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Abstract—In this paper, a sustainability-driven methodology is
proposed for the energy management of IoT nodes. The proposed
methodology consists in the use of batteryless solutions and by
introducing fault-tolerant capabilities in each stage of the energy
management circuits to increase their overall reliability. By using
equivalent synchronous switches with suitable control, a two-
stage DC/DC converter can be made fault-tolerant. The proposed
methodology has been applied to two different two stage cascaded
converters (Buck/Buck-Boost and Boost/Buck) and validated by
simulation in realistic IoT node conditions by using SystemC-
AMS framework. The simulations have shown the effectiveness
of the proposed methodology in realistic faulty conditions, and
confirm that the continuity of service is guaranteed in Open
Circuit Switch Fault (OCF) case, whatever the converter is
concerned by the switch failure.

Index Terms—Sustainability, switch failure, fault tolerant op-
eration, Cascaded converter, DC-DC converter, open-circuit fail-
ure, two-stage converter, Buck, Boost, Buck-Boost, Synchronous
redundant switch.

I. INTRODUCTION

In the era where the world is witnessing from day to day
perceptible climate changes due to the greenhouse gas (GHG)
emissions from human activities, a myriad of different solu-
tions are presented as potential candidates to address climate
change related problems [1]. One of the solutions identified
recently at World Economic Forum as a key technology in
fighting climate changes is Internet-of-things (IoT) infrastruc-
ture and accompanying technologies [2]. IoT technologies are
mainly seen as a worthwhile investment whose benefits will
allow to control and reduce at the long run the GHG emissions
and contribute in a general manner to net-zero solutions [3].
However, this initial investment, although with potential long-
run benefits, contributes also to the GHG emissions at different
levels: manufacturing, design, use [4].

Recently, the numerous initiatives have proposed solutions
towards building sustainable IoT nodes and systems [4]. Thus,
the sustainability can be incorporated at different levels: at
the design level by proposing for instance energy-efficient
operation; at the implementation level by using energy and
material efficient technologies; at the usage level by using
batteryless and maintenance free solutions; and at the end-of-
life level by recycling or for instance repurposing the system
for other goals. Consequently, these sustainability-driven de-
sign approaches should be more than a simple guideline but
adopted by all IoT makers, whatever level of designing.

Energy management is the crucial part of IoT nodes,
especially the ones supplied by energy harvesting sources.
Whatever the type of the source used to supply IoT nodes

(thermoelecticity - TEG, photovoltaic - PV, etc.), the available
energy at a given time should be extracted and conditioned to
be usable by the IoT nodes for their processing tasks. Thus,
the energy management circuits of IoT nodes usually comprise
two stages, as depicted in Fig. 1. The first stage is the energy
extraction stage ensuring the Maximum-Power-Point Tracking
(MPPT) from a given source, whereas the second one is the
voltage regulation needed to be stable for IoT processing nodes
(i.e. CPU). These two stages are usually connected with a
non-environmentally storage element such as a battery and
driven with a suitable but often rigid control. On the other
hand, in order to have a left-behind environmental friendly
IoT node and to reduce to zero maintenance costs, all of its
parts should be as much as possible resilient and based on
sustainable technologies.

In this work, we propose a methodology to build
sustainable-by-use and by design energy management circuits
for IoT nodes. The sustainability by use is obtained by
proposing fault-tolerant capabilities in the conversion circuits
and by using batteryless solutions, whereas the sustainabil-
ity by use is achieved by proposing energy management
techniques allowing to adapt the circuits to different energy
management scenarios. The proposed methodology is applied
on two different conversion circuits topologies. The proposed
conversion circuits are simulated and validated in realistic IoT
node conditions by using SystemC-AMS framework.

This paper is organized as follows. Section II presents the
basic idea of the proposed methodology which is based on
an asynchronous or synchronous control in healthy conditions
and synchronous post-fault operation, and was applied to two
different two-stages converter circuits. Section III gives the
results of simulation of one of the used converter topology
in different realistic scenarios. Some conclusions and perspec-
tives are given in Section IV.
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Fig. 1: Energy management part of an IoT node



II. PROPOSED FAULT TOLERANT METHODOLOGY
A. Principle of the fault tolerant approach

The proposed methodology is based on the equivalence
between two switches sharing the same node (i.e. drain-source,
source-source, ...) on which the suited synchronous control
in post fault operation mode is applied. Consequently, this
switch equivalence allows to introduce a reduced number of
redundant switches in the initial topology and makes it fault
tolerant. Moreover, the proposed methodology enhances the
overall reliability of the converter topology and make it more
sustainable.

