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Abstract— In this study, a family of switched-resonant
converters with high efficiency over a wide conversion ratio range
is introduced. Inspired by the gyrator resonant switched-capacitor
concept, the new topology provides high efficiency over wide and
continuous range of conversion ratios using a single resonator.
This is enabled by new modes of operation (switching sequences)
developed and analyzed in this study, that modify the charge-
balance of the flying capacitor. By that, the sourcing as well as the
efficiency characteristics of the converter can be shaped to peak at
various conversion ratios. A generalized methodology is presented
to describe resonant converters with multiple operation-modes as
two-port which is then used to analyze several operational modes
of the presented topology. Experimental results validate the
developed theoretical model and demonstrate the superiority of the
concept in terms of efficiency (over 10%) and current-sourcing
capabilities (over 80%) using a compact SW prototype.

Keywords—  switch-mode  converters;  switched-capacitor
converter; gyrator; efficiency; switched-resonant converters

1. INTRODUCTION

Switched-capacitor converters (SCCs) present superior
power density compared to switched-inductor converters. In a
variety of applications where the volume of the power
management portion is critical such as portable and mobile
electronics, SCCs are already being utilized as a preliminary
conversion stage. A primary limitation that prevents the
technology to replace inductor-based converters is the limited
voltage regulation capability which stems from the tight
relationship between the voltage gain and the converter
efficiency [1-10]. In [1] it has been demonstrated that for any
switch and multi-tank configuration, the efficiency is linearly
tied to the output current. In [6] it is then emphasized that for
voltage regulation the efficiency is linearly proportional to the
ratio between the output voltage and target one (the no load
SCC output voltage, Vo / Vigrge). Several models have been
developed to describe and explore the performance of SCCs [3-
5], later extended to state-space analysis [7] and average-current
modelling [9]; model comparison has been carried out by [10].

Regulation can be achieved either by varying the SCC
switching frequency/duty [1,11,12], or by inserting a post
regulation stage [13-15] to match the required conversion ratio.
Another possible approach for voltage regulation by SCC is to
generate multiple target voltages using multiple flying-capacitor
cells and therefore increase the effective operation range [1,16-
20]; the system efficiency however, would remain of a discrete
nature.

Reduced switching losses allow higher operating frequency
and reduced volume, which motivated various derivatives of

resonant-type SCC (RSCC) to be employed [21-31]: Step-
up/down/inverting topologies have been presented in [21-23],
later extended to multilevel high step-down converters [24-26].
Specific step-up application for thermoelectric power
generation has been presented in [27-29], and design for chip-
integration in [30-31]. By introducing GaN technology, recent
publications have obtained unprecedented power densities of
500-2200 W/in® for fixed conversion ratios [32,33]. Since the
operation of RSCCs is similar to the conventional SCCs in a
sense that similar switching sequences are applied, the
efficiency of the converter is still associated with the voltage
gain. As a result, the challenge of regulating the output remains,
i.e. to produce an output voltage that is different than the natural
open-loop target voltage still requires post-regulation [1,33-35].
The reason for that is when the output voltage is different from
the target voltage, the charge-balance of the flying capacitor(s)
is not satisfied [9,36,37], affecting the average current. In such
case, the converter’s operating point shifts to the point where
the voltage drop across the parasitic series resistances matches
the difference between the output and target voltages.

More sophisticated approaches to facilitate voltage
regulation  without losses introduce an  additional
charge/discharge path, i.e. additional switching state or states to
satisfy the capacitor charge-balance. This has been adopted in
several previous studies by either internally circulating residual
charge [38], by hybrid operation above resonant frequency to
exhibit inductive behavior (partially losing soft-switching
capabilities) [39-43], or by combining resonant and linear
operation to completely deplete the residual charge in every
switching cycle [44-45].
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Fig. 1  The presented multi-mode switched-resonant converter.

