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Abstract—Series-input, parallel output converters can achieve
extreme conversion ratios with high efficiency by utilizing a
stacked architecture that relies on isolated converters. Typically,
these isolated converters are magnetics-based modules. However,
capacitive-based isolation is an emerging alternative to magnetics-
based isolation particularly for volume- and weight-constrained
applications as it provides reduced passive volume and eliminates
the need for a ferrite core. Hybrid switched-capacitor converters
are competitive with magnetics-based topologies as they achieve
high energy density and reduced switch stresses. However, few ca-
pacitively isolated variants of hybrid switched-capacitor convert-
ers have been shown. This work presents a general framework for
deriving capacitively isolated hybrid switched-capacitor convert-
ers from their non-isolated counterparts. Analysis and operation
for three novel inductor-at-the-output topologies derived via this
framework are presented. Through this framework, the derived
topologies are compared to existing capacitively isolated hybrid
switched-capacitor converters. Finally, experimental validation is
provided for two of the presented topologies individually and in a
12:1 series-input, parallel output converter, validating operation
principles and analysis.

Index Terms—Hybrid switched-capacitor converter, multilevel
converters, resonant converters, capacitive isolation, series-input
parallel output

I. INTRODUCTION

PPLICATIONS such as data center computing, more

electric aircraft, and electric vehicle power delivery
require advanced converters to achieve extreme conversion
ratios, while maintaining high power density and efficiency.
One approach is cascaded converters, a type of multi-stage
converter architecture, in which the output of one converter is
the input of the next converter. Consequently, the total gain
is the product of each individual converters’ gain. In these
cascaded converter architectures, each stage processes the en-
tire input power, which results in system efficiency lower than
that of a single stage. A partial power processing converter
architecture, the series-input, parallel-output (SIPO) converter
architecture, mitigates these challenges while enabling high
power density and maintaining high system efficiency because
each converter processes a fraction of the input power. Unlike
in cascaded converter architectures, isolated converters are
required to realize a SIPO structure, as depicted in Fig.[I] Note
that the converter connected to both input and output negative
terminals, the bottom converter in Fig. [T} can be implemented
as a non-isolated dc-dc converter, while the remaining convert-
ers must be isolated dc-dc converters. Typically, the converters
are sized such that the isolated converters process most of the
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power [L]. While the isolated converters are often realized
as LLC modules or other transformer-based converters [2]],
previous work has investigated capacitive isolation for SIPO
converter architectures to achieve higher energy density [3],
[4], 130, 6], [7]. Regardless of isolation method, these isolated
dc-dc converters are able to achieve high efficiency at a fixed
conversion ratio, resulting in high overall system efficiency.
Previous implementations have shown that the non-isolated
converter can be implemented as a regulating converter, which
allows for a narrow range of regulation [1], [8].

Typical isolation methods utilize magnetic-based elements,
such as transformers, which scale poorly to smaller sizes,
inhibiting power-dense and efficient power conversion [9]. Due
to the poor scaling of magnetic components, previous work
has investigated alternate approaches to achieving isolation
for power electronics. Piezoelectric components scale well
and have been shown to achieve isolation [10], [11], [12];
however, piezoelectric-based isolation is currently limited by
mounting of the piezoelectric component and load-dependent
operation [13]]. An alternative to magnetic- and piezoelectric-
based isolation is capacitor-based isolation [14], [15], [16]]. Ca-
pacitors scale favorably to smaller sizes, allowing for power-
dense and efficient converters. Capacitive isolation has been
investigated for various size and weight-constrained applica-
tions such as data center computing [[17]], [18], aircraft power
delivery [16], and tethered robots in space [19].

The capacitive isolation strategies used in previous works
are typically resonant tank based converters operated at res-
onance. Many of the strategies utilize two-level converters
composed of an inverter, LC tank, and rectifier, which provide
capacitive isolation with a fixed 1:1 conversion ratio [20],
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Fig. 1. A generalized implementation of a series-input, parallel-output partial
power processing converter with two isolated converters and one non-isolated
converter.



[21]; however, control schemes such as phase shifted pulse
width modulation allow for variable conversion ratios [7]]. In
addition, variants of this structure have been used to develop
novel capacitively isolated topologies with both fixed and
variable conversion ratios [22], [23]]. Previous work utilizes
topology derivation techniques such as duality [20], to derive
capacitively isolated topologies from magnetics-based coun-
terparts.

In non-isolated power conversion, multilevel converters
provide reductions in component ratings providing increased
power density and efficiency. Hybrid switched-capacitor con-
verters, a family of multilevel capacitor-based non-isolated
power converters, can be competitive with conventional
magnetics-based converters in both efficiency and passive
component volume due to the utilization of energy-dense
capacitors as the primary medium of power processing [24].
While these benefits are seen in hybrid switched-capacitor
converters operated at resonance, operation above resonance
can further reduce the sizing of passive components, inductor
ripple, and decrease sensitivity to frequency at the detriment
of losing zero current switching (ZCS) [24]], [25].

Recently, the use of capacitively isolated hybrid switched-
capacitor converters, such as the Dickson [14], [26],
Cockcroft-Walton [15[], [27], and the flying capacitor multi-
level (FCML) [18] converters, to provide isolation and a
fixed conversion ratio has been investigated. In some of these
variants, the isolation capacitors are solely used for isolation,
while in others, they are also used for power processing.
While maintaining the benefits of hybrid switched-capacitor
converters in terms of passive component volume, efficiency,
and reduced switch stress, these converters are limited to at-
resonant operation, meaning they are sensitive to component
mismatch and cannot benefit from above-resonant operation.
Despite these benefits, hybrid switched-capacitor based capac-
itively isolated topologies may not out perform state-of-the-
art magnetics-based isolation approaches; however, previous
work indicates that capacitive isolation based SIPO converter
architectures can provide lower loss and volume than magnet-
ically isolated SIPO architectures [7]. As directly comparing
capacitor- and magnetic-based isolation is difficult due to the
challenges associated with modeling magnetic components’
losses, this work focuses on providing a methodology for
fundamentally comparing multilevel capacitively isolated con-
verter topologies.

While introductory work has been done regarding capaci-
tively isolated hybrid switched-capacitor converters for safety-
rated isolation [18]], [28], [23], such analysis is beyond the
scope of this work. This work focuses on SIPO converter ar-
chitectures where end-to-end system isolation is not necessary.

While the capacitively isolated series-parallel converter was
previously presented by the authors [29]], this work presents the
derivation of this topology and extends it to other capacitively
isolated converters. Thus, this work presents a systematic
approach to introducing isolation in existing two-phase hybrid
switched-capacitor converters while maintaining the ability
to operate both at and above resonance. Novel capacitively
isolated variants of the series-parallel [29], Fibonacci, and
Dickson converters are presented and validated via experi-

mental results. A method of comparing capacitively isolated
hybrid switched-capacitor converters is derived using a method
analogous to that presented in [30] but extended to capacitively
isolated topologies.

