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On Energy Efficiency of Switched-Capacitor
Converters

Chun-Kit Cheung, Student Member, IEEE, Siew-Chong Tan, Senior Member, IEEE, Chi K. Tse, Fellow, IEEE,
and Adrian loinovici, Fellow, IEEE

Abstract—The energy-efficiency issue of switched-capacitor con-
verters is still a controversial topic that requires a more in-depth
discussion. In this paper, we address the issue by dividing the anal-
ysis of the entire efficiency problem into two parts. In the first
part, the efficiency of a capacitor-charging RC circuit under dif-
ferent aspects (partial charging, full charging, at zero capacitor
voltage, at nonzero capacitor voltage, etc.) will be conducted. The
efficiency analysis of a capacitor-discharging RC circuit with a
resistor, capacitor, and paralleled resistor—capacitor loads will be
covered. A complete evaluation of the overall efficiency is then per-
formed in terms of both the charging and discharging efficiencies.
Based on the analysis, some design rules useful for developing high-
efficiency switched-capacitor converters is suggested. Additionally,
it is shown that the belief that quasi-switched-capacitor converters
are more lossy than switched-capacitor converters is a common
misconception.

Index Terms—Charging efficiency, discharging efficiency, flying
capacitor, full charging, full discharging, partial charging, partial
discharging, quasi-switched-capacitor (QSC) converter, switched-
capacitor (SC) converter.

I. INTRODUCTION

WITCHED-CAPACITOR (SC) converters have the advan-
S tages of small size, lightweight, and high-power density
due to the absence of magnetic components, which make them
suitable for use in portable electronics like cellular phones, dig-
ital cameras, and MP3 players [1]. With the increasing demand
for smaller and lighter power converters, semiconductor com-
panies are introducing new and more advanced types of SC
converters in IC packages, such as MAX5008 and LM2758, for
commercial applications.

Within the research domain of SC converters, energy effi-
ciency is still a frequently discussed and debated issue among
researchers [1]-[40]. Careful review of the literature shows that
there are still many conflicting viewpoints and inconsistencies.
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For example, in [20], it is claimed that higher efficiency could
be obtained by reducing the turn-on resistance Rpg(,y,) of the
power MOSFETs. In [21], it is emphasized that the insertion of
a series current-sensing resistor could result in large power loss.
In [22] and [23], it is realized that the switching loss will limit
the overall energy efficiency. Moreover, in [24], it is argued that
operating the power MOSFET of an SC converter in the satu-
ration region so that the MOSFET serves as a constant current
source and the converter operates as a quasi-switched-capacitor
(QSC) converter [25], [26], will cause the converter to become
highly inefficient. In [27], a resonant switched-capacitor con-
verter, which is basically an SC converter with a small inductor
included to create a zero-current switching condition so that
switching loss can be reduced, is proposed.

On the other hand, in an attempt to rebut some of the claims,
the discussion in [28] has revisited a number of issues. First, the
overall efficiency of SC converters is resistance independent and
is solely dependent on the input voltage, output voltage, and the
conversion ratio n. Second, the efficiency of QSC converters is
the same as that of the conventional SC converter. Yet, in [29], it
is suggested that the SC converter efficiency is bounded by the
expression given in [1] and [28], but will be lower if switching
loss is included. Also, the theoretical work in [30] revealed that
the overall converter efficiency will degrade with the increase of
parasitic resistances. Furthermore, against conventional under-
standing that power loss is caused mainly by resistance and
hard-switching actions, there are controversial claims that a
bigger capacitance and a higher switching frequency can im-
prove the overall efficiency of SC converters [31]—[33]. In [34]
and [35], it is suggested that the application of the interleaved
discharging and variable switching frequency can improve the
power efficiency of SC converters. Finally, while many power-
electronics practitioners still believe that SC converters are a
class of highly inefficient converters, the IC manufacturing com-
panies are contradicting this belief by producing SC converter
ICs of an extremely high efficiency of up to 98% (LM2660).

In this paper, we attempt to address these issues altogether,
by systematically analyzing from a circuit and then a system
perspective, the efficiency of each individual component of the
RC circuit, in the charging operation, the discharging operation,
and then the entire charging-discharging operation so that a com-
plete picture of the efficiency issue of the SC converter can be
revealed. The analysis takes into consideration the different pos-
sible operating conditions, and highlights the main impacts on
efficiency. In Section II, the efficiency analysis of a capacitor-
charging RC' circuit under different conditions will be con-
ducted. In Section III, the charging efficiency and the possible

0885-8993/$31.00 © 2012 IEEE
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Fig. 1. Equivalent RC circuit of the charging process.

Voltage/Current

\Y

N S
7NN
SN

Time

Fig.2. Simulated instantaneous current fj,, , capacitor voltage V(- , and resistor
voltage Vi, waveforms in a full-charging process.

control methods of QSC converters will be discussed. In Sec-
tion IV, the power loss distribution of resistors in a capacitor-
charging RC circuit will be discussed. Then, in Section V, the
efficiency analysis of a discharging RC circuit with resistor, ca-
pacitor and paralleled resistor-capacitor loads will be included.
In Section VII, the derivation of the overall efficiency in terms of
both the charging and discharging efficiencies is given. Finally,
a summary of the major understandings and some design rules
that are useful for achieving high efficiency in SC converters is
given in Section VIII.

II. EFFICIENCY OF RC' CHARGING CIRCUITS

In SC converters, the charging circuit contains only power
switches and flying capacitors, which can be represented by
an RC circuit [36], [37] (see Fig. 1). R., denotes the total
equivalent resistance in the charging path and it is made up of
the equivalent series resistance (ESR) of the capacitors Rgsg,
the turn-on resistance of the power MOSFETs Rps(on), and
an equivalent resistance representing the switching loss of the
power MOSFETs Rgy . Figs. 2 and 3 show the simulated instan-
taneous voltages and current, and the power waveforms of the
RC' charging circuit, respectively. The instantaneous voltages
and current can be given by

Vo) = Vin — Vemin)(1 - e™a?) + Ve
VR(th (t) = ‘/in - VC (t) (1)
Tolt) == (et ).