A recently-developed gyrator mode resonant switched-
capacitor converter (GRSCC) presented in [36,46-48] has
demonstrated a unique potential for efficient voltage regulation
over a wide range of conversion ratios. The main attribute of the
GRSCC is that it disengages the efficiency of the system from
the voltage gain. This is achieved by introducing an additional
switching state to balance the mismatch between the input and
the output average currents. As a result, the conventional SCC
topology is transformed to a voltage-dependent current source,
i.e. a gyrator-like converter [49-52]. The GRSCC exhibits
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continuous gain that can be controlled by pulse-density
modulation (PDM) [53,54]. Nevertheless, high conversion
ratios in this topology remain problematic due to the large
mismatch between the input and output current, which translates
into a high circulating current within the charge-balancing state.
This is overcome in the presented family of switched-resonant
converters (SWRCs), by introducing additional switching states.
This new method of operation enables disengagement of the
system's efficiency from the voltage gain. A feature resided thus
far in switched-inductor converters. Nonetheless, since these
converters share a similar hardware configuration with their
precursors, they still retain the volume benefits.

The objective of this study is to introduce a new SWRC with
enhanced current sourcing or sinking capabilities, high-
efficiency over a wide range of conversion ratios, and present a
unique methodology to shape the efficiency characteristics of
the converter by the switching scheme. The primary advantage
of the SWRC family is that wide and continuous conversion
ratio with high efficiency is achieved using a single energy
transfer cell (i.e., one flying capacitor). This allows ultimate
volume and complexity reduction when compared to other
multi-target voltage converters that employ switched-capacitor
[16-18] or switched-resonant approaches [20,55,56]. A further
objective of this research is to develop a generalized
methodology to describe the input-output characteristics of
resonant converters with multiple operation-modes as two-port
networks. A variety of ten operation modes (switching schemes
of the converter) out of the presented family are demonstrated
as a showcase of power-sourcing and efficiency capabilities of
the new converter.

The SWRC family in its simplistic form, shown in Fig. 1, is
a modification of a soft-switched resonant SCC with switch
assembly inspired by multi-target voltage converters such as the
binary/Fibonacci SCC [17,20] or the GTSP [16,18]. As opposed
to other configurations that employ multiple flying tanks, in this
study a single energy-transfer cell is used. The switches
configuration allows the resonator to connect the input or the
output ports directly or with reverse polarity, as well as a series-
parallel connection to either port. By that, multiple switching
possibilities to achieve charge balance of the tank can be
realized. As demonstrated previously in [36,44-46], this is an
enabler to disengage the rigid relationship between the
efficiency and the voltage gain.

The rest of the paper is organized as follows: Section II
provides a general analysis for a series LC switched-resonant
converter as a two-port network and derives an expression for
the converter’s efficiency represented by the network
impedances. Section III delineates ten operation modes of the
new family along with analysis and comparison of performance
for the various modes. Experimental results are provided in
Section IV. Section V concludes the paper.

II. GENERALIZED CONVERSION CHARACTERISTICS OF A
SWITCHED-RESONATOR NETWORK AS A TWO-PORT

A switch-mode converter can be described as a two-port
network, as illustrated in Fig. 2, using average and dynamic
behavioral modeling [44,46] to define a relationship between
the input and output port voltages V', V>, and currents 1, , L. V1,
V, are considered known and independent of each other, while

the dependency of the rest can be defined by the admittance,

The matrix parameters Y;; and Y, represent the ports’ self-
admittance, i.e. dependence of each port’s current on its own
voltage, while Y}, and Y, give the cross-admittances. A matrix
where Y1,=G, Y,;=-G and Y;,=Y» =0, describes an ideal
gyrator element [46,48].

A. Two-Port Admittance Modelling of a Switched-
Resonator Network

Consider a generalized switched-resonant converter,
illustrated in Fig. 3 with average port voltages V;, V>, and a
switch assembly that applies N combinations of V| and V>, i.e.
states, on the resonator (i.e., series connection of L and C). A
soft-switching mechanism that is employed, assures transition
between states at zero current after half-resonance period. Since
the resonant behavior in each state is of a 2™ order, the
converter can be analyzed in a discrete form by viewing the
potential applied on the tank (resonator) during the state’s
interval and determining the values at the end of each state.

