loss factors associated with
the passive components, such as capacitor equivalent series
resistance (ESR) loss [17], inductor dc resistance (DCR) and
ac resistance (ACR) losses and core loss [18] are not considered
here. These loss factors will have additional impact on the
optimum capacitor ripple ratio and size allocation, and the results
may differ for applications with different voltage and power
levels. In the next section, the above theoretical analysis will
be used to derive guidelines for practical designs, followed by
experimental verification.

III. DESIGN GUIDELINES AND COMPARISONS WITH

OTHER SOLUTIONS

A. Design Guidelines

Given fixed output power and switching frequency, the total
passive component volume of the 2-to-1 ReSC converter is
plotted in Fig. 4 with respect to flying capacitance. It can be
seen from this impedance scaling plot that, regardless of the
magnitude of the load resistance Rload, the ReSC converter can
always achieve the same minimized total passive component
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Fig. 5. Optimum volume ratio between capacitor and inductor with respect to
their energy density ratio.

volume, which is derived in (12). The optimum flying capaci-
tance that provides the lowest total passive volume is inversely
dependent on the load resistance. It indicates that, with fixed
output power and switching frequency, higher capacitance (and
lower inductance) should be used for applications with lower
output voltage and higher output current. This is based on the
fact that, given fixed nominal capacitance and inductance values,
the capacitor volume depends on the voltage rating, while the
inductor volume depends on the current rating. The capacitor
and inductor volume that give the minimized total volume can
be calculated by substituting the optimized capacitor ripple
ratio (ΔVC0

VC0
)∗ of (11) into (8) and (9), respectively. Fig. 5

plots the optimized volume ratio with respect to the energy
density ratio between capacitor and inductor. Within a practical
range of 100 ≤ ρE,C/ρE,L ≤ 1000, the optimum volume ratio
is slightly greater than 1, indicating that the flying capacitor
and the resonant inductor should have similar volume. Note that
even though this analysis is based on the assumption of lossless
passive components, the result matches with the finding in [18]
and [19], where the optimized passive component allocation is
derived for minimized total power loss.

B. Comparison With Buck Converter

Now that we have derived the minimized total passive com-
ponent volume of a 2-to-1 ReSC converter, it is of great interest
to compare the result with other types of converters, such as
magnetic-based converters. Since both the inductor in a buck
converter and the transformer in a transformer-bridge converter
have similar volt–second product requirements, the size of their
respective magnetic components will be similar [20]. Here, we
calculate the minimum required inductor size of a buck converter
at 2-to-1 conversion ratio, with the same output power and
switching frequency as that of the ReSC converter.

To maximize the inductor energy utilization factor μL, a
buck converter should operate at the boundary conduction mode
(BCM), which describes the operating condition at the bound-
ary of continuous conduction mode (CCM) and discontinuous
conduction mode (DCM). At BCM, the inductor current ripple
is twice the average current. Consequently, the inductor current
reaches zero every switching cycle and the inductor is able to

transfer all of its stored energy per switching cycle, i.e., its energy
utilization factor is maximized (μL = 1). It is also shown that
BCM operation may be desired from efficiency perspective as it
can result in minimal total power loss especially for integrated
applications [21].

As derived in [16], the reactive power rating of the inductor
is PL0 = 1

2Pout, when the duty ratio D is 0.5. Assuming BCM
operation where the inductor stored energy equals its processed
energy, the minimized volume of the inductor of a buck converter
at a given Pout and fsw can be found to be

VolL,buck =
1
2Pout

fswρE,L
. (13)

Comparing with (12), it can be seen that the minimized
total passive volume of the 2-to-1 ReSC converter is 1.2 times
that of a 2-to-1 buck converter when ρE,C = ρE,L. In order
for the ReSC converter to achieve a smaller volume than that
of a buck converter, we need ρE,C 	 ρE,L. For instance, if
ρE,C = 100ρE,L, the volume of the ReSC converter is 0.055
times that of the buck converter.

Note that this comparison is based on the assumption that
all passive components in the ReSC converter and the buck
converter are lossless. In practice, the buck inductor is more lossy
than the LC tank of the ReSC converter as will be shown in the
experimental verification section. Therefore, this ideal lossless
comparison disadvantages the ReSC converter compared to the
buck converter as their potential efficiency performance are not
taken into consideration.

C. Comparison With Pure SC Converter

Compared to a pure SC converter, the augmenting inductor
of the ReSC converter can help eliminate the capacitor charge
sharing loss and therefore allow higher capacitor voltage ripple
without degrading the efficiency. However, depending on the
relative energy density of inductor and capacitor, it is unclear
whether the capacitor volume reduction can offset the volume
of the augmenting inductor and lead to a smaller overall volume
than that of a pure SC converter.

Here, we compare the relative passive component volume of
the 2-to-1 ReSC converter and the 2-to-1 pure SC converter. It
can be easily shown that the reactive power rating of the flying
capacitor of a 2-to-1 pure SC converter is the same as that in the
ReSC case: PC = 1

2Pout. However, its minimized total passive
volume cannot be derived with the same method. This is because
there is no inductor to constrain its flying capacitor voltage
ripple ratio ΔVC

VC
, and thus its energy utilization factor μC is

unconstrained and can be as large as 1. Nevertheless, unlike the
ReSC converter in which the capacitor voltage ripple and the
power loss are decoupled because of soft-charging operation,
the pure SC converter suffers from capacitor charge sharing loss,
which is dependent on the capacitor voltage ripple ratio. There-
fore, in order to have a relatively fair volume comparison, care
should be taken to ensure the pure SC converter operates under
a similar condition and has comparable efficiency performance
when comparing with the ReSC converter.
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Fig. 6. Output impedance of 2-to-1 Pure SC and ReSC converters vs.
frequency.

