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HIGHLIGHTS

® A net power positive energy harvesting system (EHS) for MFC is proposed.

® An MPPT algorithm is designed based on MFC reactor dynamics.

® Detailed design of harvester hardware for minimizing control power is presented.
® The proposed EHS uses only a fraction of the harvested MFC power.

ARTICLE INFO ABSTRACT

Microbial fuel cells (MFCs) have been investigated as a promising renewable energy source, although harvesting
energy from MFCs is not a simple task because of their low terminal voltage and output power. For an energy
harvesting system (EHS) for MFC, controlling the MFC's operating point to track the maximum power point
(MPP) is essential to maximize the harvested energy, but it requires a complex control system that consumes
significant amount of energy. Although this control power is a critical factor because of its substantial impact on
overall efficiency, it has been largely neglected. Furthermore, the transient of MFC reactor has not been taken
into consideration enough for MPPT algorithms even though it could significantly affect the operation of such
algorithms. In this paper, a net power positive EHS for MFC is proposed, which has a microcontroller that tracks
the MPP using a novel power estimation method considering the dynamics of MFC reactor. The proposed EHS
uses only a fraction of the harvested MFC power and was able to operate at a steady-state MPP without any
external power. The experimental results show that the overall efficiency of the proposed system at MPP is
59.4% with a microcontroller power consumption of 8.67 pW.
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1. Introduction the maximum power can be extracted [1]. The MPP can be changed

during operation due to various reactor conditions; hence, it needs to be

Most renewable energy sources, especially the low-power ones, re-
quire a very efficient energy harvesting system (EHS) considering the
amount of energy they can produce. Increasing the efficiency of EHS
can be achieved by minimizing the number of components and their
losses. In addition, the energy harvesting algorithm of the EHS plays an
important role in the efficiency of the system and it needs to be care-
fully designed to reduce the power consumption. Practically, building a
net power positive EHS is critical to make the system self-sustainable.

Microbial fuel cell (MFC) is a renewable energy source that the
bacteria inside the reactor generate electricity while consuming organic
matter. The amount of power from an MFC depends on the operating
point and there is a specific one, maximum power point (MPP), where
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tracked to keep extracting the maximum available power for the given
reactor conditions. Numerous MPP tracking (MPPT) algorithms have
been proposed; however, the power consumed by the control circuits
has been largely neglected in the previous investigations. For example,
a personal computer [2-4] and powerful microcontrollers [5,6] were
used to do the required calculations, but the power used for control
circuitry was not included in the overall efficiency calculation. It is not
practical because the control power is non-negligible compared to the
available power from an MFC. Furthermore, the MFC reactor dynamics
needs to be considered for an MPPT algorithm because they move the
operating point from one point to another in order to track MPP, which
is substantially affected by the reactor transient.
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Designing a self-powered EHS for MFC is a challenge because typical
MFC power is so low that using some of it to energize the EHS would
significantly reduce the overall efficiency, even down to an impractical
level. Various self-powered EHS for MFCs have been reported [7-10];
typically, they share the idea of charging a supercapacitor to a certain
voltage level either directly or using a charge pump before a dc-dc
converter is enabled to boost the voltage. The major disadvantage of
this approach is that there is no control over the operating point of
MFC. Sustained operation at MPP is not possible, which results in
harvesting less power than the MFC can actually supply. Self-powered
EHSs operating at MPP were reported in Ref. [11], but the method to
find the MPP has an issue for some reactors that have long time con-
stant for voltage recovery, because it uses direct open-circuit voltage
(OCV) sampling, which can result in operating far from the MPP unless
the circuit is opened for long period of time. An idea of minimizing the
energy consumption of the control circuit was discussed in Ref. [12] by
increasing sampling time and spending more time in sleep mode when
using low power microcontrollers. However, the algorithm was tested
using a personal computer and the power consumption of actual low
power microcontrollers was not extensively investigated.

In this paper, a self-powered EHS with an efficient MPPT algorithm
considering the transient behavior of MFC reactor is proposed. The
proposed MPPT algorithm uses the MFC electrical characteristics to
estimate the output power by only measuring voltages, which saves
power consumption for current measurements. The proposed EHS is
implemented in an ultra-low power microcontroller that uses MFC
power only.