This article is organized as follows: Section [II| presents
a topological derivation framework for introducing isolation
into existing hybrid switched-capacitor converters. Section [[TI]
discusses the operation of the proposed converters at and
above resonance. Section [[V] details a means of compar-
ing capacitively isolated hybrid switched-capacitor converters.
Hardware results for individual and SIPO converters are shown
in Section [Vl Section [Vl concludes this work and summarizes
the impact.

II. TOPOLOGY DERIVATION

As isolation requires eliminating direct current between the
input and output domains of a power converter, the process
of capacitively isolating existing non-isolated hybrid switched-
capacitor converters must introduce capacitors along any direct
current paths between the input and output. Furthermore, the
authors define capacitive isolation as occurring only in the
absence of switch isolation. As such, the topology formed
by the introduction of capacitors along direct current paths
must not require any switches to block the isolation volt-
age. Therefore, the switch voltages should be independent of
the isolation voltage. In summary, a topology may only be
considered capacitively isolated if capacitors are the element
preventing direct current from flowing between input and
output terminals, and the only circuit element that experiences
isolation voltage. Given this definition of capacitive isolation,
a general approach to introducing capacitive isolation into
existing hybrid switched-capacitor converters is developed.
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Fig. 2. The 2:1 inductor-at-the-output hybrid switched-capacitor converter
shown with the sources connected such that they are (a) common-negative.
The connected-phase of the converter is shown for the (b) common-negative
and the (c) common-positive configurations of the topology.



A systematic process for introducing capacitive-based iso-
lation into existing hybrid switched-capacitor converters is
explained using the 2:1 hybrid switched-capacitor converter
with the inductor-at-the-output shown in Fig. Zh. All N-level
inductor-at-the-output two-phase hybrid switched-capacitor
converters condense to this same converter at N = 2 where
N is the conversion ratio. This 2:1 converter has a connected
stage, shown in Fig. , in which the high-side (V41) sources
power and low-side (V1) sinks power. Despite C; blocking
direct current between the positive terminals of the sources,
this topology is not capacitively isolated due to the direct
current path between the negative terminals of the sources,
which carries 7., as seen in Fig . Thus, the 2:1 hybrid
switched-capacitor converter, and by extension, all N-level
converters that condense to this converter are not isolated.

Previous work offers a method of introducing isolation using
a reflection of the original converter [12]. While other methods
of isolation have been used previously [18], [20]], this method
allows the derivation of inductor-at-the-output topologies that
can operate above resonance. In the reflected variant of the
converter, shown in Fig. @:, the direct current path between
the positive terminals carries a current of i, in the opposite
direction. Joining the common-negative node of Fig. and
the common-positive node of Fig. effectively cancels the
direct current through this branch. Thus, the direct connection
joining the voltage sources may be removed as ¢, = 0 A. For
a SIPO converter, the isolation source represents the necessary
isolation voltage defined as Viso, = Zz;} Vin,p as indexed
in Fig. [I} In this work, an isolated converter will be defined
a converter with zero current flowing through the isolation
source.
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Fig. 3. The simplified topology that results in joining the common-positive
and common-negative variants of the 2:1 hybrid switched-capacitor converter.
An intermediate step (a) that requires switch isolation. The final variant (b)
that provides only capacitive isolation while maintaining charge flow.

Note, voltage sources that, after removing the zero current
path, appear in series can be replaced with an equivalent
source. Series switches may also be reduced to a single switch.
After combining redundant switches and voltages sources, a
topology is reached as seen in Fig. [3h. Although the two
inductors appear in series, they cannot be combined due to
the isolation source, for this would result in the voltage on
C5 being clamped by the isolation voltage. In this topology,
switches S7, S2, S5 and Sg block the isolation voltage. To
ensure no switch blocks the isolation voltage and charge flow
is maintained, further modifications are applied to reach the
topology of Fig. [Bb, which provides only capacitive isolation
while maintaining charge flow.

The 2:1 capacitively isolated hybrid switched-capacitor
converter of Fig. is the basic converter that all N-
level capacitively isolated hybrid switched-capacitor convert-
ers derived via the approach of this work compress to at
N = 2. This converter can thus be expanded into the
various N-level capacitively isolated inductor-at-the-output
hybrid switched-capacitor converters of Fig. ] A capacitively
isolated Cockcroft-Walton converter can also be developed
using this method, but was omitted from this work as it
requires split-phase control [31] to achieve soft-charging,
increasing complexity and making it difficult to compare to
other isolated inductor-at-the-output converters. Additionally,
this framework can be employed to re-derive the previously
presented at resonance capacitively isolated hybrid switched-
capacitor converters [14]], [15].

III. OPERATION PRINCIPLES

This section describes the general derivation of operation
principles for the topologies of Fig. 4| For clarity, the 4:1
capacitively isolated series-parallel converter will be used as
reference throughout. Key parameters used in this section
and the remainder of this work are summarized in Table [II
Additionally, the derived parameters for the series-parallel
converter and other converters are listed in Table

A. Resonant Frequency

The resonant frequency of a hybrid switched-capacitor con-
verter is defined per phase. Thus, the two-phase converters dis-
cussed in this work have resonant frequencies fres;1 and fres 2
for phases one and two respectively. The overall switching
period and phase timings are functions of these frequencies as
discussed in Section For each converter, the capacitances
are normalized to a capacitance Cj such that C),; = ¢,1Co,
where c,,;; is the capacitor scaling factor of capacitor n along
the path k£ € {a,b} where k = a corresponds to the a series
capacitors and k = b corresponds to the b series capacitors.
Additionally, the inductances are normalized to an inductance
Ly such that L; = I; Ly where [; is the inductor scaling factor.

Thus for each phase, a resonant frequency can be deter-
mined as in as a function of Cy, Ly, and «;, representing
the effective LC product. The definition of x presented in (2))
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Fig. 4. Capacitively isolated variants of the (a) series-parallel converter,
(b) Dickson converter and (c) Fibonacci converter shown at a generalized
conversion ratio of N:1.

is more general than that of [30] as it incorporates converters
with multiple inductors.
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The derivation of the converters discussed in Section [[I} en-
sures that zero current flows though the isolation source when
the components are symmetrically sized e.g Cp, = Cpp =
C, = c,Cp forall n and Ly = Ly = L. The capacitor scaling
vectors, ¢, for each converter are listed in Table Thus,

TABLE I
DEFINITION OF KEY TERMS

N Conversion ratio.
Np  Total number of phases.
N,  Total number of flying capacitors.

N;  Total number of inductors.
Ns  Total number of switches.

n Numeric index of flying capacitors and switches.

k Index of flying capacitors where k € {a,b}.

J Phase index.

i Numeric index of inductors.
Normalized charge flow for capacitor n in phase j along path k.

Normalized charge flow for inductor ¢ in phase j.

v Capacitor mid-range voltage vector normalized to the high-side voltage.

cnr  Capacitor scaling factor of capacitor n along path k& where C,,, = ¢, Co

l; Inductor scaling factor of inductor ¢ where L; = [; Lo.