In this work, the fault tolerant operation of cascaded DC-
DC converters is considered only under OCF. For the type
of converter to use in the cascaded topology, any single-
switch non isolated DC-DC converter, such as a Buck, a Boost
or a Buck-Boost can be used. In the classical approaches,
fault tolerant circuit design mostly lays on switch redundancy;
each of the two cascaded converters is usually considered
separately, or sometimes both converters can be considered
together if it is possible to share a common redundant switch
associated with linking components. The new circuit design
approach we propose is based on the synchronous equivalent
switches presented in Section II-C. If the two switches S;
and S92 are synchronously controlled, these switches sharing
a common node are equivalent to a three ports synchronous
switch, based on a single switch and two diodes.

In the proposed approach, the design of the fault tolerant
two-stage DC-DC circuit first consists on moving towards each
other the two switches while maintaining the same electrical
behavior of the converter. Thus, the two switches share a
common node (for instance, drain (D) or source (S)) in the
resulting equivalent electrical circuit and correspond to one of
the two equivalent synchronous switches in Fig. 3. To obtain
the final fault tolerant conversion circuit, the suited three-
port equivalent synchronous switch previously obtained as the
redundant counterpart for the two main switches is added to
the initial circuit, in offline scheme. In Fig. 4 and Fig. 5, two
examples of the use of the proposed methodology are pro-
vided for classical two-stage DC-DC conversion topologies: a
Buck/Buck-Boost and a Boost/Buck.

B. Asynchronous / Synchronous control in healthy condition

Under healthy operating conditions, switches S7 and S,
are driven either asynchronously with signals §; and Jo, or
synchronously by the same control signals §, as depicted
in Fig. 2. If driven asynchronously, each signal (§; and ds)
controls the corresponding stage by modifying the duty ratio
and/or frequency of these two control signals. On the other
hand, if driven synchronously, the same signal § should be
used to drive both stages: to track the maximum power point
(MPP) with the first stage using a maximum power point
tracking (MPPT) algorithm, and to regulate the output voltage
across the IoT node with the second stage. In order to control
these two conversion stages independently in synchronous
control with a single control signal, they must operate in

different conduction modes. Therefore, the Discontinuous
Conduction Mode (DCM) has been chosen for the first stage
converter, whereas Continuous Conduction Mode (CCM) is
the conduction mode of the second stage converter. This
choice is justified by the fact that the output load must be
permanently supplied with power, and thus, the inductor L,
should operate in CCM while L; in DCM. This synchronous
control approach simplifies the control circuit but reduces the
available control variables compared to asynchronous control
(from 4 (the frequencies f; and fo, and the duty ratios D,
and D,) to 2). In synchronous operation, only two variables
dictate the behavior of the entire two-stage system as depicted
in Fig. 2: the duty ratio (D) and the frequency (f) of the
control signal (0) applied to both S; and So.

C. Equivalent three port synchronous switches

Fig. 3(a) depicts two switches, S and S, with a shared
drain-source node, whereas Fig. 3(b) depicts these two
switches with a shared source-source node. When a syn-
chronous control signal is applied to both switches in one
of these cases, their functionality becomes equivalent to a
single synchronous switch S with associated diodes D3 and
Dy [5] (the right side of the Fig. 3 (a) and (b)). However,
this equivalence in electrical behavior is contingent upon the
application of a synchronous control signal to both S; and So.

D. Proposed fault tolerant methodology for 2 cases

The proposed fault tolerant methodology has been applied
to two different topologies: a Buck/Buck-Boost converter and
a Boost/Buck converter. Figures 4 and 5 illustrate the results
of the addition of the fault-tolerant capabilities to these two
topologies, respectively. For the Buck/Buck-Boost converter
depicted in Fig. 4, the equivalent synchronous switch with
D — S (D - drain, S - source) common node has been used to
provide fault-tolerant capabilities, whereas for the Boost/Buck
converter depicted in Fig. 5, the equivalent synchronous switch
with S — S common node has been employed. The resultant
fault-tolerant two-stage topologies separated with a superca-
pacitor are presented in Figs. 4(b) and 5(b). In both resultant
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Fig. 3: Illustration of synchronous switch equivalent circuits.

circuits, the three switches are never used simultaneously:
only switches S; and Sy can be driven at the same time
(asynchronously or synchronously), or only the synchronous
switch S. The switching from driving S1/S5 switches to only
synchronous switch S' is carried out upon the fault detection
in one of the two switches (57 or S3).

