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Abstract—The multiresonant and multimode operations of the
switched-resonator converter are revealed in this article. Dis-
tributed inductors of a switched-resonator converter can be op-
erated either in resonant or linear modes. As a result, there are
four operation regimes that cannot be observed in the conven-
tional resonant and hybrid switched-capacitor converters. The
duty ratio modulation of the control signals not only switches the
converter operation between different regimes but also regulates
output voltage while having soft switching. In addition to that, the
switching frequency of the converter can be modulated to achieve
the aforementioned objectives. Realization of a switched-resonator
converter based on this concept having buck–boost characteristics
is presented in this article. Operation of the proposed converter is
analyzed, and it is verified using experimental results.

Index Terms—Buck–boost gain, multimode, multiresonant,
pulsewidth modulation, switched-resonator converter (SwRC),
switching-frequency modulation.

I. INTRODUCTION

SWITCHED-capacitor converter (SCC) is a viable option to
increase the power density of dc–dc converters eliminating

magnetic elements [2]. There is an increasing trend to use them
in mobile computing, portable electronics, and renewable energy
applications. In portable electronics applications, positive output
buck–boost converters are essential when the output voltage is
in the mid-range of the battery cells. The common examples
are 3.3-V output with a 3–4.2 V Li cell input and 5-V output
with a 3.6–6 V four-cell alkaline battery input [3]. But SCCs
have topology specific fixed voltage conversion ratios either
buck or boost (but not both), low energy conversion efficiency
due to exponential charge distribution and unidirectional en-
ergy flow [4]. Moreover, the effective resistance of an SCC is
frequency-dependent, and that property is employed to regulate a
converter output voltage modulating switching frequency [5]. As
a result, SCC behaves as a conventional linear regulator having
gain-dependent energy conversion efficiency.
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The voltage regulation of these SCCs is extended, merging
a buck output stage in [6]. The converter merging concept has
been further advanced, sharing elements among cascaded stages
in [7]. On the other hand, the charge distribution characteristics
of SCCs are modified by adding an inductor in series with the
capacitor in [8]. The resultant converter is called a resonant
SCC (ReSCC). The modified current waveforms help turn-ON

and -OFF semiconductor devices having zero-current switching
(ZCS). The output voltage of the ReSCCs is regulated modu-
lating the switching frequency [9] and dynamic off-time [10].
In the early developments, the inductor is placed in series
with the energy transfer capacitor compared to the later cases,
which are based on an output inductor. The ReSCCs based on
the output inductor is called as hybrid ReSCCs (HybReSCC).
These HybReSCCs have three resonant operation modes, which
can be identified examining the effective resistance, and the
relationship between the resonant and switching frequencies,
as explained in [11]. Further analyzing effective resistance and
operation sequence in the converters, multimode operation in the
HybReSCC has been identified and reported in [12]. In the extra
operation regime, the inductor current is quasi-resonant, and it
is operated in both resonant and linear modes. Similar behavior
can be observed in the newest addition to the SC converter fam-
ily, which is called as switched-resonator converters (SwRCs).
There are multiple resonators based on distributed inductors in
the SwRC, as demonstrated in [13]. Later, several converter
families based on the SwRC concept have been proposed in [14]–
[19]. The direct resonant cell proposed in [20] is extended in [17]
to derive converters based on the multiresonant operation. The
SwRC proposed in [20] has continuous buck gain that can be
varied by modulating pulsewidth of the control signals. Another
variant of SwRC and several families of converters having buck,
boost, and buck–boost properties are proposed in [21] and [22].
Those converters are based on a single resonator switched in
between the source and load to transfer energy. The inductor is
operated in both linear and resonant modes to vary the converter
gain modulating the switching frequency. The concept is further
extended to realize a multiport converter in [23]. SwRC based on
a single resonator proposed in [24] has continuous buck–boost
gain in a wide range, and its output voltage is regulated using
pulse-density modulation. Converter families presented in [24]
and [25] have efficiencies independent from the voltage gain, and
this feature cannot be observed in SCCs. Another variant of the
converter family called as switched tank converter has been pro-
posed in [26] based on the distributed inductors and capacitors.
In these converters, the switching frequency is modulated in a
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wide band to regulate the output voltage when there are changes
in the line voltage or load changes. The switching frequency
modulation is not beneficial designing the remaining parts of the
power conversion system, especially when the power converter
has magnetic energy transfer elements [27]–[29]. Therefore,
SwRCs based on the pulsewidth modulation are more useful.

The SwRCs are based on distributed inductors and one or
more energy transfer capacitors. Hence, they give rise to a
converter having similar or different resonant frequencies. These
resonators can be operated at same [17] or different [14]–[16]
time intervals to transfer energy. As similar to the ReSCs, the
inductor current could be in one of the three operation modes
that can be identified based on the relationship between the
switching and resonant frequencies [15]. However, it depends
on the switches that enable resonators. When switches support
bidirectional current conduction, then the converters can be
identified as indirect and otherwise they are called direct. As
a result, the voltage gain is a function of the ratio between the
switching to resonant frequencies. Switches of these converters
experience ZCS when resonator currents complete a one-half
cycle within the resonator active time interval and otherwise,
they have zero-voltage switching (ZVS). The ZCS helps elim-
inate losses due to the voltage and current overlap during the
switching transition. The ZVS reduces both losses rise from
the voltage and current overlap and the energy stored in the
output capacitance of a metal–oxide–semiconductor field-effect
transistor (MOSFET). The distributed inductors can be operated
in either resonant or linear modes, as similar to the HybReSCC
converters.

The multimode operation of the distributed inductors to reg-
ulate the output voltage by modulating the pulsewidth of the
control signal is demonstrated in [20]. The patent is based on the
two operation regimes that can be observed in converters based
on the multiple resonators. Therefore, a thorough investigation
of the multimode (resonant and linear) operation of the SwRC is
presented in this manuscript. To this end, an SwRC derived using
a switched capacitor network (SCN) and distributed inductors
are employed. The basic idea behind an SwRC realization and
its four operation regimes (I to IV) are explained in Sections II
and III, respectively. The derived converter and its operation in
two out of four operation regimes are thoroughly investigated
in Sections IV–VII, including converter operation validation
using simulation and experimental results. The advantages of
the multiresonant and multimode operation of the derived SwRC
can be summarized as follows.

1) The load-independent ZCS in all semiconductor devices
in operation regime I.

2) The converter is a voltage doubler in operation regime I.
3) The load-independent ZCS at turn-ON in all semiconductor

devices and turn-OFF in the switches connected to the
input-side resonator in operation regime II.