Kj The effective LC product in phase j normalized to LoClo.

T Phase timing vector normalized to the total switching period.
Qny,j Charge conducted in phase j by capacitor n along path k.
qr,; Charge entering the low-side source in phase j.

qm  Charge exiting the high-side source during the connected phase.

the inductors are effectively in series when no current flows
through the isolation source. As such the resonant frequency
can be determined by eliminating the isolation voltage and
finding the Thevenin equivalent impedance from the low-side
port. Table [[I] presents the vector k for the converters of Fig. 4]

The effective resonant frequency is consistent with the non-
isolated inductor-at-the-output variant of a topology given
consistent component sizing [30]].

1) Example: 4:1 Series-Parallel Converter: For the 4:1
series-parallel converter, the per phase resonant frequen-
cies can be determined using Fig. [f] In the series-

parallel converter, the capacitors are sized such that
Co=Cra=Crp="+--=Cp_j2a = Cn_ /2 and the inductors
are equal.

In phase one, the capacitors are series connected forming
effective an capacitance of % as seen in Fig. @l when the
current though the isolation source is considered negligible.
As the effective inductance is 2L, the resonant frequency for

this phase is S =1 . thS, K1 1S equal to one-
fres,l 5 /;é LoCo 1
third.

In phase two, the inductors are in series again forming an
effective inductance of 2L, and the effective capacitance is
%C’O. The phase two resonant frequency is fres 2 = L

o 27/3LoCo’
yielding a ko of three. Therefore, k can be represented as a

vector K = % 31.

B. Capacitor Mid-range Voltages

Initial Kirchoff’s Voltage Law (KVL) analysis of capacitor
voltages results in under-constrained mid-range voltages for
the capacitively isolated topologies. Each capacitor’s voltage



can be expressed as in (3)), where o, and f3,,, are unknown
scaling factors.

Ve, = @, Vi + Bn, Viso (3)

However, the output capacitance of switches of Sy; and Syo
constrains the voltages of C(y, /2), and C(y, /2)p described in
(@), where N, is the total number of capacitors for a given
conversion ratio, for all of the converter shown in Fig. E}

an, Vi for n < &, k € {ab}
Van = Qnp, VH - Bnb‘/ISO for n = % (4)
anaVH + ﬁna‘/iso f()r n—= %

To simplify the analysis it is assumed that the Cyss of the
switches, shown as Cyss g1 and Cogs ppp in Fig. E], are matched.
Therefore, the scaling factors of (@) for the terminal capacitors
are (N, /2), = YN, /2), and 5(1\10/2)3 = /B(NC/Q)b = 1. For the
remaining capacitors, the minimum energy state of capacitors
in series indicates that «,, = o,,. However, deviations
from this state may occur due to practical implementation
factors such component mismatch and layout asymmetries. A
thorough investigation into the effect of Ciss on the capacitor
mid-range voltages is out of scope of this work.

The mid-range voltages can be expressed in a mid-range
voltage vector, v, which is normalized to Vg. The mid-range
voltage vector for each converter is expressed in Table
Note the analysis in Table [E assumes that Cog ni = Coss, m2
and voltage is split evenly between series capacitors of equal
capacitance.
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Fig. 5. The 4:1 capacitively isolated series-parallel converter in phase two
with Clgs for high side switches Sy; and Syo depicted. The node voltage e
shown in red is e] = % + Viso when the switch capacitances are equal.

1) Example: 4:1 Series-Parallel Converter: Figure [5]|shows
the 4:1 series-parallel converter with Cs shown for the rele-
vant ‘off” (b series) switches in phase two. The Cyg, which are
several orders of magnitude smaller that the flying capacitors
Cy, - Csp, for k € {a,b}, corresponding to the switches Sp,,
for all n, are in parallel with a flying capacitor and can thus
be omitted from Fig. 5] The loop formed by Vi and the Cog
of Sy1 and Syo determines the node voltage e; = % + Viso
and fully defines the capacitor mid-range voltages C3, and
Cj3p. To determine remaining the capacitor mid-range voltages,
it is assumed that the capacitor voltages are in steady state
and maintain a minimum energy state. In the case of the
series-parallel converter, this indicates that ¢, = % for all

ne < % In practice, imbalances in components such as Clggs,
Ryson, flying capacitance, and commutation loop inductance
will affect the exact values of a,, . Section |V| will confirm
this analysis with experimentally derived capacitor voltages.

C. Charge Flow

Charge flow enables understanding of converter conversion
ratio, capacitor voltage ripple and inductor current ripple using
a charge flow matrix, Hy, ;,. Under a steady-state assumption,
the capacitors must be charge balanced (e.g the charge flowing
into the capacitor must equal that flowing out of the capacitor).
For two-phase converters this can be expressed simply as
Gn,,1 = —Gn,,2- The topology derivation process discussed in
Section [[I] ensures charge balance. Due to the symmetry of
the converters, the characteristic vectors of the a series and b
series capacitors are equal (H, j, = Hy ;). The characteristic
charge flow matrix Hy, ;,,, seen in @ will be simplified such
that H;, = H, j, = Hp jn. Note that the polarity of charge
flow is dependent on choice of capacitor polarity, so this
simplification will not hold for all choices of capacitor polarity.

q1,1 q2,1 . dN:/2,1
— qHI qHI qHI
Hj, = ©)
_ 11 _ G921 . _ 4N¢/2.1
qH1 qHI qH1

The conversion ratio, /N, of a given converter can be
calculated using (6) where j is the phase index, gur; is the
charge per phase leaving the high-side source, and qr, ; is
the per phase charge entering the low-side source. For all
converters discussed in this work, there is only one phase in
which the high-side source is connected. Thus, total charge
leaving the high-side source can be expressed as qpq.

_ > 4L.

qHI1

N (6)

As the isolation source has zero current flow, the charge
entering the low-side source, qr, ;, is also the magnitude of
charge flow for Ly and Lo.

Charge flow may also be used to characterize the capacitor
voltage ripple. Using the charge flow vectors of Table [[I] the
relative voltage ripple of the capacitors can be determined. The
capacitor ripple for phase j can be expressed an in for a
given capacitor C,;. Note that due to the symmetry of the
topology construction, Cy, = Cpp = Cy, and ¢, j = G, j =
(n,; for all n.

A )

Cn CnCO

1) Example: 4:1 Series-Parallel Converter: The charge
flow of a 4:1 capacitively isolated series-parallel converter is
shown in Fig. [] for both operation phases. For the chosen
capacitors polarity H, j, = H, j, = Hj,. The resultant
charge flow vector is shown in (8).

11 .. 1
Hy jn = Hyjn = Hj,, = _ . ®)
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Fig. 6. Two-phase operation of the 4:1 capacitively isolated series-parallel
converter for phases (a) one and (b) two. The per-phase charge flow is shown
in black.

For the series-parallel converter of Fig. [6 operated with two
phases, the conversion ratio derivation is detailed in ().