The energy profile and efficiency of this circuit can be classified
into two categories, namely, full charging and partial charging.
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Fig. 3. Simulated instantaneous power of the input voltage source P, , capac-
itor P¢, and resistor Pp;, of a full-charging process.

(a) (b)

Fig. 4. Capacitor voltage waveform of a full-charging process with (a) zero
initial capacitor voltage and (b) nonzero initial capacitor voltage. (a) Vomin =
0Vand (b)0V <Veyin < Vin.

In this paper, full charging is defined as one that has a charging
time period longer than four times the charging time constant,
i.e.,Tey > 47en, and partial charging corresponds to T, < 47y,
where 7., = R, C.

A. Efficiency of Full-Charging RC' Circuit

In full charging, the capacitor is charged to the value of the in-
put voltage, i.e., Vioax = Vi regardless of its initial condition.
The energy profile and the charging efficiency over a charging
cycle can be expressed as

AEc = [ Vo(t) Ln(t)dt = § (V2 — Vi)
ABpay = i Vaan(t) - Tin(8)dt = § (Viw — Vouin)? 2)
AB, = [ Viy - Lu(t)dt = OViy (Via — Vemin)

AFEqc 1 (1

Ve min
Meh(ful) = A~ = 5 Cf) 3)

Vi

The charging process can start with two different initial condi-
tions, i.e., zero [see Fig. 4(a)] or nonzero [see Fig. 4(b)] initial
capacitor voltage, respectively.

For Vomin = 0V, the charging efficiency is 50% and is in-
dependent of resistance R}, in the charging path, as discussed
in [28] and [38]. However, for Vi, > 0V, the charging ef-
ficiency will be greater than 50%. From (3), a high charging
efficiency is obtained by keeping Vi iy close to Viy,.

B. Efficiency of Partial-Charging RC Circuit

In partial charging, the capacitor is charged to a voltage less
than the input voltage, i.e., Vomax < Vin. The energy profile
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(b)

Fig.5. Capacitor voltage waveform of a partial-charging process with (a) zero
initial capacitor voltage and (b) nonzero initial capacitor voltage. (a) Viomin =
OVand (b)0V <Veopin < Vin.

and charging efficiency over a charging cycle are, respectively

AEc = [ Vo) In(®)dt = §(Vnax = Vi)
AFERa = foTCh Vien (t) - Iin () dt )
= %[(‘/m - VCIIliIl)2 - (Vvin - VCmax)Q]
AEf‘in = fOTCh ‘/in . Ln(t)dt = C‘/EII(VCIHB,X - VCInin)
AbjC 1/ Vemin + Vomax W
Tlch (partial) AEI 9 ( ‘/in ) Vin ( )

Similar to full charging, partial charging can start with a zero
[see Fig. 5(a)] or nonzero [see Fig. 5(b)] initial capacitor voltage.
According to (5), for Vomin = 0V, the charging efficiency is
always less than 50% and it increases with an increasing Vi ax .
For Vomin > 0V, ahigh charging efficiency can be achieved by
keeping (Viy, — Vomin) and (Vi — Vioax) small. For the same
purpose, AVe (= Vemax — Vomin) should be small. From (3)
and (5), some key points can be summarized.

1) The charging efficiency is independent of R}, in the charg-
ing path. R, affects only the time constant 7., of the
charging circuit, and the instantaneous peak current value
of the charging response. Doubling the value of R, will
reduce the peak of the charging current to half, while
the charging duration will be doubled with Vip,.x un-
changed [see Fig. 6(a) and (b)]. Experimental charging
current waveforms of two RC' charging circuits with dif-
ferent values of Ry, (0.3 and 0.4 ) are shown in Fig. 7(a)
and (b). Time duration for the capacitor to be fully charged
(charging current reached zero) is longer for the case of
larger R.,. Additionally, the peak value of the charging
current can be expressed as % With the same
value of Vi, and Vi, in both circuits, the peak charging
current is larger for the case of smaller R.;,. However, the
energy dissipated in R}, in both RC circuits are the same.
Therefore, a larger R.;, suppresses the peak current value
while lengthening the charging duration with no penalty
on the charging efficiency (by keeping the same desired
final voltage on the flying capacitor), which is consistent
with the discussion in [33].

2) The instantaneous powers of the two charging circuits
with different R}, as shown in Fig. 6(a) and (b), are not
the same. However, both circuits have the same average
power loss since the energy loss over the switching period
will be the same in steady state.
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Fig. 6. Instantaneous (a) charging current and (b) power dissipated on R}, of
two different RC' charging circuits, chl and ch2 (chl: Vi, = 12V, R, = 0.3
Q, C =20 pF, 7eng = 6 ps, Vomin =9 V;ch2: Viy = 12V, R, = 04 Q,
C =20 uF 1ep3 = 8 ps, and Vi = 9 V).
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Fig.7. Experimental results of instantaneous charging current on two different
RC charging circuits: (a) chl and (b) ch2.

3) A charging efficiency of 50% appears only in full charging
when Vopin = 0 V. An efficiency lower than 50% occurs
in partial charging when Vopin + Vomax < Vin-

4) A higher charging efficiency is obtained when AV is
smaller and/or when V- is nearer to Vi,,.

5) The charging duration should be increased for getting the
same desired Vo, ax if the charging resistance is increased,
while the charging efficiency is still maintained. However,
there are still practical limits to achieve the aforemen-
tioned condition. For an SC converter operating at a fixed
switching frequency, the maximum charging time should
be less than the switching period. For variable frequency
control, the increase in the charging time requires the re-
duction of the switching frequency, but the switching fre-
quency has a practical lower limit.
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Fig.8. (a) Equivalent charging circuit of a QSC converter and (b) its theoretical
voltage and current waveforms.