SC converters can be modeled by an ideal transformer [22].
The output impedance at the secondary side of the transformer
is a good indication of the efficiency performance. In Fig. 6,
the simulated output impedance of 2-to-1 pure SC converter
and 2-to-1 ReSC converter are plotted in red and blue, respec-
tively. It is assumed that both converters have the same flying
capacitance and series resistance (e.g., switch on-resistance and
capacitor ESR). The additional DCR and ACR of the augmenting
inductor in the ReSC converter are not considered here. It can
be seen from Fig. 6 that both converters approach the same
lowest possible output impedance RFSL at the fast switching
limit (FSL) region, which is solely determined by the series
resistance in the circuit [22]. With an augmenting inductor, the
ReSC converter can approach RFSL at a much lower switching
frequency. As derived in [23], when operating at the resonant
frequency fcrit =

1
2π

√
LC

, the output impedance of the ReSC
converter is

Rout,ReSC =
π2

8
RFSL. (14)

In contrast, [23] also shows that the output impedance of 2-
to-1 pure SC converter with respect to its switching frequency
fsw and flying capacitance Cp is

Rout,pureSC =
coth

(
1

4RFSLCpfsw

)
4Cpfsw

. (15)

To keep the comparison simple and straightforward, an as-
sumption is made here that both converters operate at the same
switching frequency so that their switching losses are approxi-
mately the same. The switching frequency is selected to be the
resonant frequency of the ReSC converter fcrit:

fsw = fcrit =
1

2π
√
LC

(16)

where L and C are the resonant inductance and flying capac-
itance of the 2-to-1 ReSC converter. It is worth noting that
this fixed frequency assumption cannot guarantee an overall
optimum design, as the switching frequency is an important
design knob to maximize efficiency and power density [18],
[24] and needs to be carefully selected based on the voltage and
power rating of an application.

In order to have comparable overall efficiency, the two con-
verters should also be designed to have approximately the same
output impedance at fcrit. As illustrated in Fig. 6, this can be
achieved by reducing the output impedance of the pure SC
converter with more capacitance (from the red curve to the
yellow curve). By equating (14) and (15), we get

Cp ≈ 1

3.43RFSLfsw
. (17)

For the simplicity of the following derivation, the numerical
constant in (17) is substituted with ζ = 3.43:

Cp ≈ 1

ζRFSLfsw
. (18)

Now we calculate the 2-to-1 pure SC converter volume,
VolpureSC, based on its peak stored energy and the energy
density of the capacitor, ρE,C :

VolpureSC =
1
2Cp(Vo +

1
2ΔVo)

2

ρE,C
. (19)

Its peak-to-peak capacitor voltage ripple ΔVo can be
expressed as

ΔVo =
Δqin

Cp
=

IinT

Cp
=

Pout
2Vo

T

Cp
=

Pout

2fswVoCp
. (20)

By substituting (18) and (20) into (19), we get

VolpureSC =

(
Vo +

ζPoutRFSL
4Vo

)2
2ζρE,CfswRFSL

. (21)

Next, dividing (21) by (12) yields the relative volume ratio:

VolpureSC
VolReSC

=

(
4 + ζRFSL

Rload

)2
8ζ RFSL

Rload

(
1 +

√
ρE,C

ρE,L

) (22)

where Rload = V 2
o

Pout
is the output load resistance. It can be seen

that the relative volume ratio is dependent on not only the energy

density ratio of capacitor and inductor
√

ρE,C

ρE,L
, but also the ratio

of the converter’s series resistance and the load resistance RFSL
Rload

.

To better illustrate the effect of RFSL
Rload

, we can express the relative
volume ratio with respect to converter efficiency. Based on the
ideal transformer model [22], the efficiency of SC converters is
given by

η =
Rload

Rout +Rload
. (23)

As shown in (14), Rout =
π2

8 RFSL at the desired resonant
operating point and therefore

η =
Rload

π2

8 RFSL +Rload
. (24)
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Fig. 7. Relative passive component volume comparison between 2-to-1 pure
SC converter and 2-to-1 ReSC converter with respect to converter efficiency.
Only conduction loss is considered.

Thus, RFSL
Rload

can be written as RFSL
Rload

= 8
π2 (

1
η − 1) and (22) is

equivalent to

VolpureSC
VolReSC

=

(
4 + 8ζ

π2

(
1
η − 1

))2
64ζ
π2

(
1
η − 1

)(
1 +

√
ρE,C

ρE,L

) . (25)

This way, we are able to directly observe the relationship be-
tween achievable efficiency and passive component volume of
the two approaches as plotted in Fig. 7. For a practical value
of ρE,C

ρE,L
= 100 for discrete passive devices, the 2-to-1 ReSC

converter can have a smaller volume than the pure SC case
when the designed efficiency is greater than 93.3%. However,
for very low-voltage high-current applications, such efficiency
number might be unreachable due to the limit of RFSL

Rload
and pure

SC converters could be a better choice. Note that this analysis
assumes the ReSC converter and the pure SC converter have
the same series resistance, including switch on-resistance and
capacitor ESR. In practice, the series resistance of the ReSC
converter may be higher due to the additional DCR/ACR of the
resonant inductor as well as the slightly higher capacitor ESR
since the ReSC converter uses less capacitance. This may favor
the pure SC converter in a broader state space than that shown
in Fig. 7.