The tank’s capacitor voltage at the end of state n, namely
Ve, can be derived from its initial condition, V¢,.;, and the dc
voltage that is applied on the tank during the state, namely £,
(e.g. if at state n the tank is connected directly to the source V)
then E,=V7). Assuming sufficiently high quality-factor, i.e.
negligibly small losses, V¢, can be expressed at the half-
resonance switching-point as

VC,n ~2E, _VC,nfl , B, :f(V7 VZ) . (2)
I + + V5
> €
Vi V2

Fig.2  Two-port

L]+ +
»

>
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Fig.3 A view of a switched-resonator network with dashed-lines
representing possible connection alternatives to the input and output
ports.

Populating the values for E, into (2) for each of the states
gives N equations with N unknowns V¢ to V¢ y. Assuming that
all equations are independent, a unique solution exists with all
the unknowns a function of V; and V5, i.e. the steady-state
values for V¢, to V¢ are fixed and known. It should be noted
that some switching combinations may result in dependent
equations which still converge to a solution when symmetrical
voltages are applied on the resonator [46], that is:

2168-6777 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2018.2878925, IEEE

Journal of Emerging and Selected Topics in Power Electronics

ME, (-1)" =0 3)

n=l1

The average current value in each state, /¢, is derived from
the total charge difference from the previous state, that is:

2C
T (VC»" - VC,n—l) s Tyare = 7N LC 4

State

]C,n ~

where L and C are the inductance and capacitance of the
resonator, respectively. Once I, is obtained for the complete
sequence, I, can be derived by averaging all the state currents
throughout the cycle in which the resonator connects to the
output node. /; is derived in a similar manner. This yields:

N
11 :F]j\‘tatezxnlc,n s Xy E{*l,o,l}

i NG
]2:F]jvtatezynlc,n s Wn 6{71’0’1}

n=l1

where F is limited by the repetition rate of the cycle, i.e. the
frequency for the sum of switching states that compose one
cycle F<F,,=NT, Y,m)'l, and x, y, are constants which
indicate whether the tank is connected to the input and/or output
at state n as well as the connection polarity. Current regulation
can be obtained by modifying F with pulse-density modulation
techniques [44], affecting the result of (5).

Since (2)-(5) can be rewritten as a function of V7 , V5, after
some manipulation (5) can be expressed as a function of the
admittances as:

Lh=hyN+4l, . L=hh+hl,, (6)
i.e. depends entirely on L, C and F

B. Efficiency Modelling

The efficiency of the converter can be obtained by
evaluating the losses P, and the output power P4, which
form:

n= I:l + [}oss/[}oad :|71 . (7)

Py, 1s obtained by summing the individual losses created in
each state. Assuming no other significant losses thanks to the
ZCS, the losses are due to the rms currents /¢, s, through the
conduction path resistance R. The total power dissipation can
then be obtained using (4), with the average-to-rms ratio for a
sine wave as:

N 2N
Ploss = RZ ]C,r1,rn132 ~ FTstateRT z IC,n2 s (8)
n=1 n=1
where R is assumed here identical for all states to simplify the
expression of (8) without loss of generality. It should be noted
that for discrete as-well-as integrated design, optimizing the
transistors sizes may be preferred, depending on the desired
conversion ratio. Recent work which provides IC design
guidelines for a GRSCC [57] presents a detailed analysis of (8) .

In a similar way to the generalization obtained in (6) for the
inputs and outputs, Ic,” can be rewritten using (2) and (4) as a
general squared function of Vi, V,, C and Tj,.. This can be
expressed as

Pl[)X.Y =

c?
(ar?+pra” = na) ©)
State
where the constants a, £, y are weighting-factors of V7, V; based
on the mode of operation.