III. CHARGING EFFICIENCY OF QSC CONVERTERS AND
BASICS OF THEIR CONTROLS

A. Charging Efficiency Analysis

For QSC converters, the MOSFET switch in the charging
path is operated in the active region such that the converter be-
haves like a constant current source [25], [26]. This is possible
via the control of the gate voltage of the switch. Theoretically,
the control of current flow through the switch is equivalent to
the control of its internal resistance. Hence, to have a constant
current [;,, flowing through the RC circuit from a constant volt-
age source while the capacitor voltage is linearly increasing, the
resistance of the switch Rgw should be time varying. Fig. 8(a)
shows the equivalent charging circuit of the QSC converter. The
theoretical voltage and current waveforms are given in Fig. 8(b).
The instantaneous voltages and current, energy profile and the
charging efficiency of QSC converters over a charging cycle can
be expressed as

VC (t) — Ve ma)i—‘:hVC min (t) + Vlen

VRch (t) = Iin : Rch (6)

Vsw(t) = I - Rsw(t)

Iin (t) == Iin

AEC = f()TCh VC (t) : Iilldt = %(ngax - V(/%min)

AE(RentrsW) = fUTk (Vren(t) + Vaw (t)) - Lindt 7
- %[(V;n - VCmin)2 - (Vgn - VCmaX)Q}

AE‘in = f()T(:h Vin : Iindt = CVEH(VCmaX - VCmin)
AEC 1 VCmin + VCmax 70

miese = 3g- =3 () T ®

From this analysis, several points can be concluded.

1) Even though the charging trajectories of SC converters
(exponential) and QSC converters (linear) are different,
their charging efficiencies are identical [see (5) and (8)].
This is because the charging efficiency is independent
of R., and the use of MOSFET in the saturation region
merely alters its internal resistance while as an ON-OFF
switch, the MOSFET has a fixed Rpg(on). Hence, the
QSC converter is not more lossy than the conventional
SC converter, which is consistent to the comments given
in [28].

50 T
— non-saturation
E Al | region
o)
g
F 30¢p saturation region
& o 5V
g A
£ 2 ]
3 av
A 10} 3V
2V
0 ; | 1V
0 2 4 6 8 10

Drain to source voltage [V]

Fig. 9. Output characteristics (Ip and Vpg) of a typical N-channel power
MOSFET.

2) The QSC converter has a flat and continuous input current
flow, which means that it does not have an issue with
electromagnetic radiation. However, the precise control of
the current level may be difficult especially for a varying
output power which requires the use of more than one unit
of the SC converter connected in parallel.

3) Due to voltage—current crossing, nonideal “ON-OFF”
switches of conventional SC converters can be regarded
as a form of time-varying resistance Rgw [39]. Hence,
switching loss does not affect the overall charging effi-
ciency. Application of soft-switching in conventional SC
converters will not improve the charging efficiency.

B. Control of QSC Converters

In QSC converters, the MOSFET is operated as a constant
current source by application of the following control methods.

1) SaturationRegion: The drain current of power MOSFETSs
operating in saturation region can be expressed as Ip = K, -
(Vas — Vo )?. By applying a small-signal perturbation on Ipy
and Vg, we have

Ip +iqg = K, - [(Vas + Ugs) — Vrx? ©)
which gives the ac equation as

id = 2Kn . (VGS - VTN) . 'Egb (]O)
From (10), g5 = 0 if iq = 0. To keep Ip constant, the power
MOSFET should operate in the saturation region over the en-
tire charging cycle, i.e., Vpg should be kept constant within the
saturation region, for example, from point A to A’ in Fig. 9. Ad-
ditionally, Vo ax should be limited to keep the power MOSFET
in the saturation region, i.e.,

VDS = Vin — VRgh - VCmax > VDS(sat) = VGS - VTN' (11)

2) Nonsaturation Region: For power MOSFETSs operat-
ing in nonsaturation region, the expression of the drain cur-

rentis Ipn = K, - [(Vgs — Vrn) - Vbs — Vgé} By applying a
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small-signal perturbation on Ip, Vpgs, and V5, we have

Ip +iqg =K, - {[(VGS + Ugs) — Van] - (Vbs + as)

~ 2
~ (Wbs ;’Uds) } (12)

which gives the small-signal equation as
+ (Vas — Van — Vbs) - s

where 0, and 45 can be adjusted to keep Ed = 0. Thus, another
operating point should be selected (by increasing Vg and de-
creasing Vpg, or vice versa) to maintain Ip (for example, from
point B to B’ in Fig. 9). To ensure that the power MOSFET
operates in the nonsaturation region, it is necessary to ensure
Vbs < Vps(sat) Over the entire charging cycle, i.e.,

Vps = Vin =Vos — Vrn. (14)

ia = Vbs - Ugs (13)

- VRCh Vlen < VDS sat)

While there are methods of operating the MOSFET as a con-
stant current source in order to charge the capacitor linearly, the
control of the power MOSFET in nonsaturation region requires
higher precision due to the narrow operating range of Vpg.

IV. CHARGING L0SS DISTRIBUTION

Assume that R, is the total equivalent resistance in the
charging path and it is made up of the ESR of the capaci-
tor Rgsr, the Rpg(on), and the resistance due to the switch-
ing loss Rgw. The total energy loss over a switching cycle
is AErotal = AERESR + AERDS(on) + AFEgrgw. Since these
resistive elements are connected in series, the total energy loss
will be distributed according to the proportion of the individ-
ual resistance over the total equivalent resistance. Consider two
charging circuits having the same Viyy,in and Vo, 1.€., same
charging efficiencies, but a different R}, [one is R.,; and the
otheris R.2 = 10 Ry (by increasing only Rgw )]. The energy
loss in both circuits are the same, i.e., AEToia11 = AFETota12 aS
the total energy loss in the charging process is independent of
R.;,. However, with R 2 = 10 Ry, the squaring of the average
current flowing in each circuit will have a tenfold increase, i.e.,
I2, = 10I2,,. The energy loss in the two suggested circuits can

m

be found as (15) and (16), respectively

AFEtotann = AEREsrR1 + AERDS(on)1 + AERswW1
AERgsr1 = fo “I2,(t) - Rgspdt (15)
AERDS(on)1 = f 12 (t) - Rps(on)dt