Another perspective to approach this problem is the quality
factor Q of the resonant tank of the ReSC converter. For the
2-to-1 ReSC converter, ΔVC0 = Iout

2Cfsw
and VC0 = Vout, so we

can express ΔVC0

VC0
as

ΔVC0

VC0
=

Iout

2CfswVout

=
1

2CfswRload
. (26)

Substituting (26) into (11), the optimal (ΔVC0

VC0
)∗ that mini-

mizes the total passive component volume, we get

1

2CfswRload
=

√
4ρE,L

ρE,L + ρE,C
. (27)

Assuming ρE,C 	 ρE,L and using L = 1
4π2f2

sw C , (27) can be
written as

2π2fswL

Rload
≈ 2

√
ρE,L

ρE,C
. (28)

With the quality factor of the resonant tank beingQ = 2πfswL
RFSL

,
the optimal quality factor Q∗ that corresponds to a 2-to-1 ReSC
converter with minimized total passive component volume is
derived to be

Q∗ ≈ 2

π

Rload

RFSL

√
ρE,L

ρE,C
. (29)

As disccused in [25], a practical constraint of Q in order for
the ReSC converter to outperform the pure SC converter, i.e.,
achiving lower output impedance at the resonant frequency, can
be found from the output impedance ratio of the two converters:

Rout,pureSC

Rout,ReSC
=

4

π
Q > 1 (30)

which requires Q > π
4 . Combining it with (29) yields another

design requirement to build a reasonable ReSC converter that
could better its pure SC counterpart:

Rload

RFSL

√
ρE,L

ρE,C
>

π2

8
. (31)

It can be concluded from (30) and (31) that there are several
situations where ReSC converters cannot perform better than
pure SC converters:

1) The resonant tank is inherently incapable to achieve a Q
that is greater than π

4 so that the ReSC converter cannot
have a lower output impedance compared to a pure SC
converter with the same flying capacitance. Due to the
fundamental scaling of magnetics, this can be the case
when the physical size of the inductor is small, e.g., in
milimeter scale and below.

2) The physical size and material of the inductor are not
limiting factors in terms of achievableQ. However, a small
Rload
RFSL

ratio dictates that the optimum Q∗ could be less than
π
4 , resulting in no performance benefits over a pure SC
converter operating with the same flying capacitance and
switching frequency. This effect can also be observed from
Fig. 4, which shows that given fixed Pout and fsw, a design
with smallerRload needs a larger capacitance and a smaller
inductance, leading to a reduction of Q. Therefore, for
applications with small Rload, such as low-voltage high-
current CPU power delivery, the ReSC design requires ex-
tra careful analysis to make sure the augmenting inductor
could provide efficiency and power density improvments.
The important design factors that are not considered in the
model above include the losses incured by the inductor,
the optimum switch sizing and operating frequency, etc.

D. Experimental Verification

Three hardware prototypes are designed to investigate the
above passive volume analysis and comparison. As can be seen
from Fig. 8, there are three 2-to-1 converters on the board,
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Fig. 8. Photograph of the three hardware prototypes for passive compo-
nent volume and efficiency comparison. (a) 2-to-1 ReSC. (b) 2-to-1 Pure SC.
(c) 2-to-1 Buck.

TABLE I
KEY CONVERTER PARAMETERS

including an ReSC converter, a pure SC converter and a buck
converter. They share the same operating parameters shown in
Table I. Since the efficiency analysis of SC converters in the last
subsection mainly considers conduction loss, a relatively low
switching frequency of 100 kHz and a high output current of
15 A are selected here to make sure the converters operate at
heavy-load region and are conduction-loss dominated.

The major active and passive components of the converters
are highlighted in Fig. 8, and their parameters are tabulated
in Table II. Sufficient filtering capacitances are used to ensure
negligible effect of input and output voltage ripples on efficiency
performance. The modeling and analysis of SC converters with

finite terminal capacitances can be found in [26]. For the ReSC
converter, given a desired resonant frequency of 100 kHz, the
resonant inductor and capacitor are selected as follows. First,
the inductor should be able to use all of its stored energy (i.e.,
its energy utilization factor is μL = 1). This requires that the
peak inductor current should be close to its saturation point:
Isat ≈ Ipk = π

2 Iout. Under this constraint, an inductor with lower
profile is desired. However, in order to not degrade the efficiency
significantly, the inductor DCR should be comparable to or
lower than the equivalent total switch on-resistance. Second,
as illustrated in Fig. 5, a volume ratio VolC

VolL
close to one is

more likely to minimize the total passive component volume.
This principle can be used to guide the L and C allocation.
After evaluating the available commercial components, 200 nH
Coilcraft XEL4030 inductor is selected for its good balance of
volume and loss, and 35V-0805-X5R TDK ceramic capacitors
are selected as the flying capacitors. Besides very high energy
density, the selected capacitors also have small package size
which allows for fine tuning the total flying capacitance. The
selected LC tank has an energy density ratio of ρE,C

ρE,L
= 233, a

total volume of 76 mm3 and a volume ratio of VolC
VolL

= 0.6. Note

that this VolC
VolL

slightly deviates from the theoretical optimum due
to the limited selection of inductor size.

The pure SC converter uses the same switches and flying
capacitors as those of the ReSC converter. Given same power
rating and switching frequency, its efficiency can be controlled
by the amount of flying capacitance. In order to compare the
required passive volume with the ReSC converter, an efficiency
sweep is performed repeatedly with an increasing amount of
flying capacitance, until the pure SC converter can achieve the
same efficiency performance as that of the ReSC converter at
15 A output current. The measured efficiency performance is
shown in Fig. 9. It is found that the pure SC converter needs
272 mm3 of flying capacitors to match the efficiency of the
ReSC converter. This results in a volume ratio VolpureSC

VolReSC
of 3.6, as

compared to a calculated value of 4.4. The deviation is possibly
from the additional loss of the resonant inductor, which is not
considered in the model.

