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Abstract: Microbial Fuel Cell (MFC) technology is a novel Energy Harvesting (EH) source that can
transform organic substrates in wastewater into electricity through a bioelectrochemical process.
However, its limited output power available per liter is in the range of a few milliwatts, which results
very limited to be used by an Internet of Things (IoT) smart node that could require power in the
order of hundreds of milliwatts when in full operation. One way to reach a usable power output is
to connect several MFCs in series or parallel; nevertheless, the high output characteristic resistance
of MFCs and differences in output voltage from multiple MFCs, dramatically worsens its power
efficiency for both series and parallel arrangements. In this paper, a Power Management System
(PMS) is proposed to allow maximum power harvesting from multiple MFCs while providing
a regulated output voltage. To enable a more efficient and reliable power-harvesting process from
multiple MFCs that considers the biochemical limitations of the bacteria to extend its lifetime,
a power ranking and MFC health-protection algorithm using an interleaved EH operation was
implemented in a PIC24F16KA102 microcontroller. A power extraction sub-block of the system
includes an ultra-low-power BQ25505 step-up DC-DC converter, which integrates Maximum Power
Point Tracking (MPPT) capabilities. The maximum efficiency measured of the PMS was ~50.7%.
The energy harvesting technique presented in this work was tested to power an internet-enabled
temperature-sensing smart node.

Keywords: DC-DC power conversion; Internet of Things (IoT); microbial fuel cell array;
power management system; remote monitoring; step-up converter; wastewater

1. Introduction

It is projected that networked microsensor technology, in the form of Wireless Sensor Networks
(WSNs), will keep playing an important role in the future of remote sensing [1]. Some of the
applications for WSNs range from automation, human monitoring, equipment condition monitoring,
defense, aerospace, building, structural health monitoring and agriculture [2–6].

As reported in [7], WSNs have been implemented in point-to-multipoint and local point-to-point
communication networks achieving long-term field deployment but a limited sensing-data processing.
However, WSNs are nowadays increasingly becoming part of a more pervasive concept, the Internet of
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Things (IoT), which allows devices to communicate with each other and collect information on a much
larger scale through the internet [8]. This opens new possibilities to achieve more comprehensive
data processing of the information being collected. IoT has the potential to foster a large number of
applications by enabling more devices to be connected to the web and make use of a wider range of
pre-collected and pre-processed data.

A paramount challenge that can pose a limitation for a wider adoption in the use of IoT smart
nodes in areas of difficult access, is inherently associated to its battery requirements for a considerable
power specification needed to perform on-field sensor measurements and to send the collected
information to the cloud. A desirable feature of WSN is to minimize not only the size and cost
of the energy storage element itself, but also to reduce the maintenance needed to constantly replace
the sensor’s batteries. Harvesting enough energy from the environment where the WSN is physically
located, can be a plausible solution to extend the battery life of a remote sensor and even fully power it
for prolonged periods of time [9,10]. The sources of energy that can be harvested from the ambient
include solar, kinetic, thermal gradient, radiofrequency, electromagnetic and Microbial Fuel Cells
(MFCs) [11–16].

MFCs are a promising emerging source of energy harvesting that can transform organic and
inorganic matter to generate electricity by using a bioelectrochemical conversion process [17–21].
MFCs can find a particular application in remote sensing [22] for places that are difficult to access
routinely for maintenance but with abundant organic material available, such as sewage water and even
oceans [23–25], where the use and replacement of batteries, can be costly or impractical [16,23,26–30].
A potential application that can combine IoT devices and MFC technologies is in the management
and optimization of traditionally public services, such as residual water treatment plants [31]. It is
important to note that while MFCs can generate power from liquid and organic sediments found
in wastewater and oceans, smart nodes can monitor and transmit conditions found in water being
treated, such as temperature, pH, conductivity, salinity, and organic sediment concentration, to name
a few [23–25,32].