AEgsw1 = AErotan — AEgEsr1 — AERDS(on)1
AFEtotai2 = AERESR2 + AERDS(0n)2 + AERSW?2
ABpgsna = 0.1 [T I, (t) - Rysn dt 6
AEgps(onyz = 01 [y 12, (t) - Rogon)dt

AEgsw2 = AErotan — 0.1(AEREsr2 + AERDS(on)2)-

From the equations, it can be seen that the loss in both Rgsg
(AEgesr) and Rps(on) (AERDS(on)) are proportionally de-
creased while that of Rgw (AFEgsw) is increased when Rgw
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Fig. 10.  Equivalent RC discharging circuit with a resistor load.

increases. This indicates that while the change of a resistance
component in the charging path does not affect the total charg-
ing efficiency, the energy loss among the individual resistive
components in the charging path will be changed by adjusting
the charging duration, i.e., the switching frequency and the duty
ratio, to keep the same desired value of Vi,.x. Therefore, by
inserting an external resistor in the charging path, the energy
loss in the electronic components (power switch and capacitor)
will be diverted to the external resistor, thus improving the ther-
mal condition of the components with no penalty on the overall
efficiency of the converter.

V. EFFICIENCY OF RC DISCHARGING CIRCUITS

The equivalent discharging circuit of an SC converter can
also be represented by an RC' circuit. Three types of loading,
namely, a resistor, a capacitor, and a parallel resistor—capacitor
loads, are considered.

A. Discharging Efficiency With Resistor Load

Fig. 10 presents the equivalent discharging circuit with the
resistor load. The simulated voltage and current waveforms are
shown in Fig. 11. The instantaneous voltages and current, en-
ergy profile, and the discharging efficiency of this circuit over a
discharging cycle are

—t
Vo(t) = Vomax [e“‘dis*”w" }

] an
e () WVC% [emm=m ]
AEc 0 Ve(t) - Io ()t
C .
= E(Vg‘max - V(/Z‘min)
ABpi = [y Vau(t) - Io(t)dt
_C 2 Ry (18)
- 2 (VCIII‘A‘X - VCInin) (Rdis + RL>
AFERgis = fonis VRais(t) - Ic (t)dt
_C Rais
- E(VCmax - VCmin)(m)
AFERgy, Ry, Vo
Tldis(Rload) AEC Rais + Ry, Ve (19

From (19), the total equivalent resistance in the discharging
path Rgis (sum of Rgsr, Rps(on), and Rsw) will degrade the
discharging efficiency, irrespective of whether it is a full (Vo iy
= 0 V) or partial (Voin > 0 V) discharging condition. This
is consistent with what is reported in [30]. It is important to
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Fig. 11. Simulated current and voltage waveforms of a RC' discharging circuit
with a resistor load.

keep Rqis < Ry, (i.e., use of soft-switching) to maintain a high
discharging efficiency.

B. Discharging Efficiency With Capacitor Load

The energy transfer from one capacitor to another is a very
common process in SC converters. The equivalent circuit, sim-
ulated voltage, and current waveforms are given in Figs. 12 and
13, respectively. When two capacitors with different voltages
are connected in parallel, charges will be redistributed and en-
ergy will be lost (called the charge redistribution loss) [40].
Two different final conditions, resulting from full discharg-
ing [see Fig. 14(a)] and partial discharging [see Fig. 14(b)],
will be discussed. The instantaneous voltages, current, and
energy profile in both the full and partial discharging pro-
cesses over a discharging cycle are respectively given in (20)

and (21)
C'E —t
VC (t) = VCInaX - (VCmax - VOInin)(?) (1 — eFaisCE )
G t
Vo (t) = Vomin + (VCmax - VOmin) (%) 1 — eFaisCE
_ Vemax — Vomin =t
Io(t) = —T<e L )
C-C
e = TC%’ Co =mC 20)
Tais
Abe = / Ve (t) - Io(t)dt
0
c “Tdis
= 7E(VCmax - VOmin)<1 — eRCiE )
X (VCmin + VCmax)
T(lis
AEco = Vo (t) Ic (t)dt
0
Tyis
- %(chax - VOmin) <1 — 6%)
><(VOmin + VOmax)
Tais
ABrass = Virais(t) - Lo (t)dt
0
¢ 2T g5
= 7E<VCInax - VOIIliIl)2 (1 — €RdiadCE ) (21)

I Rais
N
LI

4—
Vrais(t)

vewt== C vo =R Co

Fig. 12. Equivalent RC discharging circuit with a capacitor load.
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Fig. 13.  Simulated current and voltage waveforms of a RC' discharging circuit
with a capacitor load.
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Fig. 14.  Sketched capacitor voltage waveforms under two different discharg-
ing processes. (a) Full discharging. (b) Partial discharging.

The balanced voltage V¢ can be found using the charge balance
approach as

C(Vemax — Ver) = Co(Ver — Vomin)

VC max T mVO min

ol —— (22)
Differentiating V¢ with respect to m, we have
dVCf VCmax - VOmin
= - < 0. 23
am (m + 1) 3)

From (23), the increase of m will lead to the decrease of Vi,
where m is the ratio between C' and Cy (with Co = m(C'). Addi-
tionally, using (21), the efficiency in both discharging conditions
can be calculated as

AEco VCf + VOmin
Tdis(Cload,full) = N = Vet + Vomax
_ 2o — AVeo o4
2Ver + AVe
B AFEco _ Vomax + Vomin
ndis(Cload,partial) - AEC - VCIH'IX +VCmin
_ 2Vomax — AVvCO (25)

2VCmin + AVC ’



868

By substituting (22) into (24), and differentiating 7qis(c1oad, full)
with respect to m, we have

_ VC'21nax + V(%min <0
B [(m + ]-)VCmax + 7nvbmi1J2 .
(26)

If Co > C, both Vit and ngis(Cload,tui) Will decrease when m
increases. Equations (24) and (25) indicate that the discharging
efficiency is independent of Rg;s, but is dependent on AVi. The
difference between Vo y,in and Vinay, therefore both AV (=
Vomax — VCmin) and A‘/O (: Vomax — VOmin)’ should be kept
small for a higher discharging efficiency.