The output power can also be directly expressed by V; and
V> and the parameters of the converter’s admittance (6). This
yields:

2
Boat =B =—{ 1 + 105, (10)

In cases where the loss contribution of Y, is relatively small,
and (10) can be substituted into (7) to form an efficiency
expression that depends directly on the conversion ratio, 4:

77:[1+B(aA71+,b’A7]/)TI,A:% , (11)
1

where B combines the independent parameters from (9) and
(10). Tt can be seen from (11) that as described in [36], the
efficiency variation of the switched-resonator network
described here depends on the conversion ratio alone.

Taking the derivative of (11) and equating to zero yields the
conversion ratio in which the peak efficiency can be achieved,
that is:

- |2 (12)

Aaptimal = Almax(iy) = 3

This implies that, assuming operation under ZCS and that the
resonator is switched periodically after half-resonance, the
location of the peak efficiency point is a weighted-function of
the ports’ voltages and can be adjusted by the applied voltage
on the resonator, i.e. by modifying the switching sequence. This
provides a new design direction and guideline for SCCs and
their derivatives, as will be shown next, enabling to shift the
rigid optimal target voltage by manipulating the applied voltage
on the energy-transfer cell.

III. WIDE-CONVERSION RATIO OPERATION MODES

The SwRC topology presented in Fig. 1 provides seven
possible switching states delineated in Fig. 4 as S, through Sg,
in which the resonator may be subjected to the following
potentials:

E,=V, E.=F Eg=0-V,
E;=0 (13)
Ey=V, E =-V, E_=V,-N

Ten modes of operation are presented next to showcase the
flexibility to adjust the current sourcing capabilities of the
converter and to shift the peak efficiency point to target specific
operating conditions. A key factor in defining a switching
sequence is to assure that charge balance of the flying capacitor
is maintained within a cycle. The operation modes, i.e. the
voltages that are applied on the resonator per state, are chosen
such that the capacitor voltage at the end of a switching
sequence resumes its initial values. This condition is satisfied if
a solution to (2) exists. The new operation modes of this study
are defined with respect to the method in which the voltage is
applied on the resonator, and compared to the originally
presented a basic GRSCC with optimal conversion ratio of A=
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1 [36] as a benchmark. Typical waveforms of the operation
+ L + modes are depicted in Fig. 5, and the calculated conversion and
46) i v, i Q) + efficiency characteristics of the operation modes are
—I—C —I—C + ]—C summarized in Table I.
TABLE I: VARIANCES BETWEEN OPERATION MODES
S Sc Mode a b c d e f g h i |
5-state operation v v v v
LV L 7 Bridge v v v v v
v, n T Semi-complementary v v v v
+ C 7, C 7, C (inverted output)
Complementary v v
Sp Sr (symm. operation)

It should be noted that per the selection of target range of
conversion ratio and output power, the generalized converter of
Fig. 1 can be simplified for the number of operating switches
and controller [36]. It should be further noted that in case the
generalized converter is realized, then it is possible
Se (demonstrated in the experimental section) to continuously and
smoothly shift between the various operation modes as well as
generate any desired combination between them. This is
enabled since charge-balance of the resonator (and its flying
capacitor) is guaranteed per mode and as a result, cycle-by-
cycle transition between the modes is allowed without any
deviation of the variables or delay.

Fig. 4  Possible connection states for the converter presented in Fig.
1. Active switches for the various states. . S;: Qqa, Qsp; Sp: Qaay Qsp;