4) The converter has a buck–boost gain (ideally from 0 to
2) in operation regime II and gain can be varied modulat-
ing either pulsewidth or frequency of the switch control
signals.

5) Change the voltage regulation range adjusting the
inductance ratios at the design stage when there are fixed

Fig. 1. SwRC (a) conceptual realization, (b) and (c) SCN behavior, where j
is the voltage conversion ratio when converter is in the operation regime I and
it depends on the number of capacitors (n) in the SCN.

inductors. This can be done dynamically by using a
variable inductor, as demonstrated in [30].

II. SWITCHED-RESONATOR CONVERTER

The realization of SwRC can be explained using the high-level
circuit diagram shown in Fig. 1(a). The two inductors (L1 and
L2) should be integrated with the SCN alternatively to form
resonators having similar or different characteristic frequencies
with the help of the switch M1. To this end, there should be
a semiconductor switching network within the SCN to switch
capacitorsC1 toCn to form capacitor banksCp andCs, as shown
in Fig. 1(b) and (c), alternatively. Moreover, there are diodes (D1

and D2) at the input and output sides of the converter to make
L1 and L2 currents unidirectional. Hence, this converter can be
treated as a direct SCC. Furthermore, the unidirectional switch
(D3) at the output side recycles energy stored in the inductorL2.
As a result, the inductor L2 can be operated in the linear mode
without interfering with the resonators. The resultant converter
gain depends on the sequence of connecting the capacitor banks
(Cp and Cs) with the inductors during different subintervals
within a single switching cycle. The maximum gain of such
an SwRC is given by (1), where j depends on the number
of capacitors in the SCN and their connecting sequence. The
realization of an SwRC having maximum gain 2 (j = 1

2 ) is
considered in this manuscript as a case study. Such an SwRC
has four different operation regimes, and its operation in those
regimes can be explained considering a converter based on the
resonators L1Cp and L2Cs, as shown in Fig. 1(b). A similar
description can be employed if resonators are based on L1Cs

and L2Cp, as shown in Fig. 1(c). The converter operation is
explained assuming ideal semiconductor and passive devices
and high-quality factors of the resonators

Vo =
Vg

j
. (1)

III. MULTIRESONANT AND MULTIMODE OPERATION

The four operation regimes of the converter are identified
using operation modes of each inductor current, as summarized
in Table I. The inductor operation could be in either resonant
or linear modes. In this study, resonant current waveforms
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TABLE I
IDENTIFICATION OF THE FOUR OPERATION REGIMES

Fig. 2. Equivalent circuits of the converter when it is in operation regime I:
(a) L1Cp and (b) L2Cs resonators exist; and (c) ideal waveforms.

having two characteristic frequencies within a one-half cycle
are called as quasi-resonant. The characteristic frequency of the
input inductor resonant current (iL1) may have either single or
multiple values within a one-half period of the operation. The
output inductor (L2) current could be in either linear or resonant
modes. In the resonant mode, it has either single or multiple
characteristic frequencies within a one-half cycle as similar to
iL1. However, both inductors have zero initial currents when the
respective resonator is enabled.

A. Operation Regime I

In this regime, both inductor currents (iL1 and iL2) complete a
one-half cycle, as shown in Fig. 2(c). The corresponding equiv-
alent circuits are shown in Fig. 2(a) and (b). The characteristic
frequencies of each resonator (ω1 and ω2) are given by

ω1 =
1√
L1Cp

, ω2 =
1√
L2Cs

(2)

fs < π

(
1

ω1
+

1

ω2

)
. (3)

Therefore, the maximum switching frequency (fs = 1
Ts

) of the
converter is given by (3). iL1 completes a one-half cycle when
the resonator L1Cp is enabled during t0 ≤ t < DTs interval,
as shown in Fig. 2(a). The energy stored in the SCN during
previous subinterval discharges intoCo and the load whenL2Cs

is enabled during DTs ≤ t < Ts interval, as shown in Fig. 2(b).
Both inductor currents are zero at the beginning and end of
each subinterval since they complete a one-half cycle within
the respective subintervals. Hence, all semiconductor devices
are turned ON and OFF having ZCS. The switching frequency
of the converter can be lowered by keeping resonator enable
time longer than DTs and (1−D)Ts. But converter operation
remains unchanged since negative inductor currents are blocked
by the switches. Hence, there will be time intervals that neither
inductors conduct. The load power will be provided by the output

Fig. 3. Converter equivalent circuit when: (a) L1Cp resonator exists and L2

inductor in linear mode; (b)L1Cp resonator exists; (c) neither inductor conducts
current; (d) L2Cs resonator exists; and (e) ideal waveforms in the operation
regime II.

capacitor (Co) during those intervals. The converter gain is a
constant in this operation regime and it is 1

j , where j depends
on the number of capacitors (n) in the SCN and the order
of connecting Cp and Cs. For example, if the capacitor bank
consists of two capacitors and they connected in the order shown
in Fig. 1(b), then converter gain (M = Vo

Vg
) is 2. If the capacitor

bank connected in the order shown in Fig. 1(c), then the converter
gain (M ) is 0.5. This operation regime is implemented in a
derived converter based on the aforementioned SCN concept
to obtain uncontrolled voltage output in Section IV-A.

B. Operation Regime II

This operation regime exists when duty ratio (D1) that enables
the resonator L1Cp is larger than the duty ratio (D) in regime
I while having the same switching frequency (fs). The ideal
inductor current waveforms during each subintervals are shown
in Fig. 3(e). The resonator L1Cp completes a one-half cycle
having equivalent circuits shown in Fig. 3(a) and (b) during t0 ≤
t < DTs interval. However, the equivalent circuit depicted in
Fig. 3(a) exists for a short interval (to ≤ t ≤ t1) at the beginning,
until the energy stored in L2 completely discharges to the load.
This is because the interval (D1Ts < t < Ts), which enables the
L2Cs resonator, is not sufficient to dissipate energy transferred
from capacitor Cs into L2. The energy stored in L2 dissipates
while operating it in the linear mode without interfering with the
L1Cp conducting current through D3. The equivalent circuit
shown in Fig. 3(c) exists once the L1 current reaches zero at
t = DTs, as shown in Fig. 3(e). As a result, neither inductor
conducts since the SCN does not enable the resonator L2Cs

yet. The capacitor bank Cp is reformed to Cs using the SCN at
t = D1Ts having the equivalent circuit shown in Fig. 3(d) and it
exists until the end of the switching cycle. Therefore, L2 has its
operation in resonant and linear modes. Similar behavior in the
circuit can be observed even though making the interval DTs <
t < D1Ts zero, because there is no energy transfer within the
resonators. In that case, the switching frequency of the converter
will be higher than fs. This operation regime is used in a derived
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Fig. 4. Converter equivalent circuit when: (a) L1Cp; (b) L1CsL2, and
(c) L2Cs resonators exist; (d) none of the inductors conduct; and (e) ideal
waveforms in the operation regime III.

converter based on the aforementioned SCN concept to obtain
controlled output voltage in Sections IV-B and IV-C.