E. Fault tolerant operation

Under normal operating conditions (healthy mode), a single
pulse-width modulation (PWM) block synchronously con-
trols both DC-DC converter stages if the converter operates
synchronously (see Fig. 6), or two different control signals
are generated for both switches S; and Ss, if driven asyn-
chronously. If driven synchronously as depicted in Fig. 6,
the PWM block generates a switching pattern & based on
control variables: duty cycle D and frequency f. To ensure
continuous power delivery to the connected load, the duty
cycle parameter D controls the second converter (and thus
regulates the output voltage), maintaining inductor Lo in the
second stage in the CCM. Conversely, the first converter is
controlled by the frequency parameter f (and ensuring MPPT),
forcing inductor L; in the first stage to operate in DCM. In the
event of an OCF detected on either switch S; and/or Ss, the
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Fig. 4: Illustration of Buck/Buck-Boost two-stage converter
and the proposed fault tolerant circuit.
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Fig. 5: Illustration of Boost/Buck two-stage converter and the
proposed fault tolerant circuit.

control signals §; and J, to these two switches are disabled,
and the switching pattern ¢ is applied to the single redundant
synchronous switch S. This strategy ensures the system to
maintain in the same operating point before and after the
fault due to the equivalent circuit behavior under synchronous
control. Consequently, the reconfigured circuit retains its full
functionality after a switch failure without any performance
degradation.

1. Simulation results for Buck/Buck-Boost converter

This paper investigates the fault tolerance capabilities of
a two-stage Buck/Buck-Boost converter under OCF condi-
tions. The two-stage converter is controlled asynchronously
in healthy conditions and synchronously when a fault occurs
on one of the two switches. The proposed converter has
been modeled with the SystemC-AMS by using the param-
eters presented in Table I. As a DC renewable source, a
thermoelectric generator (TEG) with an internal resistance
of 13.4€) has been used. The open circuit voltage Voo of
the TEG evolved continuously in the range of 2 to 4V. The
MPPT of the TEG is ensured when the voltage at the input
of the first stage has the half of the value of Vpo. As the
MPPT algorithm, a hysteresis-based algorithm has been used
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Fig. 6: Principle of the reconfigurable synchronous control for
healthy condition and fault tolerant operation at full rate.
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ensuring that the input voltage of the first stage is around
VLQC. For the IoT node, the power consumption profile from
the Messy framework [6] has been extracted and loaded into
the proposed framework. The use case of a RISC-V node
reading and writing the sensors and corresponding to a load
current around 250 mA has been used. Moreover, an additional
power consumption of the same amount has been estimated
for the power management and driving of the switches of this
fault-tolerant two-stage converter. The simulation results are
presented in Figs. 7, Fig. 8 and Fig. 9. Fig. 7 shows the
currents shapes of the inductors L; and Ls. It can be seen that
the first stage is in DCM whereas the second stage is in CCM
mode, the operating modes ensuring the smooth switching to
the synchronous mode of operation as explained previously.

Fig. 7: Currents waveforms for inductors L; in DCM mode
and Ly in CCM mode in healthy mode (asynchronous control)
for Buck/Buck-Boost converter.
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Fig. 8: Switching Pattern for S1, S and S during the transition
from healthy to faulty mode for Buck/Buck-Boost converter.
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Fig. 9: First stage input voltage waveform and the output
voltage regulation for Buck/Buck-Boost converter.

Fig. 8 shows the switching pattern from the healthy to faulty
mode. It can be seen that the switches S; and Sy are not driven
any more and that only the switch S is driven by the control
logic. Fig. 9 shows the start up of the system and the transient
responses for both the input voltage of the first stage and the
regulated output voltage. It can be seen that the input voltage
of the first stage follows the dynamics of the TEG voltage
Voc and is continuously at VL; and thus ensures the MPPT.
Moreover, the output voltage regulation at 1.25V is also shown
on the bottom of this figure. An OCF is simulated during 10ms
(between 25 and 35 ms). It can be seen that the continuity of
the operation in terms of MPPT and output voltage regulation

has been ensured during this period.
TABLE I: Parameters of the fault-tolerant converters.

parameters Value
V; 10V
Vi 5V
Ry, 2.5Q
Ly S50uH
Lo 100uH
C 330uF
C1 100uF
Ca 100uF
fas 50 kHz
D 56%

IV. CONCLUSION

In this paper, a sustainability-driven methodology has been
proposed for the energy management of an IoT node. The pro-
posed methodology consists in the use of batteryless solutions
and by introducing the fault-tolerant capabilities in the energy
management circuits to increase their overall reliability. This
methodology is based on the use of equivalent synchronous
switches with suitable control allowing to apply the fault-
tolerant capabilities to the two switches in the cascaded
DC/DC converters and has been applied to two different
two stage cascaded converters and validated by simulation
in realistic IoT node conditions by using SystemC-AMS
framework. The simulations have shown the effectiveness of
the proposed methodology in building sustainable energy man-
agement circuits for IoT node. As perspectives, the validation
of the proposed methodology in experimental conditions with

different scenarios will be carried out in the near future.
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