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Benthic microbial fuel cells (MFCs) are promising alternatives to conventional batteries for powering
underwater low-power sensors. Regarding performances (10’s uW at 100’s mV for cm 2-scale elec-
trodes), an electrical interface is required to maximize the harvested energy and boost the voltage.
Because the MFCs electrical behavior fluctuates, it is common to refer to maximum power point
tracking (MPPT). Using a sub-mW flyback converter, this paper compares the benefit of different
MPPT strategies: either by maximizing the energy at the converter input or at the converter out-
put, or by fixing the MFC operating point at its nominal maximum power point. A practical flyback
has been validated and experimentally tested for these MPPT options showing a gain in efficiency
in certain configurations. The results allow determining a power budget for MPPT controllers that
should not exceed this gain. Eventually, considering typical MFC fluctuations, avoiding any MPPT
controller by fixing the converter operating parameters may offer better performances for sub-mW
harvesters.

Keywords: Energy Harvesting, Flyback Converter, Low Power Electronics, Microbial Fuel Cell.

1. INTRODUCTION

Regarding the ever-increasing number of remote low-
power sensors, harvesting the energy from the surround-
ing environment is a pertinent solution to meet the energy
needs but circumvent the usage of conventional batteries.
On the one hand chemical batteries are still massively cho-
sen despite their non-negligible cost, their limited lifetime
and the pollution they are likely to produce. On the other
hand, harvesting ambient energy is a promising alternative
to power autonomously and indefinitely remote sensors in
addition to process in an eco-friendly perspective. Solar,
thermal and vibrational energies are currently studied and
used in many applications.’

The microbial fuel cell (MFC) is a system harvest-
ing the biochemical energy from a large range of organic
substrates (compost, sewage, seafloor sediment. ..) thanks
to the metabolism of embedded electro-active bacteria.>?
Freshly developed and promoted in the 2000s, the benthic
MEFC, using sediment as the organic substrate, can now be
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apprehended as a low-cost sustainable energy source for
powering sensors at seafloor level where any other energies
are absent.*> These sensors are essential for example to
observe and predict the ocean behavior as well as natural
risks e.g., tsunami. . .).

However, the maximum output power available from
the benthic MFC is in the range of 10’s uW for 20-cm?>-
scale electrodes (power density around 5 wW/cm?). The
DC voltage is insufficient to power continuously the con-
ventional electronic, e.g., up to 0.7 V in open-circuit
condition.? Therefore, a harvesting electrical interface is
required to adapt and store the MFC energy to power a
sensor, i.e., a power management unit (PMU) including a
DC/DC converter extracting and shaping the energy prior
to storage. The overall system is pictured in Figure 1.
The DC/DC converter has a two-fold objective: (i) extract
the maximum power from the MFC when operating at the
maximum power point (MPP) and (ii) boost the voltage
in the intermediate energy storage stage. Then the sensor
switches between on-and off-state depending on the avail-
able energy.
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Fig. 1. Schematic of the MFC and the harvesting system.

The boost converter has widely been used for MFC
energy harvesting®'? because of its simplicity. Consider-
ing the direct combination of MFCs suffers from poor
efficiency because of cell reversal,'''® prefer using the
flyback converter which allows a galvanic isolation and,
when working in discontinuous conduction mode (DCM),
allows selecting the MFC operating point independently of
the output voltage.

Since the electrical behavior of the MFC is likely to
vary under environmental fluctuations, a maximum power
point tracking (MPPT) control unit is advised to constantly
adapt the MFC operating point. Literature covers the abil-
ity of MPPT to extract the maximum power from MFCs.*
Few MPPT schemes have been implanted into power man-
agement units dedicated to upper-mW MEFCs leading to
low efficiencies (30%,” 35.9%% and up to 50%,'3) but
not in the sub-mW context. At 10’s uW power extrac-
tion (two decades lower than in literature for MFC), every
UW are precious and any losses in the converter mean a
drastic degradation of the efficiency. Therefore, regarding
the MFCs electrical variations (especially on the seafloor
where parameters are quite stable) and the low power
range (10’s uW), dynamically tracking the MPP is not
necessarily relevant. Moreover, no study has yet focused
the ability to maximize the power at the output of the con-
verter associated to the MFC. Indeed, tracking the MPP
at the MFC output i.e., at the converter input modifies
the converter efficiency which will impact the end-to-end
efficiency.

