Modeling and Analysis of Resonant Switched
Capacitor Converters with Free-Wheeling ZCS

Eli Hamo, Michael Evzelman, and Mor Mordechai Peretz

Power Electronics Laboratory
Department of Electrical and Computer Engineering
Ben-Gurion University of the Negev
P.O. Box 653, Beer-Sheva, 84105 Israel

eliham@bgu.ac.il ;

evzelman@ee.bgu.ac.il ; morp@ee.bgu.ac.il

Website: www.ee.bgu.ac.il/~pel/

Abstract—This  paper introduces a unified modeling
methodology to describe and explore the loss mechanism of
resonant Switched Capacitor Converter (SCC) operating in a
self-commutation zero current switching. The conventional
equivalent resistance concept, which assumes a single
conduction path of the resonant current, is generalized to model
the losses in cases where the resonant current is divided across
several conduction loops. The new modeling concept is
compatible to describe the losses resulting from resistive
elements as well as P-N junction devices, offering a closed-form
solution for the equivalent resistance. Verification of the concept
has been carried out by simulations and experiments on 3 —30W
unity and double gain resonant SCC with free-wheeling ZCS. A
very good agreement is obtained between the theoretical
calculations, simulations and experimental results, well
demonstrating the model capability to identify the loss
contributors in each conduction path.

I. INTRODUCTION

In Resonant Switched Capacitor Converters (RSCC)
operation, Zero Current Switching (ZCS) is mandatory to
achieve high power conversion efficiency and reliability.
ZCS can be achieved by employing an active monitoring and
control of the resonant current [1], [2]. This requires complex
control scheme and circuitry. Alternatively, ZCS can be
obtained by unidirectional switches, e.g. inserting a diode in
series to the active switch. In this case, ZCS is assured by
simple means at the cost of increased conduction losses. To
overcome the deficiencies of these methods, a simple and
efficient self-commutation concept as illustrated in Fig. 1 has
been presented in [3]-[5]. It consists of a transistor that
conducts for the majority of the resonant cycle, and a parallel
diode that acts as a free-wheeling element such that turn off
occurs at zero current. This method exhibits both advantages
of inherent ZCS and overcomes the deficiencies of previous
methods such as high conduction losses and complex control
hardware. However, due to a Divided Conduction Path (DCP)
of the resonant current (Fig. 1), the conventional equivalent
resistance analysis to evaluate the losses [6]-[9], cannot
directly be applied in this case.

The objective of this paper is to describe and explore the

loss mechanism of resonant SCC operating in a self-
commutation ZCS mode.
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The new modeling methodology extends the modeling
concept employed in [6]-[12], to take into account the DCP of
a single charge/discharge state.

The deliverables of this modeling approach are on both
theoretical and practical realms, it provides a streamlined
procedure to design a reliable and low-cost soft-switched
SCC, as well as an insight into the dominant contributors of
losses in DCP operation mode.

II.  BASIC TERMINOLOGY AND DEFINITIONS

Throughout the paper, the modeling concept will be
explained on a unity gain resonant SCC (Fig. 2). Even though
the exemplary circuit is not the best candidate to showcase
the strength of ZCS, it highlights the mechanism of DCP
operation and is therefore selected.

Resonant SCC that operates in open-loop can be
represented by an equivalent circuit, [13]-[19], which consists
of a target voltage source, V7, that represents the no load
output voltage of the converter, and a series equivalent
resistance, R,, that stands for the conduction losses caused by
the current flow in the series resistances of the capacitor’s
charge/discharge path.

Self-commutated unity gain SCC (Fig. 2) operates in two
phases. The charging phase is split into two sub-states, as
marked in timing diagram (Fig. 1). First, the switch §; is
turned on, and the capacitor C;is charged resonantly. Next,
approaching the end of half resonant cycle, S is turned off,
and the free-wheeling diode conducts until the current
reaches zero. The second phase starts by turning S, on, and C,
resonantly discharges onto the output.
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Fig. 1. Typical resonant current waveforms during a: Charge phase - DCP
operation, Discharge phase — SCP operation.
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Fig. 2. Unity gain SCC with free-wheeling ZCS of the charge state.
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Fig. 3. Operation states of unity gain SCC (Fig. 2): (a) Charging sub-state ij
= la, (b) Charging sub-state ij = 1b, (¢) Discharging state i = 2.

