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Unified Analysis of Switched-Capacitor
Resonant Converters
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Abstract—A family of switched-capacitor resonant circuits using
only two transistors is presented. The circuit operates under zero-
current switching and, therefore, the switching loss is zero. It also
offers a wide choice of voltage conversions including fractional as
well as multiple and inverted voltage conversion ratios.

Index Terms—DC/DC power conversion, resonant power con-
version, switched-capacitor circuits, switched circuits, switched-
mode power supplies.

I. INTRODUCTION

THE classical switched-mode converter has been a popular
topology for dc/dc power conversion because it is techno-

logically mature and is easy to use. One of the main disadvan-
tages is that the size of their energy storage components, namely,
capacitor and inductor, are very dependent on the switching fre-
quency. Hence, the power density of the converter is limited.
Soft-switching converters [1], [2] allow the switching devices
to operate under zero-current/voltage switching, therefore, the
switching loss is small and high switching frequency is possible.
However, the size of the filter, resonant inductors, and resonant
capacitors dominate the overall size of the converter. For a prac-
tical engineer, the design of an inductor is critical to the whole
converter. In fact, the inductor is typically the largest component
in a converter.

Switched-capacitor converters [3] do not require any in-
ductor. Therefore, much research has been carried out to
develop such inverters during the last decade or so. Usually,
these converters require a large number of transistors to change
the topology of the circuit by connecting a switching capacitor
between the source and load [4], [5]. The voltage regulation
of such converter is also difficult because the magnitude of the
output voltage must be a fraction or a multiple of the source
voltage [6], [7]. In order to regulate the converter, the switching
capacitor’s charge and discharge characteristics must also be
taken into account and, thus, the switching device’s duty ratio
is used to control the amount of power through the switching
capacitor. The drawback of this converter is that the transistor’s
on-state resistance and the equivalent series resistance of the
capacitor must have the same order of magnitude as the capac-
itor’s impedance. Such constraint would decrease the efficiency
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of the converter. Indeed, this principle is also analogous to
that of the outdated linear resistive power supply. Research
works on the switching capacitor are, however, progressing at
a phenomenal rate. The topology variation [8] also shows the
usual work on the analysis of the high-order operation of the
converter.

One of the major drawbacks of the prior art is the nonzero-
current switching of the switching capacitor. Current spike
exists on all these prior art circuit components and its peak
value is especially high because of the “short circuiting” of
two voltages when the switching capacitor is connected among
the source voltage, output voltage, and other capacitors in the
circuits. This is because the basic principle of the converter is to
charge a switching capacitor from the input source and connect
it to the output load. The switching capacitor is exposed to a
potential difference between the source/load and the switching
capacitor and results in a high current spike which is only
limited by the parasitic inductance in the circuit. This current
spike is uncontrollable and it generates extra electromagnetic
interference (EMI) and switching loss. This is one of the main
reasons that the conventional switched-capacitor converters
are only limited to small ratings, typically, a couple of tens
of watts [3]–[8]. In order to rectify this inherent problem of
the switched-capacitor converter and to make the current con-
trollable and also to have zero-current switching, a resonance
feature is added to the converter in the proposed topology. In
other words, this paper presents a concept which combines
the resonant converters [9] and switched-capacitor converters,
referred to as a switched-capacitor resonant converter which
combines all the favorite features of the two methods. A very
small inductor is added to create a resonant turn-on and turn-off
when the transistors are switched on or off, respectively.
Zero-current switching condition in both switching on and
off is obtained so that both switched loss and electromagnetic
interference are low. Transistor current is limited by the small
resonant inductor and, hence, the current spike problem of
switched-capacitor can be solved. Thus, the power level of
the proposed circuit is higher than conventional switched-
capacitor converters. Comparisons between conventional dc–dc
converters, conventional switched-capacitor converters, and
the proposed switched-capacitor resonant converters are shown
in Table I. By the features of the proposed converters, the
converters can be used as a post-regulator of dc–dc converters
and power-factor-correction converters. It can also be applied
to portable electronic equipment and any low-profile equipment
like notebook computers and portable digital assistants (PDAs).
A preliminary study of this converter has been presented in
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TABLE I
COMPARISON OF CONVENTIONAL CONVERTERS AND PROPOSED CONVERTERS

Fig. 1. Unity-mode switched-capacitor converter to illustrate the basic
operation.