C. Operation Regime III

A similar switching frequency (fs) as in regimes I and II is
used in this regime while using a duty ratio D2 lower than the
regime I. As a result, L1Cp resonator does not complete a one-
half cycle, as shown in Fig. 4(e), during interval t0 ≤ t ≤ D2Ts.
Instead, L1 inductor is a part of the L1Cp resonator having
characteristics frequency ω1 during t0 ≤ t ≤ D2Ts subinterval,
as shown in Fig. 4(a), and then become a part of the L1CsL2

resonator during the subinterval D2Ts ≤ t ≤ t1, as shown in
Fig. 4(b), once L2Cs resonator is enabled. The characteristic
frequency of the resonator (ω3) is given by (4). The equivalent
circuit when L1 inductor current reaches zero is shown in
Fig. 4(c) and it exists until L2 inductor current completes a
one-half cycle. The equivalent circuit shown in Fig. 4(d) exists
once both inductor currents reach zero at t = t2 before Ts. A
detailed analysis of the converter in this regime can be performed
similarly as in Section IV. In the voltage gain analysis, calcu-
lation of D2Ts < t < t1 ends up with a third-order differential
equation, which does not have a closed-form solution. Therefore,
regime III operation to regulate the output voltage is not further
considered

ω3 =

√
L1 + L2

L1L2Cs
. (4)

D. Operation Regime IV

This operation regime exists when the SCN is controlled using
a higher switching frequency fs1(=

1
Ts1

> fs) compared to the
aforementioned three regimes. Inductor L1 current is resonant
although it has two characteristics frequencies and inductor
L2 operates in both resonant and linear modes, as shown in
Fig. 5(e). During the time interval t0 ≤ t ≤ t1, both inductors
are conducting. The inductor L2 dissipates stored energy to the
load operating in the linear mode while inductor L1 resonating
with the capacitor Cp having characteristics frequency ω1, as
shown in Fig. 5(a). During the next subinterval t1 ≤ t ≤ D3Ts,
the inductor L1 is in the resonant mode until D3Ts having

Fig. 5. Converter equivalent circuit when: (a) L1Cp resonator exist and L2

in linear mode; (b) L1Cp resonator exist; (c) L2Cs resonator exist and L1 in
linear mode; (d) L2Cs resonator exist; and (e) ideal waveforms.

Fig. 6. Realization of buck–boost converter using unidirectional switches.

equivalent circuit shown in Fig. 5(b). There is stored energy inL1

at the end of that time period since D3Ts < DTs. Therefore, L1

become part of the L1CsL2 resonator once the SCN enables the
capacitor Cs, as shown in Fig. 5(c) at D3Ts. The characteristic
frequency of the resonator is ω3. This time interval ends when
inductor (L1) current reaches zero at t = t2. Hence, inductor L2

resonates with Cs to transfer the energy stored in the capacitor
bank during the previous subinterval having resonant frequency
ω2 until t = Ts. The equivalent circuit is shown in Fig. 5(d). A
detailed analysis of the converter in this regime can be performed
similarly as in Section IV. In the voltage gain analysis, calcula-
tion of D3Ts1 < t < t2 ends up with a third-order differential
equation, which does not have a closed-form solution. Therefore,
regime IV operation to regulate the output voltage is not further
considered.

IV. REALIZATION OF A BUCK–BOOST CONVERTER USING THE

OPERATION REGIMES I AND II

The operation regimes I and II are further considered to
derive a converter having desired characteristics, less complex
behavior, and analysis, as follows [1]. Realization of the SCN
having the sequences shown in Fig. 1(b) is depicted in Fig. 6.
The switches M1 and M3 are turned-ON together to connect two
capacitors C1 and C2 in parallel. Later, the switches M2 and M4

are turned-ON to connect the capacitors in series. The diode D1

limits the resonator consists of inductor L1 to a one-half cycle
as similar to the diode D3, which limits L1 inductor current into
one direction. The input (Cin) and output (Co) filter capacitors
are selected at least ten orders higher than the capacitance of C1
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Fig. 7. SwR buck–boost converter’s (a) ideal waveforms, and (b) and (c)
equivalent circuits during each subinterval of the operation in regime I.

and C2 to avoid interference with the resonant operation. Their
large capacitance eliminates large ripple in the input and output
voltages due to the resonant operation. The capacitorsC1 andC2

are selected to have equal capacitance (C1 = C2 = C) to reduce
converter design and implementation complexity. Operation of
the converters is explained in the following section assuming
ideal semiconductor and passive devices. It is assumed that
the filter capacitors (Cin and Co) are large enough to maintain
constant terminal voltages. Moreover, it is assumed that the
quality factor of the resonators is significantly high to assume
sinusoidal inductor currents. The diode (D2) in the output side
let inductor L2 to dissipate stored energy without interfering
with the remaining part of the circuit.

A. Converter Operation in Regime I

The converter operation in regime I is explained using the
ideal waveforms and equivalent circuits shown in Fig. 7. Both
inductor currents complete a one-half cycle when the respective
resonator is enabled, as shown in Fig. 7(a).

1) Interval I—[t0–t1; Fig. 7(b)]: The resonator consists of
inductor L1 is enabled by the SCN while placing two capacitors
in parallel, as shown in Fig. 7(b), by turning-ON switches M1

and M3. Hence, they are turned-ON with ZCS since there is
zero initial inductor current. The inductor current (iL1

) and
the capacitor voltage (vC) during this interval are given by
(5)–(7), where V2 is the capacitor voltage at the beginning of
each switching cycle. At the end of this subinterval, the inductor
current (iL1

) completes a one-half cycle at t = DTs. The load
power is provided by the output capacitor Co since the resonator
consists of L2 is not enabled yet

iL1
(t) = 2(Vg − V2)Cω1sin(ω1t) (5)

vC(t) = Vg + (V2 − Vg) cos(ω1t) (6)

ω1 =
1√

2L1 C
. (7)

2) Interval III—[DTs–t2; Fig. 7(c)]: At the beginning of this
interval, the switches M2 and M4 are turned-ON to enable the
resonator consists of series-connected capacitors and inductor
(L2), as shown in Fig. 7(c). The switches are turned-ON having
ZCS since the initial inductor (L2) current is zero. The inductor
current (iL2

) and capacitor voltage (vC) are given by (8)–(10).

