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Abstract—A major challenge towards enabling energy
autonomous microsystems is cold-starting, especially in real use
case environments which are often uncertain and involve long
inactivity periods. In this paper, a dual supercapacitor storage
power management architecture is proposed, with the primary
storage capacitor providing fast start-up and the secondary
providing a large energy buffer. The circuit introduces a
combination of a MOSFET switch and a buck converter that can
handle efficient charge transport and eliminate leakage between
the two storage capacitors, leading to faster cold starting. A
start-up time reduction of more than two orders of magnitude over
conventional solutions is experimentally demonstrated, for a 1.5
mF / 470 mF supercapacitor combination, without a compromise
in overall efficiency. The various functional modes of the system
are experimentally analyzed, using an inductive power line energy
harvester with currents that correspond to an industrially defined
aircraft sensor use case. For example, 11 mW and 32 mW
regulated output was measured from a 10 A and 15 A RMS, 500
Hz power line respectively. The architecture is configurable and
can be dynamically parametrized and controlled to optimize
power routing according to functional priorities by the
microcontroller of the powered system.

Index  Terms—Energy  Harvesting, Power  Autonomy,
Microsystems, Supercapacitor, Power Management, Sensors.

. INTRODUCTION

HE emergence of low-power microprocessor cores,

solid-state non-volatile memory, wireless

communication and integrated silicon microsystems has
allowed the implementation of portable multitasking electronic
devices with unprecedented capabilities. This technology has
been widely integrated into personal electronic devices,
particularly in smartphone and laptop platforms. Its application
to industrial, infrastructure, vehicle, medical and environmental
applications is expected to enable equally significant new
possibilities in the sustainable development of global life
quality. The implementation of the so-called Internet-Of-
Things (loT) is however more challenging to implement,
mainly because the corresponding microdevices need to operate
autonomously, without user attention, especially for battery
replacement or recharging. While control and machine-to-
machine interaction technologies have addressed a range of
autonomous functionalities [1], the requirement for portable
power has remained a key limiting factor for the development
of 10T infrastructure and services [2].
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The provision of power by harvesting energy from the local
environment or by wireless power transfer has been
investigated extensively in the last couple of decades. This
research has delivered various new methods for energy
transduction as well as a range of autonomous power supplies
with power densities in the 1 mW/cm? order of magnitude under
realistic environmental conditions [2, 3], enough for enabling,
for example, a wide range of key medical microsystem
applications [4]. In parallel, advanced power extraction
methods have been developed for energy harvesting transducers
[5], including capacitor switching [6, 7], reactance cancellation
[8], maximum power-point tracking (MPPT) [9, 10], load-
inclusive MPPT [11], synchronous switching [12-14], and pre-
biasing [15, 16]. Nevertheless, industrial adoption of energy
harvesting power supplies is very slow due to:

e The reliance on very specific environmental conditions, such
as vibration at a defined frequency, local temperature
difference or direct sunlight. Hence, existing solutions and
products are suitable only for a narrow range of use cases.

o Intermittent power availability. Autonomous power supplies
must include energy buffers and operate regularly in cold-
starting mode, to ensure functionality after long and irregular
inactive periods.

To address these limitations, various cold-starting power
management techniques have been developed. They include
passive rectification [17, 18] as well as very low input voltage
boosters with  bootstrapping  functionality, employing
transformer components [19-21], relays [22], switched
inductors [23-27] and capacitors [28, 29] as well as
combinations with ring oscillators [30-32]. These approaches
focus on achieving passive low-voltage startup, at the expense
of low efficiency during the cold-starting period. Therefore, a
fast transition to active mode power management is desirable.
For systems requiring energy buffering, the benefit of using two
storage elements has been recognized. A first layer of low
capacity is used to allow fast charging to a voltage adequate for
active mode rectification and boosting, and the second is a high
capacity element that serves as the main energy buffer.
However, commercially available power management systems
are designed for using electrochemical batteries as the second
layer energy buffer, which are not desirable due to reliability,
unpredictable status after long inactivity periods and limited
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number of recharging cycles. In addition, the charge transfer
between the first and the second storage layer during cold-
starting is typically not optimized for efficiency. This may be
because the charging of the second storage element from
depletion to an active-mode voltage (e.g. 2 V) is still regarded
as a less critical transition mode.

In industrial applications of energy harvesting power supplies,
the intermittent and unpredictable environmental conditions
result in regular operation in cold-starting mode [33, 34].
Therefore, the efficiency of buffer storage charging is a critical
performance parameter. When environmental power becomes
available, an effective power management system should
provide:

a. Fast passive-to-active mode transition

b. Fast output power activation

c. Efficient transfer of excess power to the storage buffer, even
if the latter is depleted.