[10] and [11]. This paper extends the concept and describes
families of topologies of these circuitries and their generalized
operation.

II. BASIC PRINCIPLE OF SWITCHED-CAPACITOR CONVERTER

The principle can first be explained by using a unity conver-
sion ratio switched-capacitor converter. Fig. 1 shows the clas-
sical nonresonant switched-capacitor converter with unity con-
version ratio. It can be seen that when is turned on, , the
switching capacitor, is charged with the input voltage . During
this time is forward biased. When is fully charged to ,

is turned off and is turned on. is forward biased and
is, therefore, connected across the output. This classical ver-

sion of the switched capacitor can be converted into a resonant
version by inserting an inductor in series with as shown
in Fig. 2. Fig. 3 shows the corresponding waveforms. It can be
seen that when is turned on, and start to resonate
and zero current can be achieved. This current will resonate si-
nusoidally and return to zero after half of a resonance period.
Because of the presence of diode , the resonance stops natu-
rally when the current reaches zero. Therefore, the transistor
is turned off under zero-current switching. Maximum energy is

Fig. 2. Unity-mode switched-capacitor resonant converter.

Fig. 3. Typical waveforms of the switched-capacitor converters.

transferred from the source to . The next stage is to turn on
. Again, and start to resonate in the loop as shown. The

current also starts from zero and creates a zero-current turn-on.
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Fig. 4. Step-down converters.

is now transferring its energy back to the output. The reso-
nant current also rises to a maximum value and then returns to
zero after half a resonance period. The current stops naturally
because of the presence of . Zero-current turn-off can also
be realized.

This principle shows that a classical switched-capacitor con-
verter can now be transformed into a resonant version simply by
inserting an inductor. By selecting the impedance and frequency
of the resonant tank ( and ), the peak value of the resonant
current and the switching frequency can be controlled.

III. FAMILIES OF THE SWITCHED-CAPACITOR

RESONANT CONVERTER

The above principle has been applied to a series of the
switched-capacitor converters. Fig. 4 shows the families of the
step-down switched-capacitor resonant converter. The equiv-
alent classical switched-capacitor converter is also shown as
a comparison. Fig. 5 shows the step-up version of the family.
Fig. 6 shows the inverting version of the converters. These
versions represent three types of conversion ratios. Three
topologies are shown for each family so that the reader can
deduce the underlying mechanism to construct other conversion
ratios.

In all three families, is usually large so that the output
voltage can be assumed to be constant. is a small inductor
for creating resonance. It will resonate with other capacitors in
various mesh loops when transistors and are turned on
sequentially. It should also be noted that if is removed from

the circuit, the converter becomes the hard-switching classical
switched-capacitor converter.

IV. STEP-DOWN CIRCUITS

A. Principle of Operation

Fig. 4(a)–(c) shows step-down circuits with voltage conver-
sion ratios equal to 1/2, 1/3, and 1/4, respectively. It can be seen
that these circuits basically consist of two transistors, and

, for routing to charge and discharge the switching capacitor
[ for Fig. 4(a), , for Fig. 4(b), , , for

Fig. 4(c)]. The duty ratio of these transistors is usually 0.5 but
the value is not critical. The operation of this concept can be ex-
plained by the 1/3-mode circuit as shown in Fig. 4(b). When
is turned on, and and are connected in series res-
onance. and are forward biased. The resonance is de-
signed in such a way that and contain a dc component,
which is equal to , and a small ac resonant component. The
presence of ensures that is turned on under zero-current
switching. After half a resonance cycle, the resonant current re-
turns to zero and then is stopped by diodes and . is,
therefore, turned off under zero-current switching.

When is next turned on, and are reverse biased
and , and are forward biased. and are
connected in parallel, to produce series resonance together with

. This resonant tank is in parallel with through . Be-
cause is large, the resonance is mainly dependent on ,

, and . is also turned on and off under zero-current
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Fig. 5. Step-up converters.

switching in a way similar to that for in the previous half-
cycle. The voltage conversion ratio of the converter can be de-
rived by balancing the input and output energy to be 1/3. The
sizes of , , and are not necessarily equal. In practice,

is much larger than and . The circuit components’
states are summarized in Table II.