S Qzas Quvs Sp: Qaas Qavs Set Q1o O Sr: Qaas Quvs St Qaas Qo

TABLE II: PERFORMANCE CHARACTERISTICS

Mode a b c d e
Sequenc

e Sy, S, Sg S4> S, S4, Sz, Se Sk, S, Sg Sk, Sg, Sk, Sa, Se S4» Sg, Sp
F (3;:«/Lc)_1 (5;; LC)_I (3;;@)_1 (5;; LC)_I (3;:@)_1
VC,I =2V, VC,l =2V,
Ve =V+h, Vea =0 Vei=n Vea = Ve =Vi+20,
VC,n Vc,z ~V,-N Vc,3 =20 Vc,z ~2V, -1 VC,3 ~2N =20, Vc,z ~-N
Ves=V =V, Vea=2V-2N Ves=WN =21, Vea =4V, 21 Vea=W =20,
VC,S =2V -2V, VC,S ~ 2V, -4V,
v 0 2FC 0 4FC 0 2FC 0 4FC 0 4FC
mn —2FC 0 —4FC 0 —2FC 0 —4FC 0 —4FC 0
-1 -1 -1 -1 -1
7R 1 7R 1 7R 1 7R 1 R 1
1+ A +4-1 1+ 24 +54-2 1+ A +34-3 1+ 24 +94-6 I+ ———4 +34
it gl sen)] eggilens)] gilatoad] (o)
Ao 1 0.63 0.58 0.47 0.58
PERFORMANCE CHARACTERISTICS (CONTINUED)
Mode f g h i j
Sequenc
qe S4, Sp, S, S, Sp Sg, Sg, Sp Sg, Sg, S, Sg, Sp S4 Sz, Sc, Sp Sg, Sg, Sk, Sp
-1 -1 —1 —1 -1
Fre (Sm/Lc) (3;a/Lc) (Sﬁ\/LC) (4zr\/E) (4zﬁ)
Ve, =3V, Vea=31,
Vo=V +V, ~
Vea,r=V; Ve =N+, Vea ==V =TT Vea=h
Y Vs~ 24 +V: Voo~V -V, Ve~ 20—V, Yoambah Vea =22 h
Cn c3 2N +h, c2”h N c3=2h -1, Ves~—(473) Ves~0;
Vea=Vy =20 Ves=h =30 Vea=3V =20 A VeaxVi-20;
Ves =20 =3V, Ves =20 -5V,
v 0 8FC 0 4FC 0 8FC 0 4FC 0 4FC
m.n —8FC 0 —4FC 0 —8FC 0 —4FC 0 |—4FC 0
~1 -1 -1 -1 -1
[1+ R (SA" +9A—6):| [1+ R (A" +4A—2):| [1+ R (A"+10A—2):| |:1+L(A"+A)} {14— R (A’1+2A—2):|
n sJL/c wfL/c wLic YN YN
Avpinal 0.74 0.5 0.58 1 0.71
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Fig. 5  Exemplary waveforms of the presented family for a case that V; = 1.5V, for all modes: (a)-(j)
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A benchmark operation mode is the case of a basic GRSCC
configuration. In this mode (sequence: S4, Sp, S¢), namely mode
(@) was originally implemented in [36] by a three-switch
configuration. The resonator connects to the input through
configuration S, (Fig. 4) to charge, then by Sy to the output
voltage and discharges. In order to achieve charge balance, the
resonator is then short-circuited through Sg to circulate excess
charge.

Five-state operation — In a variation from mode (a), the
input and output potentials are applied twice on the resonator
before a charge balance state is commenced. The operation is:
charge the resonator by S, discharge by Sz, charge and
discharge again by S, and Sp, and then end the sequence by Sg
to circulate excess charge. By effectively reducing circulation
time, the overall time allocated for charge and discharge is
increased. This intuitively implies (and validated later in this
subsection) that higher current can be outputted since a larger
portion of the cycle is devoted to process energy compared to
the portion dedicated to balance the charge (in which energy is
recycled but not transferred). This method of operation is
denoted as mode (b), and used as the basis for more modes
discussed next.

Bridge variation [36,57] — An alternative method from
mode (a) to process energy by the converter is to subject the
resonator to the voltage difference between the input and the
output [i.e. Sg, see Fig. 4], providing a lower voltage potential
than in the unit mode. The charge state S is, like in mode (a),
followed by Sp that applies the output voltage on the resonator
and charge balance is achieved by a short-circuit [Sg, Fig. 4].
This provides the operation sequence for mode (c), and the basis
for more modes, e.g. the bridge variation can also be used for
five-state operation, presented here as mode (d).