While these requirements have been occasionally recognized
and dual storage solutions have been proposed, a battery-less
system with these features suitable for systematic cold-starting
operation has not yet been proposed. In this paper we propose a
dual storage power management system with a simple
switching architecture that addresses these requirements. The
proposed circuit design follows a different approach than the
current power management state-of-art [17-32], as it focuses on
achieving fast cold-starting without an efficiency compromise.

The concept and a theoretical analysis are described in Sections
I1 and I11. The design and fabrication of a printed circuit board
(PCB) implementation is presented in Section 1V. The system
is characterized using a power line inductive energy harvester
presented in [34] and summarized in Section V. Experimental
performance results are presented and discussed in Section VI.
Typically, energy autonomous microsystems such as wireless
sensors present an intermittent load to the power source, as they
switch among complete shut-down, active, sleep and deep-sleep
operation modes. Therefore, in Section VI, the performance is
evaluated separately for two testing scenarios. In Section VI.A
the cold-starting operation without load is tested, allowing a
simple and undisturbed evaluation of output-enable speed and
passive and active charging efficiency. In Section VI.B the
cold-starting operation with a connected load is tested,
evaluating the capability of supporting loads in selectable duty-
cycle operation and the capability of splitting the incoming
energy between the load and the buffer storage. Conclusions are
summarized in Section VII.

Il. CIRCUIT CONCEPT

In a cold-starting energy harvesting power management system
a capacitor is typically charged initially by a low-threshold
switched mode converter, to provide a quick transition to active
mode power management. If the same capacitor, or the same
circuit node, is also used for energy buffering, a compromise
must be made between cold-starting speed and power
autonomy. This case is illustrated in Fig. 1a. A small storage
capacitor Cqq, €.9. in the sub-mF range can allow fast startup

2

and efficient operation. However, such a case barely provides
any energy buffering and an intermittent input power
availability would result in frequent sudden black-outs at the
output, without much time for providing the load with advance
notice. On the other hand, a large Cs4, €.g. = 100 mF would
allow a more reliable output, but cold-starting operation would
be significantly prolonged, leading to functional delays and
inefficient power management.

To address this functional challenge, some commercial micro-
power management integrated circuits support separate storage
elements for fast cold-starting and bulk storage. An indicative
architecture is illustrated in Fig. 1b. The power management
electronics are powered by the first storage layer Cg;. Once an
adequate voltage on this primary storage is reached, a
secondary storage element, Cs, is connected in parallel to the
first through a metal-oxide-semiconductor field-effect
transistor (MOSFET) switch. These implementations are
typically intended for batteries, which maintain a significant
voltage even when they are nearly depleted. However, in
practical energy harvesting installations, supercapacitor storage
is often preferable, for its long-term reliability features. In
addition, the charging of Cs, from zero or low (below 2 V)
voltage is expected to occur regularly due to scheduled or
incidental inactivity periods, for example when a vehicle
monitored by energy autonomous wireless sensors is parked or
inactive for maintenance works for more than a few days.

INSET: CIRCUIT MODEL
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Fig. 1. Conceptual description of (a) a single storage system, (b) dual storage
with a pMOS switch between the two storage elements and (c) a dual storage
system with a dedicated DC/DC converter and switching system. A circuit
model is shown in the top-right inset.
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Hence, the efficiency of charge transfer between Cg; and Cg,
becomes significant, and the single MOSFET direct bridging
solutions of Fig. 1b, are not suitable due to body-diode leakage
during the off-state as well as to the low efficiency of direct
capacitor-to-capacitor charge transfer during the on-state.

The power management concept proposed in this paper is
illustrated in Fig. 1c. An additional power management circuit
between the two storage layers is introduced, dedicated to
efficient and dynamically configurable power splitting between
the main storage element (Cs,) and the output load. This circuit
comprises a buck converter and a dedicated discrete low-
leakage switching component, as well as comparator circuitry
for suitable operation mode activation control. This control can
be based on the Cg; and Cs, voltage levels, or handled by digital
control signals from power management or the micro-
controller-unit (MCU) of the load system. During cold-starting
Cs, is fully disconnected allowing fast charging of Cg; to a
voltage adequate for running all electronic units in active mode,
typically at 2 V. Then, power supply to the load is activated and
any excess energy is supplied to Cg, via a buck converter.
During this operation mode, control signals can balance the
power flow to the storage and to the load as needed. When the
voltage on Cs, reaches that of Cg, the two supercapacitors are
short-circuited through the switch, to further reduce charge
transfer losses. In this operation mode any excess power not
used by the load is stored in the combined Cg; and Cs,
capacitance, up to a maximum voltage of 5 V. If the input power
is reduced or stopped, the output power is supplied by storage
until the storage voltage falls below 2 V. Then, the output power
is disabled and the switch opens, disconnecting the two storage
elements. In this way, if the system remains inactive for a long
period and the stored energy is fully depleted or reduced below
2 V, the system can again provide fast cold-starting using Cs,
when input power becomes available again.