Despite these opportunities, one of the main limitations of energy harvesting from MFC
technologies is the low output power levels provided by each individual cell, typically in the order of
microwatts to a few milliwatts per liter [33]. For this reason, a Power Management System (PMS) is
required to maximize the power conversion efficiency and increase the voltage and current level to the
nominal power levels required by wireless sensors. Some implementations of PMS have previously
been reported to maximize the energy harvesting efficiencies of single MFCs [23,28–30,34–36]. To reach
usable output voltage levels while at the same time increasing the output current density is by
connecting several MFCs in series or in parallel to increase the overall power out level. However,
differences in power production from individual MFCs, as well as voltage reversal issues when
connecting multiple MFCs in series, present a challenge in the overall efficiency of the system,
since these variations dramatically worsen the power production of MFCs arrays [33].

The objective of this paper is to present a circuit topology for efficient energy harvesting from
multiple MFCs to increase the total available energy of the system to meet the voltage and current
specifications of a power-demanding application. A ranking algorithm was developed based not
only on the voltage of the MFC, which does not contain information about MFCs internal resistance,
but rather on the available power from each individual MFC to prioritize the charge extraction from
the MFC that has the highest available power. At the same time, recovery time is a critical observed
requirement for the MFC to recharge its internal capacitive elements as part of its power generation
cycle, to avoid damaging the MFC, due to power over-depletion and extend its lifetime. The algorithm
also includes an MFC-failure protection feature that isolates an MFC in the array when the algorithm
notices a significant power drop during the energy harvesting process. The MFC output power is
regulated by a step-up DC-DC converter that stores the extracted charges in an output supercapacitor.
Finally, the energy harvesting technique presented in this work is tested and demonstrated through an
internet-enabled smart node, capable of transmitting the collected data to the internet. A performance
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comparison to other power management works based on MFC is made in terms of charging time,
topology features and efficiency.

The paper is organized as follows: In Section 2, a brief introduction to MFC is presented and its
electrical model is described. Section 3 discusses the choice of top level circuit architecture for multiple
MFC power extraction and describes the MFC power ranking and power extraction algorithms.
The experimental results are presented in Sections 4 and 5 summarizes this work.

2. MFC and Power Management System Specification

This section aims to provide accurate details of the construction of the MFCs used in this
work, its electrical description to determine the proper PMS specifications and the proposed system
specifications. All these components are described in the following.

2.1. MFC Construction and Characterization

Four MFCs were fabricated from an acrylic anode and cathode chambers. One 1000 mL MFC
and three 240 mL MFCs were constructed, the two different sizes were used to simulate MFCs
having different output power levels. A Proton Exchange Membrane (PEM) (Nafion 117TM, Ion
Power Inc., New Castle, DE, USA) was used to separate the anode and cathode chambers from each
other, while selectively allowing proton generated by bacteria to cross over to the cathode chamber
to complete the electrochemical reaction to produce power. The anode was a carbon felt (Morgan,
Durham, CT, USA) and the cathode was a carbon cloth containing 0.5 mg/cm2 of Pt catalyst on one
side (ElectroChem, Inc., Woburn, MA, USA) for all MFCs. Both anode and cathode were connected
through a titanium wire to a 1 kΩ load resistor that was placed between them to allow the electrons
produced by bacteria to flow. The schematic diagram of the MFC is shown in Figure 1a. The electrical
model in Figure 1b is further discussed in Section 2.2.
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Figure 1. Microbial Fuel Cell (MFC) device description (a) schematic and (b) electrical model.

All MFCs were inoculated with anaerobic activated sludge collected from the Austin Wastewater
Treatment Plant for the initial growth of the bacteria on anodes. Then growth medium containing
acetate (1.0 g/L) in Nutrient/Mineral/Buffer (NMB) solution was used (10 mL/L mineral base
1, 10 mL/L mineral base 2, and 1 mL/L nutrient base). The solution was replaced with a fresh
one when the voltage across the load resistor dropped below 50 mV [28,37–39]. The constructed
two-chamber MFCs are shown in Figure 2.

The MFC voltages were monitored in real time in volts (V) against time in seconds (s) [40] by using
a digital multimeter (Fluke 79 series II, Everett, WA, USA) through a multiplexer (Agilent 34970A,
Santa Clara, CA, USA). Once the voltage production level was stable, power and voltage at maximum
power point were obtained by varying a testing load resistor value between the electrodes in the range
of 5–20 Ω [41]. Table 1 summarizes the specifications and typical power production of all MFCs.
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Table 1. Specifications and performance of MFCs.