Semi-complementary operation — In another variation of
the switching sequence, charge balance can be facilitated
through a different switching state, replacing the resonant short-
circuit (Sg) by a complementary connection to V5, providing
new semi-complementary operation. In the charge state S, the
resonator is subjected to V. Then, by applying Sz, the network
connects to V, and charge is transferred to the output. Charge
balance is achieved in these modes through state Sp which
applies a negative voltage (—V>). This variation is presented here
as mode (e), however it can be combined with any of the
variations mentioned earlier, forming modes (f)-(h), as
summarized in Table L.

Complementary operation — This variation provides
symmetric operation of the converter, as positive voltages are
applied on the resonator, followed by their negative
counterparts to achieve charge balance. By initiating Sy, the
resonator is subjected to 7} and charges, then it is subjected to
V, to discharge by applying state Spz. To maintain charge
balance the resonator is then inversely charged by Sc that
subjects it to the negative potential -V}, and then discharged by
Sp which applies the negative voltage (—V,). Complementary
operation can be applied as described here to form mode (i), or
combined with the bridge variation to form mode (j).

The complete sequences and performance parameters for the
ten possible modes formed by combining the above variations
are summarized in Table II, with characteristic resonator
waveforms for each mode illustrated in Fig. 5. Comparison

between the modes of operation reveals several differences in
the properties of the new family. It can be observed that
although identical conditions are applied in terms of the ports’
voltages and components values, the resultant admittance
matrices of the new modes are doubled, and sometimes
quadrupled in value when compared to the benchmark mode
This directly translates to increased current sourcing capability
of the converter. Using the five-state operation in mode (b)
increases the power output by 1.2, as admittance is doubled but
the effective frequency is lowered by 0.6. The semi-
complementary mode (e) is capable of outputting twice the
power than mode (a) for the same conditions (frequency and R,
L, C values). Combining the two to form a five-state semi-
complementary mode (f) increases the power output capability
by a factor of 2.4. The complementary mode’s (i) output power
capability is higher than the benchmark by a factor of 1.5, as
admittance is doubled and frequency is lower by 0.75.

Seemingly, minor difference on the power delivery
capabilities is observed between the unity and bridge assembly
variations for modes [(c),(d),(g),(h),(j)]. However, a major
difference is found in the efficiency as a function of the
conversion ratio 4. As an example, when comparing the
waveforms of modes (a) and (c), it can be seen that the bridge
variation induces significantly lower circulating current on the
converter for a gain of A=0.75, implying difference in the
efficiency characteristics when using the bridge variation.

The efficiency expressions from Table II have been plotted
for better view and are presented in Fig. 6 for all modes. In Fig.
6(a-c) a case in which equal resonator parameters are used for
all modes is depicted. It can be seen that for the majority of
conversion ratios the converter is most efficient when using the
complementary mode (j), with peak efficiency at 4=0.71.
Bridge variations do not change the power delivery capabilities
but have a major impact on the efficiency: both in the peak
location and value. However, it can be seen that five-state
sequences for example, increase the power output at the cost of
a narrower applicable efficiency range. This can be explained
by major increase in rms curents due to the large mismatch
between the port voltages, as can be easily observed in the
example of Fig. 5(f), which demonstrates high divergence in the
current prior to the balance state (Sp).

Since the power delivery capabilities differ between the
modes, an alternative comparison between modes has been
performed by normalizing the operation to the same power
delivery level. In Fig. 6(d-f), the resonator’s parameters are
adapted such that the total admittance matrix values
(considering the maximum frequency) are the same for all
modes, i.e. for the same power delivery capability. It can be
seen that all modes are distinctively more efficient than the
benchmark configuration. A highlighted example is that for the
same power delivery capability, mode (j) provides higher
efficiency of at least 7% for any gain. On selected range of
conversion ratios, such as A4=0.3, the semi-complementary
mode (d) allows for higher efficiency than (j).
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Fig. 6 Theoretically calculated efficiency plots of the presented converter as a function of conversion ratio for the ten presented operating
modes when: Left (a)-(c) R,L,C are the same in all topologies providing a quality factor of O =10; (d)-(f) Resonator impedance is equal for
all modes.
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Fig.7  Theoretically calculated efficiency plots of the presented
converter as a function of conversion ratio comparing interleaved
modes to non-interleaved.