1l. THEORETICAL ANALYSIS

In the three power management systems of Fig. 1, the charging
of Cs; and Cs, follow an overall exponential trend with an
effective time constant. Therefore, to evaluate timing
performance, the circuits between the energy harvesting source
V;ny and Cg;, and between Cg, and Cs, can be abstracted by
effective resistances R, and Ry respectively. The corresponding
circuit is shown in the top-right inset of Fig. 1. The differential
equations for the Cg, voltage V; is calculated to be:

RARBcslcSZV1 + (RA(CSl + CSZ) + RBCSZ)Vl + Vl = VIN (1)

The corresponding equation for the Cs, voltage V; is the same.
The solution for initial conditions V;(0) = V,(0) = 0 is:

T, — RzC 7, — RgC
Vv, = VIN(l — {[—LfL_‘gze—f/H + ZT—isze—f/Tz) (2)
1~ L2 1~ L2
T T
Vy =Vin(1 = ——e ™t/ 4+ —

71— 12 71— 12

e —t/‘L’z) (3)
, Where:

_ Ry(Csy + Csp) + RgCsp £ V4 (4)
T12 = 2
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A = RiCé + 2R,Cs;Cs;(Ry — Rp) + C& (R, + Rp)? (5)

In this analysis, the single storage system of Fig. 1a corresponds
to Cs; = 0 and Ry = 0, in which case VA=R,Cs, and, using
equations (4) and (2), the cold-starting duration is found to be
determined by the time constant R, Cs,.
In the case of the dual storage system with a pMOS switch
connection between Cg; and Cs,, (Fig. 1b), the circuit behaviour
can be analysed by assuming an ideal pMOS bulk diode
behaviour. For V; —V, < 0.7V, the diode doesn’t conduct,
corresponding to a very large Ry in the model of Fig. 1, inset.
For Rp > Ry, taking the limit of equations (4) and (2) as R —
+o00 gives an exponential increase of V; with time constant
R,Csy. A V=V, =07V is reached at time tyy =
R,Cs1In (Vin/(Viy — 0.7 V), after which the bulk diode
conducts, maintaining a constant V; —V,. In this case the
differential equation of the system is:

(Cs1 + CSZ)RAV1 +V =V (6)
and V; and V, both increase exponentially with a time constant
T3 = (C51 + CSZ)RA' Overa“.

Vin(1 — et /RaCs1) fort < toy
vy = —(t-t
Viy — (Viy — 0.7 V)e~(=tom)/T3) for t > toy

The overall cold starting duration of this system is dominated
by the much larger time constant 5.

(7

Finally, in the proposed architecture, a high effective Ry is
achieved as both the MOSFET switch and buck converter are
off throughout cold-starting. Again, the large Ry results in an
exponential V; increase with time constant R, Cs, . This analysis,
shows that the proposed architecture, for a typical system with
Cs, > Cg, offers faster cold starting by a factor of Cs,/Cs;.

The power transfer efficiency is determined by the power
management block in Fig. 1, which is the same in all three
architectures, with the exception of additional bulk diode
conduction loss in the pMOS case during cold-starting. On the
other hand, the power overhead of the additional buck
converter, comparator and MOSFET of the proposed system
can be reduced by selecting state-of-art low power components.