MFC 1 MFC 2 MFC 3 MFC 4

Total volume (mL) 240 240 240 1000
Catholyte Air Air Ferricyanide Ferricyanide

Anode area (cm2) 12 12 12 50
Cathode area (cm2) 12 12 12 50

Power @ maximum power point (MPP) (µW) 595 484 435 6400

2.2. MFC Electrical Equivalent Modeling

The MFC can be electrically modeled as a voltage source with an internal resistance RMFC,
open circuit voltage VMFC, and internal capacitance CMFC as shown in Figure 1b. The value of
RMFC is composed of several different components (anode, cathode, membrane, and electrolyte
resistances) [28–30]. The value of VMFC is the MFC’s thermodynamic voltage, which varies nonlinearly
depending on the solution pH, temperature, and substrate concentration. Since MFCs produce a DC
voltage, CMFC is mostly ignored in similar works [16,27]. However, due to the method of locating
the Maximum Power Point (MPP) through the open circuit voltage of the MFC in the proposed PMS,
CMFC is important for the proper design of a Maximum Power Point Tracking (MPPT) algorithm; thus,
it is included in our model. The equivalent circuit model of the MFC was used for the design of the
PMS and the dynamic MPPT in this work.

2.3. System Specifications

A voltage regulation stage is required to boost the low voltages (less than 1 volt) provided by each
of the four MFCs to a nominal voltage that can provide proper power values for the wireless sensor
to operate properly. The step-up converter integrated into the system provides dynamic impedance
matching and low-power consumption for maximum-power extraction.

Since power extraction is performed to an array of four MFCs, MFC’s health-state measurements,
multiplexing control capabilities and the flexibility offered by a programmable device are key features
required for the control block of the proposed system. Thus, an extremely-low power microcontroller
is required to perform MFCs power ranking and multiplexing operations.

The energy-storage system requirements for an IoT smart node required the incorporation of
an output load supercapacitor of 5 F, that can support 30 s of active temperature sampling and data
transmission to the cloud, to meet the power specifications for an internet-enabled temperature sensor.
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A super capacitor allows not only a larger charge storage as compared to standard capacitors, but
also longer charging and discharging cycles than their lithium-ion battery counterparts. The design
specifications are presented in Table 2.

Table 2. Specifications of the MFC-powered Internet of Things (IoT) system.

Specification Value

Number of MFCs 4
Average Vin 350 mV

Vout 3.3 V
Output supercapacitor 5 F

3. Circuit Architecture for Multi-MFC PMS

In this section, a summary of previous EH techniques for multiple MFC is presented along with
a proposed architecture that considers a DC-DC converter with MPP capabilities that has been tailored
for MFC technology. A PMS algorithm has been embedded in a Programmable Intelligent Computer
(PIC) microcontroller and explained here, its main purpose is to allow the extraction of an array of
MFCs while providing health protection features. Finally, a description of the final implementation of
the proposed PMS is given.

3.1. Overview of Energy Harvesting for MFC

Due to the technology’s nature, the MFC output voltage is very low and non-regulated [28],
which represents a major challenge for efficient power extraction. A parallel configuration of MFCs
can be used to increase the output current with the disadvantage that the output voltage will remain
at low levels. Another drawback of the parallel connection of MFCs is that if their output voltage
deviates from each other, this effect leads to a detrimental charge transfer among cells in the array, also
known as voltage reversal, preventing the stack of MFCs to fully deliver its charges to a load [26]. This
results in power losses that lead to a low overall power efficiency of the array.

On the other hand, a serial connection of MFCs provides higher output voltages based on the sum
of individual VMFC, with a common current that flows throughout the MFC array. In [33] a voltage
balancer is used along with a DC-DC converter for an array of serially connected MFCs. By doing
so, the output voltage, now higher than that of a single MFC, is efficiently harvested by providing an
active switching capacitor method to balance the system. However, the system can also face multiple
drawbacks, including power extraction interruption, and even system failure if a single MFC in the
stack is damaged or physically disconnected, due to a contact deterioration, for example. This can
potentially disable the operation of the DC-DC converter block, leading to a loss of power available
from the remaining properly-functioning MFCs.