N — qr,1 +qrL2 ©)
qur
_ Qm 3qm _q
qur
Furthermore, each capacitor experiences the same voltage
ripple since the charge flow and capacitances are equal for

all n.

D. Phase Timings

1) At Resonance: To determine the duration of time spent
in each phase, the at resonance converter operation can be
analyzed. At resonance, the inductor current is half-wave
resonant as shown in Figm As such, the phase duration ¢; can
be expressed as in (I0) where T is the total period duration
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Fig. 7. The at resonance inductor current 7y, (¢) with relevant parameters
indicated. The per-phase inductor currents iy, ;(t) and iz, j41(t) are shown
in black and red respectively.

and 7; represents the fraction of the total period spent in phase
j.
(10)

For at-resonant operation, the time spent in phase j can be
represented as seen in (TT).

(11)
The at resonance period T}.s can then be expressed an in (]E[)

Ties = Yt (12)
J

2) Above Resonance: Above resonance, the inductor cur-
rent transition happens before the zero crossing is reached as
seen in Fig. [8] For simplicity it is assumed that, the phase
transitions always occur at the same inductor current value.
This above-resonant operation has resonant-like behavior with
an operation frequency higher than resonance. A scalar term,
T, expressed mathematically in (T3), quantifies how far above
the resonance frequency, frs, the converter is being switched,

Jsw-
= & _ Thes

fl'CS T
Equation (TI) can be updated to hold for all values of I" where
the phase durations can be expressed in terms of I" as in (I4).
Note that for I' = 1, e.g at-resonant operation, (T1) and (T4)
are equivalent.

(13)

_ T o
7T T T
When normalized to T, the phase normalization parameter T
is expressed in terms of relevant parameters in Table
3) Example: 4:1 Series-Parallel Converter: Using (14) and
the 4:1 capacitively isolated resonant frequency analysis, the
phase timings can be determined for phases one and two as
t; = ﬂivﬁfLoco This results in at-resonant (I' = 1) duration
of t; = M/F and to = m/3LyCy. The total period, T is
the sum of #; and ¢, and can be expressed as T = %m.
The phase normalization parameter for each phase is 71 = %
and 7, = 3. The phase normalization can be expressed as

T = [l %. While the values of ¢; and 7' depend on the

(14)

4

./ N
iv, (1)

Fig. 8. The above resonance inductor waveform iy, (t) as a piecewise
combination of the per-phase resonant inductor current waveforms iy, ;(t)
(black) and iy, j41(t) (red).



choice of I, the phase normalization parameter is independent
of I' and depends only on level count.

E. Inductor Current

As no current flows through the isolation voltage, the
currents through each inductor are equal in both phases;
thus, the inductor current can be analyzed for both inductors
simultaneously. The inductor current can be expressed as
ip(t) = %. Consequently, the inductor charge flow ¢ ; can
be found as a function of the inductor current as in (I3).

ti+1
QL,j :/ iLﬁj(t) dt
t

J

15)

The per phase inductor charge can be determined through
charge flow [32]]. The normalized inductor charge flow matrix,
Hy, j;, relates the per phase inductor charge to g7 as seen in
. Note that g1, j1 = qr,,j2 = qr,j, thus the columns of the
inductor charge flow matrix are equal.

qL,ji
Hyji= "=
qH1

(16)

Resonant-like converter operation indicates that the inductor
current is sinusoidal in nature. The steady-state undamped
per phase inductor current for resonant operation is expressed
in (I7). At-resonant operation results in phase transitions
occurring at the zero crossings of the inductor current [33]].
Figure [/| shows the phase one and phase two inductor current
waveforms under steady-state undamped resonant operation in
black (ir, ;) and red (iz j4+1) with adequate phase shifts for the
converter waveform shown in black (i) to achieve ZCS.

Z.ij(t) = Ipk,j sin (wjt+0j) (17)

Expressions for inductor currents ¢z, ; and 7o in terms of
Iy and as a function of I' for two phase operation are shown
in (I8) and (19), respectively. The derivation of i, ;, at and
above resonance is presented in the Appendix.

. Towm . m (I'— 1))

t) = — t _—
wa(t) = 5F sin () (wl Ty (18)
. Loy ) 7 (T—=1) wor

t) = —mM8M— t _—
i2.2(0) = 3G (2 O (wat + 5 wlI‘) (19)

The normalized inductor peak, Ix, peak to peak, Ipi pk, and
RMS, Irums, currents are plotted as a function of I in Fig. @} At
I' < 2, the inductor Iy pk, Ipk, and Irms decrease rapidly while
at values I' > 2 the rate of decline decreases and eventually
plateaus. While increasing I" provides component stress and
sizing benefits, due to the reduction in these currents, there
are marginal benefits to increasing I" to values larger than two.
Furthermore, increasing I' proves disadvantageous as it leads
to increased switching losses. Thus, Fig. [9] motivates limiting
above resonance operation to less than twice the resonant
frequency.

1.6 T T T T

] pk.pk

1.4

Trmis
12+ i,

0.8

Ul

0.6

04t

02F

Fig. 9. Relevant component sizing parameters, Ipk pk, Ipk, and Irpms normal-
ized to Ioy as a function of T'.

FE. Switch Voltages

The switch voltages can be expressed as a sum of a dc
term and a ripple term as seen in (20). The voltage on a given
switch depends on the difference in the switches’ drain and
source voltages during the phase when it is blocking voltage.

vas = Ve + Av (20)

The switch voltage including ripple can be derived for each
converter as seen in Table

Furthermore, the switch voltages place a limit on the
power processed via capacitor-ripple-induced clamping [30],
[34]. The capacitor ripple can induce reverse voltages on the
switches and consequently force undesirable reverse conduc-
tion. The maximum power processed due to this constraint is
presented for each converter in Table

1) Example: 4:1 Series-Parallel Converter: For the 4:1
capacitively isolated series-parallel converter of Fig. [6] the
switches are grayed out during the phase in which they are off.
To calculate the vy of a given switch, KVL can be performed
around a loop containing the switch of interest. For Sy4,,, this
could be the loop including Sa4,,, L1, VLo, and Ly. Both the
high- and low-side voltages are assumed to be purely dc. As
the average inductor voltage is zero, the voltage of the switch
V4,, depends only on the output voltage and the inductor
voltage ripple, Avy, as shown in I).

