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ABSTRACT

This paper reports on a theoretical study of the efficiency
of a switched capacitor converter for autonomous sensors.
The sensor is composed of an energy harvester (Solar cell),
the electronic system (micro-controller, radio, tempera-
ture sensor, MEMS. . . ) and a battery.

Based on our theory, we calculate this efficiency with
respect to: the switching frequency, the capacitance values
and the battery voltage. We present this using 3-D graphs.

This theory is based on Ultra-Low-Power embedded
systems such as wireless sensors with photovoltaic har-
vesters operating in low-light conditions. In this case, the
harvested energy from PV do not exceed a few tens of
micro-watts, which forbids the use of "power-hungry"
coil-based power converters. On the contrary, using
switched capacitors converter is a better alternative for
this kind of application. We here present a theoretical
framework deriving the maximum efficiency achieved
by a switched capacitor converter with respect to: the
switching frequency, the capacitance value and the bat-
tery voltage.

Index Terms— Wireless Sensor Network (WSN);
energy harvesting; Maximum Power Point Tracking
(MPPT); switched capacitor network;

1. INTRODUCTION

Electronic autonomous devices are increasingly present inour
everyday lives. These intelligent and smart systems can re-
motely collect data like temperature, humidity, sound, pres-
sure, vibration, geomagnetic field. They are therefore conve-
nient to acquire relevant physical knowledge about our sur-
roundings. Because of the remote access constraint, wireless
sensors need to harvest energy from their environment in or-
der to extend their battery lifetime. The best way to extract
the maximum amount of power from a harvester is to track
the Maximum Power Point (MPP) [1]. Different techniques

can be used depending on the required accuracy and/or the
circuitry consumption and complexity constraints. The hill
climbing and the Perturb and Observe methods are good ex-
amples to achieve a good accuracy but they need a micro-
controller, which is not suitable for low power applications
[1]. Faster techniques can also be used such as fractional
open-circuit voltage [2]. The latter exploits the fact thatthe
open circuit voltage (VOC ) has a near linear relationship with
the voltage at maximum power point (VMPP ). These tech-
niques require less processing but can result in inaccuracies
as we do not know with certainty that we are working on the
MPP.

Different kinds of power converters are used to extract en-
ergy depending on the harvested power and the harvester: the
inductor based converters (buck, boost converters) and the
switched capacitor converters (SC). Usually, inductor based
converters are designed to convert high power (>1W) [3] and
require an external inductor. SC converters are more conve-
nient as they can be entirely integrated on chip [4] and [5].

But the efficiency of SC converters for Ultra-Low-Power
remains low (below 50 % [6]). In this paper, we propose how
to calculate and evaluate accurately the achievable efficiency
of SC converter charging a battery from a photovoltaic cell.

This paper is organized in the following manner: The
charge pump principle is presented in section 2.1. Typical
photovoltaic curves and models are discussed in section 2.2.
The capacitor voltage is presented in section 2.3 and the effi-
ciency calculation and the normalized efficiency are presented
in section 2.4 and 2.5 respectively. The paper is ended by a
conclusion in section 3.

2. SYSTEM DESCRIPTION

2.1. The charge pump principle

A charge pump consists of ann×m matrix of capacitors and
some switches (Fig 1). The matrix topology changes at each
clock cycle in order to adapt the harvester voltage level to the



Fig. 1: 2/3 switched capacitor principle

battery voltage level. First, the capacitor matrix is connected
to the photovoltaic panel (PV) and charged up to a certain
value (V1). The voltage across each capacitor isV1

n
. When

this value is reached, the switches states change and the ca-
pacitors are discharged to the battery down toVbatt

m
. The

energy that is transferred from the PV to the battery is

EC = m× n×

Vbatt

m
×∆Q

= Vbatt × C0

(

V1 −

n

m
Vbatt

)

(1)

The capacitor network acts as a voltage multiplier or
divider, but unfortunately also acts as a resistor. The en-
ergy lost due to the capacitor discharge is proportional to
(

V1 −
nVbatt

m

)

. This loss essentially occurs when the PV
voltage is much higher than the reported battery voltage
(

n
m
Vbatt

)

.
Figure 2 presents the capacitor voltage evolution.
With a larger number of capacitors in then × m ma-

trix, the energy loss due to the capacitor discharge decreases.
Indeed, because of the difference between the two voltages
(

VPV

n
−

Vbatt

m

)

if the value increases due to less capacitors
(2 × 3 in this example), the loss will increase. On the con-
trary, with a lot of capacitors, the difference betweenVPV

andVbatt decreases, resulting in a smaller energy loss.

2.2. IV and PV modeling curves

A solar cell is far to be a constant voltage source. To model
the solar cell curves (Current vs Voltage and Power vs Volt-

Fig. 2: Capacitor voltage evolution of a 2x3 matrix

age) we have to know how the voltage level evolves. It is
equivalent to know how the internal impedance evolves when
the voltage level varies.