This paper proposes to compare the harvesting system
performances when adopting three MPPT strategies for
sub-mW benthic MFCs: (i) the maximum extracted energy
strategy (MEES) which maximizes the power at the con-
verter input, (ii) the maximum harvested energy strategy
(MHES) which maximizes the power at the output of
the converter and (iii) the fixed operating point strategy
(FOPS) which fixes the converter parameters whatever the
MEC electrical variations. It is worth noticing that MPPT
strategy the most commonly used in MFC literature is the
one we call MEES. The results will then allow defining
a power budget for the MEES and MHES control units.
This study uses a flyback converter topology already val-
idated in Ref. [14] and optimized for the specifications
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Table I. Converter specifications.

Parameter
Input voltage 03V
Input power 90 uW

Output regulated voltage 2V
Operating frequency range Few Hz to few kHz
Input voltage ripple <0.1V

presented in Table I. Possible converter topologies as elec-
trical interface for MFCs have been discussed in Ref. [22]
and the proposed flyback offer the most satisfying
tradeoff.

Section 2 presents the MFC design. Section 3 introduces
the flyback converter design at 10th wW and discusses
the impact of the MFC electrical fluctuations on the con-
verter efficiency when using MEES. Then regarding the
MEC fluctuations, the power budgets for the MEES and
MHES control unit are evaluated in Section 4, by compar-
ing the converter end-to-end efficiency obtained with fixed
parameters (FOPS) to the ones obtained with adapting
the parameters according to MEES and MHES strategies.
Section 4 discusses the relevance of using a control unit
(i.e., tracking a working point) instead of initially setting
the converter parameters. This work has been carried out
using a flyback converter in Discontinuous-Conduction-
Mode (DCM)™* in a sub-mW power range. The results
are supported with electrical simulations of the system to
allow differentiating the extraction efficiency from the con-
version efficiency and determining the losses’ contributors
using the three MPPT strategies. This paper is the first to
compare three MPPT strategies for sub-mW MFCs and to
determine the power budget of the control unit for MEES
and MHES.

2. BENTHIC MFC

A schematic diagram of this particular MFC is shown in
Figure 1. Bacteria catalyze the oxidation of the organic
substrate at the anode while the oxygen dissolved in fresh
water is reduced at the cathode, inducing a transfer of
electrons and thus electrical energy generation.”> Marine
sediment is chosen for lab-scale experiment as the anaer-
obic bacterial medium and as “fuel” (organic matter) in
which thick graphite felt (RVG4000, Mersen) anode of
20 cm? x 1.2 cm is buried. An identical electrode is placed
in seawater working with an air bubbling system to favor
oxygenation. Electrons are collected from the electrodes
by @ 0.75 mm insulated titanium wires. Although tita-
nium is not the best available electrical conductor, it was
selected because of its high resistance to corrosion (TiO,)
but lesser cost than platinum. Three MFCs are elaborated
using sediments collected at the Plage du Gaou, a beach
close to a nature conservation area near the Mediterranean
sea (43°04'13.7"N-5°47'36.6"E). No additional substrate
(e.g., acetate) was added for the start-up phase (around one
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Fig. 2. Lab-scale benthic MFC.

month) or during steady-state operation in order to mimic
natural conditions. Figure 2 shows a lab-scale MFC. The
price of the material for each fuel cell is of the order of
one euro, so many MFCs could be scattered in oceans and
lakes, and a large matrix of self-sufficient sensor nodes
could thus be deployed.

2.1. MFC Characterization and Modeling
The static behavior of each MFC is given in Figure 3.
The U-I curves are obtained by first measuring the open-
circuit voltage Uy, then decreasing step-by-step the volt-
age U by 50 mV while measuring /. The current always
starts with a peak value and then slowly decreases because
of internal capacitive effects.® It is recorded in steady-
state, which occurs after one hour. Each characteristic
can be roughly fitted by a straight line and modeled as
a voltage source Vi and a series resistance Ry (Fig. 3)
as it is often done for solar, thermal or bio fuel cell
harvesters when operating close to their maximum power
point (MPP). The MFC as in Figure 2 is modeled with
Vs =0.6 V and Ry =1 kQ what represents a maximum
output power Pypp of 90 uW@ 0.3 V. The equivalent
characterization is represented by the blue dotted curve in
Figure 3.

