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Abstract—This paper presents a novel energy storage
architecture aimed at providing the energy autonomy of battery-
free wireless sensors powered by energy harvesting. It is based on
a concept of adaptive storage using ultra-capacitors and allows
meeting contradictory compromises: fast initial startup (small
capacitance value) to be able to supply the load as quickly as
possible, storage of a large amount of energy (big capacitance
value) to increase the energy autonomy of the load and providing
a pre-regulated voltage. Compared to previously published
structures, the proposed architecture is much less complex and
exhibits 92% energy utilization efficiency.
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. INTRODUCTION

The energy autonomy of wireless sensors is one of the main
roadblocks to their wide deployment. A way to strengthen the
energy autonomy of these systems is to use energy harvesting
from the surrounding environment coupled to a storage unit.
Moreover, getting rid of primary batteries to avoid costly
maintenance would be a must. Compared to batteries, ultra-
capacitors provide an interesting alternative for energy storage
in applications where a long service lifetime is required or in
severe environments (extreme temperatures) with the
additional advantage of not presenting safety issues.

However, this type of storage has some drawbacks and
requires a compromise to satisfy two important objectives: a
sufficient voltage during the initial charge must be rapidly
reached (small capacitance) to get the powered system
operational as quickly as possible and a large amount of energy
should be stored (big capacitance) to increase its energy
autonomy. A self-adaptive storage architecture consisting of 4
ultra-capacitors was already proposed to address these
constraints [1]. This structure is based on reconfiguring the
storage elements from all in-series to all in-parallel and
reversely according to the availability of harvested energy and
to the load consumption. This autonomous adaptive storage
strategy allows a fast start-up and an increase energy usage
(~10%). However, it does not provide a pre-regulated voltage
and induces abrupt voltage changes upon capacitor switching
that could induce unwanted perturbations. We propose a
variable storage topology constituted of only two ultra-
capacitors, a small value one (Csmall) and a large value one
(Cbig) that are appropriately switched to provide both fast

start-up of the system to be powered, large energy storage,
output voltage pre-regulation and autonomy of the system.

Il. BASIC OPERATION PRINCIPLE

This adaptive storage system, aimed at supplying a wireless
sensor node powered by ambient energy harvesting, is not
new. Several solutions were already proposed in the literature:
one needs a very large number of switches causing heavy
losses [2], another requires a large number of ultra-capacitors
[3], and a third one uses a complex architecture with multi-
stacked dc-dc converters [4].

In this article, we propose an alternative and very simple
self-adaptive energy storage architecture. We analyze and
experimentally compare two different architectures. These
adaptive systems are self-powered by an energy-harvesting
source, that is the control logic is self-powered by the energy
stored in the ultra-capacitors.
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Figure 1: Block diagram of the proposed self-powered adaptive storage
architecture (dashed-line block).

A. Presentation of the first self-adaptive switched
architecture storage with 4 ultra-capacitors

Regarding the first architecture already proposed [1], its
principle is to use a matrix of four identical ultra-capacitors
(UCs), interconnected by switches.

The architecture shown in Figure 2 is constituted of 4
identical ultra-capacitors (with capacitance Ci=100mF),
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9 switches and 3 Schottky diodes to allow a default serial
structure at start-up.

During the charge phase, the change of the configuration
depends on the state of charge of the ultra-capacitor connected
to ground (Vca). This allows for three configurations:

o the first one “all in-series” allows a fast startup
(Ceq = C|/4),

¢ the second configuration is “series-parallel”,

e and the third configuration is “all in-parallel” in
order to maximize the amount of stored energy
(Ceq= 4 C;) without increasing V+ voltage.

And conversely for the discharge phase, to reduce the
equivalent capacitance of the architecture and use as much as
possible the stored energy in ultra-capacitors.
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Figure 2: Configuration of the self-adaptive switched architecture for 4 UCs.

For sake of simplicity, this self-adaptive architecture storage
does not include a balancing circuit, the maximum losses,
related to the capacitance-value variability for a tolerance range
of £20%, being 2% of the relative stored energy. The global
losses including the required control electronics result in 91%
energy storage efficiency. This autonomous structure insures a
very fast start-up, stores a high amount of energy and provides
a maximum energy usage rate. But it is quite complex. The
purpose of the new proposed structure that is described in the
following section is to reduce the complexity and at the same
time, the power losses.