Previous works in PMS have mainly focused on power extraction from a single MFC [27,42].
This approach is limited to the amount of power that a single MFC can generate, which can be depleted
quickly, resulting in the interruption of the power supply at the load. In addition, if the system
does not integrate an automatic MPPT algorithm, achieving maximum power harvesting can become
cumbersome and time-consuming if conducted manually [23,27,33,43–45]. Even more important,
power extraction may not be efficient, since the MPP can shift during the lifetime of an MFC. For this
reason, the integration of an MPPT is essential for the DC-DC converter to dynamically adjust to the
electrical characteristics across multiple MFCs.

In this work, the system proposed is intended to harvest the energy from an array of MFCs in
a time interleaved fashion, allowing the inactive MFCs to recharge its internal capacitances (CMFC)
when they are not being harvested. The system also integrates an MFC-failure protection mechanism,
which automatically isolates one or multiple MFCs from the system if its available power is below
a minimum threshold. The MFC-failure protection feature is intended to isolate an MFC when it has
been depleted, damaged or it has been physically disconnected.
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3.2. Overview of the Proposed PMS Circuit for Multi-MFC

The block diagram of the proposed system is shown in Figure 3. Each MFC in the array is
individually connected to a low-Ron N-type CMOS switch DMN1019UVT (Diodes Incorporated®,
Plano, TX, USA), controlled by an extremely low power microcontroller PIC24F16KA102
(Microchip Technology Inc.®, Chandler, AZ, USA) [46]. The PMS algorithm embedded in the
microcontroller allows testing the total power available in each MFC in the array, by using a power
measurement block, as shown in Figure 4. The microcontroller also regulates the power extracted
from an individual MFC in the stack by defining the time interleaved EH sequence and the amount
of time needed for each MFC before it is harvested again. The DC-DC converter block consists of an
ultra-low power boost converter BQ25505 (Texas Instruments Incorporated®, Dallas, TX, USA) [47].
Finally, the extracted charges are stored in an output supercapacitor that powers the IoT sensor.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  6 of 16 

3.2. Overview of the Proposed PMS Circuit for Multi-MFC 

The block diagram of the proposed system is shown in Figure 3. Each MFC in the array is 
individually connected to a low-𝑅  N-type CMOS switch DMN1019UVT (Diodes Incorporated®, 
Plano, TX, USA), controlled by an extremely low power microcontroller PIC24F16KA102 (Microchip 
Technology Inc.®, Chandler, AZ, USA) [46]. The PMS algorithm embedded in the microcontroller 
allows testing the total power available in each MFC in the array, by using a power measurement 
block, as shown in Figure 4. The microcontroller also regulates the power extracted from an 
individual MFC in the stack by defining the time interleaved EH sequence and the amount of time 
needed for each MFC before it is harvested again. The DC-DC converter block consists of an ultra-
low power boost converter BQ25505 (Texas Instruments Incorporated®, Dallas, TX, USA) [47]. Finally, 
the extracted charges are stored in an output supercapacitor that powers the IoT sensor. 

 
Figure 3. Block diagram of the proposed Power Management System (PMS). 

 

Figure 4. Diagram of the proposed power measurement circuit. 

As the output voltage level of the MFC is not high enough for the proposed topology to allow 
for self-starting operation from the PMS, an external one-time pre-charging of an output secondary 
capacitor to 1.8 V is required to begin controller operation. Multiple different approaches may be 
taken to startup the system [48,49]. 

Once the system begins extracting energy from the MFC, there is no longer need for an external 
power source to power the PMS. 

3.3. Maximum Power Point DC-DC Converter 

Based on the electrical diagram presented in Figure 1b, the DC-DC boost converter selected for 
this work was programmed to set its input resistance at 50% of the 𝑉  open circuit voltage [29]. As 
shown in Equation (1), since the maximum power point is reached when the input resistance of the 
PMS equals to the MFC’s input resistance characteristic, it sets a minimum condition for the power 
losses that can be tolerated in by the internal resistance of switches, and sheet resistance for the 
Printed Circuit Board (PCB). 𝑃 = 𝐼 𝑅 ; 𝑅 = 𝑅  (1) 

Figure 3. Block diagram of the proposed Power Management System (PMS).