In the proposed architecture, the benefit of using a MOSFET to
bridge Cs; and Cs, when V; =V, instead of continuing using
the buck converter can be theoretically evaluated by comparing
the corresponding power transfer losses. When the MOSFET is
on, at a current I between Cs; and Cs,, the incoming power is
P,y = IV, and the MOSFET loss is P pss = I?Roy, Where Ry
is the MOSFET on-state resistance. The loss factor is n =
IRyN/V,. This is typically more than an order of magnitude less
than the nominal efficiency of state-of-art buck converters.
Indicatively, the TI TPS62737 buck converter and the TI
TS5A4624 MOSFET employed in the implementation of this
work have a 6% loss and a R,y = 1.1 £ respectively. The
corresponding MOSFET loss at the current range of up to
10 mA expected for energy harvesting applicationsand at v, >
2V is less than 0.55%, over 10 times lower than the buck
converter.
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V. CIRCUIT DESIGN AND FABRICATION

An implementation of the proposed concept is presented in Fig.
2. Itincludes a reactance cancellation capacitor Cs and a passive
voltage doubler rectification circuit with low threshold and
leakage Schottky diodes (Comchip RB521G-30HF [35])
described in [36]. The rectified voltage is supplied to the first
supercapacitor, Cs,, through an inductor switching boost
converter circuit, including MPPT and bootstrap functionality.
This is implemented using a Texas Instruments (T1) BQ25570
microchip [23]. A regulated 1.8 V output is provided through
another switched inductor, also handled by the same chip. An
additional buck converter and a MOSFET switch are connected
between Cs, and the second supercapacitor, Cs,, using the Tl
TPS62737 [37] and TS5A4624 [38] chips respectively. The
switch is controlled by a comparator such that it is normally
open. It closes when the voltage on Cg, isover 2V, V, > 2 V.
This comparator is implemented using an Analog Devices
LTC1540 chip [39] . The storage buck converter is enabled
when the Cg; voltage surpasses 2.5V: V; > 2.5V while
charging, and V, < 2 V. Itis disabled when V; drops below 2 V
while discharging, or when V, reaches 2 V. This logic is
implemented by setting the Vz 7 ok flag signal of the BQ25570
to the appropriate hysteresis thresholds, using the
corresponding configuration resistors as shown in the
Appendix, and feeding it to a NAND gate along with the
inverted output logic of the LTC1540 comparator. This is
implemented using the TI SN74AUP2G00 dual NAND chip
[40], with one of the NAND gates connected to serve as an
inverter of the LTC1540 output. Threshold hysteresis is
provided by the BQ25570 chip and hence the LTC1540
hysteresis is not utilized. Interference between the storage and
output buck converter switching is prevented by the large C,
supercapacitor value which suppresses transients. In addition,
both converters switch off when V; drops below 2 V.

A range of circuit variations was designed and fabricated in
PCB form, with multiple connector pins that allowed testing for
different external supercapacitor (Cs; and Cs,) values and under
different conditions. The value of Cg; must be small enough to
ensure fast start-up and large enough to allow a digital
microcontroller load to boot, set a suitable duty-cycle and sleep.
BQ25570
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Fig. 2. Block diagram of a dual storage power management system.
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The value of Cs, should be large enough to provide the required
energy autonomy and support any desirable power burst
functionalities of the load. In practice, their specific values can
be chosen according to the use case functional specifications. A
circuit diagram of the implementation including an input, an
output and a configuration port is presented in the Appendix,
along with a list of component values used. A photograph of the
PCB including external supercapacitors is shown in Fig. 3.

Fig. 3. Image of the circuit fabricated as a printed circuit board.

V. POWER LINE HARVESTING USE CASE

To evaluate the performance of the proposed architecture in a
real use case, the circuit was tested using an inductive power
line energy harvester as power source, developed for energy
autonomous aircraft sensors. This is a use case of key industrial
importance due to the high reliability, weight, autonomy and
wireless installation requirements of avionic sensor systems,
and because of the high frequency range (300 Hz to 800 Hz) of
aircraft power lines, which offers high inductive coupling [34].

The energy harvester comprises a closed-loop flux funnelling
soft magnetic core structure with a 200-turn Cu coil, integrated
into a modular package that allows clamping-on without cutting
or interrupting the power line. This energy harvester was
introduced and studied in [8, 41] and it is shown, in connection
with the power management system of this paper in Fig. 4. To
measure the performance of the power management system for
various power inputs, a custom evaluation setup was developed,
emulating an aircraft power line with currents up to 40 A root-
mean-square (RMS) at frequencies between 50 Hz and 1 kHz.
This evaluation setup is shown in Fig. 5. It consists of a signal
generator driving an audio amplifier. The amplifier output is
connected to the primary winding of a custom 20:1 turns ratio
current transformer. The secondary winding is formed by a
large (>2.5 mm?) cross-section area cable loop.