Fig. 8. SwR buck–boost converter’s (a) ideal waveforms, and (b)–(e) equiva-
lent circuits during each subinterval of operation in regime II when pulsewidth
modulation is adapted.

The energy transferred into the capacitor bank during Interval
I transfers into the load and output capacitor Co during this
interval. This subinterval ends when inductor current (iL2

)
reaches zero completing a one-half cycle since diode D3 blocks
negative L2 current

iL2
(t) =

C

2
(4Vg − 2V2 − Vo)ω2sin(ω2t) (8)

vC(t) =
1

2
[Vo + (4V g − 2V2 − Vo)cos(ω2t)] (9)

ω2 =

√
2

L2 C
. (10)

An expression for V2 is obtained considering the average in-
ductor current (iL2), as in (11). It is a function of the load
resistance (Ro) and the switching frequency (fs) besides the
resonant capacitors (C). The charge balance of a capacitor (C)
is considered to obtain a relationship between the input and
output voltages, as in (12). There is a constant gain in this regime
according to (12) and it is not depending on either duty ratio or
switching frequency (fs)

V2 = Vg

[
1− 1

RoCfs

]
(11)

Vo = 2Vg. (12)

B. Converter Operation in Regime II—With Pulsewidth
Modulation

The converter operation in this regime is explained using the
ideal waveforms and the equivalent circuits illustrated in Fig. 8.
The converter operation changes into this regime by increasing
the duty ratio (D) of the switches M1 and M3 while keeping the
switching frequency (fs) at a constant value. In this regime, the
duty ratio (D) is modulated to control the output voltage.

1) Interval I—[t0–t1; Fig. 8(b)]: During this subinterval,
both inductors conduct current, as shown in Fig. 8(b) when
switches M1 and M3 are turned-ON. The inductors (L1 and L2)
are in resonant and linear modes, respectively. Switches M1 and
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M3 are turned-ON having ZCS since there is zero current in
L1 at the beginning. The capacitor bank stores energy while
resonating with the inductor L1. The inductor L2 dissipates
the stored energy during the previous subinterval conducting
current through the diode (D2) without interfering with the
resonator. The inductor current (iL1

) and the capacitor voltage
(vC) are given by (5)–(7), whereV2 is the capacitor voltage at the
beginning of each switching cycle. The inductor current (iL2) is
given by (13), where α = ω2(1−D)Ts. This subinterval ends
when inductor current (iL2) reaches zero at t = t1

iL2
(t) = −Vo

L
t+

C

2
(4Vg − 2V2 − Vo)ω2sinα. (13)

2) Interval II—[t1–t2; Fig. 8(c)]: The inductor current (iL1)
completes a one-half cycle within this interval having the equiv-
alent circuit shown in Fig. 8(c). The inductor current (iL1

) and
the capacitor voltage (vC) are given by (5)–(7). This subinterval
ends when the inductor current (iL1

) reaches zero.
3) Interval III—[t2–DTs; Fig. 8(d)]: Neither inductor con-

ducts during this subinterval since both inductors are disengaged
from the SCN. The output capacitor (Co) provides load current,
as shown in Fig. 8(d). The switches M1 and M3 are turned-OFF

with zero current at t = DTs.
4) Interval IV—[DTs–Ts; Fig. 8(e)]: The resonator consists

of the inductor L2 and series combination of the capacitors is
enabled at the beginning of this subinterval having ZCS in the
switches M2 and M4. The equivalent circuit of the converter is
shown in Fig. 8(e) and the inductor current (iL2

) and capacitor
voltage (vC) are given by (8)–(10). However, the switches M2

andM4 have a hard turn-OFF at the end of this interval since they
are turned-OFF at the end of switching cycle although inductor
current is not zero.

An expression for the capacitor voltage (V2) at the beginning
of each switching cycle is obtained considering the charge
balance of C as in the following:

V2 =
4Vg cosα+ Vo(1− cosα)

2(1 + cosα)
. (14)

An expression for the voltage gain (M ) of the converter is
obtained, as in (15), considering the relationship between the
average inductor (L2) and the load currents. The converter gain
depends on the duty ratio (D), the switching frequency (fs),
and the load resistance (Ro). Therefore, either pulsewidth of the
control signal (D) or switching frequency (fs) can be modulated
to vary the output voltage

M =
Vo

Vg
=

4

2 + k
; k =

−b+
√
b2 − 4ac

2a

a =
C(1− cos2α)

8Ts(1 + cosα)2
, b =

C(1− cosα)
2Ts (1 + cosα)

, c = − 1

Ro
.

(15)

C. Converter Operation in Regime II—With Frequency
Modulation

The converter operation with the switching frequency (fs)
modulation is explained using the ideal waveforms and the

Fig. 9. SwR buck–boost converter’s (a) ideal waveforms, and (b)–(d) equiv-
alent circuits during each subinterval of operation in regime II when frequency
modulation is adapted.

Fig. 10. Ideal voltage gain (M ) of the converter with (a) pulsewidth (D), and
(b) switching frequency (fs) modulation at different loading conditions.

equivalent circuits shown in Fig. 9. The converter is operated at a
higher switching frequency ( 1

Ts,1
= fs1 > fs) when frequency

modulation is adopted and D1Ts,1 = π
√
2L1 C. The only dif-

ference in the converter operation is the lack of subinterval
t2−DTs shown in Fig. 8. The basic converter operation remains
unchanged although since neither inductors conduct during this
interval and the capacitor retains its charge without discharging.
Hence, the converter gain is given by (15).

The voltage gains (M ) of the converter when pulsewidth (D)
and frequency (fs) modulation adopted at different load levels
are compared in Fig. 10(a) and (b). There is a higher voltage gain
at a given duty ratio when load resistance increases. The gain
difference between the load levels decreases at the lower duty
ratios when the converter is operated more close to the regime I.
This difference is significant at the higher duty ratios, as shown
in Fig. 10(a). Similar behavior in the voltage gain plots obtained
modulating the switching frequency can be observed, as shown
in Fig. 10(b).