Hi
va,, = VLo + 2Avr, = Vio + max {M}
je[Np] K:jFCO

(N —1)gm
I'Cy

21
=Vio +

G. Switch Currents

The switch currents can be expressed in terms of the
inductor currents derived in Sections [II-E



TABLE II
CHARACTERISTIC VECTORS FOR CAPACITIVELY ISOLATED HYBRID SWITCHED-CAPACITOR CONVERTERS

Topology Series-parallel Dickson (odd N) Fibonacci
N e {N>2} N e {N>2} N e {Fy,:meN>3}
Fr, =(1,1,2,3,5,8,13...)
N, 2 2 2
N¢ 2(N —1) 2(N —1) 2(m — 2)
N, 2 2 2
N 5N — 3 5N —3 5m — 8
i 1 1 1 -1 -1 1 -1 1 1 —Fp—o Fin—3 +Fy, +£F1 +£F
NpX Ne
[Np > Ne] 1 -1 -1 11 -1 1 -1 -1 Fp—o —Fpm_s tF, +F R
N4+1  N+1
Hix ] 1 1 P > Fm-1) Fm-1)
p XNy N—1 N-1
N—-1 N-1 s Fim-2) Fm-2)
[_L _ 2 _ 3 _ Fr—1
1 1 1, Viso 1 2 N—2 N—-1_ Viso 2N N N 2N
V[1x N /2]a [ﬁ av 27T v}{] [m N 2 ~N t v},] v 1ym—s Fixa
G +1 - —hg
[_L _l _i FTn—l
v [L Oy Visn] [L o N2 Viso] 2N 2N 2N 2N
[1XNc/2]b| 3N 2N N2 Vi 2N 2N 2 Vu v s m=3 Fi2+1
Vir N
Clixn. 11 1] [No1 N1 oL No N1 1 1]
1 1 N+1 Fr—1 Fm—1
e 3 3 Frp—2 Frp—2
Rinp x1] N_1 (N-1)2  (N-1)2 Fr—s  Fpp_o
- 2(N+1) 2(N+1) Froo1  Fm1
1 N+1 Fr—1
N N Frn
TINp x1] N-—1 N—-1 Fin—2
N N Frm

1) Example: 4:1 Series-Parallel Converter: Using charge
flow as in [32], it is determined that each capacitor discharges
or charges by an equal amount, g. Thus, the capacitor currents
and consequently ‘on’ switch currents are of equal magnitude.
In phase two, there are N — 1 parallel combinations of capac-
itors. As such, the phase two ‘on’ switch currents are ;\[L_’Ql.
The generalized drain-to-source switch currents are shown in

(22).

i, forz—[B, B, Hl, H2
Ids,z — Zil;712 or T [ a b ] (22)
g forx=1[A, A, Chl

IV. COMPARISON

This section aims to provide designers insight regarding
the tradeoffs associated with the topologies presented in this
work as well as existing capacitively isolated hybrid switched-
capacitor converters. The capacitively isolated Dickson con-
verter [14] has previously been demonstrated in SIPO con-
verter architecture [8]. This resonant tank converter has a
conversion ratio of NV for N > 2 at even values of N. Thus it
will be referred to in this work as the even Dickson converter.
The even Dickson converter differs from the capacitively
isolated converters present in this work as all the capacitor
mid-range voltages depend on the isolation voltage (5, = 1
for n < N as defined in (E])). Furthermore, while this converter

cannot operate above resonance, the capacitor voltage ripple
cancels such that the switch voltage is independent of load.
Thus, it provides an interesting comparison to the converters
of this work.

A. Passive Component Sizing

A comparison of capacitively isolated converter topologies
via passive component sizing was conducted according to the
analytical method presented in [30], in which the total passive
volume of a converter is determined by relating the peak
energy stored in each passive component to the volume using
a capacitor volumetric energy density factor (p.), an inductor
volumetric energy density factor (p;), and a volumetric energy
density ratio (p = ”—;). While the volumetric energy density
was chosen in this work, other conversion factors may be
used depending on the metric the designer wishes to compare.
Previous work developed generalized equations for capacitor
volume in terms of the vectors of Table The maximum
peak energy stored in the capacitors, as derived by [30] is
shown in (23)). Note that for capacitively isolated topologies,
the mid-range voltage vector, v, is a function of the isolation
voltage.

1
Ec onk = ~C,V2
C,pk,nk jfél[?vf]{z n pk,cn} 23)

1
= 7chO

1
5 (Vi Vi + §Avnk)2



TABLE III
SWITCH VOLTAGES FOR N-LEVEL CAPACITIVELY ISOLATED CONVERTERS
AS SEEN IN FIG.[4l

Series-Parallel
dc Voltage Ripple
Normalization Factor | Vj qc%l
. i—1 .
SAri;u SAib 12_1*;;‘ (N - 1) - % lsis N
1 P =
SB,,» SBy, ~ 1 ‘=
1 1
SBya» SBip 2N 2 2sis N
Sc, = N i tsishN=2
SCN—] 1 ) =N
Sk % - 1<i<2
Fibonacci
dc Voltage Ripple
Normalization Factor | Vj qc%l
i i . c
Shzar SBiar Sz SByp | B % 1<i< %
Fr—1 i = Ne
SANC/Za’ SANC/Zb N ! T
Fr—2 i = Ne
SBNC/Z;,’ SBNC/2b TN ! T
SCi % Fm—i 1si< =
A
Sch/z 1 - =9
Sk % - 1< <2
Dickson
dc Voltage Ripple
Normalization Factor | Vg qC*F:]'
, sr—  for i even
SAia’ SAih ﬁ {2(11\[\]11) . 1<isN-2
SN=T) for ¢ odd
NEL_ for i even
Se. . Ss. 1 2(N—-1) 1<i<N-2
Bia> “Bip 2N 1 for 4 odd -
_ i+l for ¢ odd
s BT e [1isy
FN=T) for ¢ even
SCN,l 1 _ i=N—1
S 3 ) Isisz2
1 for ¢ odd
| .
v 1 1<i<4
Ski N {gg for i even ==

The total peak capacitor energy stored is expressed in ([24).

N./2
EBow= Y. . Eop, (24)
kef{ab} n=1
Substituting into yields
CoVig gurVa i
E = A As+ —-A 25
O, tot 5 1+ 5 2+8Co 3 (25)

The relevant parameters A;, As, and Ag are shown in (26),
(27), and 28] respectively. Note that while the equation for
total peak capacitor energy stored, (23), is expressed similarly
in [30], the parameters Ay, Ao, and A3 are redefined in this
work.

N./2

Al = Z Z cnvak

ke{ab} n=1

(26)

TABLE IV
MAXIMUM POWER PROCESSING CAPABILITIES OF CAPACITIVELY
ISOLATED INDUCTOR-AT-THE-OUTPUT CONVERTERS.

2
Series-Parallel %
' . Vit Co fiw
Fibonacci NE, oy
2
Dickson | (oMt Colon
N./2
Ay= > > Hpvmk 27)
ke{ab} n=1
Ne/2 pra
1
A= 3 > (28)
ke{ab} n=1 "

The maximum peak energy stored in each capacitors can be
related to the total passive volume of the capacitors using the
capacitor volumetric density factor as seen in (29).

EC,tot

VOIC,tot = (29)

c

For the inductor volume, the peak energy stored in the in-
ductors is calculated using the inductor current derivation of
Section III-E and is shown in (30). The maximum peak energy
stored in the inductors is then converted to volume using the
inductor volumetric energy density.