Fig. 4. Photograph of the energy autonomous power supply.
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This single loop emulates a current-carrying aircraft power line.
The RMS current value is monitored by a Keysight U1583
inductive current clamp connected to a Fluke 787B
multimeter.The AC input, storage voltages (V; and V,) and the
regulated output voltage (Vyyr) of the power management
system were monitored using a 4-channel Keysight DSOX
2024A oscilloscope. Measurements under various power line
currents, system configurations and output load conditions were
taken to evaluate the benefit of the proposed concept, as
discussed in the next section. In [8, 41] the energy harvester was
characterized without a power management system, in open-
circuit conditions as well as by direct connection of the
harvester output to various impedances, including reactance
compensation. These measurements indicate the maximum
possible power output of the energy harvester, and hence they
can be used as reference for power management efficiency
calculations. Indicatively, the measured power output for
different ohmic loads, with and without impedance cancellation
from a 10 A RMS power line at various frequencies is presented
in Fig. 6 [8].
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Fig. 6. Energy harvester output power from a 10 A RMS power line measured
on resistive loads without power management circuitry, from [8].
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VI. EXPERIMENTAL EVALUATION

For the experiments of this section the power supply was
installed on the evaluation setup described in Section V and as
shown in Fig. 5. The cold-starting performance was evaluated
by measuring its response to turning on the power line current
while all capacitors were fully discharged. In a first operating
scenario, the performance without an output load was studied,
in order to measure the output-enable speed and charging
efficiency. In a second operating scenario, the cold-starting
with a connected load was tested. These scenarios are discussed
in Sections VI.A and VI.B respectively.

A. Cold Starting without Load

For a comparative performance benefit evaluation of the
proposed dual-storage power management architecture, the
response to power line current of various amplitudes and
frequencies, switched on attime t = 0 s was measured for three
different configurations. In all three, the storage and reactance
cancellation capacitors were Cs; = 1.5 mF, Cs; = 0.47 F and Cs
= 10 pF, and no load was connected to the regulated output
Vour- These values were selected for a startup time in the 1 s
range and a 2.5 J (4 V — 5V) energy buffer. In the first
configuration, the two storage supercapacitors were connected
together, and the dual storage power management circuitry
(storage buck converter, comparator, gates and bridging switch)
was disabled, emulating the conventional single-storage system
of Fig. la. In the second, a pMOS connection between the
supercapacitors was employed as shown in Fig. 1b. This case
corresponds to commercially available solutions for dual-
storage, which are however usually designed and intended for
battery storage [23]. In the third, the full dual-storage system
corresponding toFig. 1c as shown in Fig. 2 was used.

Indicative supercapactor and output voltages for a 10 A
RMS, 500 Hz power line current, as measured by the
oscilloscope channels in a single start-up sequence are shown
in Fig. 7 top, middle and bottom respectively. These results
illustrate a much faster output voltage enabling, obtained by the
proposed system. In comparison to the single storage system
this is due to the much smaller startup capacitor (Cs,) used. In
comparison to the pMOS switch system, which uses the same
startup capacitor, this is due to the pMOS body leakage to the
large Cs, throughout the cold-starting phase, as shown Fig. 7
middle. The start-up detail of Fig. 7 bottom is shown in Fig. 8.
While the measurements of Fig. 7 were taken without a power
load for experimental clarity, the output power can in practice
be utilized as soon as it is enabled.

The measurements are also compared with the theoretical
timing model of Section Il in Fig. 7 and Fig. 8. The single-
storage measurements of Fig. 7 top were fitted by an
exponential curve with an R,Cs, time constant, using a V;y =
5.5V, the nominal value of Cs, = 0.47 F used and R, as a
fitting parameter. Applying a fitting step of 0.1 kQ, an effective
R, value of 0.5 kQ was determined. For the pMOS dual storage
system measurements of Fig. 7 middle, the same time constant
is expected to occur after V; > 0.7 V, and the corresponding
exponential curves for V; and V, are plotted without any further
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fitting. The measurements follow the expected trends at a
slower rate, which is attributed to additional bulk leakage losses
beyond the ideal diode model. For the proposed system, the
fast-cold starting performance shown in Fig. 8 is expected to
have a R,Cs, time constant, with the nominal value of Cs, =
1.5 mF used, and the same effective R, of the other two
systems. The corresponding theoretical exponential increase,
without further fitting, is plotted in Fig. 8 and it is in agreement
with the measured performance. Beyond the fast cold-starting
phase, the Cs, is connected through the buck converter, and
subsequently through the MOSFET. The corresponding V,
increase of Fig. 7 bottom shows a slower increase in
comparison with the theoretical R,Cs; time constant. The

difference is attributed to losses of the additional circuitry used.
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Fig. 7. Measured cold-starting storage and output voltages for: (top) a single
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Fig. 8. Start-up detail of the measurements presented in Fig. 7 bottom.

