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Abstract— The multilevel modular capacitor clamped dc-to-de
converter (MMCCC) topology is completely modular and
belongs to two-phase switched capacitor converter group. The
conversion ratio of an ideal MMCCC converter in step-up mode
is an integer and depends on the number of modules used. For a
k-module MMCCC, the maximum up-conversion ratio is (k+1),
and it has already been shown in literature that different integer
conversion ratios can be achieved by changing the active number
of modules of an MMCCC. In this paper, different methods are
proposed for MMCCC in order to achieve fractional conversion
ratios (CR) in step-up mode without changing the
complementary two-phase switching orientation. Fractional CRs
can be obtained in several switched-capacitor circuits at the cost
of significantly lower efficiency. However, MMCCC with the aid
of a new pulse dropping technique can produce fractional CR
while maintaining high efficiency. The variation in efficiency and
equivalent resistance as a function of frequency has been
analyzed in this paper. Simulation and experimental results
using a reconfigurable 5-module MMCCC prototype have been
used to validate the new control scheme.

L INTRODUCTION

Switched capacitor (SC) converters have many
advantageous features compared to inductor based dc-dc
converters. As there are no magnetic components used, SC
converters can be designed to be light-weight, compact, highly
efficient, and well suited for monolithic integration [1]-[3].
Depending on the switching pattern of the SC converter, most
of the SC converters can be grouped into two major categories.
Some of the SC converters can be controlled using a two-
phase, non-overlapping clock [1][5]-[7], and other SC
converters require more complex switching patterns [2][8]-
[11]. In this paper, these two categories will be referred as
two-phase and multi-phase SC converter respectively. The
multi-phase SC converters are non-modular and require
complex control compared to the two-phase SC converters.
Among the two-phase SC converters, the multilevel modular
capacitor clamped converter (MMCCC) topology is
completely modular and possesses many advantageous
features. MMCCC is bi-directional, scalable to any number of
modules, can achieve high conversion ratio (CR) without
increasing the voltage stress of the switches, can be used for
multiple load-source integration and possesses a high
utilization factor. The conversion ratio of an MMCCC is an
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integer in both step up and step down mode [5][12]-[19], and
MMCCC can be programmed to achieve variable integer
conversion ratios.

Although variable CRs can be achieved using MMCCC, it
is limited to the integer numbers only. It has been proved that
for a constant switching frequency, the realizable conversion
ratio of an SC dec-to-dc voltage multiplier is fixed to a set of
fractional numbers limited by the number of capacitor used
[1][6][20]. In this paper two different methods have been
proposed for MMCCC in order to achieve fractional variable
CRs without altering the two-phase switching pattern. The first
method is to switch the MMCCC at different frequencies such
that the equivalent output resistance (EOR) acts as a voltage
divider with the load. The constraint on the load resistance in
order to achieve full dynamic range of CR has been analyzed
in section III. The second method requires a different
switching pattern which is generated by comparing a variable
amplitude square wave with a lower frequency fixed
amplitude triangular wave. Throughout the paper, these
methods will be termed as variable frequency switching (VES)
and pulse dropping technique (PDT) respectively. For an ideal
MMCCC with & active modules in step-up mode, the output
voltage is (k+1) times the low side voltage. It has been
observed that by lowering the operating switching frequency
(VFS) or by varying the amplitude of the square wave (PDT),
the CR can be varied in between (k+1) and k. Therefore, by
using the proposed techniques in this paper and by changing
the number of active modules, it is possible to achieve a wide
range of continuously varying CR using MMCCC. However,
the dynamic range of the output voltage variation depends on
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Fig. 1. Schematic of an MMCCC module.
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the ratio of equivalent output resistance and the load resistance
connected at the output of the MMCCC.

II. MMCCC TOPOLOGY

MMCCC is a modular two-phase SC converter where each
module is constructed from one capacitor and three switching
devices as shown in Fig. 1. For a k-module MMCCC, it
requires (3k+1) transistors, (k+1) capacitors for a maximum
conversion ratio of (k+1). The maximum voltage stress on the
switches is two times the low side input voltage regardless of
the number of active modules. The schematic diagram of a 5-
module MMCCC and the complementary switching patterns
are shown in Fig. 2. Here, Vyy is the input voltage for step up
mode. During the first segment of the clock cycle, the SR
transistors are activated (ON), and the SB transistors are
activated during the second phase of the clock. The detail
operating principle of the MMCCC can be found in [5][12]-
[19].