It is important to emphasize that in this case, the discharg-
ing efficiency on C is the same as the charging efficiency on
Co. However, the charging efficiency on a capacitor in an RC
circuit is different when the capacitor is charged by a constant
voltage source and by a precharged capacitor. Consider an RC'
circuit (see Fig. 1) with the following condition: Vi, =1 V and
Vemin = 0 V. After the capacitor C' is fully charged (Voyax =
Vin), the charging efficiency is 50% [using (3)]. Consider an-
other RC' circuit (see Fig. 12) with the following parameters:
Vemax =2V, Vonin =0V, and C = C(. After the completion
of the charge redistribution process, Vomin = Vomax = 1 V,
AEqc = 1.5C, and AEco = 0.5C, leading to the charging ef-
ficiency on Co is only 33% [refer to (24)]. Although AV, =
1 V is the same in both cases (same amount of energy delivered),
charging a capacitor by a voltage source is more efficient than
by a precharged capacitor due to the smaller charging current
peak and the shorter charging duration.

dndis(Cload,full)
dm

C. Discharging Efficiency With Parallel RC' Load

For practical SC converters, an output capacitor is connected
in parallel with the load resistor for minimizing the output volt-
age ripple. Precharged flying capacitors will deliver energy to
both the output capacitor and load resistor. Fig. 15(a) gives the
equivalent circuit of a capacitor C' discharging to an RC' load.
The waveforms of V> and V5 are shown in Fig. 15(b). Figs. 16
and 17 are, respectively, the simulated and experimental results
of the RC' discharging circuit with an RC' parallel load. The
voltage and current profile can be described as

dVe(t) _ Vo(t) = Ve(t)

¢ dt Rdis (27)
Vo(t) = Ve (t) 4o, o (t) Yo ® _,
Rdis © dt RL '

By solving (27), the voltage and current profile can be found as

Ve(t) = (W) (X1 Zie™" 4+ Xy Zpe7 )
Vo(t) = 20&% (Xleiylt Jere*YQt)

Ie(t) = <4RL10[1/2) (X1Y121€7Y1t +X2Y2Z26’Y2t)
Ieo(t) = %(lele_yﬁ + X2Y26_Y2”>

(28)
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Fig. 15. (a) Equivalent RC' discharging circuit with a parallel RC' load and
(b) the voltage waveforms of C' and C .

where

a = R%,.C% + 2Ry RLC* — 2Ryi, RLCCo + R2C?
+2CCo R} + RiC}
X1 = —ZyVomin + 2RLCVemax
Xo = Z1Vomin — 2R1,CVomax

1
Ve (z,-2
! 2RdisRLCCO( 2 RLOO)
1
Yy ——~ (7, +2R.C
2 2RdiSRLCCO( 12 O)

A= RdisC + CRL — RLCO =+ 051/2
Zy = RgisC + CRy, — RL.Co — /2.

The operation of the circuit can be briefly described as follows:
If Vemax > Vomin» the charge in C' will be delivered to Cp and
dissipated in Ry, until C'g is fully charged (Ico = 0 A). When
this happens, both capacitors will then transfer energy to the
load resistor. A two-stage analysis based on the operation of C
is given to elaborate the operation of the circuit (see Figs. 16
and 17).

1) Stage One—Charge Redistribution Phase: Due to the un-
balanced initial voltages on C' and Co (with Voyax > Vowin)s
C delivers charge to both C and Ry, until Cy is fully charged.
By conservation of charge, we have

C(VCmax - VC(QB)) = CO (V()max - VOmin) + IRL : TQB
(29)
where Vo (qp) and Vomax are, respectively, the voltages of C
and Cy after the completion of the charge redistribution pro-
cess, T is the time duration of the process [see Fig. 15(b)]. As

R Vowax+Vomin ;
Vomax = Ve (gB) (m) and gy, = % (with
the assumption that Top is much smaller than the time con-
stant of the circuit, i.e., Co charges up linearly), Vi (qp) and
Vomax can be, respectively, expressed as

CVCmax + (CO - gQT]E)VOmin

Ves) = A 7 (30)
C + CO (RL Jrlj?,dis ) Q(RL ﬁrjzdis)
C’V,m < T Co — TQfB \% min

VOmax = e ( © QRL) © (31)

R(is T
C(l+ F=)+Co+ —2(;;3
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Fig. 16.  Simulated (a) voltage and (b) current waveforms of the RC' discharg-
ing circuit with an RC' parallel load.
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Fig. 17. Experimental results of the voltage waveforms of C' and C in the
RC discharging circuit in Fig. 15(a) with the following parameters: Vi, ax =
117V, Vomin =74V, C =20 uF, Co = 94 uF, Ryis = 0.07 Q, and Ry, =
8.4 Q.

The discharging efficiency in the first stage can be calculated as

AERC10ad

NRCloadl = AEc =

Veo - Ic - T
1
§C(VC2'max - VC%(QB))
V()max + V()min

— Omax T VOmin (32)
VC(QB) + VCmaX

The expression in (32) is similar to (25), i.e., a charge sharing
loss between the capacitors exists in this stage. Additionally,
(30) and (31) reflect that the presence of Rq;s increases Vi (o)
but decreases Vomax, leading to a reduction in the discharging
efficiency. The parasitics will lower the discharging efficiency
since it is in series with the output resistor, thereby creating a
voltage divider network between the two.