In the start-up detail of Fig. 8, the power line is enabled at t =
2 s, and an output activation at around t = 2.33 s is obtained.
The measurements also illustrate the fast charging of Cg, and
the subsequent pumping of charge to Cs, through the impedance
Lg shown in Fig. Al, handled by the storage buck converter.
From such measurements, the output enable and full-charge
(Vs, = 5V) times for the three different architectures can be
extracted.

Corresponding results for four different representative power
line current cases, namely 10 A RMS at 360 Hz, 8 A RMS at
500 Hz, 10 A RMS at 500 Hz, and 28 A RMS at 800 Hz are
plotted in a logarithmic scale in Fig. 9 top. They demonstrate a
two-orders of magnitude faster output activation for the
proposed architecture. The time to full-charge (V, =5V)is
plotted in Fig. 9 middle, showing similar performance for all
three cases. This indicates a small overall power management
efficiency difference among the different approaches. The
consistently  slower charging of the pMOS switch
implementation (blue) compared to the single storage system
(yellow) is due to leakage and conduction losses on the
monolithic pMOS switch. To evaluate this further, the overall
cold-starting input-to-storage efficiency from flat to full-charge
was calculated by dividing the total stored energy by the full-
charge time to find the average storage power and dividing by
the maximum corresponding possible power of the energy
harvesting transducer as measured in Fig. 6 without reactance
cancellation. The results are presented in Fig. 9 bottom.

The transducer-to-storage cold-starting efficiency is in the 10%
range for the 10 A RMS, 360 Hz power line current for all
approaches and increases to over 35% for larger and higher
frequency power line currents. The losses are partly due to the
reactance mismatch at the harvester / rectifier interface, where
a fixed Cs = 10 uF was used. This corresponds to 44 Q, 32 Q,
and 20 Q at 360 Hz, 500 Hz and 800 Hz respectively, compared
to harvester output resistance which is around 20 Q, as
measured in Fig. 6. This is in line with the efficiency increase
with frequency illustrated in Fig. 9 bottom. Further losses
originate from the voltage doubler rectification diodes, but also
from the rectified input-to-supercapacitor charge transfer which
can’t be operated at the maximum power point, for example by
setting the Cs, voltage to near half the transducer open-circuit
voltage as shown in [42].
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This is because the objective of the system during this cold-
starting operation phase is to store the maximum possible
energy. Higher efficiency can be obtained by adjusting the
output power load consumption for an overall maximum power
transfer, but the practicality of such an operation mode will
depend on functional and duty cycling requirements of the load.

The overall input-to-storage efficiency is similar among the
three architectures, demonstrating a small consumption
overhead introduced by the additional components required for
the proposed approach. The IC pMOS dual storage case
includes some additional losses due to the body leakage charge
transfer during its passive cold-starting stage (0 s to 83 s in Fig.
7 middle). This is apparent in the 28 A RMS, 800 Hz case where
the IC pMOS architecture shows a lower efficiency.

In conclusion, a two orders of magnitude faster output power
activation is experimentally demonstrated for the proposed dual
storage architecture compared to the industrial state of art. This
is a key advantage for supercapacitor-based energy autonomous
systems because they are expected to operate typically at low
main storage voltage (indicatively 0 V to 2 V) charging mode.
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B. Cold Starting with Load

To evaluate the ability of the proposed circuit to cold-start while
a load is connected to the output, a series of experiments for
different load, supercapacitor storage and power line current
values was performed. For these experiments, the
implementation used (Fig. 3) was configured to enable both the
regulated 1.8 V output and secondary storage buck converters
when Vg, > 2.5 V. In this way the system is providing output
power to the load as soon as possible, and transfers any
excessive energy to Cs,. If the power demand from both buck
converters is higher than the incoming power, a duty-cycle
operation occurs, balancing the power flow. When Cs, is
charged to 2 V, the two supercapacitors are bridged and the duty
cycled output provision continues at a higher rate. If the load
power drops below the input power, the voltage on the
supercapacitors increases storing the excess energy as in single
storage implementations.