For the buck converter, it is very challenging to achieve 99%
efficiency at this operating point. Therefore, the comparison of
its passive volume is mainly focused on the minimal energy
storage requirement, rather than comparable efficiency perfor-
mance. By performing inductor volt-second analysis, it can be
found that when converting 48 to 24 V at 100 kHz, a minimum
4 μH inductance is needed to maintain boundary conduction
mode at 15 A output current. Among available off-the-shelf
inductors, the Vishay IHLP6767 family is found to be a good
candidate that can meet both the inductance and saturation
current requirements. The selected inductor has 5.6μH and 40 A
saturation current, and thus a total energy storage greater than
the minimum requirement. It has a volume of 2059 mm3 and
an energy density ratio ρE,C

ρE,L
of 94 with respect to the flying

capacitor in SC-based converters. Note that the energy density
of this buck inductor is different and higher than that of the
resonant inductor in the ReSC converter. Based on (12) and
(13), the theoretical volume ratio is found to be Volbuck

VolReSC
= 11.5.
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TABLE II
MAIN COMPONENT LISTING OF THE HARDWARE PROTOTYPE

∗The capacitance listed here is the nominal value before dc derating.

Fig. 9. Measured 48-to-24 V efficiency (fsw = 100 kHz).

Fig. 10. Required passive component volume to achieve the efficiency perfor-
mance shown in Fig. 9.

On the other hand, the hardware-based actual volume ratio is
Volbuck
VolReSC

= 27. This is because the selected inductor is oversized
with an energy storage capability greater than the required
amount. After factoring out the excess stored energy of the
inductor

(
4µH·30A2

5.6µH·40A2

)
, the true volume ratio Volbuck

VolReSC
becomes 11,

which closely matches the calculation result. Fig. 10 showcases
the required passive component volume of different solutions,
and Table III compares the experimental volume ratios with the
calculated results. The ReSC converter can deliver its promised
benefits and achieve the highest efficiency with significantly less
passive component volume than conventional solutions.

IV. GENERALIZED ANALYSIS

So far, we have shown that through reactive power/energy
analysis, the total passive component volume of a 2-to-1 ReSC

TABLE III
COMPARISON BETWEEN CALCULATION AND EXPERIMENT

∗After factoring out the excess energy.

converter can be calculated and optimized based on onlyPout,fsw

(resonant frequency), ρE,C , and ρE,L, by adjusting the capacitor
ripple ratio ΔVC0

VC0
. There is no need to assume or constrain the L

andC values. Next, we generalize this method to arbitrary ReSC
topologies with any number of flying capacitors and inductors.

A. Equation Formulation

Since all topologies degenerate to the same basic structure at
a conversion ratio of 2, we can use the result of the 2-to-1 ReSC
converter as a baseline. Assuming the 2-to-1 ReSC converter has
inductance L, flying capacitance C, switching frequency fsw =

1
2π

√
LC

, output voltage Vout, and output current Iout, its peak-to-

peak capacitor voltage ripple can be derived as ΔVC0 = Iout
2Cfsw

,

and the reactive power rating of the inductor is PL0 = IoutΔVC0

16 .
When expanding to higher conversion ratios, the capacitance

ratio among the flying capacitors should be first determined by
the soft-charging requirement [11] and other practical consid-
erations (e.g., same resonant frequency for different LC tanks).
For most common topologies (e.g., series–parallel, Dickson,
FCML), all added flying capacitors should have the same ca-
pacitance C as compared to the 2-to-1 case. For the Doubler
topology [27], the capacitance ratio is C1 = C, C2 = 1

4C,...,
Cn = 1

22n−2C. If an ReSC converter has multiple resonant in-
ductors, it is usually required to have the same resonant fre-
quency for all resonant tanks. Presuming each capacitor has its
own resonant tank, then for the topologies with equal capaci-
tanceC, all inductors should have the same inductanceL. For the
Doubler topology, the inductance ratio is L1 = L, L2 = 4L,...,
Ln = 22n−2L. Additionally, both Vout and Iout remain the same
as in the 2-to-1 case. Now, we can express the reactive power
ratingPC,i, average dc voltage VC,i, and ac ripple voltageΔVC,i

of any given flying capacitor Ci in terms of Pout, Vout, and ΔVC0
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(the capacitor ripple voltage in the 2-to-1 case)

Ci ⇒
⎧⎨
⎩

PC,i = kiPout

VC,i = αiVout

ΔVC,i = βiΔVC0

(32)

where ki, αi, and βi are topology dependent parameters. An
example of how these parameters can be derived is given in the
next section. Once these parameters are calculated, the ripple
voltage ratio of Ci can be expressed as

ΔVC,i

VC,i
=

βiΔVC0

αiVout
(33)

and the energy utilization factor μC,i can be generalized from
(7) as

μC,i =
2
ΔVC,i

VC,i(
1 + 1

2
ΔVC,i

VC,i

)2 =

2βiΔVC0

αiVout(
1 + βiΔVC0

2αiVout

)2 . (34)

The required energy storage ECi,store of capacitor Ci at a
switching frequency of fsw can be derived as

ECi,store =
PC,i

fswμC,i
=

kiPout

fswμC,i

=
Pout

fsw

(
ki
2

+
kiαi

2βi

Vout

ΔVC0
+

kiβi

8αi

ΔVC0

Vout

)
. (35)

Next, the total required energy storage of the sum of the n
flying capacitors is given by

EC,tot =

n∑
i=1

ECi,store

=
Pout

fsw

(
Ktot +Atot

Vout

ΔVC0
+Btot

ΔVC0

Vout

)
(36)

where Ktot =
1
2

∑n
i=1 ki, Atot =

1
2

∑n
i=1

kiαi

βi
, and Btot =

1
8

∑n
i=1

kiβi

αi
. Similarly, the reactive power rating of an inductor

Li can be expressed as a ratio to the PL0 in the basic 2-to-1 case

PLi
= γiPL0 (37)

and the total required energy of the sum of the m inductors is

EL,tot =
m∑
i=1

ELi
=

PL0

fsw

m∑
i=1

γi =
PL0

fsw
Ytot (38)

with Ytot =
∑m

i=1 γi. Note that this analysis can be applied
to different types of ReSC converters with different induc-
tor locations, including “single inductor at output” and “dis-
tributed inductors,” which are also known as direct- and indirect-
conversion in [18] and [25].