2. Methods and materials
2.1. Microbial fuel cell

2.1.1. Equivalent circuit

Electricity generation in MFCs is achieved using anaerobic bacteria
such as Geobacter and Shewanella, where they consume organic matter
inside the anode chamber of an MFC reactor and generate extracellular
electrons that are transferred to the cathode electrode. When an ex-
ternal load is connected between the anode and cathode electrodes, it
results in delivering electrical power to the load [1,13,14]. MFC's power
generation capability has been substantially improved during the last
decade, and they have been investigated as a power source for various
applications including underwater remote wireless sensors [15-17]. A
conceptual diagram of MFC is shown in Fig. 1a.

The MFC equivalent circuit [18] used in this paper is shown in
Fig. 1b. This equivalent circuit models the MFC voltage dynamics with
internal resistances and a shunt capacitor. This dynamic behavior of
MFC voltage is important in tracking MPP to determine a correct
steady-state power. The internal voltage V;,; of the equivalent circuit,
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which is also known as OCV, can be found by opening the terminals of
MFC for long enough time. To find the value of R, a load needs to be
connected to the MFC and the terminal voltage V; and output current
I~ are measured. Then, the circuit is opened and terminal voltage V3 is
measured. The (—) and (+) superscript denotes the measurement right
before and after the circuit opening, respectively. It is assumed that the
capacitance is high enough so that the output terminal voltage is rea-
sonably close to the capacitor voltage V¢ right after opening the circuit.
The resistance R, can be calculated as

_Ve=Vr _

Vi-Vr
= .

R
2 -

@

The value of the resistance R, can be calculated by subtracting R,
from the total internal resistance, which can be found from the polar-
ization curve considering that the external resistance is equal to the
internal resistance at the MFC MPP. The total internal resistance can be
calculated using

Vapp
Rips = s

(2

where Vypp and Iypp are the voltage and current at the MPP, respec-
tively. Then, R, can be given as

Ivpp

R = Ry — R. 3

2.1.2. Transient dynamics

Using the values of Vi, R, and R,, the shunt capacitance can be
found along with the open circuit test results. From an initial capacitor
voltage V¢ (0) when a load was connected to the terminals of MFC, the
capacitor voltage will start increasing when the circuit is opened. The
dynamics of the capacitor voltage can be described as follows (Detailed
derivation of the capacitor voltage dynamics can be found in the sup-
plement material).

Ve(t) = Vi + Vc(O)e‘(c%h)’ - inte‘(%m)‘ &)

A load should be connected to the terminals of MFC to have the
current flowing before the open circuit test. Once the circuit is opened,
Ve is measured two times; the initial capacitor voltage V- (0) and the
voltage after t seconds V¢ (t). Those measurements can be used in (4) to
find the capacitance C. The results of the reactor tests and identified
parameters are shown in Table 1.

The internal capacitor voltage V¢ in steady-state, assuming constant

terminal voltage V4 , can be found as
Ve = Vi — IRy, 5

where I is the current that is flowing through R, and R,. Hence, the
capacitor voltage can be given as

|
|
|
|
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|
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|
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(b)

Fig. 1. (a) MFC conceptual diagram. (b) MFC electrical equivalent circuit [18]: V;,, is MFC internal voltage, V; is MFC terminal voltage, and R;, R,, and C, represents
input series resistance, output series resistances, and equivalent double-layer capacitance, respectively.

226



M. Alaraj and J.-D. Park

Table 1
Results of MFC tests and identified equivalent circuit parameters.
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Polarization curve results Short circuit test results

Open circuit test results

Equivalent circuit parameters

Vocv Vmpp Ivipp Vi Ve I Ve (07) Vel(t) At Rint R R c
425my 212mv 0.554mA 176mv 208mv 0.38mA 331mv 411mv 40s 378.650 84.21Q 294.440 71.4mF
Vo=V Vine = Vr R increased from 220 mV to 240 mV. Note that the initial and steady-state
c= Vi — 1. . .
R+ kR (6) capacitor voltages are higher because of the R, drop by load current. It

The internal capacitor voltage is proportional to the terminal voltage,
assuming constant equivalent circuit parameters. The time-domain
dynamics of capacitor voltage with a load can be found as

ViuRe + Vi Ry
R+ R

Steady state value

R1+Ry
- AVR, e_( CR1Ry )t.
R+R

Decays to zero as t— oo

Ve(t) =

)

Note that the first term is the steady-state value in (6) and the second
term exponentially decays to zero.