1 2
Brooni = 0%, {§L01Pk’j }

H% jz’F2qI%II (30)
= max {———5——}
J€IN,] ~ 8Cok; sin” (g)

The total peak inductor energy over all inductors is then

N;
Er ot = E Er pk,i
i=1

€Y
2
4h1
=t p
20y
where Bj is as defined in (32).
N; 2
H= ..
B, = max % (32)
— J€IN,] 4k sin” (51)

The total inductor passive volume is expressed in (33)
(33)

Thus, the total passive volume is the sum of the total capacitor
and inductor passive volumes, which is expressed in (34).

Vol = VOIC,tot + Vol ot (34)

Given this formulation of the parameters Ay, As, As, and By,
the equations for minimum normalized capacitance (C{), min-
imum total passive volume (Vol,), and normalized minimum
passive volume (My,) from [30] may be used to solve for

these metrics for the capacitively isolated topologies of this
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for at resonance operation.

work. The equation for normalized minimum passive volume
[30] is expressed in (33) for convenience.

1,4, [ 1
F<7+ A1(1A3+PB1))

My = = (35)

The passive volume of the presented capacitively isolated
hybrid switched-capacitor converters as well as the even
Dickson converter is shown in Fig. [I0] as a function of the
conversion ratio N for operation at and when feasible above
resonance (I' < 3) with zero isolation voltage. The series-
parallel converter achieves the lowest passive volume across
all conversion ratios. Furthermore, the overall passive volume
can be greatly reduced when operating significantly above
resonance. Above resonance operation reduces the sensitivity
to component mismatch. Thus, the use of Class 2 multilayer
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Fig. 12. Normalized switch stress, M{;A, versus conversion ratio, IV, of capac-
itively isolated hybrid switched-capacitor topologies operating at resonance.
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Fig. 13. Normalized switch stress, M\’;A, versus normalized passive volume,

My, for the odd Dickson, series-parallel, and Fibonacci converters at N = 5.

The normalized switched stress is shown for no ripple, inductor ripple,
capacitor ripple, and all ripple conditions at various values of I" with zero
isolation voltage.

ceramic capacitors (MLCC), which have higher energy density
than Class 1 MLCCs, could further reduce the passive volume
of the components presented in Fig. [T0] [24].

The impact of isolation voltage on converter volume is
shown in Fig. @ for Viso < V. As expected, the minimum
passive volume of a given converter increases with isolation
voltage. The even Dickson converter experiences the greatest
increase in minimum volume as all of the capacitors expe-
rience an increased dc voltage with higher isolation voltage.

B. Switch Stress

While there are many figure-of-merits for switch stress [33]],
a common one is the volt-amp (VA) product, which utilizes the
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Fig. 14. Front (a) and back (b) sides of the hardware prototype of the 4:1 capacitively isolated series-parallel converter. Front (c) and back (d) sides of the

hardware prototype of the 5:1 capacitively isolated Fibonacci converter.

product of voltage blocked and current conducted by a given
switch to quantify the switch stresses [30], [36]. Typically,
the peak voltage blocked is used in the VA product, but
different switch current metrics (peak [36]], average [32]], [37],
RMS [30]) are chosen by different works. This work utilizes
the VA product expressed in (36) and the normalized VA
product expressed in (37).

VA= > > Vauman Trvsn (36)
ke{a,b}n=Ns
VAtot
M, = —2 37
VA T Ve 37

The switch stress of the capacitively isolated even Dickson
converter, and topologies of Fig. ]is presented in Fig. The
even Dickson converter achieves significantly lower switch
stress than those presented in this work as it has significantly
reduced switch count at a given conversion ratio and the
switches do not experience capacitor voltage ripple.

The tradeoff between switch stress and passive volume is
summarized in Fig. [I3] for N = 5. While the Fibonacci
converter achieves low switch stress, particularly above res-
onance, it has the largest passive component volume. In
contrast, the series-parallel converter has the lowest passive
component volume, but incurs relatively high switch stress.
The analysis presented accounts for the dc, capacitor ripple,
and inductor voltage ripple components of Table [II] but
does not consider the increased switching losses associated
with higher frequency switching. Furthermore, switching at
resonance allows for ZCS and the presented analysis does
not capture losses associated with not achieving ZCS. Con-
sequently, the theoretical benefits in reduced switch stress
indicated by Fig. [T3] may not be achievable due to losses not
incorporated by the VA rating. These insights are helpful for
designers when considering application specific optimizations.

V. HARDWARE VERIFICATION

To validate the analysis, both a 4:1 capacitively isolated
series-parallel converter and a 5:1 capacitively isolated Fi-
bonacci converter were built. These prototypes are not in-
tended to be direct comparisons; rather, they jointly validate
the converter operation presented in Section [[II] and provide
design insights. Furthermore, the prototypes constitute testbeds

and as such the components were selected to support at
and above resonance operation within a reasonable frequency
range (frs < 200 kHz) and were not optimized for power
density. Both prototypes use the same components, listed in
Table M with the exception of the inductor, which are from
the same component family but have different values. For both
converters, the normalized capacitance was chosen to be 1 uF.

Care was taken to minimize the commutation loops within
switching cells as well as between contiguous switching
devices for both prototypes. For the 4:1 capacitively isolated
series-parallel converter prototype, shown in Fig. [[4h and
Fig. [T4b, this resulted in a dual sided design which separates
the switching cells from the power processing capacitors.
For the 5:1 capacitively isolated Fibonacci converter proto-
type, shown in Fig. [[4c and Fig. [[4d, both sides of the
board are used for switching and power paths. To reduce
the commutation loop inductance of the Fibonacci converter
hardware prototype, decoupling capacitance was added in
parallel with C3, and Co,. For both converters, signal and
power isolation were achieved using ADUMS5241s, though
future implementations may employ bootstrapping methods to
improve overall efficiency and to reduce board area [38].

All of the hardware discussed in this work was tested in
an enclosure with high air flow. The efficiency measurements
discussed in the following Section were conducted using a
Yokogawa WT5000 Power Analyzer.