Following the same procedure as that shown in (10), we can
express the total passive volume as a function of ΔVC0

Vout
:

Voltot = VolC +VolL =
Pout

fsw

×
(
Ktot +Atot

Vout
ΔVC0

+Btot
ΔVC0

Vout

ρE,C
+

1
16Ytot

ΔVC0

Vout

ρE,L

)
.

(39)

By differentiating Voltot with respect to ΔVC0

Vout
, the optimized

capacitor ripple ratio r∗ and the minimized total passive volume
Voltot,min can be derived

r∗ =
(
ΔVC0

Vout

)∗
=

√
16AtotρE,L

16BtotρE,L + YtotρE,C
(40)

Voltot,min =
Pout

fswρE,L

(
ρE,L

ρE,C

(
Ktot +Atot

1

r∗
+Btotr

∗
)

+
Ytotr

∗

16

)
. (41)

When ρE,C 	 ρE,L and YtotρE,C 	 16BtotρE,L, r∗ can be
further simplified to

r∗ =

√
16AtotρE,L

16BtotρE,L + YtotρE,C
≈
√

16AtotρE,L

YtotρE,C
(42)

yielding an approximated minimized total volume of

Voltot,min ≈ Pout

fswρE,L

(
Ktot

ρE,L

ρE,C
+

1

2

√
AtotYtotρE,L

ρE,C

)
. (43)

In this expression, no detailed L and C values need to be
assumed or constrained. The Pout, fsw, ρE,L and ρE,C terms
depend on the operating condition and the remaining terms
are purely topology specific parameters. This equation can be
used to quantitatively calculate the minimum achievable passive
volume of a large class of hybrid ReSC converters at a given
power level and switching frequency. Note that this analysis
assumes that all flying capacitors have an energy density of ρE,C

and all resonant inductors have an energy density of ρE,L. For
the topologies that use multiple types of capacitors and inductors
with different power densities such as [3], (39) can be modified
to incorporate multiple ρE,Ci

and ρE,Li
.

B. Example on N:1 Resonant Series–Parallel Converter

Here, we use anN : 1 resonant series–parallel converter as an
example to demonstrate how the topology dependent parameters
αi, ki, βi, and γi in (32) and (37) can be derived. As shown
in Fig. 11, two types of augmenting inductor(s) can be imple-
mented: distributed inductors and a single inductor at output.
Depending on the inductor location, the current waveforms of the
inductor(s) and capacitors are different, and the corresponding
αi, ki, βi, and γi parameters can vary.

1) Calculating αi: In an N : 1 series–parallel converter,
there are N − 1 flying capacitors with equal capacitance. All
are connected in series in the series-phase φs and paralleled in
the parallel-phase φp. Through KVL analysis, it can be found
that all capacitors have an average dc voltage of Vout regardless
of the inductor location. According to (32), VC,i = αiVout, thus

α1 = α2 = · · · = αN−1 = 1. (44)

2) Calculating ki: As explained in [16], the power processed
by a capacitor Ci can be calculated as

PC,i =
1

2
| VC,iIC,i | (45)
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Fig. 11. N : 1 resonant series–parallel converters with different inductor
locations. (a) Distributed inductors. (b) Single inductor at output.

where

| VC,iIC,i | Δ
=

1

T

∫ T

0

| VC,i(t)IC,i(t) | dt. (46)

The integral term in (46) represents the total energy flowing
into and out of the capacitor per switching cycle. For SC-based
converters, (45) can be simplified to

PC,i =
1

2
VC,iIC,i (47)

where VC,i is the average dc voltage of the flying capacitor and
IC,i is the average charging (or discharging) current through
Ci. The average charging current is defined as the total charge
flowing into the capacitor per switching cycle divided by half of
the period

IC,i =
QC,i_in

T/2
=

QC,i_out

T/2
. (48)

In ReSC converters, the PC,i of a flying capacitor is irrespec-
tive to the location of the augmenting inductor(s), and is the same
as that in its pure SC counterpart. As illustrated in Fig. 11(a), with
distributed inductors, the N : 1 series–parallel converter has a
50% duty ratio for both phases. Thus, the average capacitor
charging current is the average value of the half sine-wave:
IC,i =

2
N Iout.

With a single inductor at output, the duration and peak am-
plitude of the sinusoidal capacitor charging current become T

N
and π

2 Iout, respectively. By applying (48), it can be found that
the average capacitor charging current is the same as that with

distributed inductors: IC,i =
Iout· TN
T/2 = 2

N Iout.

With IC,i =
2
N Iout and VC,i = Vout, we get PC,i =

1
2VC,iIC,i =

1
N VoutIout. In (32), ki is defined as PC,i =

kiVoutIout, therefore

k1 = k2 = · · · = kN−1 =
1

N
. (49)

3) Calculating βi: The voltage on capacitor Ci is VC,i −
Ipkc,i

Ciωrc,i
cos(ωrc,it). Thus, its peak-to-peak voltage ripple is

ΔVC,i =
2Ipkc,i

Ciωrc,i

(50)

where Ipkc,i
is the peak current flowing through Ci and ωrc,i is

the frequency of the resonant tank Ci is in.
For the distributed inductor configuration in Fig. 11(a), each

Ci formulates a resonant tank with a series-connected inductor
Li. As discussed in Section IV-A, Ci and Li should be equal to
the baseline value C and L in the basic 2-to-1 case. Therefore,
ωrc,i is the also the same as that in the 2-to-1 case, whereas the
peak current Ipkc,i

is 2
N times of the baseline value Ipk, yielding

ΔVC,i =
2
NΔVC0 and

β1,dis = β2,dis = · · · = βN−1,dis =
2

N
. (51)