The transient behavior of MFC in (7) clearly shows that the MFC
terminal voltage takes time before it reaches a steady-state value when
moving from one operating point to another. Measuring the MFC power
before the voltage reaches the steady-state value results in a transient
value, which is either higher or lower than the steady-state power.
When the MFC terminal voltage is reduced by the MPPT algorithm, the
capacitor voltage will decrease to the new steady-state value, as shown
in (6). The MFC current will be higher than the steady-state current
because the energy stored in the capacitor is discharged during the
transient. This continues until the capacitor voltage reaches the steady
state. On the other hand, when the MFC terminal voltage is increased,
the current is lower during this transient, because some of MFC current
is charging the internal capacitor.

Therefore, the sampling time T; should be large enough for the ca-
pacitor voltage to reach a steady-state value, because measuring MFC
current before the capacitor voltage reaches a steady state will result in
an erroneous power reading. The minimum sampling time for the ca-
pacitor voltage can be extracted from (7). The time constant of the
capacitor transient equation is

_ CRlRZ
R+R’ (8)
The sampling time T; needs to be
T, > 57 9

in order for 99% of the steady-state value to be measured. For the MFC
reactor used in this work, the minimum sampling time is calculated as
23.31s based on the equivalent circuit parameters. Fig. 2 shows the
calculated capacitor voltage using (7), when the terminal voltage was
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Fig. 2. The calculated capacitor voltage when the terminal voltage was in-
creased from 220 mV to 240 mV based on the equivalent circuit model.

can be seen that the capacitor voltage reaches the steady state after
around 23s.

Generally, MPPT algorithms require the calculation of output power
for each operating point from MFC voltage and current. Measuring MFC
voltage is straightforward since microcontrollers can directly measure
voltages, while current measurement is not. Typically, a shunt resistor
is used to measure the voltage across it. Although a small shunt re-
sistance would be better for low power loss and voltage drop, an am-
plifier might be needed to measure the low shunt voltage, which can
consume relatively high power compared to MFC's output power. In
Ref. [6], an instrumental amplifier (INA122, Texas Instruments, TX)
was used, which takes non-trivial 60 A operating at 2.2V [19] while
the MFC generating about 400 uW. Hence, an MFC output current es-
timation method using the characteristics of MFC is developed in this
paper to reduce the power consumption of the control circuit.

2.1.3. MFC reactor

A single-chamber air-cathode MFC reactor was used in the experi-
ments of this paper. The 60 mL anode chamber was built using a
custom-built (5cm X 5cm x 3.5 cm, 4.5 cm internal cylinder diameter)
and commercial off-the-shelf plastic blocks (5cm X 5c¢m x 2cm, 3 cm
internal cylinder diameter, Physichemi, Hong Kong). A 2.75cm dia-
meter and 4 cm long carbon brush (Zoltek PX35 Carbon Fiber) on a
titanium rod (Millrose, OH) was used as anode electrode. The cathode
electrode is made of a circular carbon paper (30 mm diameter) that
contains 0.5 mg/cm2 of Pt (10% of Pt/C catalyst, 30% wet proofing).
The current collector in cathode electrode is made of a small piece of 1-
mm titanium wire (45485-BY, Alfa Aesar, MA) that touches the carbon
paper. Four 10-24 stainless steel bolts and nuts were used to hold the
blocks and electrodes together. The reactor solution leakage was
avoided by installing rubber gaskets between blocks.

The reactor was inoculated using a sludge collected from a local
waste water treatment plant, with a sodium acetate (2 g/L. CH3COONa)
and some vitamins in a 50mM phosphate buffer solution (PBS,
CH3COONa, 0.31 g/L NH4CI, 0.13 g/L KCl, 3.321 g/L NaH,PO,.2H20,
and 10.317 g/L Na,HPO,4.12H,0). The inoculation was repeated until
the reactor terminal voltage reached 350 mV with 1 kQ load. Then, the
reactor was maintained with a 2 g/L sodium acetate in the PBS.