2) Stage Two—Loading Phase: Both C and Cg will deliver
energy to the load resistor together. Applying the principle of
charge balance, we have

C(Veq)—Vemin) +Co (Vomax — Vor) = IrL(Tais — ToB)-
(33)
Using Vor = Voin (7 ) and Tnr, = YougVoc, the fie

nal voltages of C' and C can be found as

C(RL + Rdis) + R, Co — M

VCmin =V - (34)
c(QB) [C(RL + Raws) + RiCo + Tdis 2TQB }
Ry,
Vor = VC(QB) (RL + Rdis)
C(RL + Rais) + RLCo — Te5Tan 35)
C(RL + Rdis) + R.Co + M

The discharging efficiency can then be derived as

S AERciond _ Voo - 1o - (Tais — Top)
/ AEC %C(VC%(QB) B V02nlin)
Ry,
S 36
Rais + Ry, (%6)

which is the same expression as given in (19), i.e., only the
voltage divider loss among the parasitics and the load will have
an effect on the discharging efficiency. This can be explained by
the lossless discharging process on an RC circuit. As the energy
delivered by Co will dissipate entirely on Ry, (ignore the ESR
of Cp), the discharging process under such a circumstance is
regarded as lossless. Thus, the only loss encountered in this
stage is the discharging loss of C' on Ryjs.

To conclude, the discharging efficiency of an RC circuit with
an RC load is affected by two factors: the charge redistribution
loss and the voltage-divider loss in the discharging path. To
maximize the discharging efficiency of an SC converter with an
parallel RC' load, it is necessary to keep Rqis < Rr, AVe (=
Vemax — VC(QB)) and A‘/O (: Vomax — VOmin) small.

VI. SWITCHING FREQUENCY VERSUS EFFICIENCY

The effect of switching frequency on the overall efficiency
will be presented in this section. Fig. 18(a) presents a simple
SC converter with the corresponding timing diagram shown in
Fig. 18(b). The flying capacitor is charged when .Sy is turned ON
and S5 is turned OFF. The output capacitor Co is discharged to
the load at the same time. Then, both S and S, are turned OFF
during Ti,014. In the second half of the switching period, S5 is
turned ON and S is turned OFF. The flying capacitor will be
discharged to both the output capacitor and the output load (see
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Fig. 18.  (a) Complete SC converter circuit with (b) its timing diagram.
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Fig. 19. Equivalent (a) charging and (b) discharging circuits for the SC con-

verter in Fig. 18.

the equivalent charging and discharging circuits in Fig. 19(a)
and (b), respectively).

Based on the critical values of V> and V (refer to the detailed
derivation in Appendix A), the overall efficiency can be given
by

_ AFRL
nsc = AE.,

1
2‘/;11(VCmax - VCmin)‘|

X VCmax<VOmin + VOmax)

+ Ve o) (Vor + Vouin)

- VCmin(VOmax + VOf) . (37)

For detailed derivation, refer to Appendix B.

Substituting (45)—(48) into (37), the relationship between the
switching frequency and the overall efficiency is derived and
plotted in Fig. 20. As shown in the figure, the efficiency increases
with the increment of frequency in the low-frequency region,
and then reach a limit at around 200 kHz. Note that the effect
of parasitic inductance (which is only significant at very high
frequency) is neglected as this will convert the SC circuit into a
resonant circuit, which is beyond the scope of this work.

VII. OVERALL EFFICIENCY OF SC CONVERTERS

Combining the analysis of the charging and discharging oper-
ations, the overall SC converter’s efficiency can be analyzed at a
system’s level using a simple SC converter circuit in Fig. 18(a),
with the corresponding timing diagram shown in Fig. 18(b).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 28, NO. 2, FEBRUARY 2013

03
10

10° 10’ 10

10"

3
10°
Switching frequency (/. in Hz)

Fig.20. Simulated results on the relationship between the switching frequency
and the overall efficiency for an unregulated SC converter (Vi,, = 12V, C =
CO =47 uF, Rch = Rdis =0.1 Q, and RL =10 Q)

Table I summarizes the major efficiency expressions in different
aspects and conditions. Since at steady state, energy is balanced
on the flying capacitor, i.e., AE¢ () = AE¢ (i), the overall
efficiency of the SC converter over a complete switching cycle
is

AERL
AE/‘in

nsc = _ (AEC(ch))( AEgL )

AEin AEC(dis)

= Tlch(partial) * Tldis(Rload) - (38)

With the assumption of linear charging on the flying capacitor
(the charging time is much smaller than the time constant in
the charging circuit) and the relatively larger output capacitor
compared to the flying capacitor (i.e., Co > (), (39) can also
be derived from (5) and the voltage divider property at the output
in Fig. 10 to reach the same result given in [36] and [37]

Vo =\ ("lch(partial)
- is oad) * V ) (f) =T artial) * '/dis oad)
Vin (nd (Rload) = ¥C Ve Neh(partial) * Tldis(Rload)

(39)

An experimental prototype has been constructed based on
Fig. 18(a) with the following design specifications: Vi, = 12V,
Vo =9V, C =47 uF, Co = 94 uF, and fsw = 200 kHz.
Rps(on) of PMOS switches S; and S5 is 0.06 €2 and the current
sensing resistor inserted in both the charging and discharging
paths is 0.1 , i.e., R, = 0.16 © and Rg;s = 0.16 €. The
output voltage is regulated using a standard voltage mode con-
troller IC TL494. A Type II compensator with transfer function
Ge(s) = - (1.12x51+0%57bix81.g;x1072) obtained through a trial-and-
error tuning is used in the feedback control.