For the single inductor at output configuration in Fig. 11(b),
the duty ratio of φs changes to T

N to maintain capacitor charge
balance. In φs, all capacitors are connected in series (Ceq =

1
N−1C) and the charging current is equal to the output current:
Ipk = π

2 Iout. The voltage ripple of each capacitor is

ΔVC,i =
1

N − 1
· 2Ipk

Ceq
1√
LCeq

=
1√

N − 1
ΔVC0 (52)

leading to a different set of β values compared to the distributed
inductor case

β1,single = β2,single = · · · = βN−1,single =
1√

N − 1
. (53)

4) Calculating γi: The reactive power rating of an inductor
Li can be calculated with the integral method described in (4).
Alternatively, since Li should be equal to the baseline value L
in the 2-to-1 case, the calculation can be simplified by relating
PL,i to PL0 directly. Two parameters need to be compared to
the baseline values in the 2-to-1 case: the amplitude of the peak
inductor current IpkL,i

and the effective switching period Teff.
For the distributed inductor case, the inductor current is

related to the baseline current by IpkL,i
= 2

N Ipk, resulting in
EL,i =

4
N2EL0. Since Teff = T = 2π

√
LC is the same as that

in the 2-to-1 case, PL,i =
EL,i

Teff
= 4

N2PL0 and

γ1,dis = γ2,dis = · · · = γN−1,dis =
4

N2
. (54)



10914 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022

TABLE IV
KEY PARAMETERS OF N : 1 SERIES–PARALLEL CONVERTER

Fig. 12. Minimized total passive volume of N : 1 resonant series–parallel
converters with different inductor locations (normalized to the 2-to-1 case).

For the single inductor at output case, the inductor sees the
entire output current IpkL,i

= Ipk and therefore EL,i = EL0.
The effective switching period can be calculated as the average
of the series resonant period and the parallel resonant period

Teff =
Tseries + Tparallel

2

=
2π
(√

L C
N−1 +

√
L(N − 1)C

)
2

= 2π
√
LC · N

2
√
N − 1

(55)

resulting in PL,i =
2
√
N−1
N PL0 and

γsingle =
2
√
N − 1

N
. (56)

The calculated topology dependent parameters are summa-
rized in Table IV. It can be seen that the capacitor ripple term
βi and the inductor power term γi are different for the two
types of inductor location. Nevertheless, as shown in Fig. 12,
they can achieve the same minimized total passive volume,
as calculated from (41). This example demonstrates that the
proposed method can work for generalized ReSC topologies
with different inductor placement strategies.

While this analysis shows similar performance for single ver-
sus distributed inductor version of the series–parallel converter,
in practice there may be a penalty for using multiple small
inductors compared to one large inductor. This is because the
fundamental scaling law dictates that the achievable energy den-
sity scales with size and magnetic components perform worse at
small size [28]. Besides energy density consideration, a single
large inductor is also preferred from loss perspective. Using
power spectral density (PSD) analysis, McLaughlin et al. [18],
Kesarwani and Stauth [29] demonstrated that the single inductor
at output configuration (also known as direct-conversion) has

lower inductor losses as the majority of the power is concentrated
at dc, whereas the distributed inductor case (indirect-conversion)
has higher size-normalized losses due to the fact that its PSD is
concentrated at harmonics of the switching frequency with no
dc component.

V. RESC TOPOLOGY COMPARISON

Besides optimizing the total passive component volume, the
proposed method can also be used to compare the relative
volume of different ReSC topologies. In order to compare the
efficacy of passive component utilization of different topologies,
the amount of energy transferred by each topology should be
kept the same, i.e., Eout =

Pout
fsw

is fixed. Alternatively speaking,
it is of interest to calculate and compare the passive component
volume required by each topology at a desired Pout and fsw.
This volume can be normalized to become a passive component
utilization factor, whose implication is similar to that of switch
VA rating for practical deisgns—A topology with better passive
component utilization either can operate at a lower switching
frequency given the same passive component volume, resulting
in lower power loss; or can operate at the same switching
frequency with smaller passive volume, therefore, achieving
higher power density.

It can be observed from (43) that the expression of the mini-
mized total passive volume of ReSC converters consists of two
parts. The first part Pout

fswρE,L
depends on the operating condition,

and can be viewed as the volume of an inductor that stores all
of the energy delivered to the load in each switching cycle. The
remaining part contains topology dependent parameters and the
energy density ratio of capacitor and inductor. It represents the
relative volume ratio to an inductor whose volume is Pout

fswρE,L
and

can be viewed as a “passive component utilization factor” of the
topology. By normalizing (43) to Pout

fswρE,L
, a normalized passive

component volume Mp is defined as

Mp =
Voltot,min

Pout
fswρE,L

=
ρE,L

ρE,C

(
Ktot +Atot

1

r∗
+Btotr

∗
)
+ Ytotr

∗ (57)

which is independent of fsw and Pout. It reflects the intrinsic
passive component utilization capability of a topology and can
be used for direct comparison among different topologies.

Here, we compare the normalized passive component volume
Mp of various ReSC topologies that are adapted from common
SC converters [3], [25], [30]–[32]. The circuit schematic of the
series–parallel topology is shown in Fig. 11 and the schematics
of the other topologies under investigation are shown in Fig. 13.
Their Mp values are calculated and plotted in Fig. 14, and a
buck converter is included for reference. Even though empirical
data shows that the ratio of ρE,C

ρE,L
can be as high as 1000 [33],

a relatively conservative ratio of ρE,C

ρE,L
= 100 is used in this

comparison. The buck converter is assumed to operate at the
boundary conduction mode such that its inductor energy utiliza-
tion is maximized.