To facilitate systematical analysis, the following
definitions and terminology are used: phase - relates to a time
period of half resonant cycle, e.g. charging phase, or
discharging phase (Fig. 1), denoted by a numerical index i =
1,2 ...; sub-state — a portion of a phase, denoted by an
alphabetical index j = a,b ...; Single Conduction Path (SCP)
— a phase that includes one sub-state only, Divided
Conduction Path (DCP) — a phase that includes more than
one sub-state. For example, sub-state ‘a’ at phase 1 (red lines
in Figs. 1, 2), will be denoted as ij = la.

III. MODELING APPROACH

The generic approach to extract the equivalent model of
resonant SCC operating in the particular case of SCP has
been presented in [6]-[9]. Generalization of the model to
include DCP operation requires the following steps: first,
based on the switching sequence applied to the SCC, each
phase is described by one or more sub-states according to the
operation mode (SCP or DCP). Given the example on hand,
the operation of SCC in Fig. 2 is represented by three sub-
circuits, that is, charging sub-state by transistor conduction
(Fig. 3a), charging sub-state by free-wheeling diode (Fig. 3b),
and discharge phase (Fig. 3c).

Second, each of the sub-circuits is simplified to a lumped
RLC circuit as shown in Fig. 4. This circuit is used to
describe the operation of each sub-circuit in it’s relevant
conduction time, where AV; is the initial voltage difference
between the charging/discharging source and the resonant
tank voltage, R; is the total loop resistance (switch resistance
Rg;, inductor resistance R;; and capacitor ESR), C; and L; are
the total capacitance and inductance of the loop, respectively.

The next step applies the calculation of the power loss, Py,

due to the series resistances R; of each sub-state, and
expressing it as a function of the average capacitor current

Vo Vo Vo
o Sl ny
Vi S13L ::C() Vin L ::Co R L S ::CO
Cr R C ’ C K
! %’ f /

1,,;. The average capacitor current of each phase is linearly
proportional to the average output current [6], [17], [18]. By
doing so, the power dissipated in each phase, is referenced to
the output current, using the proportionality factor k;. The
equivalent resistances of each sub-state, R,;, are then
extracted from the dissipated power, P;.

The general case of DCP applies a free-wheeling mode
realized by diode conduction. Since the dominant loss
contributor of the diode is the average current, an additional
proportionality factor is required to relate the average sub-
state current to the total average current of the phase in which
it exists in (Fig. 5). In this study this factor is referred as pj;,
and the relationship between the average currents can now be
expressed as:

Iavla :pla .Iavl; Iavlb :plb .Iavl 2 (1)

where [, is the phase current, which equals to the sum of the
average capacitor currents during each sub-state /.5, plus
L,1p- It should be noted, that the averaging method applied
here considers the contribution of the sub-state average
current on the entire switching period, that is:

:_', )

where ¢; is the total charge of the i ™ phase, g, is the charge of
the sub-state ‘a’ while commutated at the angle ¢,= n-T;,/T;
(Fig. 5). Therefore, the diode loss contribution can be
represented as a function of the phase current, i.e. by a
voltage source, Vy;, that takes into account the partial average
current in the sub-state as follows:

Vi zki'py'VFy" 3)

where Vp; is the average voltage drop across the diode due to
current through it at sub-state, j, in phase, i.

Finally, the model is constructed by considering series
connection of the equivalent resistances, R.; and the voltage
source, V,;, between the target voltage and the output port.
As a result, the SCC in Fig. 2 operating in DCP mode is
represented by the average equivalent model circuit of Fig. 6.
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Fig. 4. The basic and generic instantaneous RLC sub-circuit.
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Fig. 5. DCP switching phase current waveform.
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Fig. 6. SCC generic average equivalent circuit that shows the contribution of
the partial sub-circuits equivalent resistances R,; to the total equivalent circuit
resistance R.. For the unity gain SCC example of Fig. 2, R.i, is the loss
contribution of charge sub-state la, R.1, and Vg, are the resistive and diode
loss contribution of the free-wheeling sub-state, respectively, R., is the loss
contribution of discharging phase.