To observe and evaluate this behavior experimentally at
adequate time resolution, 1.5 mF supercapacitors were selected
for both Cg; and Cs, and a 100 Q resistor was used as load,
corresponding to 32.4 mW at 1.8 V. The power line current was
enabled with the load on, and the system response was
monitored until the capacitor bridging functionality is observed.
After a few more seconds, the load was disconnected, allowing
the observation of storage charging to the 5 V maximum.
Finally, the power line input was disabled and the load was re-
connected to evaluate the storage-to-output power provision
functionality. An indicative such measurement for a 10 A RMS,
500 Hz power line current is shown in Fig. 10.
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Fig. 10. Measured voltages on Cs; and Cs, and output during cold-starting,
with a 100 Q (32.4 mW) load connected to the regulated output, for a 10 A
RMS, 500 Hz power line current. The input is turned on with the load
connected. After Cg, is fully charged and charge starts being pumped into Cs,
by the buck converter, the load is disconnected to allow a fast full charge. Then,

the input is disconnected and the load is reconnected demonstrating energy
autonomy and output voltage cut-off operation.
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As expected, Vg, is raised rapidly (0.42 s after power line
activation) to 2.5 V. Then, the output, and the storage buck
converter are enabled. The operation at this stage is shown in
higher time resolution in Fig. 11. An output duty cycle of 33%
is observed, with 100 ms on-state duration. In practical use
cases, the storage buffer may be much larger, providing longer
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operating windows, for example 30 s at C5, =0.47 F. In
addition, the output enable threshold voltage can be pre-
configured at PCB design level, or could be dynamically
adjustable by the microcontroller depending on system
functionality requirements.

The Vs, reaches 2 V after around 4 s from power line activation.
The supercapacitors are bridged and operate as a single-storage
system, providing an output duty cycle of 35% with 170 ms on-
state duration. Subsequently the load is manually disconnected
allowing the system to fully charge, within 2.65 s from 2.5V to
5 V corresponding to an average power income of 10.6 mW.
Finally, the power line is disabled and the output load is
connected, resulting in the 5 V to 2 V discharge between t =
17 sandt = 18 s in Fig. 10.
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Fig. 11. Detail of the measurements presented in Fig. 10 illustrating the
output voltage duty cycling and partial energy transfer into Csg,.

Using the method followed for the measurements of Fig. 10, the
functionality of the dual storage systems using the IC pMOS
switch (Fig. 1b) and the method proposed in this paper (Fig. 1c)
was experimentally verified and analyzed for various power
line currents. The resulting output duty cycle and corresponding
average power, during the bridged Cs, - Cs, operation phase,
are shown in Fig. 12. The results are similar for the two systems,
in-line with the efficiency similarity observed in the
experiments of Fig. 9. However, the fast cold-starting and
power output provision supported by the proposed architecture
is not available in the conventional IC pMOS implementation.
The output power duty cycle provided by the proposed system
while Cs, is being charged is shown as a dashed line in Fig. 12.
The lower duty cycle reflects that some of the power is rooted
to Cs,. This power splitting can be dynamically configured,
through the storage buck converter enable pin, to fit operational
priorities handled by the microcontroller of the load system.

The storage-to-output efficiency, extracted from the input-off,
load-on discharge curves was similar for all power line currents
and system configurations and over 95%. This similarity is
expected as the same buck converter is handling the storage-to-
load discharge in all three systems.

It is noted that in the specific implementation presented here,
the use of a simple buck converter between the second storage
layer Cg, and the output, restricts the minimum Vs, to around
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0.2 V higher than the regulated voltage output (1.8 V in this
implementation). Hence, the Cs, energy for Vi, up to 2 V
remains unused and does not contribute to the energy autonomy
of the system. In the present implementation this limitation is
small and may be preferable, as the threshold for maintaining
the more efficient bridged Cs, - Cs, operation is also setat 2 V.
However, in other cases, for example when a higher voltage
output is desirable, the resulting Vs, restriction, and hence the
unusable stored energy may be significant. In such cases, the
employment of a buck/boost converter, instead of the simple
buck converter can extend the energy autonomy provided for a
given Cg, component value.
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Fig. 12. Output duty cycle and corresponding average power delivery on
load during cold-starting for different power line currents at 500 Hz. All curves
correspond to both vertical axes. The equivalent average power was calculated
as the product of nominal load power and the duty cycle percentage.

VII. CONCLUSIONS

A dual-storage handling circuit was introduced in this paper,
that allows efficient and configurable energy transfer from a
small, fast cold-starting first stage, to a large supercapacitor
energy buffering second stage. This is achieved by a
combination of an isolating external MOSFET switch
component and a buck converter employed to allow efficient
and controllable charge transfer. In this way, the start-up speed
increase reaches the capacitance ratio of the two storage
elements, which is the theoretical benefit limit of the dual-
storage cold starting system concept. The main functional
modes of the system were demonstrated and analyzed by
adopting a measurement method that captures a full cycle of
modes including cold-starting, output power duty cycling,
charge transfer between storage elements, full charging and
discharging at zero input power, all in one oscilloscope
measurement sweep (Fig. 10).