The procedure to refresh the medium is simple; the PBS is prepared
and the sodium acetate is added to the PBS with a concentration of 2 g/
L. Then the old medium inside the reactor is drained and the reactor is
filled with the new medium. We waited until the voltage of the reactor
goes down below 50 mV before the medium is replaced. The time be-
tween replenishments depends on the reactor size and other reactor
conditions; for the reactor under test, the voltage goes down to that low
level in 2-3 days.

2.2. Proposed method

2.2.1. Current estimation

In this paper, an estimated current is used in order to improve the
overall efficiency of the control circuit because measuring the actual
current requires additional components and power. From the equiva-
lent circuit model in Fig. 1b, the load current is given as
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Fig. 3. Graphical representation of V4 and V. measurement process: V¢ is
measured just before opening the circuit, V¢ is measured right after the circuit is
opened, At time required to measure V¢, and T; is the sampling time.

Ve=Vr

I =
MFC R2

(10)
and the current can be estimated with V; and V¢ from the open circuit
test assuming that R, is constant, which is a reasonable assumption
[18]. A graphical representation that shows the process of measuring Vr
and V¢ is shown in Fig. 3. It can be seen that the terminal voltage in-
creases instantaneously as much as the voltage drop across R;.

This method for current estimation improves the overall efficiency
because it does not require any additional component for current
measurement. Although the MFC energy will not be harvested during
the open circuit period At, the energy loss is practically negligible be-
cause the opening duration is very short (around 15ms in this work)
compared to the sampling time T; (30s), which is the harvesting period.

2.2.2. Power calculation and MPPT
Based on the calculated current (10), the MFC power can be ob-
tained by

Ve — VTVT
R an

However, the perturb and observe (P&0O) algorithm [2,3,20] that is
used in this paper to track MPP does not require the actual value of
power for the operation of the algorithm as long as the relative amount
of the power of two consecutive operating points is known. Therefore,
the value of R, can be removed from (11), which results in a propor-
tional estimated power

By =

Py=0c—- Vo)W 12)

The algorithm will converge to MPP even if R, changes, assuming
that it does not change between two samples, which is a reasonable
assumption [18].

2.2.3. Proposed algorithm

It has been shown that it takes time for an MFC to change operating
points because of the high internal capacitance. This time period should
be considered when tracking MPP because measuring MFC current
before the capacitor voltage reaches steady-state will affect the power
calculation and mislead the MPPT algorithm. A flow chart that de-
scribes the operation of the proposed algorithm is shown in Fig. 4.

The proposed MPPT algorithm in this paper is based on the P&O
algorithm, but it takes the transient of the MFC voltage into con-
sideration. It measures V; and V- at one operating point and calculates
the proportional estimated power (12) based on the equivalent circuit
model. Then the operating point is changed, and after a sampling time
T;, Vr and V- of the new operating point are measured, as shown in
Fig. 3, to calculate the new proportional estimated power. By com-
paring the powers of the two operating points, the system moves to the
direction that gives higher power.

The contribution of the proposed algorithm on conventional P&O
algorithm is the detection of power change based on the model-based
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Fig. 4. Flow chart of the proposed MPPT algorithm.

current estimation and the derivation of minimum sampling time T; that
guarantees the measurement of the steady-state MFC power.

2.3. System implementation

In the proposed EHS, the MFC power is handled using a commercial
off-the-shelf boost converter (BQ25504, Texas Instruments, TX), which
is efficient and capable of operating from MFCs’ low output voltage. An
ultra-low power consuming microcontroller (MSP430L092, Texas
Instruments, TX) is used to control the boost converter with the pro-
posed MPPT algorithm. The overall schematic diagram of the proposed
EHS is shown in Fig. 5.

2.3.1. Boost converter

The BQ25504 is designed to operate at input voltages as low as
100 mV that covers typical MFC output voltage range. The boost con-
verter has a built-in MPPT function that finds the OCV and sets the
operating point to half of the OCV. However, the OCV is measured after
opening the circuit for just 256 ms, which is substantially short for an
MEFC to reach its OCV. It has been shown that applying this built-in
MPPT function to an MFC results in an operating point far from the MPP
of the reactor [12]. The MPPT performance can be improved by using
the proposed algorithm with this built-in function disabled. The input
voltage of BQ25504 (i.e., MFC output voltage) can be maintained by its
hysteresis controller at a reference voltage Vs, which is fed by the
proposed MPPT algorithm and microcontroller.