B. Equations of the Circuit

The equations of each state can be obtained by using the clas-
sical resonant circuit equation as shown in [11]. Also, one needs
to equate the balance of the input and output energy and the con-
tinuity of the circuit voltage and current in order to obtain the
coefficients of the equations. The equations of operation have
been generalized as follows.:

For a -mode circuit, one assumes that all the
are the same and each capacitor is repre-

sented by . They are connected in parallel during States I
and II and are in series during States III and IV. Let be the
period of the switching frequency, and be the current of

. are connected in series and parallel
in States I and III, respectively. When their capacitances are
equal, their voltages are the same, hence, is used to rep-
resent their voltage. Equations of the four states of operation
can be derived and summarized as follows.

In State I [ ],

(1)

(2)

where

(3)

(4)

In State II [ ],

(5)

(6)

In State III [ ],

(7)

(8)
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Fig. 6. Inverting converters.

TABLE II
SWITCHING DEVICES’ STATES FOR THREE STEP-DOWN CIRCUITS

where

(9)

(10)

In State IV [ ],

(11)

(12)

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on March 14, 2009 at 08:50 from IEEE Xplore.  Restrictions apply.



YEUNG et al.: UNIFIED ANALYSIS OF SWITCHED-CAPACITOR RESONANT CONVERTERS 869

TABLE III
SWITCHING DEVICES’ STATES FOR THREE STEP-UP CIRCUITS

V. STEP-UP CIRCUITS

A. Principle of Operation

Fig. 5(a)–(c) show the circuits with step-up ratio equal to 2,
3 and 4 respectively. The operation is very similar to that of
the previous family. and are turned on and off alterna-
tively. The operation is explained here by using the topology of
Fig. 5(b). When is turned on, and are forward bi-
ased. is in series resonance with through . is
also in series resonance with through and . is
charged by , and is charged with a voltage equal to the
voltage across . Usually, is larger than and so
that its voltage is relatively constant.

When is turned on in the second-half switching cycle,
and are reverse biased. and are forward biased,
hence, is connected in series with and the source voltage
to charge . is in series with and source to charge
the output capacitor . Both and are turned on and off
under zero-current switching in a manner similar to that of the
step-down converters. The circuit components’ states for each
of the step-up circuits are summarized in Table III.

B. Equations of the Circuit

Similarly to the previous sections for States I and II, the ca-
pacitor is connected in series with and the source ;
is also connected in series with and is driven by which
has an average value of . Therefore, the current through
also passes through all the resonant capacitors ( ).

During States III and IV, the capacitor is connected in
series with , the source, and which has an average
voltage of . Similarly, is connected in series with ,
the source, and , and so on. Now, then, the voltage across

is denoted by where
Also, define for , respec-
tively. All the resonant capacitor currents also pass through .
Hence, for a -mode, there are capacitors. Their
equations can be described as follows.

In State I [ ],

(13)

(14)

where

(15)

(16)

In State II [ ],

(17)

(18)

In State III [ ],

(19)

(20)

In State IV [ ],

(21)

(22)

VI. INVERTING CIRCUITS

A. Principle of Operation

Fig. 6 shows the family of inverting circuits. The operation
of the circuit is explained by using Fig. 6(b). The operation is
also very similar to that of the previous two families. and

are turned on alternatively. When is turned on, and
are forward biased. , , and are connected in se-

ries resonance with . Because of the presence of , the cur-
rent through is increased from zero in a resonating manner.
Hence, is under zero-current switching. After half a reso-
nance cycle, the resonant current returns to zero but it cannot
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TABLE IV
SWITCHING DEVICES’ STATES FOR THREE INVERTING CIRCUITS

reverse because of the diodes and which stop the cur-
rent from reversing. Therefore, is turned off under zero-cur-
rent switching.

When is turned on in the next switching cycle, , ,
and are forward biased. and are connected in par-
allel and then in series resonance with through . Similar
zero-current switching operation occurs in . States of the cir-
cuit components of each of the step-up circuits are summarized
in Table IV.