Further flexibility on the power delivery capabilities can be
obtained by combining modes of operation. For instance,
mixture of modes b and d can result in a sequences such as S,
S, Sk, Sp, S (namely mode b-d) or Sg, Sp, S4, Sp, Sg (namely
mode d-b). Mode d-b has a reduced output admittance of
Y51 =2FC, while mode b-d as an increased output admittance of
Y21 =4FC. The efficiency curves of these modes are shown non
normalized in Fig. 7.

IV. APPLICATION

In similar way to the GRSCC topology [36] and as
described next, some switches of the SWRC family can be
implemented either by simple, single, transistor or by four-
quadrant switches (reverse-blocking) such as a back-to-back
configuration. For a case that a step-down is desired, then Q,
and Q;, need to be implemented as four-quadrant devices for
proper operation. In this case the resonator is inherently
clamped to V; without losing operability when the capacitor
charges to higher voltage. In this case, the maximum voltage
stress on switches Oy, and O3, is the source value V.

An additional implementation variation is with O,, and Qs
as four-quadrant switches. This provides higher flexibility of the
converter, allowing step-up and step-down conversion. This
comes at the cost of higher component count and losing the
inherent resonator-clamp.

The presented SWRC family extends the GRSCC family and
provides true voltage regulation capabilities with the added
value of immediate transient-response capabilities, previously
shown in [36,44]. These unique features allow the high power-
density property of the SCC family to be utilized in a variety of
new applications such as envelope-tracking [45], voltage-
regulation in high-transient applications [58,59]. Furthermore,
recent studies which have presented high power-density
regulation schemes using SCC technology [32,33] still require a
post-regulation at point-of-load. Table III provides a topology
comparison for post-regulation schemes used today, compared
to the proposed family. As will be demonstrated in the
experimental section, the presented family facilitates efficient
post-regulation using SCC technology.

TABLE III: KEY ATTRIBUTES COMPARISON BETWEEN
TOPOLOGIES

SCC RSCC Buck  GRSCC SwRC

Efficiency

characteristic ~Singular Singular ~ Wide Narrow Adﬂftabl
s
Soft-
switching x v x v v
capability
Limited
Limited .by.
b switching-
Scalability Y v loss & v v
switching
large
-loss .
inductanc
e
Clamped Clampe Clamped Clampe Clamped
Component to dto to dto to
stress source  source source source source

voltages voltages voltages voltages voltages

V.EXPERIMENTAL VERIFICATION

To demonstrate the operation of the various modes of the
SwWRC and to validate the theoretical analysis, a low output-
voltage prototype was built and tested V; =5V to V,=1.2V, with
a photograph of the experimental board in Fig. 8. The
resonator’s ~ parameters ~ were  C=220nF, L=40nH
(Tywe=300ns), the MOSFETs used where Siliconix
SIA436ED]J, driven by MAX17601 drivers. The prototype was
tested for three most promising modes for this conversion gain:
modes (b), (g), (j). Experimental waveforms of the resonator’s
current and the capacitor’s voltage operating in steady-state are
shown in Fig. 9; the differences between the modes are
apparent. The output power of the bridge-GRSCC was
measured 2.75W, for the complementary mode 3.9W and for
the semi-complementary 5.1W. These results are in excellent
agreement with the theoretical prediction from Table I and
exhibit a unique capability of efficiently regulating a low output
voltage, which needed for applications such as point-of-load
regulation — a weak-point for conventional SCCs.