IIl.  SELF-VARIABLE STORAGE TOPOLOGY FOR 2 UCs

A. Circuit topology

The proposed storage topology in this paper is constituted
of only two ultra-capacitors, a small value one (Csman = 100mF)
and a large value one (Cpig = 400mF) that are appropriately
switched to provide both a fast start-up of the system to be
powered, large energy storage and output voltage pre-
regulation.

This topology presented in Figure 3 is very simple: it
includes a Schottky diode to ensure the initial start-up of the
small ultra-capacitor (Csman) and 3 switches which allow the
reconfiguration of the two ultra-capacitors with regard to the
power supply and to the load. The Schottky diode provides a
low threshold voltage and unidirectional flow for the current.
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Figure 3: Configuration of the variable architecture with 2 UCs.

B. Operating principle

The principle of this variable storage architecture is to
initially supply the small ultra-capacitor Csman across the
Schottky diode D1, all the switches being open (normally-off).
The main objective is to be able to supply the load as soon as
possible.

First, when Vcsman reaches a sufficient voltage (~1V), the
control circuitry is able to operate. The control circuitry
monitors both the voltage across Csmai, Vesman and the voltage
across Cuig, Venig- In a second step, once Csmai has stored
enough energy for supplying the load, the control logic closes
S2 switch to supply it (see Figs.4.a and b).

If the energy-harvesting source is sufficient, Vcsman can
reach its maximum value and S3 switch is closed so as Cpig can
be charged (see Figure.4.c). This charge phase of Cpig iS
stopped as soon as Vcsman decreases by 50mV.

The two cycles (c and b) are repeated, the load being
supplied by Csmar, until the two voltages Vesmai and Vebig
become equal. In this case, the architecture moves to a parallel
configuration (see Figure.4.d) to maximize energy autonomy.
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Figure 4: The different operation modes of the variable architecture.



IV. CONTROL PARAMETERS AND LOGIC ANALYSIS

Vesman represents the critical voltage for switching. At
start-up, Csma is charging via the Schottky diode. Once Vcsmai
reaches Vmax1 (the minimum voltage for which the powered
system can be operated), S2 closes. While supplying the load,
Vesman reaches Vmax2, meaning that the energy-harvesting
source is sufficient and that Cypig can be charged. To do so, S3
switch is closed until Vcsman decreases down to Vmin2. The
cycle is repeated (Vcsman > Vmax2 or Vesman < Vmin2, see
Figure 6), until Vcsman = Vebig. If the energy source becomes
insufficient, as soon as both ultra-capacitors get discharged
down to Vminl, S2 switch is opened. To control these
switched capacitors, we defined five different conditions:
Vesmal > Vmaxl ; Vesman < Vminl ; Vesman > Vmax2
Vesmat < VMIn2 5 Vesman = Vebig,

That are implemented using 2 hysteresis comparators (Vmin1,
Vmax1) and (Vmin2, Vmax2), and one comparator for the last
condition.
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Figure 5: Simulated Vcgman and Vepig Voltages vs. time for the proposed
adaptive storage architecture during charge and discharge while supplied by a
Thevenin generator (En=5.1V, Ry=50Q, RLoap=1k<).
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Figure 6: Zoomed view of Figure 5 over the start-up phase.

V. SIMULATION AND EXPERIMENTAL RESULTS ANALYSIS

To optimize the operating principle for this variable storage
architecture, we performed electrical simulations. Then we
realized the electronic circuit to experimentally validate these
results.

To implement the architecture, we used commercially
available components. This structure includes two ultra-
capacitors AVX_BestCap interconnected to the source and the

load by a Schottky diode (D1), and three ADG801 normally-
off (S2, S3 and S4) CMOS switches.

The voltage across Csmai allows powering the control
circuitry made up of three comparators LT6700 and LTC1443,
eight AND gates, two inverters and two logical OR gates
driving the switches (see Figure 1).

A. Simulation results

We have simulated the proposed architecture using
LTspice software. For the charging phase, we used a Thevenin
generator made up of a 50Q2 resistor and a 5.1V voltage source
to simulate an energy-harvesting source. For the discharge
phase, we connected a 1kQ resistor at the output.

During these two phases, we monitored the voltages at
each intermediate node (Vcsmai, Venig and Vou, See Figures 5
and 6). The benefits of this variable architecture are: fast start-
up and high rate of stored energy with output pre-regulation.