Identifying the two parameters (Vg, Rg) in the MFC
model is a crucial step to determine the impedance value

Strategies of Maximum Power Point Tracking for Sub-mW Benthic Microbial Fuel Cells

R\ of the harvesting interface and optimize the power
extraction from this MFC. In fact, the extracted power is
maximized when Ry is equal to R¢*> and is expressed at

MPP as:
P, = 52
MPP | Rs

(M

Moreover, the MFC performances depend on the environ-
mental conditions (temperature, pressure. . .) and the MFC
model parameters change. According to Figure 3, for iden-
tically designed MFCs, Vj is likely to vary from 0.6 V to
more than 0.7 V and Rg from 500 ) to more than 3 k().
Experimental results on these same MFCs at different time
have shown that the two latter parameters typically stay in
the range of [0.4 V; 0.8 V] and [100 Q; 5 kQ] respectively.
Thus, the MPP should be regularly monitored to allow
a dynamic impedance matching of Ry and Rg. We call
this commonly used MPPT strategy: maximum extracted
energy strategy (MEES).

2.2. Harvesting Electrical Interface
A harvesting electrical interface is required to (i) extract
energy from the MFC (for instance with MEES), (ii) step-
up the voltage Vjy to a minimum voltage V,,; required
to supply the sensor and (iii) store the harvested energy
in a capacitance Cyyr to deliver it intermittently to the
sensor. The harvesting interface is commonly realized with
a DC/DC converter. The global system is represented in
Figure 4 (top).

We define three values of efficiency:
e The extraction efficiency mgyxg: the ratio between Py
and the maximum power the MFC can deliver Pypp
(Fig. 4).
e The conversion efficiency m-ony: the ratio between the
converter output power Py and its input power Py.
e The “end-to-end efficiency” npqr: the product of Mgy
and 7Mcony, 1S the efficiency value to maximize in order to
increase the power delivered to the sensor (Fig. 4).

U (V) IMFC
""" MFC model 0,6V RS 1kQ

07 —o—MFC #1

I Vs VMrc Ry
0,6 4 X o— MFC #2 A
0,5 :

MFC Harvesting

0.4 Pypp=90uW interface
0.3 MFC #1 #2 #3
0.2 Vs(V) 06 | 072 | 065
0,1 Rpc (kQ) 0,5 1,1 3,6

0

Pywp of model (uW) 180 | 118 29
Measured Pypp (WW) | 180 | 129 | 30

Fig. 3. Characteristics of lab-scale benthic MFCs and identified electrical model.
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Fig. 4. Schematic of the overall circuit including the MFC model, the DC/DC converter and the intermittent sensor (top). Flyback converter in DCM

operation (bottom).

Regarding low power range at stake, maximizing Mgxgr
without considering ngoyy may lead to a low %qr.
That is why using MEES is not straight-forward for
sub-mW MFCs.

3. DC-DC CONVERTER DESIGN

This section presents the converter design for a maximum
power extraction of 100 uW, which is representative of
the average behavior of our lab-made MFCs (Fig. 3).

3.1. Topology Choice and Design Trade-Off
The flyback converter operating in DCM is selected
because its input impedance Ry can be dynamically
adapted to Ry by controlling the switching frequency f,
without impacting the voltage gain, o (Fig. 4). Therefore,
MEES can be handled whatever the output voltage V.
Moreover, the flyback topology offers a galvanic isolation
between input and output, which is required when con-
sidering parallel/series configuration of MFCs or multiple
MFCs with shared anodes.'> !

The flyback structure is shown in Figure 4. DCM
operation covers three topologies per switching period.