Fig. 21(a) shows the experimentally measured overall effi-
ciency versus the load current of the SC converter based on the
original design specifications, but with different values of charg-
ing resistance R, . Here, the input power and the output power
of the SC converter are measured for three values of R, (0.16,
0.26, and 0.36 ) with the discharging side of the SC converter
remains unchanged for the load current range of 1 to 2 A. In
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TABLE I
MAJOR EFFICIENCY EQUATIONS OF SC CONVERTERS

Descriptions

Efficiency Equations

Charging efficiency (full)

Ve min
Neh(full) = %(1 + %)

Charging efficiency (partial)

1 Vomint Ve -
nch(partial) — 5( Cmin C’max) ~

in

Discharging efficiency (R load)

— __ Ro
Mdis(Rload) = Ryis+RL

Discharging efficiency (C' load, full)

Vet+Vomin

"ldis(Cload,full) = Vot +Vomax

Discharging efficiency (C' load, partial)

VOmax+VOmin

"ldis(Cload,partial) = Vomax+Vemin

Discharging efficiency (RC' load, st stage)

— Vomax+Vomin

Discharging efficiency (RC' load, 2nd stage)

the experiment, the turn-on time of the charging circuit Ty, is
adjusted such that for different values of Ry, Ve is maintained
constant under the same loading condition while the turn-on
time of the discharging circuit 7y;s remains unchanged and that
the output voltage is regulated at 9 V. The so-called overall ef-
ficiency described here is obtained by dividing the measured
output power by the measured input power. It can be seen from
the plot that for a different value of Ry, the same efficiency
under the same input voltage, output voltage, and loading con-
dition, is obtained. Since the same discharging circuit is used
throughout the experiment, there is no change in the discharg-
ing efficiency under the same load condition even when Ry, is
different. Therefore, Fig. 21(a) shows equivalently the trend of
the charging efficiency of the SC converter, which conclusively
proves that charging efficiency is independent of the charging
resistance Ry

Fig. 21(b) shows the plots of experimentally measured overall
efficiency against the input power of the SC converter for differ-
ent values of discharging resistance R4;s. Here, the experiment
is conducted for three values of Rg;s (0.16, 0.26, and 0.36 )
while the charging side of the SC converter remains unchanged
for the input power range of 10 to 25 W. In the experiment, both
T, and Ty;s are adjusted such that for different values of Rgs,
V¢ is maintained constant under the same loading condition. In
this way, the charging efficiency is constant for different values
of Rgis. Thus, the efficiency plot is equivalently illustrating the
trend of the discharging efficiency of the SC converter for dif-
ferent values of Rg;s. From the plots, a larger value Rg;s results
in a lower discharging efficiency under the same input power,
which is consistent with our analysis that Ry;s degrades the
discharging efficiency of SC converters.

Fig. 22(a)—(c) shows the experimental and calculated efficien-
cies of the SC converter against the load current for different
flying capacitance, output capacitance, and switching frequency.
Here, the SC converter is based on the design specifications, but
with different values of C, Co, and fgyw, under feedback con-
trol which automatically regulates the output voltage at 9 V.
There is no manual adjustment of 7, and T§;s to regulate the
value of V. From the plots, it can be observed that a larger

IRCloadl = Vo(qB) T Vemax
_ Ry,
"IRCload2 = Ry _+Ry
0.745
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Fig. 21. Experimental results showing (a) the overall efficiency versus load
current with different charging resistances R}, and (b) the overall efficiency
versus the input power with different discharging resistances R ;s under closed-
loop control where V> is maintained constant under the same load.

switching frequency, flying capacitance, and output capacitance
can achieve a higher power efficiency, which is consistent to our
analysis. Note that the experimental results include the power
consumption of the control circuits, which is relatively small
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different output capacitance, and (c) different switching frequency.

(less than 0.7 W) and only has a significant effect on the overall
efficiency at light load condition.

Fig. 23 shows the plots of the measured and calculated ef-
ficiencies of the SC converter (based on the original design
specifications) with different load values, of which both results
are in close proximity with one another.

Additionally, with the converter operating as a system that
toggles between the charging and discharging operations, the
capacitor size and switching frequency are important factors that
influence the energy efficiency. For an unregulated SC converter,
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Fig. 23.  Plots of experimental and calculated result of the efficiency of the
SC converter (based on the original design specifications) versus different load
currents.

a bigger capacitance and a higher switching frequency fsw will
increase the average voltage of the flying capacitor, and reduce
the charging/discharging flying capacitor voltage ripple AV,
leading to a higher efficiency. However, for a regulated SC
converter, the efficiency can be found in (39).

VIII. CONCLUSION

A thorough discussion on the charging, discharging, and over-
all efficiencies of SC converters have been presented. The fol-
lowing are the major points of concern for the design of SC
converters. The charging resistance R., does not affect the
charging efficiency, but the discharging resistance Rq;s in the
discharging circuit does affect the discharging efficiency. Sec-
ond, QSC converters have a similar loss to SC converters. Third,
soft switching would not improve the charging efficiency, but
would improve the discharging efficiency. Moreover, a change
in resistance of one resistive component will redistribute the
energy loss of other resistive components without affecting the
overall efficiency. Furthermore, the discharging efficiency of an
SC converter with an RC' load is affected by both the voltage di-
vider loss and the capacitors’ charges redistribution. Last, since
AV affects the overall energy efficiency, increasing fsw or C'
can improve the efficiency of SC converters.

With this understanding, the rules of thumb toward designing
ahighly efficient SC converter are suggested. First, V- should be
near V4, in the charging process. Additionally, AV¢ should be
small in the charging/discharging processes during steady state.
Soft switching should be applied only on the power switches
in the discharging path to enhance the discharging efficiency. R
in the discharging path should be kept as small as possible to
maximize the discharging efficiency. For capacitors that share
charges, AV on both capacitors should be small. This also
implies that a high fgw and a large C' can be used to minimize
AVe.

It is important to emphasize that the maximum theoretical
efficiency of SC converters is still a function of the voltage
conversion ratio n, the input and output voltages of the converter
[29]. Thus, the practical design rules should aim to ensure that
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the efficiency of SC converters approach this theoretical limit.
Additionally, although the charging efficiency is only 50% when
a capacitor is fully charged from 0 V to Vi, SC converters can
still achieve a very high efficiency since the flying capacitors
are never charged from O V in the steady state. Furthermore,
energy efficiency is the same as power efficiency during steady
state since energy transfer is repeated periodically.