Fig. 8  Experimental setup for the SWRC
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Fig.9  Experimental waveforms of the presented converter for the
following modes showing vC at the top and iC at the bottom of each
screenshot: (a) bridge-GRSCC; (b) semi-complementary; (c)
complementary.

Fig. 10(a) shows the efficiency as a function of the
conversion ratio comparing modes b, g and j. These
measurements were carried out using an electronic load that was
programmed to sweep V,. The cycle frequency of the converters
was set to maximum - F,,,,, i.e. maximizing the power output
capability at each of the modes. As can be seen, a very good
agreement is obtained with the theoretical curves of Fig. 6. Also
demonstrated is the different conversion ratio for the peak
efficiency at each of the modes. Fig. 10(b) shows an
experimental efficiency plot demonstrating the hybrid
combinations of modes b and d as in Fig. 7, validating the
flexibility in choice of switching options to obtain different
converter properties in terms of efficiency.

To further illustrate the dynamic properties of the converter,
a 2:1 switched-resonant system was tested, which includes three
dedicated switches associated with states {Sx, Sp, Sg} providing
three voltages {V;, V,, 0}. The system is programmed to
alternate between the two basic modes: mode a and mode b.
The former has been demonstrated to be generally more
efficient (see Fig. 6a) while the latter provides increased current
delivery capabilities. Alternating between these two modes can
be useful when high efficiency is desired in normal operation

modes, while trading for power when current boost is needed.
The basic data of the experimental system are as follows:
Vi=10V, V,=5V, C=33nF, L=75nH, ¢,=160ns; the
MOSFETs used where Siliconix SIA466EDJ, driven by
MAX17601 drivers.

90% -
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Fig. 10  Experimental efﬁmency sweep as a function of output
voltage gain. Vertical: 10%/Div. ; Horiz.: 0.1/Div. (a) comparison
between modes ¢, g, and j; (b) comparison of modes d, b, and their
derivatives, mode d b-d and d-b.

The experimental results demonstrated in Fig. 11 show a
fast, one cycle response, of the switched-resonant converter
upon a change from one mode to the other. The ratio of the
experimental average currents of 7} and ¥ has been found to be
1.45A/1.65A=0.878 while the model prediction is
(1/2) (3/5) =0.833. The discrepancy is explained by the fact that
the efficiencies for the two cases are different due to the
differences in the rms currents. The efficiency for the 3
switching states case is measured to be 80% while the
efficiency for the 5 states is 77%. Correction of the
experimental currents ratio by the efficiencies ratio
{(0.878 (77/80)=0.845} shows very good agreement of the
theoretically calculated values and the measured results.

VI. CONCLUSION

A new switched-resonant converter with many possible
modes of operation has been presented and demonstrated
efficiency characteristics that exhibit a broad peak over an
extended voltage gain-range. The capability to shape the
efficiency characteristics of the converter has been
demonstrated through ten modes of operation. This attribute,
resided thus far only in multi-target voltage converters that
employ several energy-transfer cells, realized in this work by a
single energy transfer cell.
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allows flexibility in the converter design and further size
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Fig. 11 Experimental results of transition from mode a to mode b:
(a) mode a; (b) mode b; (c) transition. The upper trace is converter’s
current (relative scale) and the lower trace is the capacitor’s voltage
(5V/Div.).

A generalized procedure to describe switched-resonant or
resonant-type switched-capacitor converters with multiple
operation-modes as two-port networks has been described to
evaluate and quantify the characteristics of such converters in
various conditions. Three operation modes have been
demonstrated and evaluated both theoretically end
experimentally, providing different power-sourcing and
efficiency capabilities. Experimental results demonstrate an
increase of over 10% in efficiency at high conversion ratios
compared the previously presented Bridge-GRSCC.

Combining the benefits of the relatively simple converter
design and the need for a single energy-transfer cell to allow
continuous high-efficiency conversion ratios, the GRSCC-based
voltage regulator can be considered as an attractive candidate
for voltage regulation applications that require high response
rate. Furthermore, the possibility of multiple operation modes
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