354

In phase 1, the MOSFET is turned-on with 50% duty
cycle and the current in the primary inductance /, increases
quasi-linearly until reaching I, \jox (2). The current in
the secondary side of the transformer, /,, is null due to
the diode. When the MOSFET is turned-off, the magnetic
energy E, stored in the primary inductance is transferred
to the secondary inductance (3). Considering a conversion
ratio of 1:1 for the coupled inductances (secondary induc-
tance equal to L,), the output current /, is equal to [} yzx
at the beginning of phase 2 and decreases quasi-linearly.
The last part in the switching period starts when 7, reaches
zero until the end of the switching period. A self-powered
oscillator is used to generate the gate signal of the tran-
sistor. This oscillator is supplied with the output voltage
in order to ensure an autonomous operation once the fly-
back is started. A bypass input capacitance Cpy is intro-
duced to obtain a quasi-constant input voltage, Vi, and
avoid current ripple. At the output, the energy is stored in
a capacitance Cyyp and is intermittently delivered to the
sensor with an adaptable period AT as shown in Figure 4,
making the output voltage oscillates between two values,
Vour max and Vour miv» Where the latter must be higher
than the minimal voltage required by the sensor. When the

J. Low Power Electron. 15, 351-360, 2019
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sensor is in idle mode, DC energy from the harvester is
stored in Cqyp. If the harvested power is superior to the
idle power of the sensor, Vyyr increases. When available
energy is sufficient (after a time AT), the sensor wakes
up and runs its function (records the temperature and the
acceleration as well as wirelessly transmitting the infor-
mation) consuming an energy Egpygor from Cgyr, hence
decreasing the voltage to Voyr yin-

1 I_MAX = ﬁ (2)
1

3.2. Operation at MPP

The flyback impedance R,y can be expressed as Ref. [3].
In order to extract the maximum power Py;pp from the
MFC, we need to match this impedance to Rg, equal to
1 kQ in the typical case, i.e., the product L, - f must be
fixed. Assuming D and L, fixed, the MEES is handled by
varying the frequency accordingly to the fluctuations of
the MFC impedance Rjq.

©)

3.3. Contributors to Losses in the Flyback

The flyback topology includes different components that
create losses: MOSFET, diode, coupled inductances and
the oscillator. The MOSFET presents an on-state resistance
RN causing conduction losses during phase 1 and inter-
nal capacitances Cnhgg and Cg causing switching losses.
The diode presents a threshold voltage V, causing con-
duction losses during phase 2 and a parasitic capacitance
Cp. The oscillator presents internal power consumption
Posc depending on the frequency. Eventually the coupled
inductances induce losses due to copper resistance, the
leakage current, the inter-winding capacitances and hys-
teresis in the magnetic core. A trade-off between these
losses is detailed in Ref. [14] to maximize the conversion
efficiency for the targeted power level. Particular attention
has to be paid to the coupled inductors choice to limit
switching losses. Using the experimentally verified results
in Ref. [14], the following off-the-shell components were
chosen.

3.4. Off-the-Shelf Components Choice

Reducing MOSFET channel resistance Ry (increasing the
drain-source channel width) increases the internal capac-
itance Cgygg. N-channel MOSFET FDV30IN (Fairchild
Semiconductor) was confirmed to be a good tradeoff for
sub-mW operation. Its threshold gate voltage is 1 V with a
capacitance Cgg in the order of 90 pF. The device features
Ron of 3.5 Q and a total gate charge Qg of 80 pC when
operating with V,; equal to 2 V. BAT54 diode (Vishay
Semiconductors) has been chosen because of its threshold
voltage lower than 0.3 V and low parasitic capacitance Cp

J. Low Power Electron. 15, 351-360, 2019
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of 10 pF, thus minimizing the conduction losses in the sec-
ondary side of the flyback topology as well as the switch-
ing losses. The tunable oscillator TS3004 (Silicon Labs)
was chosen because of a very low power consumption
(order of wW) while presenting adequate operating con-
ditions regarding its supply voltage and frequency range
(2 V and [5 mHz; 300 kHz]). The operating frequency is
set with an external resistor Ryzp (represented in Fig. 4).
Eventually, we selected coupled inductances from muRata
(78601/9C) presenting a primary inductance L, of 18 mH,
a conversion ratio of 1 and a saturation current [y, of
4 mA. According to Ref. [14], this design allows a maxi-
mum end-to-end efficiency of 70% at 90 uW.