YE et al.: MODELING AND COMPARISON OF PASSIVE COMPONENT VOLUME OF HYBRID RESONANT SC CONVERTERS 10915

Fig. 13. Schematic drawing of various 4-to-1 ReSC converter topologies.
(a) FCML. (b) Doubler. (c) Dickson. (d) Ladder.

Fig. 14. Normalized passive volume (assuming ρE,C/ρE,L = 100). Lower
is better.

It can be seen from Fig. 14 that, thanks to the high energy
density of capacitors, all ReSC converters outperform the buck
converter by a wide margin, especially at relatively low conver-
sion ratios. In particular, the series–parallel topology achieves
the lowest passive component volume among all topologies.
This result agrees with the finding in [20] and [33], where the
series–parallel converter is at the theoretical Wolaver limit [16]
of passive components. Additionally, although requiring high
voltage capacitors, the FCML topology achieves relatively
good passive component utilization, owing to the frequency
multiplication effect that reduces the energy storage requirement
of the components.

For the same switching frequency, a lower total switch stress
indicates a potentially lower conduction loss, lower switching

Fig. 15. Normalized switch stress. Lower is better.

Fig. 16. 4-to-1 ReSC topology comparison.

loss, and smaller switch size. Therefore, it can be used as a
good indication of potential efficiency [34]. The switch stress is
defined as

Total switch stress =
∑

switches

VdsIds (58)

where Vds is the peak blocking voltage seen by the switch and Ids

is the average current through the switch. Note that even though
the RMS current value should be used for the best accuracy when
the duty ratio deviates from 50% [35], [36] has shown that the
effect of RMS/dc ratio on the total switch stress is relatively
mild. Therefore, the average current value is used here as a
close approximation. Since one can express Vds using the output
voltage (βvVout), and Ids using the output current (βiIout), the
normalized switch stress Ms can be defined as

Ms =

∑
switches VdsIds
VoutIout

=
∑

switches

βvβi. (59)

This can be viewed as the total switch power rating necessary
to deliver a certain power to the output. More details regarding
this metric can be found in [37]. Fig. 15 shows the calculated
Ms of the topologies of interest, with the Dickson [38], [39]
and Ladder topologies at the Wolaver limit [20]. It should be
emphasized that the derived Mp and Ms reflect the intrinsic
performance of passive and active component utilization and are
independent of detailed operating conditions (e.g., Pout, fsw).

Fig. 16 compares the relative performance of various topolo-
gies at a ratio of 4:1. In general, the topologies that have high
normalized switch stress tend to have lower normalized passive
volume, and vice versa. With the series–parallel and Dickson
topologies at the theoretical boundaries of passive and active
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Fig. 17. Schematic drawings of two example regulated hybrid converters.
(a) 3-level buck converter. (b) Series-capacitor buck converter.

component Wolaver limits, respectively, all other classical and
emerging topologies will fit inside those bounds. Note that
the switched-tank converter (STC) [3] has the same theoretical
performance as the Dickson as they share the same fundamental
structure. This plot allows designers to quickly visualize and
compare the tradeoffs of different solutions.

It should be noted that practical converter designs have more
considerations and the actual performance of different topolo-
gies can be different than what is plotted here. For instance,
the lowest voltage rating of widely available discrete power
MOSFETS is at present about 25 V. Thus, for discrete applica-
tions with input voltage lower than 25 V, the topologies with
low switch voltage rating and switch VA stress (e.g., Dickson)
cannot fully utilize their potential. In this case, the topology
efficiency comparison should be based on switch conductance
G rather than GV 2 (VA rating) [35]. Then, it is found that the
series–parallel topology can achieve one of the lowest output
impedances among all ReSC topologies, even though its nor-
malized switch stress is the highest in Fig. 16. In addition, the
implementation complexity should also be considered, such as
the number of components, the design of gate drive circuit, and
the ease of PCB layout. This may put the doubler topology in
an attractive position because of its simple and highly modular
design.

VI. COMPARISON OF REGULATED HYBRID CONVERTERS

So far, all analysis has focused on fixed-ratio ReSC converters,
in which the inductors see only the flying capacitor voltage
ripples. Next, we briefly discuss how the reactive energy/power
calculation can be applied to analyze and compare hybrid SC
converters with regulation capability. In such converters, the SC
stage is typically combined with a buck stage. The buck con-
verter stage can achieve voltage regulation through pulsewidth
modulation (PWM), while serving as a current source for ca-
pacitor soft-charging operation.

Here, we analyze two basic hybrid converter topologies, the
three-level buck converter and the series-capacitor buck con-
verter. Their circuit schematics are shown in Fig. 17. In spite
of having of the same number of switches and flying capacitor,
they have very different operating characteristics and advantages
owing to different inductor placement strategies. Fig. 18 plots

Fig. 18. Average power processed by the passive components in hybrid
converters. (a) 3-level buck converter. (b) Series-capacitor buck converter.

the reactive power rating of the passive components of the two
converters as a function of the conversion ratio Vout

Vin
. The detailed

calculation for the three-level buck converter is provided in the
Appendix as an example.

This reactive power analysis can directly reflect the passive
component utilization of a hybrid converter. In [16], Wolaver
derived that the reactive powerPind that needs to be processed by
a converter with a gain ofG (G = Vin

Vout
for a step-down converter)

is governed by Pind ≥ G−1
G Pout. It can be seen from Fig. 18(a)

that the total reactive power of the three-level buck converter is
equal to that of a conventional buck converter, which is known
to be at the Wolaver limit. Thanks to the reduced voltage stress
and the frequency doubling effect, the inductor experiences
less volt–second and processes significantly less power than a
conventional buck converter. Even though the total processed
power remains the same, a great portion is now processed by the
high energy-density flying capacitor, resulting in reduced total
passive component volume and less power loss on the inductor.
When Vout

Vin
= 0.5, there is no voltage across the inductor except

for the flying capacitor voltage ripple. Therefore, the 2-to-1
ReSC converter can be viewed as a special case of three-level
buck converter with minimum required inductance, at the cost
of no regulation capability.