Since the proposed MPPT algorithm opens the circuit in order to
measure the internal shunt capacitor voltage, a high side load switch
(TPS22860, Texas Instruments, TX) is used at the boost converter's
input and controlled by a microcontroller's general purpose input/
output (GPIO). The switch is only opened at the time of V- measure-
ment, otherwise it is closed. This load switch has a very low on-
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Fig. 5. Schematic diagram of the overall EHS system.

resistance; hence it does not significantly affect the overall efficiency.
As a minimum output voltage of 1.8V is required for BQ25504 to
operate, two rechargeable batteries (Ultra Last Ni-Mh, 1.25V) con-
nected in series are used at the output of the boost converter to store the
harvested energy and maintain the output voltage at nominal 2.5 V.

2.3.2. Microcontroller and control power consumption

The designed control system uses an MSP430L092 to monitor the
operating point of the MFC and control the power circuit in the EHS.
The microcontroller is selected because of its low power consumption
and operating voltage. It also has a built-in analog-to-digital converter
(ADC) and timer/capture for pulse width modulation (PWM) and
sampling time control. The anode of MFC is connected to the micro-
controller's ADC to measure V; and V¢, and a low pass filter is connected
to a timer channel to generate V},; for the boost converter.

The main power consumer in the control circuit is the micro-
controller. Its power consumption can be reduced by staying in the sleep
mode most of the time and switching to the active mode only when it is
needed. According to our lab experiments, MSP430L092 consumes up
to 78 YA in active mode when operating at 1.65V and 1 MHz compared
to only 8 pA in sleep mode. The time between two power measurements
affects the power consumption of the microcontroller because mea-
surements should be done in active mode. Higher sampling time means
lower energy consumption because the microcontroller consumes more
power in active mode, which can be shown using the microcontroller
power calculation using an average current.

1 Ts—At Ts
Tove = ? f Isleepdt + f Tpcrivedt |,

SU o Ty—At a4
Fue = Veclaves (15)

where I, and F,, are the average microcontroller current and power
consumption, Iy, and I, are the microcontroller current at sleep
mode and active mode, T; is the sampling time, and At is the active mode
time. A trade-off between energy consumption and operation perfor-
mance needs to be made because frequent sampling yields faster con-
vergence; however, the sampling time should satisfy the requirement in
(9). In this paper, a sampling time T; of 30s was used.

The energy consumption of MSP430L092 depends on its clock fre-
quency, where it consumes up to 101 pA when operating at 1.65V and
1 MHz compared to only 42 pA at 125kHz [21]. Operating with such
high frequencies (1 MHz and 125 kHz) requires the high frequency os-
cillator (HFO) that consumes up to 22 pA [21]. In MSP430L092's sleep
mode, the HFO is turned off and the low frequency oscillator (LFO,
typically 20 kHz) that only consumes 0.6 PA is used. Although the high
frequency clock is needed for fast microcontroller performance in the
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active mode, LFO is used in both modes of operation to minimize power
consumption in this paper.

The supply voltage VCC is another factor of microcontroller energy
consumption. The MSP430L092 operates in a range of supply voltages
(0.9-2.2V). Higher supply voltage increases the power intake and re-
duces the overall efficiency of the EHS. The advantage of using higher
VCC is that HFO and LFO can generate higher clock frequencies to
enhance the performance, but lower supply voltage reduces the power
consumption of microcontroller. However, the MSP430L092 requires a
minimum supply voltage of about 1.25 V to be started, and once started
it can operate with as low as 0.9V [21]. Therefore, the bottom battery
at the boost converter output is used to supply the microcontroller,
which has a nominal voltage of 1.25V and that is high enough for the
microcontroller to operate. Although the batteries in this work should
be initially charged to start operation, the stored energy will not be
used once the system starts operating because the system is self-sus-
tainable. Furthermore, a separate self-startup circuit can readily be used
in conjunction with the proposed system.