IV. EXTRACTION OF EQUIVALENT RESISTANCES AND

EQUIVALENT AVERAGE VOLTAGE DROP

Following the modeling methodology described earlier,
the equivalent resistance value is extracted in this section. It
is assumed that each RLC sub-state (Fig. 4) operates under
ZCS conditions, and the quality factor, Oy, is sufficiently high
(Qy>5).

As a result, the peak currents I, I,; are considered
equal. For the case of the circuit in Fig. 2, this applies the
following:

1

pki

= kaia = kalb 4 (4)
where L , Lyka> Lok, are the potential peak currents that are,
or could be developed given the conditions of the switching
phase i, or the sub-state j, ia and ib, respectively.

A. Equivalent resistance calculation

The energy, E;,, dissipated in the sub-circuit due to the
loop resistance, R;, (Fig. 4) and the current during the time
interval T;, (Fig. 5) is derived by integrating the instantaneous
power p(t) = ic*()-Riy (ic(?) is the capacitor current) over the
sub-state time interval, T},:

2 @i/ 5

E,=R, ~(Ip,a.) : I [sin(a,,,t) | dt =

° . , (5)
R )z,(f/)f—cos(@)sm(@))
ia pki 20)0ia

where wg;,, = 27 fyi, 1S the natural resonance frequency of the
phase i, sub-state ‘a’. The relationship between the peak
current and the average current of phase, i, can be expressed
as:

@/ 7)1, =1

— tavi

(2-df), (6)

where df; = f; / fy; is the ratio between the switching frequency
and the natural frequency of the resonant network [6].

Substituting (1) and (6) into (5), and after some
manipulations, the power loss of the sub-state can be
expressed as a function of the average output current, /, by:

7R

Bo=(1,) 8 G2 —cos(g) sin(g). - ()

To comply with the equivalent model (Fig. 6), the equivalent

resistance of the sub-state, 7a, is extracted from (7) to be:

R -7 .
R, =k~ Ti(l-sinc(2¢)). 8
LT ( (20)). ®
In a similar manner, all the equivalent sub-state
resistances can be extracted using the steps described above.
Alternatively, for the case of complementary free-wheeling
action, the equivalent resistance can be derived by
substituting the commutation angle ¢;, by the complementary
one (m-¢;). Naturally, for the particular case of SCP
(discharging phase, i = 2), calculations are carried out with ¢;
= 7, that is:

R, = kz’2 i
4.df,
As can be observed, expression (9) extracted using the
generalized approach of this study, is in agreement with the

SCP modeling methodology previously reported in [6]-[9].

R, . ©)

B.  Equivalent average diode voltage source calculation

Following Fig. 5, the proportionality factor, p;, that
represents the ratio between the charge transferred via sub-
state 7a, and the total charge via phase i, can be derived as
follows:

@/ @
. I | sin(oyt)dt
P =" =—h =sin’(¢,/2). (10)
7 1, I sin (@, ) dt

0
The complementary proportionality factor in the case of two
sub-states in one phase is py, = 1 — p;,. In the general case of
multiple phases with free-wheeling diodes, the effective
average equivalent voltage drop, ¥, can be obtained by
summation of (3) for all the contributing sub-states, taking
into account the effect of df;. V; can be expressed as:

Vy= Z k; 'pij"dfij'VFij’

i,j=l,a

(an

where m is the total number of switching phases, 7 is the total
number of sub-states per phase i.

V. SIMULATION & EXPERIMENTAL (MODEL VALIDATION)

To validate the proposed model, two experimental
prototypes were constructed. In the first prototype, a unity
gain RSCC depicted in Fig. 7 was evaluated to confirm the
analytical derivation. The second experiment demonstrated
strength of the modeling methodology by considering a
voltage doubler RSCC configuration, as shown in Fig. 8 For
both configurations, the proportionality factors were k;,=1,
and the frequency ratio df; , was 1.

