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Abstract—A new regulation technique based on duty cycle
control of the average currents in the multi-phase switched
capacitor converters (SCC) is proposed, analyzed, and verified
experimentally for the No effective Charging (NC) case, also
known as the fast switching limit (FSL). The regulation is
accomplished by adjusting the value of the SCC equivalent
resistor. To this end the time slots allotted to each of the SCC
topologies are adjusted, while the total switching period is kept
constant. The time slots are represented by master and slave
duty cycles. By this, the SCC output voltage is expressed
analytically as a function of the master duty cycle. In a similar
way, analytical expressions for the voltages across the flying
capacitors and for the average currents in each of the
topologies can be obtained. Excellent agreement was found
between the theoretical and experimental results.

II. THE MULTI-PHASE SCC AND REGULATION METHOD
The proposed regulation technique is demonstrated by
considering the binary multi-phase SCC [9, 10] with a
conversion ratio M = 3/8. In normal operation, the switches
commutate the capacitors Cj according to the topologies of
Fig. 2 with equal time slots ti for each topology i. All the
parasitic resistances in the actual circuit, namely Rds(on) of the
switches and ESR of the capacitors are modeled by the
resistors R1…R4.

I. INTRODUCTION
Switched Capacitor Converters (denoted hereinafter as
SCC for singular and plural) have inherent losses that make
their use prohibitive in many applications. Still, SCC are
preferred in some cases due to their IC compatibility,
relatively small size and the lack of magnetic elements. It is
well known that the SCC exhibits high efficiency only when
its output voltage Vo is close to the target voltage VTRG=M∙Vin,
where M is the no-load conversion ratio. However, the
efficiency, which can be expressed as η = Vo/VTRG decreases
when the SCC is loaded since the output voltage is less than
the target voltage. This efficiency drop is due to the SCC
inherent power loss, which can be modeled by an equivalent
circuit that includes the target voltage source and a single
equivalent resistor Req as depicted in Fig. 1.

Fig. 2: Topologies of the SCC with the conversion ratio M = 3/8.

Once topology i is configured, an equivalent capacitor
Ci=1/∑(1/Cj) starts to charge (or discharge), such that the
current in this topology ii(t) = I0ie−t/τi, where I0i is the initial
current, and τi = RiCi. Depending on the ratio ti/τi the current
ii(t) can take one of three possible waveforms presented in
Fig. 3. The charging of Ci is practically completed if ti ≥ 5τi
and this case is denoted by CC. In the case when ti ≈ τi the
charging is partial (PC) and if ti ≪ τi there is no effective
charging (NC), so that during ti the current through Ci is
almost constant as well as the voltage across it.
ii(t)

Fig. 1: The equivalent circuit of SCC

The average behavior of SCC was analyzed in numerous
earlier studies [1-7], where various techniques for output
voltage regulation are described. However, these studies
considered regulation in the two-phase SCC only, while the
objective of this study was to develop a simple regulation
technique for the multi-phase SCC.
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Fig. 3: Possible forms of the current through the equivalent capacitor Ci in
topology i.

The current Iavi depicted in Fig. 3 is averaged over the total
switching period. Considering it as a common reference,
one can conclude that the RMS of ii(t) will be minimal in
the NC mode and consequently, the efficiency of SCC
operating in this mode is maximal [8, 11]. Furthermore, in
this case the SCC output voltage is the most sensitive to the
changes of duty cycle as compared to the CC and PC cases.
Based on the above, the NC mode was adopted in this study.
Similarly to the regulation methods presented in [1-7] for
the two-phase SCC, the proposed method is based on duty
cycle control. To achieve regulation in the multi-phase SCC
the time slots ti could be varied, whereas the total switching
period Ts need to be kept constant. By this, the value of SCC
equivalent resistor is adjusted to regulate the output voltage.
III. MODEL DERIVATION
The topologies of Fig. 2 are synthesized by the extended
binary (EXB) representation [9, 10], which in the case of
M=3/8 yields a set of the coefficients ai,j given in Table I.
These coefficients represent the connection polarity of the
flying capacitors Cj (-1 implies that Cj is charging, 1 implies
that it is discharging, and 0 implies that Cj is not connected).
The values of ai,0 are restricted to be either 1 or 0 depending
whether Vin is connected or not, while ai,4 is equal to -1 for
all i, since Co is always charging.
TABLE I:
Set of the coefficients ai,j for M=3/8

j

i ai,0 ai,1 ai,2 ai,3 ai,4

a1,j 1 -1 -1 1 -1
a2,j 0 0 1 1 -1
a3,j 0 1 -1 1 -1

Since the topologies of Fig. 2 are denoted by the index i,
and the flying capacitors by the index j, we can use the
coefficients ai,j of Table I to compose the KVL equations for
each topology under steady state condition:
3

i, j

V j − ki I i Ri + ai,4Vo = −ai,0Vin

(1)

j =1

where Vj are the voltages across Cj, and Ii are the currents
in each of the topologies averaged over the total switching
period Ts. The factors ki = Ts/ti scales up Ii to the value of the
actual current flowing during ti. Under steady state condition,
the sum of the Ii through each capacitor Cj (j≤3) should be
equal to zero, while the sum of the Ii through the output
capacitor Co (j=4) is equal to the output current Io=Vo/Ro.
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Designate the number of unknowns in (3) by 2m, so that
all the sub-matrices will be of size m×m. Thus, the system
of equation (3) can be extended to the general case and
written concisely as:
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⎟
⎜[G ][ AT ]⎟ × ⎜⎜ [ I ] ⎟⎟ = ⎜⎜ [0] ⎟⎟
⎠
⎝ o
⎠ ⎝ ⎠ ⎝