Another power consumer in the microcontroller is the built-in
analog pool for digital-to-analog converter (DAC) and ADC. Our lab
experiments suggested that the microcontroller consumes 35 pA at
1.3V when the analog pool is configured as ADC and turned on con-
tinuously and an analog-to-digital conversion takes up to 5pA ad-
ditionally. On the other hand, the microcontroller only consumes about
5.5 pA when the analog pool was turned off. Therefore, the analog pool
usage needs to be minimized in order to reduce the microcontroller's
power consumption. Considering that the sampling time is 30s in this
work, having the analog pool turned on only at the time of measure-
ment substantially reduces the energy consumption because the mi-
crocontroller only needs 15ms for the required measurements. Using
the actual values in (14), the average current results in 5.517 pA, which
is very close to the current when the microcontroller was sleep and the
analog pool was turned off all the time.

2.3.3. EHS operation to control MFC

The proposed system measures MFC terminal voltage using the
microcontroller's ADC and the MFC power is calculated using the pro-
posed method in 2.2.2; the proposed MPPT algorithm calculates the
desired MFC voltage based on it. Then, the microcontroller generates a
command voltage V,,s for the boost converter, and the boost converter
controls the MFC voltage to be equal to Vs, which moves the operating
point closer to MPP of the reactor. Then, that cycle is execute again and
the MFC power is calculated and a new desired V;,; is calculated, which
is fed again to the boost converter to move the operation toward MPP.

Generating V;,; using DAC is inefficient because it requires the
analog pool turned on all the time. Therefore, a low-pass filtered PWM



M. Alaraj and J.-D. Park

MSP430L092

MFC Reactor

Fig. 6. Experiment set up picture: the MFC reactor and the used circuit.

is used. The timer generates a PWM signal based on its input clock
signal, and since the timer can get the LFO clock signal during both
active and sleep mode, it can generate the PWM signal continuously. The
PWM generation in our lab experiments did not show a significant
impact on the microcontroller's power consumption. The value of the
DC component in the PWM signal depends on the duty cycle D and V¢
of the microcontroller.

Vs = DVee (16)

The experiment setup, the proposed EHS and MFC reactor used, is
shown in Fig. 6.

3. Experimental results

The MFC voltage and current were monitored using two digital
multimeters (390A, B&K Precision) during the experiments. Having a
sampling time of 30s makes it easy to manually record the measure-
ments for each operating point.

3.1. MPPT

The output voltage Vyrc and current Iyrc waveforms as well as the
reference voltage for power converter Vggr are shown in Fig. 7a. The
reactor's OCV and MPP is approx. 225 mV and 112 mV, respectively, at

Voltage [mV]

aof 4 !

20 R T | TOA IR, 7 TR

0 o1 02 03 04 05 06 07 08 09 1

Time [msce)

(2)
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the time of measurement. It can be seen that the reactor generates about
65 pW at its MPP. It should be noted that the reactor was in a different
batch cycle and hence it does not match with the polarization curves in
Fig. 7b. The reactor under test showed MPP in the range of
65-119.11 uW at 163-255.1 mV in 4 batch cycles with an average of
100.67 uW and variance of 432.72 uW?>. Note that the variance is large
because each MPP was measured at different time during each batch
cycle.

The result of the proposed MPPT algorithm is shown in Fig. 7b. The
straight lines represent the current voltage (I-V) relationship (i.e., po-
larization curve), which were plotted based on the measurements of the
voltage and current during the MPPT operation. The current-power
curves were also calculated based on I-V curves and plotted. The circles
represent the operating points of the MFC commanded by the MPPT
algorithm and the lines between the circles show the direction of
transitions. Note that the algorithm stays 30s in each operating point
due to the sampling time. It can be clearly seen that the MPPT algo-
rithm was able to reach and maintain the operation around MPP
starting from an initial voltage of 379 mV. It is also shown that the
algorithm was able to track the varying MPP. This validates the per-
formance of the proposed real-time MPPT algorithm.

The oscillation around MPP is about 40 mV (%10% from MPP vol-
tage) as can be seen in Fig. 7b, which is because of using large per-
turbation steps due to the low resolution of the analog-to digital con-
verter (ADC) in the used ultra-low power microcontroller. Large steps
help the microcontroller to differentiate between two operating point
voltage levels; however, using powerful microcontrollers can easily
increase the measurement accuracy if necessary. Although operating in
smaller steps and reduce the oscillations, it will definitely consume
more power. Oftentimes it is more than MFC can generate.