A. Series-Parallel Converter

The capacitor mid-range voltages shown in Fig. [T at

Vo = 100 V and f, = 168 kHz for the 4:1 series-
TABLE V
COMPONENTS FOR THE HARDWARE PROTOTYPES.
Component Part Number Description
C KEMET NP0 100 nF, 200 V
Loy, Wiirth 744384 600 nH, 3.2 m(, 21.5 A
Logg Wiirth 744384 1 pH, 5.8 mQ, 15.8 A
S EPC 2034 200 V, 8 m2
Gate Driver NCP81074 5V, 10 A
Isolator ADUMS241 Power and Signal
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parallel converter at selected isolation voltages confirm the
analysis of Section [[ll Experimentally, the values of «,, for
n < % differ from the ideal of o, % due to component
mismatch and layout asymmetries. The capacitor voltages split
experimentally such that isolation voltage is only on capacitors
Cs, and Cjp; consequently, the voltages on the remaining
capacitors are independent of isolation voltages as seen in
Fig. [T3] Furthermore, the capacitor voltage waveforms in
Fig. [I3] show soft-charging of the capacitors. The experimental
inductor current waveforms in Fig. [I6] show operation of
the converter at and above resonance. The alignment of the
derived inductor currents (blue) and the measured inductor
currents (orange) in Fig. [I6 provides initial validation of the

operated at Viy = 80 V and fres = 120.2 kHz for ' = {1,1.2,2}.

inductor current analysis presented in Appendix [A] Complete
analytical validation of the inductor current is out of the
scope of this work. However, the visible deviations between
the expected and measured waveforms are expected due to
error in frequency and load measurements used to develop the
expected waveform. Slight deviation of the inductor current
occurs with open loop control; thus, valley mode control
may improve converter performance by ensuring ZCS. The
series-parallel converter efficiency is shown in Fig. [I7] for
Vg = 80 V and frs = 120.2 kHz for T' € {1,1.2,2}. Peak
efficiency was measured of 94.9%, not including gate drive
losses, was achieved at I' = 1.2 for output powers between
87 W and 103 W. The peak at resonance efficiency was
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Fig. 18. Capacitor mid-range voltages for the 5:1 capacitively isolated Fibonacci converter for (a) Viso =0 V (b) Viso = 25 V (¢) Viso = 50 V.

94.5% for output powers between 75 W and 99 W. While
operating at I' = 1.2 increases the switching related losses
compared to I' = 1, the reduction in inductor ripple results in
improved converter efficiency. Further increasing the switching
frequency to I' = 2, results in a decreased peak converter ef-
ficiency of 93% as the switching losses dominant the inductor
losses. Thus, when at resonance converter operation is inductor
loss dominant, operating slightly above resonance can provide
efficiency improvements.

B. Fibonacci Converter

The capacitor-mid range voltages of Fig. [I8] show that only
Cs, and (', experience the isolation voltage further validating
the mid-range voltage analysis.

Efficiency sweeps for the 5:1 Fibonacci converter were
conducted under variable I" for a fixed Vjso shown in Fig. @h
and under variable Vigo for a fixed I' shown in Fig. @ The
converter efficiency, shown in Fig. |E| for Vg = 100 V and
Viso € {0 V,25 V,50 V}, is unaffected by the isolation volt-
age as the dc bias of the capacitors contributes to a small share
of overall losses [39]. The efficiency for two 5:1 Fibonacci
converters operated at Viy = 80 V for I € {1, 1.2, 2} is shown
in Fig. 20p. While both converters are built using the boards
seen in Fig [T4k and Fig. [[4d, component variation results in
different resonant frequencies.

The converter with a lower resonant frequency achieves
higher efficiency throughout, which indicates that the converter
is switching loss dominated. For I' = 1, the power processed
was limited to 70 W for board one and 73 W for board
two as at these power levels the switches began to reverse
conduct. Thus, the maximum power processing capability of
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Fig. 19. An efficiency sweep for the 5:1 capacitively isolated Fibonacci
converter operated Vg = 100V and fsw = 141.5kHz at Vjso €
{0V,25V,50 V} and T = 1.

the converters was reached. Based on Table [V] and the con-
verter’s operating conditions, the expected power processing
capability of the converters was 65 W and 62 W for boards one
and two respectively. The deviation between the observed and
expected power processing capabilities may be due to losses
not modeled by the theoretical power processing limits as well
as the difficultly of accurately measuring Cp.

In addition, increasing the frequency fromI' =1to ' = 1.2
theoretically increases the power processing capabilities of a
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given converter, which is observed experimentally in Fig. 20p.
The maximum power processed shifts to 84.3 W for board
one and 89.9 W for board two at I' = 1.2. The theoretical
maximum power processed were 78 W and 75 W for boards
one and two respectively.

At resonance, the 5:1 Fibonacci converters achieve peak
efficiencies of 92.3% and 92.4% before reaching the maximum
power processed as constrained by switch voltage ripple.
While operating above resonance (I' = 1.2), provides a
reduction in the converter efficiency (91.9%, 92.1%) it expands
the range for which the maximum efficiency is achieved by
reducing the capacitor ripple. The reduction in inductor current
ripple did not improve converter efficiency, indicating that the
converter is switching loss dominated at I' = 1. Operation
even further above resonance (I' = 2) results in a decreased
converter efficiency while increasing the power processing
capability of the converter as the switch voltage ripple is
significantly reduced.

C. Series-Input, Parallel Output Converter Architecture

One application for these capacitively isolated converters is
in SIPO architectures such as those seen in Fig. [I] Typically,
SIPO architectures for power converters experience higher effi-
ciency at extreme conversion ratios then cascaded architecture
and single converter approaches. In cascaded power converters,
the total efficiency is a product of each converter in the series’
efficiency as each converter still processes the total input
power. Thus, cascading high efficiency converters can result
in low overall efficiency. In contrast, for SIPO architectures
the overall efficiency is weighted average of the voltage seen
by each converter. The overall system efficiency as a function
of the efficiency and input voltage of converter p and the total
input voltage as expressed in (38).

_ Zp MpVin,p

v (38)

A SIPO architecture was developed as an extension of
this work by stacking two 5:1 capacitively isolated Fibonacci
converters on a regulating buck converter. The stacked 5:1
Fibonacci converters enforce an effective 10:1 conversion
ratio, while ideally evenly sharing the power processed. A
regulating buck converter was added which provides even
further voltage conversion capabilities and enables the system
to actively respond to input and load transients. The efficiency
of the buck converter is characterized in Fig. 20p. For a
desired output voltage Vour, the expected input voltages under
balanced converter operation are Vrp = Vema = 5Vour
and Vyk = ViN — 10Vour. For a desired output voltage
of 15V and a total system voltage of Viy = 192 V, the
expected per converter input voltages are Vgy,x = 32 V and
V.1 = Ve = 80 V. To achieve this 12:1 conversion ratio
the buck converter must operate at a 50% duty cycle.

The Fibonacci-based SIPO architecture was tested with an
input voltage of 192 V. The experimentally determined input
voltages were Vpyex = 31.38 V, Vg = 80.12 V, and
Ve, = 80.5 V. An efficiency sweep was conducted for
the full converter at I' € {1,1.2} as shown in Fig. 20f. The
Fibonacci-based SIPO architecture was capable of operating
at an extreme conversion ratio of 12:1 while achieving a
peak efficiency of 92.1%. The stacked architecture reaches
a maximum power processed point of Poyr = 162 W for
I' =1 and Poyr = 188 W for I' = 1.2. Thus, the power
processing capability of the stacked architecture is more than
double that of an individual Fibonacci converter. Furthermore,
the Fibonacci converters process ~ 92% of the total power
and the Buck converter processes the remaining 8%.