=

8+

k1 + 4k2 + 9k3 + 16k 4
8p

Since ki = Ts/ti = 1/Di, the output to input voltage ratio can
be expressed as a function of the partial duty cycles Di:
4
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Expression (6) clearly shows that the output voltage can
be regulated by controlling the partial duty cycles. This is on
par with the results of [8] that evaluated the effect of the
duty cycle on the SCC conduction losses. As was revealed
in [8], the effect of duty cycle is the largest in the NC mode
that is the major reason for selecting this mode in the
present study. One of the simplest regulation strategies is to
define one topology as the pivoting and select its duty cycle
as the master duty cycle D. The control algorithm can
further be simplified by making all the “slave” duty cycles
equal. Namely, for a SCC with m topologies:

(2)
Di

Equation (2) can be obtained as the vector product of the
columns j=1…4 of Table I and the vector of currents Ii.
Summarizing (1) and (2) in a matrix form we get:

(4)

where A is the incidence matrix (Table 1, without the first
column); kR is the diagonal matrix comprising −kiRi; Go is
the matrix where all the coefficients, except for gm,m = 1/Ro
are zeros; V and I are the column-vectors of the unknown
voltages and currents respectively; Vin is a column-vector
consisting of −Vin and zeros.
Solving (3) for the case of Ri = R, we find the conversion
ratio Vo/Vin as a function of the coefficients ki and the
normalized resistor p = Ro/R:
(5)
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It would be desirable that the selected master duty cycle
will produce smooth regulation over the required range.
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In the case of the binary SCC the required range is the
incremental resolution of the converter. That is, the
deviation between on target voltage to the lower next. For
the M=3/8 case, deviation of interest will be the range from
M=3/8 to M=2/8. To test this sensitivity issue, one can
express the output to input voltage ratio for the four master
duty cycle possibilities (8) and plot the responses (Fig. 4).
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The graphs of Fig. 4 suggest that a good choice for the
master duty cycle would be D=D1, since it yields a smooth
and moderate regulation curve even below the level of
M=2/8 (1/4) conversion ratio.
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The experimental setup used to realize the topologies of
Fig. 2 is depicted schematically in Fig. 5. It was built around
the CMOS switches MAX4678 with a Rds(on)=1.2Ω, which
were controlled by a microcontroller dsPIC33FJ12GP202,
while C1=C2=C3=4.7μF, Co=470μF, Ro=4.7kΩ, Ts=180μs,
and Vin=8V. To provide the NC operation at the limited
switching frequency that could be achieved by the present
setup, an external resistor R=470Ω was connected in series
with C3 (Fig. 5).
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IV. EXPERIMENTAL RESULTS
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Fig. 5: The structure of the experimental setup circuit.

All experiments were carried out for D=D1 and p=10. The
actual currents kiIi measured as the voltage drop across R are
depicted in Fig. 6, while the theoretically predicted by (8)
and the experimental regulation characteristics are presented
in Fig. 7 by solid and dashed lines respectively. The
behavior of the voltages across the flying capacitors is
depicted in Fig. 8, where the solid lines represent the
voltages calculated by (9), and the dashed lines are those
verified experimentally.
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Fig. 4: The transfer functions Vo/Vin for different master duty cycles D=Di
selections and p=10.

For any selected master duty cycle, the voltages across the
flying capacitors will also be affected by the value of this
master control variable. The expressions for the capacitors’
voltages normalized to the input voltage are given by (9),
where D=D1. It is evident from (8) and (9) that for high
value of p (very low losses) the output voltage will converge
asymptotically to VTRG=(3/8)Vin, while the voltages across
the flying capacitors become binary weighted [9, 10].
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Fig. 6: The instantaneous currents in all the topologies of Fig. 1 (M=3/8)
for D=D1=0.833 (a) and D=D1=0.916 (b). The circled numbers correspond
to the topologies of Fig. 2.
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in any converter, including those which are based on the
switched inductor technology.
A number of control strategies can be used to resolve the
problem of SCC regulation at very light loads. Clearly, any
of these methods needs to increase the losses when the
output current is low. One possible approach will be to
reduce the switching frequency, pushing thereby the
topologies into the PC mode and eventually into the CC
mode, both of which have higher losses [11]. Another
approach could be frequency hopping or dithering [9, 10],
which have the disadvantage of introducing a low frequency
ripple at the output.
The proposed control was verified experimentally and the
results were found to match very well the model predictions.
However, due to experimental constraints the switching
frequency was limited to 5.5kHz. At this frequency, the
effect of the parasitic inductances is very small. One should
be aware though that parasitic inductance may introduce a
significant change in the behavior of the SCC when
operated at high switching frequency as discussed and
analyzed in [8].
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