Figure 3 shows the IV (Current-Voltage) and PV (Power-
Voltage) characteristics measurements on a thin film silicon
cell (amorphous solar cell). The IV curve starts fromISC

and decrease slowly up to the voltage at Maximum Power
Point (VMPP ). At this point, the curve drops abruptly up to
0A at the open circuit voltage (VOC ). The PV curve is the
IV curve multiplied by the voltage. The Maximum Power
Point (MPP) can be identified at the top of the PV curve. A
thin film silicon solar cell has the advantage to present the
same characteristics for indoor and outdoor light conditions
(natural light like sun light or artificial light like incandescent
bulb, fluorescent lights will not alter the shape of the curve).
TheISC is proportional to the luminosity and theVOC level
varies logarithmically with the luminance. With the thin film
solar cell used for this work, the equation of the luminance is:

luminance = 0.2819 ln(VOC) + 2.7041 (2)

In this example, the capacitor network is charged on the
IV curve from the reported battery voltage

(

n
m

× Vbatt

)

that
acts as a fixed voltage value, to the valueV1. The voltageV1

depends on the power (that is linked to the light condition),
the capacitor value and the switching frequency. With a high
switching frequency,V1 will be close to

(

n
m

× Vbatt

)

. The
same condition could be achieved with a smaller capacitor.

Thanks to these curves examples, we modeled them with
a mathematical approach. This mathematical model is useful
for the analysis and the matlab simulations especially because
it is simplified. We modeled the IV curve in two parts. In-
deed, the current does not change very much from the short
circuit point to the optimum point. Therefore, we model this
part by a small slope line starting fromISC . Then the curve
decreases abruptly down to the Open Circuit Voltage. This is
modeled by a negative parabola that decreases from the cur-
rent at MPP to theVOC point. The Power vs Voltage curve is
the IV curve multiplied by the voltage. The first part is the lin-
ear line starting from 0 up the Maximum Power Point. With



voltage (V)

cu
rr

en
t(
µ

A
)

p
ow

er
(m

W
)

0 1 2 3 VMPP VOC

0

0.1

0.2

MPP

0

50

n
m
VBATT

V1

ISC

Fig. 3: IV and PV curve of an amorphous silicon solar cell
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Fig. 4: Mathematical model of the PV curve

the multiplication, the second part is a negative cubic curve
up to theVOC . The Figure 4 shows the mathematical model
of the IV and PV curves.

2.3. Capacitor voltage

The capacitors are charged while scanning the IV curve. The
voltage law can be extracted from the differential equation

i = C
du

dt
=

IV (u × n)

m
(3)

Where u is the voltage across a single capacitors, and IV
is the current-voltage characteristic of the PV cell. Figure 5
represents the solution of this equation starting from0V at
t = 0. In reality, the capacitor’s voltage evolves fromVbatt ×

n
m

to V1 (being determined by the charge period).
First, as the current that flows through the capacitor is al-

most constant(i = ISC) the voltage across the capacitor is
quite linear:
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Fig. 5: Capacitor’s voltage variation

uc =
ISC + βt

C
t ≈

ISC

C
t (4)

Then the capacitors charge linearly. But as after the Maxi-
mum Power Point the current decrease abruptly down to 0, the
slope of the voltage evolution across the capacitors decreases
asymptotically towardVOC .

2.4. Efficiency calculation

The efficiency can be derived from the previous equations.
The maximum energy that can be extracted from thePV dur-
ing one period is at theMPP (we suppose that∆T2 in fig 2
is negligible compared to∆T ):

Em = Impp × Umpp ×∆T (5)

The effectively transferred energy depends on the value of
the unitary capacitors, the sampling frequency(fs), and the
battery voltage:

Et = C0 × Vbatt ×

(

V1 −

n

m
Vbatt

)

(6)

In this equation,V1 is deduced fromVbatt and the switch-
ing period from the variation of the capacitor’s voltage.
(Fig 5)

The efficiency is then deduced as:η = Et

Em
.

We represent the evolution of the efficiency in a 3D plot
(Fig 6). The X axis is the short circuit current divided by the
product of the unitary capacitor value by the sampling fre-
quency: Isc

fs×C0

. The Y axis is the reported battery voltage
normalized byUmpp.

The best efficiency (equal to 100 %) appears when the re-
ported battery voltage is equal to the MPP and the frequency



Fig. 6: Efficiency vs battery voltage and frequency x capacity

is infinite. It means that this efficiency is theoretical and can-
not be achieved in a circuit. This efficiency decreases rapidly
if the frequency or the capacitor value decreases because we
charge the capacitors with a value different from the Maxi-
mum Power Point. For the same reason, if we charge the ca-
pacitors from a value far from the optimum voltage, the effi-
ciency will be low whatever the charging conditions (low/high
frequency). In other words, if we start to charge the capaci-
tors before the Maximum Power Point, reaching or exceeding
this point is not useful and will not increase its efficiency.

2.5. Normalized efficiency

η′(Vbatt, fs) =
η(Vbatt, fs)

η(Vbatt,∞)
(7)

The next curve (Figure 7) shows the evolution of the normal-
ized efficiency with respect to the frequency.

Fig. 7: Normalized efficiency vs battery voltage and fre-
quency x capacity

We observe that when the battery voltage is low, the effi-

ciency is not affected much by the frequency. It is then more
efficient to have a low switching frequency if the starting volt-
age (Vbatt ×

n
m

) is far from the Maximum Power Point. On
the contrary, when the battery voltage is above the MPP, the
efficiency decreases rapidly when the frequency decreases.
Therefore, it is wise to avoid charging the capacitors afterthe
Maximum Power Point.

3. CONCLUSION

These simulations have shown the theoretical efficiency that
could be reached with a switched capacitor converter. The
optimal switching frequency can easily be derived from these
curves. In reality, the efficiency will be reduced due to the
consumption of the switching logic that is directly propor-
tional to the sampling frequency. Furthermore, designing a
switched capacitor converter with a low switching frequency
for low power applications is not interesting for high effi-
ciency conversion.
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