APPENDIX A
DERIVATION ON THE CRITICAL VOLTAGES ON C' AND C

The instantaneous voltages on C' and Co can be expressed as

(‘/in*VCmin)(l - BR;(V )+VCmin ,0 <t< 71(th
1 -Y; (t*().STs)
Ve (t) = <4C'RL041/2) (XlZle
Xy Zye V2 (0. "T*>),O.5Ts <t<Ty (40)
Vo(t) = 0<t<05Ts( A1)
: 11/2 (X V1 (E-0.5T5) |y, o~Ya(t-0.5T%)
«
05Ty <t < TS
where

a = R3,,C? + 2Ry;s Ry C? — 2Rqis R, CCo + R} C?
+2CCo R} + REC,
Xl - _ZZVOmin + QRLCVCIHHX

X2 = Zl VOmin - 2RLCVCmax
1
Y, = 7(Z — 2R, C )
' 2Ry R, CCo \7° Lo
1
Y, = 7(Z 2R, C )
2 R RLCCo 1 +2R,Co

Zl = RdiSC'i‘CRL - RLCO + a1/2
Zy = RyisC + CRy, — R, Co — 051/2.

Using (40), (41), and Ty;s = 0.575, the initial voltages of both
C and Cp on the discharging cycle can be expressed as

Ten_ ey
VCmax - VC (Tch) — Vln(l —efen® ) + VCmin -efen®

VOmin = VO (05TS)
—0.5Tg

RLC —Y1:0.5T% —Y5-0.5Tg
VCmax[(;ovsl)(e PHoAs —em it s)(e

1+ b (Zye v 05Ts — Zle*YZ'Uf)TS) (e

Additionally, the charge redistribution time T can be com-
puted by considering the time duration from the start of the
discharging cycle until V5 is maximum [see Fig. 18(b)], i.e.,

(42)

—0.5Tg \ °
Ry, Co )

(43)

dVo ()
dt

Ryis RL,CCo )

20:>TQB=( 05

In |:(Z1 Vv()min - 2RLCVCmaX)(Zl + QRLCO):|
(ZQVOmin - 2RLCVC1nax)(ZQ + 2RL(/YO)

(44)

Using (30) and (44), and by substituting (34) into (42) and
(43), Vomax and Vonin can be solved in terms of the circuit
parameters and the operating conditions. Similarly, other critical
design values, such as Vowin, Vo (QB)> Vomax, and Vor can be
calculated using (30), (31), (34), (35), and the solution of Vi ax
and Vonin. The derived solutions are

]. 4 4
VCmin = VC’max |:<2a0-5> (Zl ein 0.5Ts _ Zz€7Y2‘0-dTS >:|
AVZ

- W min —_— —-Y10.5Ts _ _—Y2-0.5Ts
0 KwRLaM) (e ¢

(45)

=Y T —Y5 T
V(‘max|:<2 05>(Ze 1-4QB Z2e 2 QB):|

Zl Z? Y, T, —Y,-T,
V min rhas — zrab
0 (4CRL050 5) (6 €

(46)

Veqn

R.C
v ~Y,T
V()max = VCmaX 0.5 e e
b
x [ e #1Co — VOmiIl W
X (Z26Y1 Tos _ ZleYZ.TQB) <€ e )] “
RLC < 5
Vot = Vomax {(05 e Y1055 _ o=Y2:0.5Ts
b
« [ e~ #ico — Vomin W
] . =(Tg-0.5Tg)
y (ZQGYI 0.5Ts ZleY2‘0-0T8> (6 FL )}

(43)

APPENDIX B
DERIVATION ON THE ENERGY PROFILE
AND THE ENERGY EFFICIENCY

The energy profile for different circuit components over a

switching period can be analyzed as follows:

1) charging phase: C will be charged by the voltage source
and Cp will be discharged to Ry (AE;, = AE¢c +
AFEgpen, AEco = AERL);

2) redistribution phase: C will be discharged to both C'y and
Ry (AE¢ = AEco + AFERais + AERL);

3) loading phase: Both C' and C will be discharged to Ry,
(AEc + AEco = AERais + AERL).
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TABLE II
ENERGY PROFILE ON DIFFERENT CIRCUIT COMPONENTS IN A SWITCHING PERIOD

Components Charging phase Charge redistribution phase Loading phase

C (AEC¢) %(VCmaXQ - VCminQ) %(VC’max2 - VC(QB)z) %(VC(QB)2 - VCmin2)

CO (AECO) C‘To(‘/of2 - VOmin2) %(VOmaXQ - VOminQ) CTO(VOmax2 - VOfQ)

Ren (AERa) | §1(Vin = Vomin)? = (Vin — Vomax)?] | NA N/A

Ryis (AERais) | N/A € (Vomax — Vo) [(Vemax + | $(Veqe)y — Vemin)l(Vos)y +
Veasy) — (Vomax + Vomin))] Vomin) — (Vomax + Vor)]

Ry, (AERL) CTO(‘/Of2 - VOmin2) %(VOmax + VOmin)[C(VCmax - %(VOmax + VOf)[C(VC(QB) -
VC(QB)) - C'O(VOmax - VOmin)} VCmin) + CO(VOmax - VOf)]

Vin (AEln) C‘/in(VCmax - VCmin) N/A N/A

The detailed evaluation on the energy profile is summarized
in Table II.

Therefore, the total amount of energy delivered to the load
is the summation of the energy profile of Ry, over all the three
phases, i.e.,

C
A-ERL = E[VCmax(V()min"_meax) + VC(QB) (VOf + VOmin)
- VCmin(VOmax + VOf)]~ (49)
The input energy is
Ala‘in = CVIH (VCmax - VCmin)- (50)
Dividing (49) by (50), the overall efficiency can be given by
N 1
e = AEl N QMH(VCmaX - VCmin) [VCHMX(VOHHH
+ VOmax) + VC(QB) (VOf + VOmin)
- VCmin(VOmax + VOf)]- (51)
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