The series-capacitor buck converter can be viewed as a 2-
to-1 SC converter cascaded by a two-phase interleaved buck
converter, whose maximum duty ratio is 0.5. This leads to a
maximum conversion ratio of Vout

Vin
= 0.25. Its detailed operat-

ing principle can be found in [40]–[42]. The reactive power
processed by the series-capacitor buck converter is shown in
Fig. 18(b). Because of the nature of cascaded converters, its total
processed reactive power is unavoidably higher than the Wolaver
limit. However, the series-capacitor buck still has the potential to
achieve lower total passive component volume and higher power
density than the conventional buck converter. It can be shown
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that the power processed by the flying capacitor is a fixed value
of PC = 1

2Pout, whereas the inductor power is equal to that of
a buck converter with half of the input voltage PL = G−2

G Pout.
When Vout

Vin
= 0.25, the power processed by the inductor is 33%

lower than that of a buck converter rated for the full input voltage.
Even for a high conversion ratio of Vout

Vin
= 0.1, an 11% inductor

power rating reduction is achieved. Given the same switching
frequency and inductance value, this can be translated to an 11%
inductor current ripple reduction. This property is noteworthy
since even meager reductions in inductor current ripple may
result in significant savings in inductor power loss. Addition-
ally, the series-capacitor buck converter has attractive features
such as reduced switching loss owing to lower voltage stress
on switches, and automatic current balancing for interleaving
operation.

To calculate and compare the total passive component volume
of different topologies at a given conversion ratio, a current
ripple ratio of the inductor and a voltage ripple ratio of the flying
capacitor need to be determined first. Then, the corresponding
energy utilization factors and the passive component volume can
be derived with the method presented in Section II. Considered
the very high energy density ratio between capacitor and induc-
tor (e.g., ρE,C

ρE,L
> 100), it is desirable to use the SC network to

achieve the majority of the required voltage conversion, so that
the voltage and power stress of the following buck stage can be
reduced. This strategy has the potential to further reduce both
the total passive component volume and the power loss on the
inductor, if the implementation complexity of the SC stage can
be properly managed. Recently, an improved series-capacitor
buck converter with an 8-to-1 SC stage is presented in [43].

VII. CONCLUSION

This article models the passive component volume of hybrid
resonant SC converters from the perspective of the reactive
energy/power processed by the passive components. It is shown
that the total passive component volume can be expressed as a
function of flying capacitor voltage ripple ratio, and the optimum
inductor and capacitor allocation that minimizes the total vol-
ume is dependent on their relative energy density and topology
specific parameters. Detailed analysis and experimental results
are also provided to showcase that a 2-to-1 ReSC converter
can use significantly less passive volume than conventional
SC and buck converters for the same power conversion, while
maintaining the best efficiency performance. To compare the
passive component utilization of different ReSC topologies, a
normalized passive volume parameter is proposed for direct
and fair comparison. Along with the normalized switch stress
parameter (based on switch VA ratings), a framework to com-
pare the relative performances of ReSC topologies is created.
Using the proposed method, the series–parallel topology exists
at the theoretical lower limit of passive volume, whereas the
Dickson and the Ladder topologies exist at the lower limit of
switch stress. These boundaries can ultimately help evaluate
the performance of other newly proposed topologies. Last, the
proposed passive component modeling method is extended to
analyze and compare hybrid SC converters with regulation
capabilities.

Fig. 19. Circuit operating states at D < 0.5.

APPENDIX

Here, we detail the reactive power calculation of a three-level
buck converter. Its schematic drawing is shown in Fig. 17(a).
Since the circuit operating states are different for duty ratioD <
0.5 and D > 0.5, the calculations are carried out for these two
intervals separately.

A. D < 0.5

The four circuit operating states and the corresponding du-
rations are shown in Fig. 19. Assuming the flying capacitor C1

is at its nominal voltage 1
2Vin with no voltage ripple, then the

switch node voltage Vsw will be at 1
2Vin during state 1 and 3, and

at ground during state 2 and 4. Since C1 is only charged in one
state (state 1) and discharged in another (state 3), its processed
power equals the charging power at state 1 (or the discharging
power at state 3). Assuming the inductor current is constant, we
find

PC = PC,state1

=
1
2VinIoutDT

T

=
1

2

Vout

D
IoutD

=
1

2
Pout. (60)

It can be seen that the power processed by the flying capacitor
is a constant for D < 0.5.

The power processed by the inductor can be calculated in
a similar way. However, since it transfers energy twice per
switching cycle, only one charging state should be considered
for reactive power rating calculation

PL = PL,state1

=

(
1

2
Vin − Vout

)
IoutD

=

(
1

2
−D

)
Vout

D
IoutD

=

(
1

2
−D

)
Pout. (61)

B. D > 0.5

The circuit operating states for D > 0.5 are shown in Fig. 20,
and the capacitor and inductor power can be calculated as
follows:

PC = PC,state2

=
1

2
VinIout(1−D)
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Fig. 20. Circuit operating states at D > 0.5.

Fig. 21. Reactive power processed by the passive components of a three-level
buck converter. (a) Capacitor power. (b) Inductor power.

=
1−D

2D
Pout (62)

PL = PL,state1

= (Vin − Vout)Iout(D − 0.5)

= (1−D)
Vout

D
Iout(D − 0.5)

=

(
−D +

3

2
− 1

2D

)
Pout. (63)

The above calculated PC and PL are plotted in Fig. 21, and
the combined total reactive power is plotted in Fig. 18(a).
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