3.5. Parameters’ Sizing

Assuming the coupled inductances conversion ratio equal
to unity, the duty cycle D has to be minimized to keep the
flyback in DCM.'® The duty cycle should also be maxi-
mized to avoid an important value of 7, 4 (2) that may
drive the transformer to saturation and also induce large
conduction losses in the switch. Setting the duty cycle D
to 0.5 is a fair tradeoff in a first step. The frequency f is
fixed according to (3) to respect the MPP condition. For
Rg equal to 1 kQ, f is set to 6.9 kHz. Eventually, the
input capacitance Cjy is used to maintain a DC voltage
at the input of the flyback. Its value has to be sufficiently
important in order to insure a negligible input voltage rip-
ple AViy. AV is set to 1% of Vi what corresponds to an
input capacitance of 6.3 uF when operating at 6.9 kHz.
Moreover,!® shows that adding this capacitance at the con-
verter input lowers significantly the dynamic losses inside
the MFC. With our capacitance value, they become negli-
gible (less than 0.1% of the extracted power).

4. ANALYSIS OF EXTRACTION STRATEGIES
4.1. Simulation and Experimental Setups

In order to differentiate the loss contributors, a full model
of the flyback is simulated in SPICE environment, using
the components’ models given by manufacturers (MOS-
FET, diode, oscillator) or experimentally characterized
(coupled inductances).'

In the following simulation and experimental studies,
we chose to model the MFC with the Thevenin circuit
determined in Section 2.2. The average sensor power con-
sumption is modeled by a voltage source of 2 V, the aver-
age value around which the sensor will be set to operate.
Considering the output capacitance Cqr sufficiently large
(Cour is considered as an infinite storage element), we
assume the oscillations AV, can be neglected and will
have no impact on the analysis.

A flyback is designed on a PCB board to be experimen-
tally tested against three MPPT strategies. The voltages Vg
and Vr are generated by voltage sources (Series 2400,
Keithley) with a uW-precise reading. Py will be deduced
from the latter reading (adding a decoupling capacitance
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to average Pyyr) while Py will be deduced from Vi mea-
sured with an oscilloscope (MSO2000B Series, Tektronix).
Figure 5 presents the experimental results that will be dis-
cussed in the following section.

4.2. MEES Study

As explained in Section 2.2, the environmental variations
induce a dynamic change in the MFC model. In order to
apprehend the relevance of MEES regarding the fluctu-
ations in the MFC, we analyze experimentally the con-
version efficiency dependence on the two parameters Vg
and Rg. It is worth noticing that the fluctuations in the
MEC are far slower than the dynamics of the converter.
First, considering Rg fixed to 1 k{2, Vg variations in the
range [0.4 V; 0.8 V] impacts the efficiencies as displayed
in Figure 5(a). The frequency f is set manually to 6.9 kHz
to operate at MPP (3). It is worth noticing that the input
power Py at MPP is proportional to the square of Vi,
i.e., a decrease in Vg induces a decrease in Pp. We first
observe that Vg does not influence mgyg. It is coherent
since Rg value is fixed and the impedance matching is still
respected. However, a decrease in Vi, i.e., decrease in Py,
creates a drop of M¢oyy. Although decreasing Py induces
a decrease in the static losses (essentially due to the diode
and the resistive parasitic elements of the coupled induc-
tances). The switching losses remain approximately con-
stant because the frequency is fixed (essentially due to the
MOSFET, the oscillator and the capacitive parasitic ele-
ments of the coupled inductances), so they become signifi-
cant regarding Pyy. On the other hand, while increasing Vg,
i.e., increasing Py, the static losses become predominant
and mcony reaches a plateau. The pie charts in Figure 5(a)
represent the breakdown of losses in the flyback using sim-
ulation for the extreme cases. While increasing Vg from
04 V to 0.8 V, the diode losses (from 19% to 38%)
overcome the MOSFET and oscillator ones (from 32% to
17%). In both cases the coupled inductances remain the
major contributors to losses.