Based on the aforementioned analysis, the key advantages
of the proposed converter can be compared against the other
reported converter in the literature using the parameters listed in
Table II. The considered conventional resonant converters [31],
HybReSCC [12], [32], and SwRCs [14]–[16], [18] have either
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TABLE II
COMPARISON OF PROPOSED CONVERTER WITH OTHER RESONANT DC–DC CONVERTERS

step-up or -down property. However, the proposed converter has
both output voltage step-up/down capability. A similar step-up
and -down property can be observed in [24] and its output voltage
is regulated in the range of 0.5–2, having ZCS. The conventional
resonant converters have load-dependent soft-switching charac-
teristics, but the proposed converter has load-independent ZCS
at turn-ON and -OFF instances. This property can be seen in other
SwRCs as well. However, the switching frequency should be
varied in significant range to regulate the output voltage when
there are variations in the line voltage or output load. This
is not desirable when designing electromagnetic interference
avoidance filter in the power conversion systems [27]–[29]. The
proposed converter regulates the output voltage in regime II
using pulsewidth modulation as similar to the conventional non-
isolated dc–dc converters besides the switching frequency mod-
ulation, as similar to the conventional SwRCs. The pulsewidth
modulation has similar capability to regulate the output voltage
compared to the frequency modulation, as shown in Fig. 10.
Although converter has all these advantages, it has a moderate
number of semiconductor and passive devices compared to the
conventional nonisolated resonant dc–dc converters and other
members of the SCC family. The two out of three diodes are
employed to realize the direct resonant cells, and the remaining
diode is used to operate the output side inductor in the linear
mode in operation regime II. The peak efficiency (95.91%)
of the converter can be compared against the other convert-
ers, and it is in the same range. More details behind con-
verter efficiency and loss sources are provided in the following
sections.

D. Converter Design Considering Regulation Range

The regulation range of the converter can be adjusted at the
design stage. In both regimes I and II, the input-side resonator
completes a one-half cycle within DTs interval. Therefore, that
D becomes the minimum value of the duty ratio range that can
be used to adjust the converter gain in regime II. Hence, the duty
ratio D along with the switching frequency (fs) are selected as
the input of the converter design process. The ratio between the
inductors (L1

L2
) is obtained considering the regime I operation.

The ratio is given by (16) and it is obtained using (7) and (10).
The required capacitance for C1 and C2 is selected considering

off-the-shelf capacitors. With the help of D and fs, the inductor
values can be calculated using (16) and π( 1

ω1
+ 1

ω2
) = 1

fs(
D

1−D

)2

=
4L1

L2
. (16)

V. VOLTAGE STRESSES ON THE DEVICES

The device stress is a function of the input, output, and
capacitor voltages. The peak capacitor voltages in regimes I and
II are given as follows:

vC,mI
= Vg

[
1 +

1

RoCfs

]
(17)

vC,mII
=

4Vg − Vo(1− cosα)

2(1 + cosα)
. (18)

The maximum blocking voltages of the active switches are
given by (19), where VC,mx

is the capacitor peak voltage in
the respective operating regime

VM1,2,3
= VC,mx

, VM4
= Vo − 2V2, VC,peak = 2Vg − V2.

(19)
There are higher voltage stresses on the switches at high-load
conditions (at lowRo). Moreover, (17) and (18) show that higher
switching frequency (fs) can be used to minimize the stresses
on active devices. However, this gives rise to higher losses in
semiconductor devices when there is hard switching. Therefore,
suitable fs should be decided considering the facts emerge from
the converter loss analysis.

VI. CONVERTER LOSS ANALYSIS

Loss model of the converter in regime I is obtained assuming
the ON-resistance of the metal oxide semiconductor device as r1,
the diode is r2, the equivalent series resistance of the inductor as
r3,Coss output capacitance of a MOSFET, and the forward voltage
drop of a diode asVd. In this analysis, core losses of the magnetic
devices are neglected by assuming the comparably low volume
of the cores. The loss model of the converter (Plt) is derived
in (21) calculating the root mean square (iL1,r

and iL2,r
) and

average (iL1,a
and iL2,a

) inductor currents from the respective
peak currents (iL1,p

and iL2,p
), wherePlt1 andPlt2 are the losses
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in the devices during two subintervals of the operations

iL1,p
=

4πVgf1
Rofs

, iL2,p
=

2πVgf2
Rofs

(20)

Plt1 = i2L1,r

(r1
2

+ r2 + r3

)
+ iL1,a

Vd + fsCossv
2
C,mI

Plt2 = i2L2,r
(2r1 + r2 + r3) + iL2,a

Vd + 0.5fsCossv
2
C,mI

+ 0.5fsCossV
2
M4

Plt = Plt1 + Plt2 . (21)

The converter loss model in operation regime II is obtained
to estimate power losses when either pulsewidth or frequency
modulation employed to control the output voltage. The peak
currents of the inductors (ip1 and ip2) in this regime are given
as follows:

iL1,peak = Ip1
= Cω1Vg

(
2 k

2 + k

)(
1− cosα

1 + cosα

)
(22)

iL2,peak = Ip2
=

Cω2Vg

(1 + cosα)

(
2 k

2 + k

)
. (23)

Also, the L2 inductor current (I1) at the beginning of each
switching cycle is given as follows:

I1 =
Cω2Vg

(1 + cosα)

(
2 k

2 + k

)
sinα. (24)

The converter loss model is derived as in (25) using (22)–(24),
where Dd is the duty ratio of the time interval t0–t1 shown in
Figs. 8(a) and 9(a), PlM1,M3,L1

is power losses in M1, M3, and
L1, PlM2,M4

is power losses in M2 and M4, PlL2
is losses in L2,

and PlD2
is losses in D2. tf is the switch turn-OFF time of the

MOSFETs

PlM1,M3,L1
=

I2p1

4

(
r1
2

+ r3

)
+ fsCossv

2
C,mII

PlM2,M4
=

I2p2

2

(
1− sin2α

2α

)
(1−D)2r1 +

I1VM2
tffs

2

+
I1VM4

tffs
2

+ 0.5fsCossv
2
C,mII

+

+ 0.5fsCossV
2
M4

PlL2
=

[
I21
3
Dd +

I2p2

2

(
1− sin2α

2α

)
(1−D)

]
r3

PlD1
=

I2p1

4
r3 +

Ip1

π
Vd

PlD2
=

I21
3
Ddr2 +

I1
2
DdVd

PlD3
=

I2p2

2

(
1− sin2α

2α

)
(1−D)r2 + I2Vd

Dd =
kfssinα

ω2(1 + cosα)

TABLE III
PARAMETERS USED IN THE EXPERIMENT TO VALIDATE THE

EXISTENCE OF THE FOUR OPERATION MODES

Fig. 11. Inductor current (iL1
and iL2

) waveforms along with the resonator
L1Cp activating signal in the operation regimes (a) I, (b) II, (c) III, and (d) IV.