B. Prototype

A discrete prototype of the variable storage structure with
2 ultra-capacitors is shown in Figure.7.a. The electronic board
on the top shows the adaptive storage architecture with Csman
and Cuig ultra-capacitors. The electronic board on the bottom
shows the control logic of this architecture. Figure.7.b shows
the prototype of the adaptive storage architecture with 4 ultra-
capacitors.

Figure 7: Prototypes of the two compared variable storage architectures: a)
for 2 UCs and b) for 4 UCs also including a single-UC storage structure.

C. Comparison of experimental results

The concept of the proposed adaptive storage was first
validated in simulation and then experimentally. The proposed
structure is compared to the previously published 4-UCs
adaptive storage structure and to a storage structure with a
single UC.

The energy source is emulated by a Thevenin generator:
En=5.1V, Rin=50Q2, Rioap=1kQ, Csman= 100mF,
Chig= 400mF. Figure 8 presents the experimental waveforms
obtained during the charge and discharge phase. At starting, the
ultra-capacitors are empty, the small ultra-capacitor charges
firstly close to its maximum voltage. Then, once Csmai has
stored enough energy, it switches to his discharge phase for
50mV in order to supply the load during this time, while Chig is
charging.
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Figure 8: Measured Vcsmai and Venig Voltages vs. time for the proposed
adaptive storage architecture during charge and discharge while supplied by a
Thevenin generator (Ex=5.1V, Rpn=50Q, R 0ap=1kQ).

For the same test conditions, the experimental results of
charge phase of the adaptive storage architecture with 4
identical ultra-capacitors (with a capacitance value C=100mF)
are shown in Figure 9. The ultra-capacitors are empty and they
are configured in series configuration (S). When V¢4 voltage
across the ultra-capacitor connected to ground reaches a
maximum voltage threshold, then the adaptive storage
architecture switches to a series-parallel (SP) configuration and
finally to an all-parallel (P) one and conversely, in discharge
mode, the switching to the next configuration being defined by
a minimum voltage threshold.
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Figure 9: Measurement of the self-adaptive prototype storage for 4 identical
SCs, during charge phase while supplied by a Thevenin generator (E,=5.1 V,
Rth:IkQ, RLOAD:H(Q).

In the case of a capacitor of fixed value (C=500mF), the
load starts to be supplied at t=230s. The new variable
architecture with 2 UCs is reaching rapidly the voltage
threshold (1.6V) in 120s.

The architecture with 2 UCs is much simpler than the one
with 4UCs in terms of: number of switches to be controlled (3
switches against 9), required number of ultra-capacitors (2 UCs
against 4 UCs) and logic control complexity. In addition, when
the energy source is sufficient regarding the load demand, it
allows having a pre-regulation at the output. Anyway, in a final
system, it will be needed to implement a simple voltage
regulation such as an LDO regulator to cope with fluctuations
induced by the temporary loss of the energy source.

The typical energy usage efficiency, computed as the ratio
of consumed energy including measured losses to energy
provided by the source is 92%. The total 8% losses are
distributed over two categories: 2% related to the control logic,
6% to switches and ultra-capacitors (self-discharge current).
This energy efficiency performance value favorably compares
to the architecture with 4-UCs [1] (91%) and to the one
described in [3] (88%), which are both much more complex.

The proposed variable storage architecture (with 2-UCs) is
then a very interesting alternative to previously published
adaptive structures in terms of: lower complexity,
better/comparable energy usage efficiency and pre-regulated
output voltage that should induce less electromagnetic
interferences.

VI. CONCLUSION

The principle of variable storage based on two ultra-
capacitors, one of small value and a second of big value is
validated. It exhibits a quick start-up, a significant amount of
stored energy with output pre-regulation. Despite this latter
property, in the same way as the 4-UCs structure, to correctly
supply a wireless sensor node, at least an LDO regulator needs
to be implemented at its output to manage the intermittency of
the energy source. The losses related to the required control
electronics result in 92% energy usage efficiency.

This adaptive storage building block can be integrated on
silicon and combined to miniaturized microsupercapacitors [6]
to provide a compact module. With this module coupled to an
energy-harvesting source, it could be envisioned for a wireless
sensor node to become fully battery-free.
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