A.  Unity Converter

The experimental setup and simulation test bench
parameters were: quality factor of the resonant tank was
maintained above 20, output power range was between 3 to
30 watts. Fig. 9 shows typical waveforms of the sub-state
currents demonstrating DCP operation. As can be observed
the phase current is commutated between two sub-states.
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Fig. 7. Unity gain SCC switching circuit, with charge phase operated in a
DCP mode. (Switch Sj, blocks undesired conduction paths).
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Fig. 8. Voltage doubler converter topology with free-wheeling diodes Dy, D>.
Charge: Sia, Siv - ON, Discharge: Ssa, So, - ON.

Three sets of experiments were carried out. In the first
experiment, extraction of the equivalent resistance following
the procedure detailed by expression (8) is verified. In this
experiment the free-wheeling diode, Dy,, was omitted, and
replaced by additional resistive conduction path using the
transistor, Sy, (the ratio of Ry, / Ry, was around 10) (Fig. 7).
Fig. 10 shows the experimental results of the average currents
at paths la and 1b as a function of the commutation phase ¢,
and the agreement to the theoretical calculations and the
simulation derived results.

In the second experiment, the capability of the model to
include diode losses was evaluated by implementing Dy, (Fig.
7) using two diodes connected in series. The total average
forward voltage drop, Vp, of the two diodes at nominal
current was estimated to be 1.7V. Furthermore, to emphasize
the voltage drop effect, all other loss contributors were made
negligibly small. Fig. 11 shows results of the average
equivalent diode voltage drop, ¥, as a function of the
commutation angle, ¢, obtained from model calculations,
simulations, and experimental measurements.

The third experiment summarizes the validity of the
modeling methodology by considering both diode as well as
resistive losses. This is done by changing the free-wheeling
loop to include two diodes, as well as loop resistance Ry, (Ryp
/ Ry, was around 10) in a way that the loss contribution of
both elements was approximately equal. Fig. 12 shows the
values of the output voltage predicted by the model,
simulation results and experimental measurements.

B.  Voltage Doubler SCC

The experimental and simulation results were obtained for
several values of quality factors, commutation angles, ¢; on
both the charge phase (i=1) and the discharge phase (i=2),
average voltage drop, Vr, and loops resistances. Also added

in this experiment is a case of a voltage doubler with self-
commutation (DCP mode) in both the charging and
discharging phases. Figs. 13-15 show an example of the
charge and discharge sub-states current waveforms,
demonstrating DCP operation of the converter. The
experimental parameters and comparison of the results to the
one obtained from the modeling methodology are
summarized in TABLE 1. The model used to predict the
output voltage value for this experiment is depicted in Fig.
16. A very good agreement was found between the values
predicted by the model and the experimental results
(approximately 1% discrepancy).

200y 20 20w

| i
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Fig. 9. Experimental waveforms obtained from a unity gain resonant SCC
operating in DCP mode with ¢; =~ 126°. Upper traces — charge sub-states
currents, Bottom trace — discharge current. Scale: vertical - 2A/Div,
horizontal - 2us/Div.
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]

Fig. 10. Average currents at paths l1a and 1b. Model calculation - solid trace,
simulation - dashed line, and experimental results — (/;,) asterisk marks and
(I15) circle marks.
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Fig. 11. Equivalent average diode voltage drop, ¥V, as a function of the

commutation phase, ¢. Model calculation - solid trace, simulation - dashed
line, and experimental results - asterisk marks.
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Fig. 12. Output voltage as a function of the commutation phase, ¢. Model

calculation - solid trace, simulation - dashed line, and experimental results -
square marks.
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TABLE I
Voltage doubler converter - Summary of experimental results at V;,=10V, C,=100pF, f,=35kHz.