I2 =
Ip2(1− cos(α))

2π

Plt = PlD1
+ PlD2

+ PlD3
+ PlL2

+ PlM2,M4

+ PlM1,3,L1
. (25)

The results obtained using the aforementioned loss models are
compared with the experimental results in the following section.

VII. EXPERIMENTAL RESULTS

The existence of four operation regimes of a SwRC are
experimentally verified using a discrete converter prototype with
resonatorsL1Cp andL2Cs having parameters listed in Table III.
The inductor currents iL1

and iL2
are observed in the four

regimes and obtained waveforms are depicted in Fig. 11(a)–(d)
along with the L1Cp resonator activating signal. The respective
waveforms of the operation regimes I–III are obtained using a
constant switching frequency (fs = 48.5 kHz) while changing
the duty ratio. The converter operation changes into the regime
IV by increasing fs to 61.4 kHz. In all waveforms, the inductor
currents iL1

and iL2
deviate from pure sinusoidal form due

to the low-quality factor of the resonant circuits. However,
the converter has intended behavior, as explained in Section
II. All semiconductor devices are turned-ON and -OFF having
ZCS in the operation regime I since all the inductor currents
reach zero before transfer operation from one resonator to the
other. However, there is hard switching in the switches when
L2Cs resonator operation terminates in the operation regime
II although the L1 current reaches zero before the switching
transitions. Similar behavior can be observed in the switches
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TABLE IV
PARAMETERS USED IN THE EXPERIMENTS TO VALIDATE THE

PERFORMANCE OF THE PROPOSED CONVERTER

when they terminate the inductor current when it is nonzero in
operation regimes III and IV.

The derived buck–boost converter operation is verified using
results obtained from an experimental prototype rated up to
80 W. The parameters and components used in the prototype
are listed in Table IV, and they are calculated using the method
explained in the converter design section. The obtained inductor
currents (iL1

and iL2
) and the capacitor voltage (vC) with

reference to the gate-to-source voltage of the switch M1 are
shown in Fig. 12(a) and (b). The inductor current waveforms
are skewed due to the low-quality factor of the resonators, al-
though they show the expected behavior. Both inductor currents
complete one half-cycle, as shown in Fig. 12(a), when converter
in operation regime I and D = 0.6. The average value of the
capacitor voltage (vC) equals the source voltage (Vg), and it
reaches peak value when the inductor current iL1

completes a
half-cycle. vC decreases when the switching network enables the
second resonator. In the operation regime II, vC reaches its peak
values when the input-side resonator is enabled and remains at
that value until the output side resonator is enabled, as depicted
in Fig. 12(b). The input-side inductor current (iL1

) completes a
one-half cycle, and the output-side inductor is in both resonant
and linear modes.

There is ZCS at all switching instances when the converter
is in regime I, as illustrated by Figs. 13(a)–(c) and 14(a) and
(b). Switching waveforms of M2 and M3 are shown in Figs. 13
and 14 since switches M4 and M1 have the similar behavior.
The device current reaches zero before turning-ON or -OFF the
switch and increasing/decreasing the switch voltage. As a result,
there are zero losses due to nonoverlapping voltage and current
waveforms. A similar property can be observed in the switch
M2 in the operation regime II, as shown in Fig. 13(d)–(f). There
is a high-frequency ringing at the turn-OFF instant of the switch
current waveform of M3, as shown in Fig. 14(c). This ringing
is due to the resonance between the MOSFET drain-to-source
capacitor (CDS) and the inductor. This is evident that ZCS
operation does not help eliminate the switching losses results
due to the stored charge in the drain-to-source capacitance of
MOSFETs. Similar behavior is observed in the switch M3 when
it is in the operation regime II.

The converter gains (M ) at different duty ratios are tested, and
the obtained results are shown in Fig. 15(a). The converter gain
reaches its maximum value (1.9) when the duty ratio is 0.6, and it

Fig. 12. Inductor currents (iL1
and iL2

) and resonant capacitor voltage (vC )
obtained using the experiment in (a) regime I and (b) regime II of the converter.

Fig. 13. Switch M2 (a) drain-to-source current (iDS,M2
), drain-to-source

voltage (VDS,M2
), and gate-to-source voltage (Vgs,M2

) along the inductor
current (iL1), (b) zoomed waveforms at the turn-ON, and (c) zoomed waveforms
at the turn-OFF instances in the operation regime I. Same set of waveforms are
shown in (d)–(f) when converter is in the operation regime II.

is in regime I. It does not reach expected maximum value because
of the forward voltage drop of the diodes, ON-resistances of the
semiconductor devices, and other parasitic resistances of the
printed circuit board. The converter gain (M ) varies with the duty
ratio (D) in regime II, as expected from the theoretical analysis.
Also, the influence of the load resistance (Ro) on the voltage
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Fig. 14. Switch M3 (a) drain-to-source current (iDS,M3
), drain-to-source

voltage (VDS,M3
), and gate-to-source voltage Vgs,M3

along the inductor current
(iL1), (b) zoomed waveforms at the turn-ON, and (c) zoomed waveforms at the
turn-OFF instances in the operation regime I.

Fig. 15. Converter gain (M ) at different (a) duty ratios (D) and (b) switching
frequencies (fs) under different loading conditions obtained using experiment.

Fig. 16. Efficiency of the converter at different load levels in the operation
regimes I and II of the converter. Both experimental and predicted losses using
the loss model in (25) are shown.

gain (M ) is validated using the results obtained at different
Ro values shown in Fig. 15(a). The output voltage regulation
capability at the high load conditions is better than the low load
levels. Furthermore, the converter gain regulation by modulating
the switching frequency (fs) is validated using results shown
in Fig. 15(b). Fig. 15(b) shows that switching frequency (fs)
should be varied in a wide band to vary the gain in the expected
range. Moreover, the converter parameters are changed to test
converter regulation range adjustment property and a new set of
voltage gains (M ) reading is obtained, as depicted in Fig. 17(a).
In experiment 2, the maximum gain of 1.91 is obtained at the
0.4 duty ratio. Similar behavior in the voltage gain curves at
different loading conditions is observed.

The converter efficiency at different input power levels are
tested in the operation regimes I and II, and the obtained results
are shown in Fig. 16. The efficiency measurements are obtained
changing the input voltage and keeping the load resistance at
37.3 Ω in regime I and 47.4 Ω in regime II. The converter

Fig. 17. Converter gain (M ) at different duty ratios (D) to demonstrate the
converter voltage regulation range.