The MFC resistance Ry is also likely to vary depend-
ing on the environmental conditions. The impact of these
variations on mcony 1S analyzed through simulation with
Ry ranging from 100 Q to 5 kQ (cf. Section 2.2). For
each resistance, f is manually adapted according to (3)
in order to stay in the MPP conditions. The results are
displayed in Figure 5(b). The abscissa axis represents Ry
normalized by 1 k) (the nominal resistance used to design
the flyback). When doubling Ry, ncony Varies from 68%
to 56%, and when increasing the resistance even more,
the efficiency drops logarithmically because the frequency
is incremented according to MEES, what induces a dras-
tic increase in the switching losses. Therefore, even if
Mextr 1S Set near unity, the end-to-end efficiency Mror
drops because of the losses in the flyback. On the contrary,
when decreasing the resistance, a decrease in the switching
losses would be expected and thus an increase in Mgy -
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However, n-ony slightly decreases from 68% to 62% when
dividing the resistance value by two. This decrease gets
more severe with lower resistance (7qgny reaches 20%
when dividing the resistance by 10). This is a consequence
of the saturation in the coupled inductances as illustrated in
Figure 5(c) as I, y,x follows Eq. (2). This graph represents
the evolution of the theoretical maximum input current
I, \iax regarding the change in Ry when respecting MEES.
A decrease in Ry induces an increase in I; yax converging
to the saturation current I, of the coupled inductances.
When getting closer to /g, the hysteresis losses increase.
When exceeding I, value, the increase in the hystere-
sis losses, i.e., decrease in mMqgyNy, are conjugated with a
decrease in mpyrg as L; is not at its nominal value. This
decrease is correlated to the coupled inductances satura-
tion: the measured primary inductance L, does not reflect
the real operation of the coupled inductances and (3) is
not satisfied with respect to MEES. To keep an end-to-
end efficiency 7myop higher than 55%, the MFC internal
resistance should stay in the range [200 Q; 2 kQ]. An
optimization of the coupled inductances may extend the
latter range. Particularly selecting a magnetic device with
a higher Ig,r, the phenomena may be avoided (however,
increasing I, requires larger coupled inductances). The
switching losses due to hysteresis may be reduced and the
efficiency drop may be attenuated when Ry increases. In
the same way, increasing the duty cycle D (not too much
to stay in DCM) may attenuate the saturation.

4.3. Comparison of MEES and MHES

Relevance of MEES is discussed with comparison to
another strategy called MHES. The two strategies are
described in Table II. The end-to-end efficiencies npgp of
each strategy regarding the MFC internal resistance vari-
ations are pictured in Figure 5(d). It is worth noticing
that for MEES and MHES, the conditions are installed
by “manually” adapting the operating frequency with the
oscillator resistance Rggr. In a final step, a control unit
should be used to maintain the strategy dynamically. Since
MHES requires the same control circuit as MEES (except
that the controlled power is at the output and not at the
input of the converter), we can assume that the latter con-
troller power losses are identical. That is why we can
consider that comparing MEES and MHES efficiencies
without the suggested control unit will give appropriate
conclusions.

MHES presents the best efficiency values, what is coher-
ent since the operating frequency values are chosen to
get the maximum output power, Poyr yax- These fre-
quency values are compared to the ones used in MEES
in Figure 5(e). In the range close to the initial MPP
(Rs =1 kQ, ie., X axis at 1), the frequency values are
identical and the MEES allows reaching Poyr yax- When
the MFC internal resistance exceeds two times the initial
value, MHES needs to operate with a lower frequency than

J. Low Power Electron. 15, 351-360, 2019
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Fig. 5. Experimental results from the system in Figure 4. (a) VS and (b) RS influence on the flyback efficiency with MEES. (c) Ry influence on
I} yax With MEES. (d) 1y using MEES, MHES and FOPS and (e) frequency values used with MEES and MHES. (f) Efficiencies Mgy and ncony

with MEES and FOPS.

with MEES, reducing the switching losses and increasing
Tcony» €ven if this means decreasing Mgxrr. On the con-
trary when the MFC internal resistance is reduced more
than by half, operation requires higher frequency values
in order to avoid the magnetic core saturation issue caus-
ing high hysteresis losses and also to improve Ngyg With
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operation closer to MPP. Therefore, MHES is a more effi-
cient strategy to harvest the maximum power at the output
of the flyback than MEES.