B. Equations of the Circuit

Similarly to the previous sections for States I and II, the ca-
pacitors are connected in series, and during States
III and IV, the capacitors are connected in parallel. The voltage
across capacitors can be assumed to be equal and denoted
by . Hence, for a -mode converter in State I [ ],

(23)

(24)

where

(25)

(26)

In State II [ ],

(27)

(28)

In State III [ ],

(29)

(30)

TABLE V
SPECIFICATIONS OF THE PROTOTYPE OF THE CONVERTERS

where

(31)

(32)

In State IV [ ],

(33)

(34)

VII. EXPERIMENTAL RESULTS

The three converter families have been constructed in order
to verify their proposed operation. The experimental results of
the 1/3-mode, 3-mode, and inverting 1/2-mode converters are
shown here. The specifications of each of the prototype con-
verters are listed in Table V.

The experimental waveforms of the three converters are
shown in Figs. 7–9 for the step-down, step-up, and inverting
circuits, respectively. The transistor’s current is equal to the
resonant inductor’s current when the transistor is conducting.
Examination of the amplitude and the frequency of the wave-
forms shows that they all agree with the theoretical findings as
derived in (1)–(34). Fig. 10 shows efficiency and conversion
ratio of each experiment. There is, however, a small reduction
in the amplitude of the voltage by around 15% because of the
resistive loss in the circuit. The dc output voltage is not exactly
constant but is slightly dependent on the load, but that is a
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Fig. 7. Measured waveforms of the 1/3-mode switched-capacitor resonant step-down converter at 80 W.

Fig. 8. Measured waveforms of the 3-mode switched-capacitor resonant step-up converter at 67 W.

Fig. 9. Measured waveforms of the inverting 1/2-mode switched-capacitor resonant inverting converter at 52 W.

common feature for all the power converters. However, this
dependence is small. Experimental results have shown that the
output voltage varies by 10% only as the load varies by 400%.
It can be seen that, for each case, the transistors and are
both turned on and off under zero-current switching.

The efficiency has also been calculated by numerical estima-
tion. The loss estimation is based on the classical method which
is using the current passing through each of the components and
corresponding resistance or on-state voltage drop. It can be seen
that the theoretical prediction is very close to the measurement.
It only deviated in the low-power region because the switching

loss due to the parasitic capacitance of the switching devices,
which is difficult to estimate accurately.

VIII. COMMENTS

From the experimental results reported, it is clearly shown
that zero-current switching has been achieved. All the transis-
tors and diodes of all the topologies are switched on and off
under zero-current switching. The diodes only allow unidirec-
tional current to flow. This, therefore, forces the transistors to
turn off naturally under zero-current switching. The principle
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Fig. 10. Measured efficiencies and conversion ratios.

can be extended to other conversion ratios by simply adding ca-
pacitors and diodes. For example, by comparing Fig. 4(b) and
(c), a conversion ratio of one-fourth can be obtained by adding
an extra set of , , , and to Fig. 4(c). All the cir-
cuits have been validated by experiment and computer simula-
tion, although computer simulation is not shown due to limited
pages. The advantage of the circuits is that only two transis-
tors are needed. High-power design is also possible because the
zero-current switching has been used. The reduction in loss and
EMI make the circuit become more practical. The disadvantage
of these circuits is that the output voltage cannot be regulated by
the duty ratio. The output voltage is fixed as was the previously
mentioned dependent effect.

IX. CONCLUSION

A unified study of the switched-capacitor resonant converters
has been presented. There are three converter families that can

perform step-up, step-down, and inverting of the input voltage.
Various conversion ratios can be produced by progressively
adding additional switching capacitors and the associated
diodes. Prototype converters have been constructed and tested.
Experimental results show that the performance of these con-
verters agrees well with the theoretical analysis. The efficiency
of the proposed converters is high. The main contributions of
the paper are as follows:

• propose a simple method to convert the classical switched-
capacitor converter to have the zero-current switching fea-
ture;

• quantify the need of the inductor so that the switching
current can be controlled, whereas the classical switched-
capacitor has an uncontrolled spike current due to the par-
asitic inductance;

• produce families of converters with a wide range of nu-
merical conversion ratios;

• produce theoretical analysis of the operation and their as-
sociated general circuit equations;

• experimental results for validating the operations.
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