3.2. Efficiency

The efficiency of the system was calculated by measuring the boost
converter input and output power as well as the microcontroller's
power consumption and load switch power loss. The measurements and
the power calculations at MPP for the efficiency calculation are shown
in Table 2. The equations for calculating the input power, output
power, microcontroller power, boost converter efficiency and overall
EHS efficiency are included in the supplementary material.

It should be noted that the currents were measured using shunt
resistors and the power across those shunt resistors was not included for
the overall efficiency calculation since those resistors are only needed
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Fig. 7. Experiments: (a) MFC output voltage, output current, and reference voltage for BQ25504. MFC's OCV and MPP is approx. 225 mV and 112 mV, respectively, at
the time of measurement. (b) MPPT results. Circles represent the operating points of the MFC.
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Table 2
Results of voltage and current measurements and power calculations.
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MFC generated power Load switch loss

Converter output Controller loss

Vmrc Imrc Py, I Ron PLSjps Vbart Teonv Bout Vee Icc B
213mV 0.5592mA 119.11uW 0.5529mA 0.6302 0.2uw 2.62V 30.3uA 79.39uW 1.3V 6.67uA 8.67uW
80 T T T
Controller loss & 60 |
8.67uW, 7% | converter loss >
39.52uW, 33 2
s 5 40}
S
@
20+ 1
0 i i i
50 150 250 350 450

(a)
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Fig. 8. Experiments: (a) The efficiency of the proposed system with different MFC operating points. (b) Power expenditure pie chart including output power,

converter loss, controller loss, and load switch loss.

for efficiency calculation and not used for the system control. For the
input shunt resistor, the loss was subtracted from the input power, and
for the two output current shunt resistors, their power loss was added to
the output power.

The boost converter efficiency was calculated at MPP to be 66.7%
using (19) in the supplementary material and since the microcontroller
takes about 8.67 uW, the EHS overall efficiency was calculated to be
59.4% using (20) in the supplementary material.

A pie chart for the power expenditure of each system component
and the overall efficiency of the proposed EHS at different MFC oper-
ating points are shown in Figs. 8a and 8b, respectively. It can be seen
that the efficiency is better with higher input voltages (> 60% in
250-350 V range); however, the MFC current decreases as well as the
MEFC power when the MFC voltage becomes closer to the OCV. Hence
the efficiency starts to decrease at higher voltage operating points
(> 350 mV).

4. Discussion

Table 3 shows a summary of this work and a comparison with other
existing MFC EHSs. Existing self-sustainable systems typically do not
have complete MPPT capability with self-sustainability and fall into one
of the following categories: i) self-sustainable but no control over op-
erating point, ii) MPPT capable but not counting control power usage,
or iii) self-sustainable, MPPT-capable, but needs to open terminals and
wait long time to measure OCV. This paper provides a highly efficient
net power positive MFC EHS that can accurately track MPP considering
slow MFC voltage dynamics and it requires to disconnect the MFC for

only a very short time.

The proposed system needs initial voltage at the output of the boost
converter to close the load switch and start harvesting. Although the
system has to be self-bootable to be completely stand alone, the self-
startup feature has not been included in this work due to the limitation
of commercial off-the-shelf parts. However, low voltage startup circuits,
e.g., <100 mV with CMOS devices, have recently been investigated
and reported in the literature. Authors’ group is also working on a se-
parate startup circuit to integrate with the harvesting part of the EHS.

5. Conclusion

In this paper, an efficient self-sustainable EHS was proposed. The
system tracks MFC MPP using P&O algorithm based on the novel
model-based current estimation method. The optimal power sampling
time was derived for precise steady-state power measurement. Using
that current estimation method and the sampling time, the proposed
MPPT algorithm was able to efficiently estimate the steady-state MFC
power and successfully tracked the varying MFC MPP. A commercial
off-the-shelf microcontroller was configured to consume only 8.67 pW
to implement the proposed MPPT algorithm and power converter
control. The proposed EHS demonstrated net power positive energy
harvesting from a 119 pW MFC reactor with 59.4% overall efficiency at
MPP.
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