The experimental results demonstrate a faster cold-starting
response by over two orders of magnitude in comparison with
the conventional single storage and double storage
architectures. It was also shown that the additional circuitry
does not add significant power consumption overhead, as the
overall efficiency was measured to be within a £2% margin in
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comparison to the state-of-art implementations. In terms of
circuit implementation cost, complexity and reliability, the
additional comparator, buck converter, and two logic gates
represent a moderate overhead in comparison to the
conventional architecture which typically involves several
buck/boost converters, comparators and logic gates. This
overhead can in practice be minimized by integration into a
single power management chip, employing an isolated bulk
layer for the MOSFET switch.

The experimental validation of the proposed concept was
performed using an inductive power line energy harvester
developed for aircraft sensors, for power line currents
corresponding to real aircraft conditions [8, 34]. Indicatively, a
regulated power of 11 mW and 32 mW was demonstrated for a
10 A and 15 A RMS, 500 Hz power line current respectively,
using the harvester introduced in [8]. The introduced
architecture allows independent selection of a fast cold-starting
first storage layer and a second, large supercapacitor storage
layer for energy buffering, without compromising the overall
system efficiency. It provides selectable and configurable
functionalities that could potentially be digitally controlled by
the load microcontroller for dynamic power routing
prioritization. Overall, the demonstrated system addresses the
key requirement of efficient cold-starting for energy
autonomous microsystems.

APPENDIX

The full circuit schematic implemented for the evaluation of the
architecture proposed in this paper is shown in Figure Al. The
corresponding component values are listed in Table 1.

I

L V+
IN  GND
TS5A4624| =
r—iCOM NO

<. |

=
>

=y
@

Z  SN74AUP2G00
N
@

=

.
=<

5
EN25,0UT
©

+HiH
i
|

2]
—EN1a Vrov
=

N
=<
N
>

“Vinox Ve

GND

our_sef

[}

\\}»

J3: CONF PORT
Vsrone Vo Vs Vouren

sos ‘aar.ox Vour ﬁ
T

L

L
L, Cs
soosT suck &ho
IN- Yoer @ Y out
— o) GND
% 77(:‘ QiDz 77C\N CRT Ve g CourI = o
= - - . @ Viou = 4
28 EN o
Ga v Rocs 0
5 T 29
=1 Vs Vaar ovVour ser ok proq| o
= R Q

Fig. AL. Full circuit of the implemented dual sErage power management
system. Cg; and Cs; are connected to pin 1 of J1 and J2 respectively.
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TABLE |
COMPONENT VALUES/MODELS USED IN THE CIRCUIT OF FIG. A.
Part Value / Model Part Value / Model
C: 10 puF Re1 3.16 MQ
Cs1 0.1 uF Rg2 9.76 MQ
Csz, CBOUT 22 HF Rc1 7.15 MQ
CBAT 100 ]J.F Rcz 5.90 MQ
Cin, Cr2 4.7 pF Rok1 6.34 MQ
COUT 22 HF ROKZ 4.64 MQ
CREF; CT1 10 nF ROKS 2.10 MQ
Cs 10 pF, external Rout1 8.66 MQ
Ca 1.5 mF, external Rout2 422 MQ
Cs2 0.47 F, external Rovi 4.75 MQ
Ds Schottky, 0.2 V@2mA Rovz 8.25 MQ
D, Zenner, 5.1V U, Tl TS5A4624
Ji, 32, J5 2.54 mm, 2x4 female U, T1 SN74AUP2G00
J3, Ja 2.54 mm, 2x1 male Us AD LTC1540
L, 22 uH U, Tl TPS62737
L, Ls 10 uH Us T1 BQ25570

Note: Resistors: 1%, Capacitors: Low ESR, >5.1 V, Inductors: > 110 mA

For Cs; a Kemet 1.5 mF, 6.3 V supercapacitor with 14 mQ
equivalent series resistance (ESR) and -55 °C to 105 °C
operating temperature was used. For Cg, an AVX 0.47 F, 5.4V
supercapacitor with 1 Q ESR and -40 °C to 85 °C operating
temperature was used. For the experiments in Section VI.B, the
Kemet model was used for both Cs; and Cs,.
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