Fig. 18. Loss distribution among active and passive devices in regime I in
experiments (a) 1 and (b) 2.

has a peak efficiency of 95.9% in regime I and it is 93.48%
in regime II. The reason behind this difference is switching
losses due to the hard switching operation of M2 and M4.
This result is further validated using the derived converter loss
model in (25). Fig. 16 shows that there is a close match between
the experimental results and the predicted values at low power
level, although there are small differences at high power levels.
The reason behind this difference is unmodeled losses in the
printed circuit board and other parasitic elements. The converter
efficiency in experiment 2 is recorded, and the results are shown
in Fig. 17(b). The peak efficiencies in both regimes I and II
are lower in experiment 2, and the reason behind this reduction
is validated using the values predicted using the loss model in
(21). The results show that losses in the elements connected
to the input-side resonator increase due to the change in the
ratio between f1

fs
and f2

fs
, as given by (20). The loss distribution

among the elements of the circuit is obtained using the derived
loss models. Fig. 18(a) and (b) shows that diode D1 and D2

significantly contributes to the total loss of the converter. This is
due to the forward voltage drop and on-resistance of the diode.
A similar loss distribution can be observed in the SwRCs based
on the direct resonators proposed in [15] and [17].

The load transient response of the converter is tested in both
regimes, and obtained waveforms are shown in Figs. 19 and
20. The inductor currents (iL1

and iL2
) and the output voltage

(vo) waveforms are observed when there is a step-change in
load resistance in between 24.9 to 47.4 Ω when the input and
output voltages are 18 and 16 V, respectively. The regime I
waveforms are obtained under the open-loop condition, and the
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Fig. 19. Load transient response of the converter in the operation regime I
at the load (a) step-up and (b) step-down instances. The output voltage (vo)
and both inductor currents (iL1

and iL2
) are shown along with the zoomed

waveforms.

Fig. 20. Load transient response of the converter in operation regime II. The
output voltage (vo) and both inductor currents (iL1

and iL2
) are shown.

output voltage in regime II is regulated using voltage feedback.
The error between the measured output voltage and the reference
value is compensated using a PI controller implemented on
a TMS230F28335 digital signal processor. In regime I, the
inductor currents reach the end values within several switching
cycles and, hence, there is not any significant change in the
output voltage waveform. In the operation regime II, similar
behavior is observed, although there is an insignificant dip in
the load voltage. This property validates the converter’s ability
to give null-response under the load transient conditions. The
reason behind this behavior is the availability of charged series-
connected capacitors with the output inductor to provide the
required charge to fulfill deficit in the output capacitor under the
load transient.

VIII. REALIZATION OF A CONVERTER HAVING BUCK

PROPERTIES USING THE OPERATION REGIMES I AND II

A converter having only buck properties is derived by using
the reconfigurable SCN and operation regimes I and II. The de-
rived converter using the SCN configurations shown in Fig. 1(c)
is depicted in Fig. 21(a). The converter has unregulated output
when it is operated in regime I, using switching control signals
and ideal waveforms shown in Fig. 21(b). The voltage gain (M )
of the converter in this regime is 0.5. When the converter is
operated at the same switching frequency (fs) and high duty
ratios (D′ > D), then the converter is in the operation regime II.
The converter has the ideal waveforms shown in Fig. 21(c) and its

Fig. 21. SwRC is employed (a) to derive a converter having buck properties,
its ideal waveforms in the operation regime (b) I and (c) II.

Fig. 22. Voltage gain (M ) of the converter when (a) pulsewidth (D) and (b)
switching frequency (fs) modulation is adapted.

voltage gain (M ) is given by (26). According to (26), the voltage
gain can be adjusted in between 0 and 0.5 either modulating
duty ratio (D) or switching frequency (fs) very similar to the
buck–boost converter. The simulated converter gain (M ) under
both control strategies is shown in Fig. 22. The parameters used
in the simulation are shown in Fig. 22 and a similar set of values
are used in an experimental prototype to validate the simulation
results. The obtained converter gains are shown in Fig. 22(a)
when the pulsewidth modulation is adopted. The converter gain
does not reach its expected maximum value due to the voltage
drops in the parasitic resistances in the semiconductor and
passive devices besides the forward voltage drop in the diodes.
Moreover, the inductor currents (iL1

and iL2
) are observed in

both modes, and they are depicted in Fig. 23. Similar analysis as
the buck–boost converter can be performed to further validate
the buck converter operation. The presented buck realization is
not optimum due to the number of diodes. The diodeD1,D2, and
D3 can be replaced using active current unidirectional switches,
such as GaN FET, that do not conduct in the third quadrant on
the VI plane. Such a realization may help increase the voltage
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Fig. 23. Inductor current (iL1
and iL2

) waveforms of the buck converter with
reference to the gate-to-source voltage (VGS,M1

) when the converter is in the
operation regimes (a) and (b) I and (c) and (d) II.

gain and converter efficiency

M =
Vo

Vg
=

1

2 + k
; k =

−b+
√
b2 − 4ac

2a

a =
C(1− cos2α)

2Ts(1 + cosα)2
, b =

2C(1− cosα)
Ts (1 + cosα)

, c = − 1

Ro
. (26)

IX. CONCLUSION

Multiresonant and multimode operation of SwRCs can be
effectively used to develop converters having buck–boost and
buck properties. The multiresonant operation is obtained using
two distributed inductors and an SCN. The voltage regulation
range of the derived converters can be adjusted by changing
the ratio between the two inductors. The converter voltage can
be regulated either modulating pulsewidth of the control signal
without changing the switching frequency. Also, the switching
frequency can be modulated to change the converter gain in
the desired range, having a similar regulation capability to the
pulsewidth modulation. There is a load-independent ZCS oper-
ation when the converter is in operation regime I. There is ZCS
turn-ON in all switches when the converter is in operation regime
II. The switches that are connected to the inductor operating in
the linear mode have a hard turn-OFF when the converter is in
the operation regime II.

REFERENCES

[1] D. R. Nayanasiri, Y. Li, and L. Gunawardena, “Multi-resonant non-
inverting buck-boost converter,” in Proc. IEEE Energy Convers. Congr.
Expo., 2019, pp. 1275–1282.

[2] Z. Singer, A. Emanuel, and M. Erlicki, “Power regulation by means of a
switched capacitor,” Proc. Inst. Elect. Eng., vol. 119, no. 2, pp. 149–152,
1972.

[3] Y.-J. Lee, A. Khaligh, and A. Chakraborty, “Digital combination of buck
and boost converters to control a positive buck – boost converter and
improve the output transients,” IEEE Trans. Power Electron., vol. 24, no. 5,
pp. 1267–1279, May 2009.