Consequently, MEES may not be the best strategy
regarding our target. MHES requires the same control cir-
cuitry and allows harvest more energy.
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Table II. Strategies of MPPT.
Condition on
Strategy Description Efficiencies Frequency f
MEES  The operating point of max (ngyg) f is tuned to respect
the flyback is set so  VRg MPP condition (3)
as to reach the
MFC MPP
MHES The output power of  max (1or)  f is tuned to obtain
the flyback is set to VR the maximum
its maximum value power at the output
FOPS  The operating point of max f is fixed and initially
the flyback is fixed (MexTr) @ adapted to
to the nominal MFC  R(7,) Rq(1,) =1 kQ

MPP condition

4.4. FOPS Benefit
We now study the case where the converter operates with-
out any tracking (operating strategy called FOPS and
described in Table II). The converter frequency is fixed to
6.9 kHz in order to set the extraction point to the initially
measured MPP (Rg(7,) = 1 kQ). The efficiency obtained
for various MFC fluctuations is compared to the ones pre-
viously presented with MEES and MHES in Figure 5(d).
On the one hand, FOPS offers better performances than
MEES for a MFC resistance range. Around the nominal
MPP conditions (X axis at 1), the end-to-end efficiency
values mop are approximately identical. However, when
Ry gets more than twice larger (X axis at 2), FOPS offers
slightly better results and almost reaches MHES perfor-
mances. Despite the degradation of ngxrr When increasing
Ry (Fig. 5(f)), nror with FOPS stays higher than npgr
with MEES because the switching losses induced by the
increasing frequency have a drastic impact on N¢oyy- In
the same way, when decreasing the MFC internal resis-
tance by more than 10 (X axis at 0.1), FOPS efficiency
is better because Mcoyy 1S NOt impacted by the saturation
issue encountered with MEES. Figure 5(f) clearly shows
that mcony in the case of FOPS slightly increases when
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decreasing the resistance, while 1cony With MEES drasti-
cally drops.

On the other hand, FOPS offers approximately the same
performances as MHES for MFC internal resistances close
to the nominal one (1 k().

Therefore, the choice of a dynamic tracking (especially
MEES) for cm?-electrode MFCs should not be systematic.
Regarding the MFCs fluctuations range, setting a priori the
converter operating points may increase the power deliv-
ered to the sensor, in addition to enhancing the system
stability. Indeed, MEES and MHES require a control unit
that may add instabilities as well as non-negligible losses
in the system and may drastically reduce their end-to-end
efficiency. FOPS offers then a satisfying trade-off.

4.5. Evaluation of the Control Unit Power Budget
With MEES and MHES, adding a control unit to the
present circuit is necessary to adapt dynamically the fre-
quency and should be considered with some power con-
sumption. The power budget impacts MEES and MHES
strategies instead of FOPS. Figure 5(d) pictures the effi-
ciency figures for FOPS and allows quantifying the accept-
able power budget APypgg (resp. APyyrs) of the control
unit in order to keep higher performances using MEES
(resp. MHES) compared to FOPS. This budget is calcu-
lated by subtracting the output power obtained with FOPS
to the one obtained with MEES (resp. MHES) and aver-
aging it over the MFC fluctuations range.

Over one day, the resistance Ry varies between 0.5 to
2 times its nominal value (X axis between 0.5 and 2).
Supposing a linear variation, the average budgets APyggs
and APy are respectively 0.43 uW and 1.65 uW,
what reduces the range of adequate control circuits. These
results reinforce the idea that setting a priori the converter
parameters and avoiding a control unit may be a better
solution for sub-mW benthic MFCs.

As an experimental validation of the FOPS accuracy for
sub-mW MFCs, for one day, it has been shown that a

Table III. Comparison of experimental results.
Specification Erbay [7] Wang [8] Degrenne [9] Zhang [10] Thomas [21] Alaraj [13] This work
MEFC type Wastewater Wastewater Wastewater ‘Wastewater Compost Water Sediment
Pypp 512 uW 5.21 mW¢ 10 mW - 2.5 mW 1 mW 90 uW
PMU Boost in DCM CP’ + Boost Boost in DCM  CP”+Boost Flyback Flyback in CCM Flyback in DCM
Operating MPP tracking® MPP tracking” FOPS - - MPP tracking? FOPS
strategy
Implementation IC 0.5 CMOS  Discrete Discrete Discrete and Discrete and Discrete Discrete
off-the-shelf off-the-shelf
Output Wireless T° 24F capacitance 500() resistance Humidity-T° Wireless sensor 1 F capacitance Wireless
sensor supplied  charging from  supplied sensor supplied  node supplied  charging Te-acceleration
with 2.5 V OVto25V with 1.9 V¢ with 3.3 V with 3.3 V from 0 Vto 22V sensor supplied
with 2.1 V
Nror 30% 35.9% 73% 4.29% 1%* 50% 72%