; [degrees] | ;=103 | ¢,=149 | ¢,=90 | ¢,=90 | ¢,=123 | ¢,=150 | ¢,=90 | ¢,=139
Parameters 0=139 | ;=139 | 9,=90 | p,=131 | p,=131 | =134 | »,=90 | p,=139
Rioopta, Rioopza [mME2] 100 100 370 370 370 370 700 700
Rioopib, Rioop2s [ML] 100 100 100 100 100 100 100 100
Q122 (Worst case) 102 102 27 27 27 27 14.6 14.6
Ve (D,Ds) [V] 1.7 0.85 1.7 1.7 1.7 1.7 1.7 1.7
R, [Q], P,[W] 30,114 50,7.7 30, 10 30, 10.6 30, 10.9 30,11.3 30,9.5 30, 10.2
Efficiency 0.91 0.96 0.86 0.88 0.89 0.91 0.83 0.86
V, (DC) Simulation [V] 18.83 19.63 17.61 18 18.31 18.54 17.14 17.65
¥, (DC) Experimental [V] 18.7 19.76 17.5 18 18.24 18.5 17 17.63
V,(DC) Model [V] 18.79 19.65 17.62 18.18 18.36 18.46 17.12 17.67
VI.  CONCLUSIONS
This paper presented a modeling approach of resonant
SCC that is applicable to both the conventional resonant 200v/ 7 2009/ 3 200v/ 4 200% 2239 50O Aute
operation as well as for converters that operate in the more
general case of a divided conduction path ZCS. The modeling F
. . .. Dl ] S R
concept applies representation of the resistive losses by — o l.al\/:_j;,ﬂ:—-.;.—a
partial equivalent resistance and losses originated from P-N . Q*
junction devices, all with respect to the output current of the ¥ 8 _="h=¥ "
converter. Althpugh exemplified on a relatively mmple case ]_gzh —— L I i
of two conduction paths, the modeling methodology is well- . J/ \*_: - .

qualified to extract the behavior of a resonant SCC with any
number of split current loops.

The experimental study confirmed the validity of the
modeling method to distinguish between losses types
(resistive and voltage drop) with excellent agreement between
the analytical derivations, simulations and experimental
results. It was found that while the partial equivalent
resistances are extracted as a function of the rms currents and
the related commutation phase, the equivalent average diode
voltage source depends primarily on the ratio between the
sub-states charges (proportionality factor, p).

It should be noted that a self-commutation approach may
not be compatible with all converter configuration. For
example, converters where the voltage difference between
input and output is higher than the forward voltage drop of
the free-wheeling diode which may result in an undesirable
current path.

The Divided Conduction Path operation mode can
significantly simplify the control effort and eliminate the
additional circuitry that is required to achieve zero current
switching in resonant converters and in particular for resonant
SCC that require active zero current detection to improve the
power conversion efficiency.

2000 7 200V 3 200w 4 200v/ 22428
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Fig. 13. Experimental waveforms obtained from a double gain resonant SCC
operating in DCP mode with ¢,=96°, ¢,=139°, V;,= 10V, Risop1a2.=370mL2,
Rioop16,26=100mQ, Vi1 2=1.7V, P,,=10.6W, Upper traces — charge sub-states
currents, Bottom trace — discharge sub-states currents. Scale: vertical -
2A/Div, horizontal - 5us/Div.

5.000%/ Auto

Fig. 14. Experimental waveforms obtained from a double gain resonant SCC
operating in DCP mode with ¢,=¢,=139°, V;,=10V, Risp1a2.=370m2,
Rioopiv,26=100mQ, Vi :=1.7V, P,,,=11.13W. Upper traces — charge sub-states
currents, Bottom trace — discharge sub-states currents. Scale: vertical -
2A/Div, horizontal - S5us/Div.
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Fig. 15. Experimental waveforms obtained from a double gain resonant SCC
operating in DCP mode with ¢,=148°, ¢,=139°, V,= 10V, Ripp1a2.=370mQ2,
Rioop1v26=100m&, Vi1 ,=1.7V, P,,,=11.3W. Upper traces — charge sub-states
currents, Bottom trace — discharge sub-states currents. Scale: vertical -
2A/Div, horizontal - Sps/Div.

Charge Phase
DCP Mode

Discharge Phase |
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Fig. 16. SCC generic average equivalent circuit that shows the contribution
of the partial sub-circuits equivalent resistances R.; to the total equivalent
circuit resistance R.. (For the doubler SCC example of Fig. 8, R.i, is the loss
contribution of charge sub-state 1a, R.;» and Vg, are the resistive and diode
loss contribution of the free-wheeling sub-state, respectively. R,», is the loss
contribution of the discharge sub-state 2a, R.,, and Vi, are resistive and
diode loss contribution of the free-wheeling discharge sub-state, respctively).
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