[4] H. S. H. Chung, W. C. Chow, S. Y. R. Hui, and S. T. S. Lee, “Development
of a generalized switched-capacitor DC/DC converter with bi-directional
power flow,” IEEE Trans. Circuits Syst., vol. 47, no. 9, pp. 499–502,
Sep. 2000.

[5] M. D. Seeman and S. R. Sanders, “Analysis and optimization of switched-
capacitor DC-DC converters,” in Proc. Workshops Comput. Power Elec-
tron., 2006, pp. 216–224.

[6] R. C. N. Pilawa-Podgurski and D. J. Perreault, “Merged two-stage power
converter with soft charging switched-capacitor stage in 180 nm CMOS,”
IEEE J. Solid-State Circuits, vol. 47, no. 7, pp. 1557–1567, Jul. 2012.

[7] A. Radic, S. Ahssanuzzaman, B. Mahdavikhah, and A. Prodic, “High-
power density hybrid converter topologies for low-power DC-DC SMPS,”
in Proc. Int. Power Electron. Conf., 2014, pp. 3582–3586.

[8] K. Cheng, “New generation of switched capacitor converters,” in Proc.
29th Annu. IEEE Power Electron. Specialists Conf., 1998, no. 2,
pp. 1529–1535.

[9] R. Beiranvand, “Analysis of a switched-capacitor converter above its res-
onant frequency to overcome voltage regulation issue of resonant SCCs,”
IEEE Trans. Ind. Electron., vol. 63, no. 9, pp. 5315–5325, Sep. 2016.

[10] K. Kesarwani, R. Sangwan, and J. T. Stauth, “Resonant-switched capacitor
converters for chip-scale power delivery: Design and implementation,”
IEEE Trans. Power Electron., vol. 30, no. 12, pp. 6966–6977, Dec. 2015.

[11] S. R. Pasternak, M. H. Kiani, J. S. Rentmeister, and J. T. Stauth, “Modeling
and performance limits of switched-capacitor DC-DC converters capable
of resonant operation with a single inductor,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 5, no. 4, pp. 1746–1760, Dec. 2017.

[12] C. Schaef, J. Rentmeister, and J. T. Stauth, “Multimode operation of
resonant and hybrid switched-capacitor topologies,” IEEE Trans. Power
Electron., vol. 33, no. 12, pp. 10512–10523, Dec. 2018.

[13] H. Farzanehfard and M. Reza Amini, “Switched resonator DC/DC con-
verter with a single switch and small inductors,” IET Power Electron.,
vol. 7, no. 6, pp. 1331–1339, Jun. 2014.

[14] S. Li, Y. Zheng, B. Wu, and K. M. Smedley, “A family of resonant two-
switch boosting switched-capacitor converter with ZVS operation and a
wide line regulation range,” IEEE Trans. Power Electron., vol. 33, no. 1,
pp. 448–459, Jan. 2018.

[15] S. Li, Y. Zheng, and K. M. Smedley, “A family of step-up resonant
switched-capacitor converter with a continuously adjustable conversion
ratio,” IEEE Trans. Power Electron., vol. 34, no. 1, pp. 378–390, Jan. 2019.

[16] S. Li, W. Xie, and K. M. Smedley, “A family of an automatic interleaved
Dickson switched-capacitor converter and its ZVS resonant configura-
tion,” IEEE Trans. Ind. Electron., vol. 66, no. 1, pp. 255–264, Jan. 2019.

[17] S. Li, Z. Li, S. Zheng, W. Xie, and Y. Zheng, “Multi-resonance-core-based
Dickson resonant switched-capacitor converters with wide regulation,”
IEEE Trans. Power Electron., vol. 35, no. 2, pp. 1685–1698, Feb. 2020.

[18] W. Xie et al., “A family of step-up series – parallel dual resonant switched-
capacitor converters with wide regulation range,” IEEE Trans. Power
Electron., vol. 35, no. 3, pp. 2724–2736, Mar. 2020.

[19] M. Jabbari and U. D. Tehrani, “Double-boost switched-resonator con-
verter,” IET Power Electron., vol. 11, no. 8, pp. 1–7, 2018.

[20] S. Cuk, “Four-switch step-down storageless converter,” U.S. Patent
US8 134 351B2, Mar. 13, 2012.

[21] M. Jabbari and H. Farzanehfard, “Family of soft-switching resonant DC–
DC converters,” IET Power Electron., vol. 2, no. 1, pp. 67–78, 2009.

[22] M. Jabbari, “Unified analysis of switched-resonator converters,” IEEE
Trans. Power Electron., vol. 26, no. 5, pp. 1364–1376, May 2011.

[23] M. Jabbari and M. S. Dorcheh, “Resonant multi-input/multi-
output/bidirectional ZCS step-down DC–DC converter with systematic
synthesis for point-to-point power routing,” IEEE Trans. Power Electron.,
vol. 33, no. 7, pp. 6024–6032, Jul. 2018.

[24] E. M. Cervera, Alon, M. M. Peretz, and S. S. Ben-yaakov, “A high-
efficiency resonant switched capacitor converter with continuous conver-
sion ratio,” IEEE Trans. Power Electron., vol. 30, no. 3, pp. 1373–1382,
Mar. 2015.

[25] A. Cervera and M. M. Peretz, “A family of switched-resonant converters
with wide conversion ratio and controlled sourcing features for volume-
sensitive applications,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 7,
no. 2, pp. 910–921, Jun. 2019.

[26] S. Jiang, C. Nan, X. Li, C. Chung, and M. Yazdani, “Switched tank
converters,” IEEE Trans. Power Electron., vol. 34, no. 6, pp. 5048–5062,
Jun. 2019.

[27] O. Trescases, G. Wei, A. Prodic, and W. T. Ng, “An EMI reduction
technique for digitally controlled SMPS,” IEEE Trans. Power Electron.,
vol. 22, no. 4, pp. 1560–1565, Jul. 2007.

[28] A. Safaee, P. Jain, and A. Bakhshai, “Time-domain steady-state analysis of
fixed-frequency series resonant converters with phase-shift modulation,”
in Proc. IEEE Transp. Electrific. Conf. Expo, 2014, pp. 1–7.

[29] Y.-C. Lin and D.-C. Liaw, “Parametric study of a resonant switched
capacitor DC-DC converter,” in Proc. IEEE Region 10 Int. Conf. Elect.
Electron. Technol., 2001, no. 2, pp. 710–716.

[30] D. Medini and S. Ben-Yaakov, “A current-controlled variable-inductor
for high frequency resonant power circuits,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., 1994, pp. 219–225.



5634 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 5, MAY 2021

[31] M. Khodabandeh, E. Afshari, and M. Amirabadi, “A family of Ćuk- ,
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