III. ESTIMATION OF EQUIVALENT OUTPUT RESISTANCE OF
MMCCC

SC converters can be modeled as an ideal transformer and
an equivalent series resistance at the output as outlined in [20]-
[23], and the equivalent circuit is shown in Fig. 3, where Req,
represents the equivalent output series resistance of the
converter. A variable conversion ratio can be achieved by
exploiting the equivalent output resistance of the MMCCC. A
method of estimating equivalent output resistance (EOR) using
state space modeling technique has been discussed in [23].
This equivalent resistance depends on the capacitance and
equivalent series resistance (ESR) of the capacitors, ON-
resistance of the switches, number of active modules and the
switching frequency.

During each state of operation of a k-module MMCCC,
KVL and KCL are applied in order to derive k& independent
equations relating the capacitor voltages and currents and
written in the form shown in equation (1).

Ei+Fv+Gu=0 6]

Here, suffix s indicates the state index; s=1 when SR
switches are activated, and s=2 when SB switches are
activated. Column vectors v and i contain all the capacitor
voltages and currents respectively. Vector u# consists of the
input and output voltages of the converter: u=[V;, Vout]T.
Matrices E, F, G during two switching states of a 5-module
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Fig. 2. Transformer model for SC converters in up-conversion mode.
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MMCCC are given in equation (2). Here, the vectors E, F, G
contain the coefficients of the KVL and KCL equations
obtained during both states of MMCCC.

Here, R,, and R are the ON-resistance of each switches
and ESR of each of the capacitors respectively. In [20]-[21], a
simpler method of calculating EOR has been introduced in
terms of slow switching limit (SSL) and fast switching limit
(FSL). As the MMCCC circuit is being operated at
considerably low frequency, the fast switching limit can be
ignored here. Using the methods outlined in [20]-[21], the
slow switching limit for k~~-module MMCCC can be written as

SRIZ

SR3; SBs»

Fig. 2. A 5-module MMCCC and confplementary gaté signals.
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shown in equation (3).

k

Ry, = cf

3)

Here, C is the capacitance used in each module and f;,, is
the switching frequency. The EOR of MMCCC for different
number of active modules using both the above mentioned
methods is shown in Fig. 4 and the calculated EOR using both
methods highly conforms to each other. The physical
parameters such as capacitance, ESR of the capacitor and the
ON-resistance of the MOSFETs are collected from the
datasheets of the components used. Based on these parameters,
EOR of MMCCC increases exponentially as the switching
frequency decreases. Similarly, the EOR of the MMCCC at
constant frequency increases with the increased number of
active modules. For a k-module MMCCC, the minimum EOR
required (Rgog req) for a dynamic range of CR variation equal
to 1 is given in equation (4).

R
REOR _req = —toud (4)

Here, Ry, is the load resistance connected at the output of
the MMCCC, and k is the number of active modules. The
efficiency of the converter decreases with the increase in EOR
and according to equation (4), it is possible to lower the CR
with relatively smaller drop in efficiency if additional modules
are activated.

IV. SWITCHING SCHEMES

Using variable frequency switching (VFS), variable CR
can be achieved by varying the operating frequency of the
MMCCC, and the required minimum operating frequency can
be found using equation (3)-(4). MMCCC is required to
operate at a switching frequency so that EOR is smaller than
REoR req- Similar variation in CR can be achieved by varying
the amplitude of the square wave using pulse dropping
technique (PDT). Similar to SPWM, two modulation indexes
can be introduced for PDT: amplitude modulation index (m,)
and frequency modulation index (m;). Amplitude modulation
index can be defined as in equation (5).

V. .
m, =2 )

v

tri

Where, \?Yq, is the amplitude of the square wave signal and

Vtr[

is the amplitude of the triangular wave and m, can be
varied from 0 to 1.

Similarly, the frequency modulation index may be defined
as in equation (6).

.fsqr
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Fig. 4. Equivalent output resistance of MMCCC for different number of
active modules are shown in (a) using state space model and in (b)
using slow switching limit.
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Fig. 5. For (a)-(c), m=0.6 and for (d)~(f), m,=0.3. Square wave of
different amplitudes with fixed amplitude triangular wave are shown in
(a) and (d). Complementary gate signals for m,=0.6 are shown in (b)-
(c). Complementary gate signals for m,=0.3 are shown in (e)-(f).

Here, f;, and f;,; are the frequencies of the square wave
signal and the triangular waveform respectively. In Fig. 5, the
detail of the construction of the gate signals are shown with
ma=0.6 and 0.3, and m,- 5.