VI. CONCLUSION

This work presents a systematic method for introducing
isolation in existing inductor-at-the-output hybrid switched-
capacitor converters derived from isolation techniques used
in previous work [12]. Capacitively isolated variants of the
series-parallel, odd Dickson, and Fibonacci converters were



presented and analyzed. A means of comparing the pas-
sive component volume of multi-inductor hybrid switched-
capacitor converters was derived in Section and used to
compare the topologies presented in this work. Section [V]
provides validation of the capacitively isolated series-parallel
and Fibonacci converters. Furthermore, the above resonance
operation of this family of converters was validated. The
Fibonacci converter was used to validate the stacked SIPO
architecture as discussed in Section [V]

APPENDIX

At T' = 1, the inductor current can be defined as in (39),
where I ; is the peak of the inductor current waveform at
resonance as shown in Fig. The phase shift 0y ; is the
relative phase shift between phases j and j + 1 necessary to
ensure continuity of current.

i, jir=1(t) = Ipko,j sin (wjt + Og ;) 39

As I' increases above one, the minimum inductor current value
increases, the maximum inductor current value decreases, and
the average inductor current value remains the same and equal
to the output current. This results in the convergence of the
inductor current to the output current as I' — oco. To determine
an equation for inductor current as I' increases above one,
the inductor current can be expressed with a peak of Iy ; a
phase shift, 8;, and dc offset, I, ;. Thus, the above resonance
inductor current can be expressed as in (#0).

Z'L’j(t) = Ipk,j sin(o.)jt + 9]‘)4-[\,’]‘ (40)

Figure [22] demonstrates the steps necessary to determine the
inductor current above resonance. In Fig. @, the I' = 1 induc-
tor current is shown. The equations representing the inductor
current in this figure are a piecewise function expressed in (@1)
in terms of (39). While Fig. [Z1] shows two phase operation,
this analysis can be applied to multi-phase operation.

for0<t<ty
for t1 <t < Ty

ir1r=1(t)

in(t) = ir2r=1(t)

(4D
As an example, moving from I' = 1 to I' = 2, the period
is reduced by a factor of two. As such, the time durations,
t;, of each phase decrease by a factor of two. The half-wave
resonant inductor current equation that satisfies these timing
requirements is depicted by i, in Fig. 22h. To simplify the
inductor current analysis, ¢, is phase shifted such that it can
be expressed as i, in @2).

Qo(t + &) for0<t<4
io(t + 2) for B <t< Ty

w2

ip(t) = (42)
The phase shift is achieved by taking the difference of the at
resonance and above resonance phase durations while a factor
of % maintains the symmetry of the sinusoid. An expression
for 6; is presented in (43).
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Fig. 21. Inductor currents for inductor-at-the-output converters operated at

various values of T'.

In addition to the phase shift, a vertical offset, I, is required
to maintain a fixed average inductor current independent of
I'. A generalized equation for I, ; in terms of the average
inductor current at I' = 1 and the average of the inductor
current waveform without the vertical offset applied is shown

in (@4).
1 [li-itt;
Iv,j = IL,leZl — ;/ ka7j Sin (U.)Jt + 97) dt (44)
g Jtj—1

In Fig. |7_Z}: 1. shows the final inductor current with the
phase and vertical offsets applied. This inductor current is
equal to that of Fig. 2Ip. Using (@0), the average inductor
current can be expressed as in (@3).

1 [li-1 t
*/ kau' sin ((,th + 9]) + Ivyj dt (45)

J St

I, =

The average output current can then be expressed as in (46).

;Z(/tj_l Ty ij(t) dt)

j tji—1

Tow = (46)
The charge through the inductor in phase j can be expressed
as the integral of the inductor current 7).

tji—1 + t;
Qj = / kavj sin (th —+ 0]) —+ Iv,j dt
@
pk,j m

= (witj—1+0;) + Ly (WTF)
Evaluating the integral of (#7) results in an equation for Iy ;,
the amplitude of the inductor current waveform, in terms of

the inductor charge flow and angular frequency of the phase
(@g).
5w = Lvi(§)
2cos (wjtj—1 +6;)
gur Hy jwj — Iy (%)
2 cos (wytj—1 +6,)

ka,j =
(43)
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Fig. 22. Inductor current for operation above-resonance depicting necessary
transformations to maintain a fixed dc output current at and above resonance.
The orange curves represent the I' = 2 waveforms.

Current continuity provides another expression for Iy ; shown
in (49).
IPkJ sin (thj + 0]) + IV,]‘
= Ipkj1sin (Wit +0541) + L j
As all topologies considered in this work operate in two
phases, further analysis will assume two-phase operation for
simplicity. This could be extended to multiphase operation
similarly to the method in [30]]. The average inductor current
per phase is equal to the charge for each period divided by the
respective period duration. The average current in each phase
can therefore be expressed as shown in (50).

(49)

Toy _
Ir,»  Hpows
The right hand side of (30) can be evaluated using Table
for all topologies presented in this work. Note that when
ﬁ = 1, the average currents and consequently the vertical
offsets, I, 1 and I, 2, and inductor current peaks, Ipx 1 and I 2
are equal.
With I, = I, 2 = I,, @8) and @9) can be simplified to
express the ratio of Iy 1 to I 2 as seen in (IS_TI)

Hy, 1wy (50)

Lok _ cos(if 5+ 0o)
Ik 2 cos (61) 51)
sin (22 + 02)

~ sin(E + 6)
Since the inductor current in each phase starts and ends at
the same value and the waveform is half-wave symmetric, the
identities presented in (32) may be used.

sin (61) = sin(% + 6p)

- (52)
cos (01) = —cos(f + 60p)

Therefore, using (32), (31) can be solved for the relationship
between 67 and 6, expressed in (33).

Wo T

0, =0, + (53)

w1F

Equations (51), (32)), and (53) show that the peak inductor
currents are equal: Iy, 1 = Ipko = Ipk. The de offset term I, ;
can be solved for using the capacitor and inductor voltage
ripple. The voltage ripple of the effective inductance, Lef ; is

expressed in (34).

([ —1)

Avyp, j = 2L jIpkw; cos —ar

The capacitor voltage ripple of the per phase effective capac-
itance Cefr ; is expressed in (33).

21 (I —1)

Ave i = cos —
7 Wy Ceff)j 2

(54)

Lt
Cefr,j

(55)

KVL dictates that these ripples must be equal; thus, using (34)),
(33), and (36), it can determined that I, = 0.

1

—— (56)
Lets, ; Cetr, 5

w]':

Parameter Ik, can then be determined from (#8) as shown in

qur Hr j w;

Ly = 57
pk 2COS (wjtj_l +0J) ( )
T out Tl out
- S (58)
QFCOS(%) 2I'sin (5)

Expressions for inductor currents 47,1 and %7 in terms
of I,y and as a function of T' are shown in (39) and (60),
respectively.

,L' (t) — ﬂ S.Il ( t + M)
L = ohsin (&) "\ 2T (59)
. T out . ( m (F — 1) WQTF)
t) = = b+ —r — ~ LT
ir2(t) 2Fsin(%) sin (wat + 2r wil'/ (60)
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