Notes: “Extracted from data; ”Charge Pump; “With setting the input voltage to a fraction of the open-circuit voltage of the MFC; ¢Set the input voltage to the initially

measure VMPP using a hysteresis controller.

358

J. Low Power Electron. 15, 351-360, 2019



Capitaine et al.

sensor? powered with a 90 uW MFC was able to measure
and transmit the ambient temperature value every 4 s using
the flyback and FOPS. The system end-to-end efficiency
was 70%, what is coherent with the results shown in
Figure 5(b). Table IIT compares this result to prior art about
harvesting energy from MFCs using different DC/DC con-
verters. Present results are very competitive and compa-
rable to the ones in Ref. [9] but for a power two orders
of magnitude lower. The conversion topology as presented
here and the design approach with fixed parameters offer
then a solid candidate when MFC output power capability
is very small.

As a perspective, we could also consider the sporadic
operation of a control circuit in order to adapt the output
power to its maximum maximorum, for instance once a
day and leave the converter without tracking the rest of the
day. The low duty cycle and frequency of the controller
would drastically reduce its consumption. This idea fits
the MFC characteristic since the MPP has been seen to be
relatively stable in one day.

5. CONCLUSION

Benthic MFCs are promising energy harvesters for pow-
ering autonomously seafloor sensors in the long-term.
Because of environmental fluctuations, their electrical
behavior is likely to vary in time. Several studies focus
on extracting the maximum power by dynamically adapt-
ing the MFC operating point to its maximum power point
(MPP) called MEES. This paper questions the relevance of
using MEES for sub-mW harvesters instead of (i) tracking
the MPP at the converter output (MHES), or (ii) fixing the
extraction point (FOPS).

First, we showed that MEES does not maximize the
conversion efficiency of the converter used as electrical
harvesting interface. In this way, when the power deliv-
ered by the MFC is decreased by two, MHES coherently
allows reaching a higher end-to-end efficiency of 62%,
instead of 56% with MEES, while requiring a compara-
ble control unit. The simulation showed that the decrease
in the converter efficiency is mostly due to a saturation
phenomenon occurring in the coupled inductances. Then,
we showed that for MFC power close to the nominal one,
Pyre (90 wW), FOPS offers approximately the same per-
formances as MEES and MHES and for larger MFC fluc-
tuations >2Pyp- and <0.1Pyg), FOPS gets better than
MEES. Eventually, the power budget of the control unit
required with MEES and MHES were evaluated. Consid-
ering the power delivered by the MFC varies between 0.5
to 2 times its initial value (here 90 W), the MEES and
MHES budgets were calculated to be equal respectively to
0.3 wW and 1.8 uW restricting the range of possible cir-
cuits. This result clearly shows that for quite large MFC
variations, MPPT strategies using a control circuit will be
likely to induce lower performance than a converter with
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fixed parameters (FOPS), in addition to decrease the sys-
tem complexity.

The experimental results were supported with sim-
ulation of the MFC electrical model associated with
the converter losses’ model. This new approach allows
determining the major loss contributors e.g., the coupled
inductance saturation) and may help in apprehending a
design optimization (e.g., increasing the duty cycle).

NOMENCLATURE
Abbreviations

DCM Discontinuous Conduction Mode
FOPS Fixed Operating Point Strategy

MFC Microbial Fuel Cell
MEES Maximum Extracted Energy Strategy
MHES Maximum Harvested Energy Strategy
MPPT Maximum Power Point Tracking
Symbols

D Converter’s duty cycle
f Converter’s operating frequency

Neony  Conversion efficiency
TNextr  EXtraction efficiency

Nror End-to-end efficiency
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