It should be noted that the resulting clock signals consist
of two different segments depending on the values of m, and
my. One segment consists of pulses with fixed pulse width
equal to 1/fsgr. Pulses having smaller width might occur at the
boundaries of this section as shown in Fig. 5(e) and Fig. 5(f).
Therefore, the MMCCC is switched at a constant frequency
equal to f;,, in this segment except at the boundaries. During
the other segment, the gate signal is either 1 (Fig. 5(b) and
Fig. 5(e)) or 0 (Fig. 5(c) and Fig. 5(f)) for longer time span
depending on the values of m,,.

V. SIMULATION RESULTS

In order to verify the proposed control schemes, MMCCC
consists of different number of modules were simulated in
PSIM. All capacitors were simulated using fixed 470uf
capacitor with 0.02 Q equivalent series resistance (ESR). The
ON resistance of all the MOSFETSs was set to 0.01 Q, and the
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Fig. 6. Simulation results for (a) output voltage and (b) output ripple
vs. frequency using VFS.
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converter was loaded with a fixed 200 Q resistive load. The
switching frequency was varied from 100 Hz to 2500 Hz, and
the variation in the output voltage (dc) and the output voltage
ripple are shown in Fig. 6. As expected, the ripple component
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increases with the increase in number of active modules and
decreases with increased operating frequency.

Using PDT, the frequency of the square wave was fixed at
2500 Hz and the output voltage and amount of ripple were
observed for different values of amplitude modulation index
(m,). The switching frequency of the triangular wave was set
to 100 Hz, 200 Hz and 300 Hz for 5-module, 4-module and 3-
module MMCCC respectively in order to get the required
variation in CR using the same range of m,. These variations
in output voltage and output voltage ripple as a function of m,,
are shown in Fig. 7. Similar to VFS, The output voltage ripple
increases with increased in number of active modules and
decreases with increased m,,.

VI.  EXPERIMENTAL RESULTS

A 5-module MMCCC prototype was built and tested in
the laboratory setup in order to support the simulation results.
The prototype was built in such a way that it can also be
reconfigured into a 3- or 4-module MMCCC by bypassing one
or two modules. The maximum voltage stress of the upper
MOSFET of each module (SB;; in Fig. 1) is two times the
input voltage, and these switches have been implemented
using 150 V 34 A N-channel switches IRFI4228PBF. The
maximum voltage stress of other two MOSFETs of each
module (SR;; and SBy, in Fig. 1) is equal to the amplitude of
the low voltage side input voltage and implemented using
100 V 43 A N-channel switches IRFI4410ZPBF, and an
470 uF electrolytic capacitor was used in each module of the
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Fig. 8. Experimental results for (a) output voltage and (b) efficiency vs.
frequency using VFS.
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Fig. 9. Experimental results for (a) output voltage and (b) efficiency
vs. amplitude modulation index (m,) using PDT.

Fig. 10. Reconfigurable 5-module MMCCC prototype

circuit. A 3711A DC electronic load was used as a resistive
load. The resistance of the electronic load was set at 200 Q.
The input and output power were measured using Digital
power analyzer 3430-3HS from valhalla Scientific Inc. and
PM3000ACE-001 three phase power analyzer from Voltech
Instruments Ltd., respectively. The experimental results
showing CR variation and efficiency at different CR for 3- to
5-module MMCCC for VFS and PDT are shown in Fig. 8 and
Fig. 9 respectively, and the prototype is shown in Fig. 10. In
Fig. 8(a), the output voltage is plotted against the switching
frequency and in Fig. 9(a), the output voltage is plotted against
amplitude modulation index (m,). Similar variation in the
output voltage is observed using both techniques. In Fig. 8(b)
and Fig. 9(b), the efficiencies of the converter have been
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Fig. 11. Oscilloscope capture of the output voltage (Chl- 50V/div) and
gate signal (Ch3) for VFS and PDT are shown in (a) and (b),
respectively. For VFS, the switching frequency is 500 Hz and for PDT,
m, was set to 0.45.

plotted against various CRs. Two oscilloscope captures of gate
signals and output voltages using VFS and PDT are shown in
Fig. 11. The average of the conversion efficiency was around
90% to achieve continuously variable conversion ratio.

VII. CONCLUSIONS

Two different techniques for achieving fractional and
continuously variable conversion ratio using MMCCC have
been discussed. The variation of conversion ratio by changing
the operating frequency is well known for switched capacitor
converters, and the second method of varying conversion ratio
proposed in this paper provides additional degree of freedom
for achieving wide range of output voltage regulation using
MMCCC. The equivalent output resistance variation as a
function of the operating frequency of the MMCCC has been
analyzed using two different well known techniques. The
variation of output voltage ripple and efficiency vs. conversion
ratio are also analyzed. Finally, the concepts are validated
using both simulations and experiments using a reconfigurable
5-module MMCCC prototype circuit.
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