Appl. Sci. 2018, 8, x FOR PEER REVIEW  6 of 16 

3.2. Overview of the Proposed PMS Circuit for Multi-MFC 

The block diagram of the proposed system is shown in Figure 3. Each MFC in the array is 
individually connected to a low-𝑅  N-type CMOS switch DMN1019UVT (Diodes Incorporated®, 
Plano, TX, USA), controlled by an extremely low power microcontroller PIC24F16KA102 (Microchip 
Technology Inc.®, Chandler, AZ, USA) [46]. The PMS algorithm embedded in the microcontroller 
allows testing the total power available in each MFC in the array, by using a power measurement 
block, as shown in Figure 4. The microcontroller also regulates the power extracted from an 
individual MFC in the stack by defining the time interleaved EH sequence and the amount of time 
needed for each MFC before it is harvested again. The DC-DC converter block consists of an ultra-
low power boost converter BQ25505 (Texas Instruments Incorporated®, Dallas, TX, USA) [47]. Finally, 
the extracted charges are stored in an output supercapacitor that powers the IoT sensor. 

 
Figure 3. Block diagram of the proposed Power Management System (PMS). 

 

Figure 4. Diagram of the proposed power measurement circuit. 

As the output voltage level of the MFC is not high enough for the proposed topology to allow 
for self-starting operation from the PMS, an external one-time pre-charging of an output secondary 
capacitor to 1.8 V is required to begin controller operation. Multiple different approaches may be 
taken to startup the system [48,49]. 

Once the system begins extracting energy from the MFC, there is no longer need for an external 
power source to power the PMS. 

3.3. Maximum Power Point DC-DC Converter 

Based on the electrical diagram presented in Figure 1b, the DC-DC boost converter selected for 
this work was programmed to set its input resistance at 50% of the 𝑉  open circuit voltage [29]. As 
shown in Equation (1), since the maximum power point is reached when the input resistance of the 
PMS equals to the MFC’s input resistance characteristic, it sets a minimum condition for the power 
losses that can be tolerated in by the internal resistance of switches, and sheet resistance for the 
Printed Circuit Board (PCB). 𝑃 = 𝐼 𝑅 ; 𝑅 = 𝑅  (1) 

Figure 4. Diagram of the proposed power measurement circuit.

As the output voltage level of the MFC is not high enough for the proposed topology to allow
for self-starting operation from the PMS, an external one-time pre-charging of an output secondary
capacitor to 1.8 V is required to begin controller operation. Multiple different approaches may be taken
to startup the system [48,49].

Once the system begins extracting energy from the MFC, there is no longer need for an external
power source to power the PMS.

3.3. Maximum Power Point DC-DC Converter

Based on the electrical diagram presented in Figure 1b, the DC-DC boost converter selected for
this work was programmed to set its input resistance at 50% of the VMFC open circuit voltage [29].
As shown in Equation (1), since the maximum power point is reached when the input resistance of the
PMS equals to the MFC’s input resistance characteristic, it sets a minimum condition for the power
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losses that can be tolerated in by the internal resistance of switches, and sheet resistance for the Printed
Circuit Board (PCB).

PLOSS = I2RLOSS; RLOSS = RMFC
⇒ RPMU+PCB ≤ RMFC.

(1)

3.4. Multi-MFC PMS Algorithm

A microcontroller’s 10-bit Analog to Digital Converter (ADC) determines the interleaved power
extraction time per MFC. As seen in Figure 5, the algorithm defines two thresholds for the power
extraction Vth−High and Vth−Low as follows:
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Vth−Low determines when to stop the EH operation and is predefined at 50% of the initial measured
VMFC. When Vth−Low is reached, the MFC is removed from the PMS until the voltage threshold high,
Vth−High, is reached. The recovery time is defined as the time it takes for the MFC to go from Vth−Low
to Vth−High. Vth−Low and Vth−High are determined after selecting the voltage thresholds that yield the
most optimum power extraction and recovery time for energy harvesting, without over-depleting the
MFC from a series of threshold testing of an adaptive algorithm.

The power extraction algorithm presented in Figure 6a is described below:

1. The Power Ranking Algorithm subroutine (described in Section 3.5) is executed. As a return
variable, a look-up table is filled out with the individual MFCs’ power rankings

2. The look-up table is accessed to interleave the MFC power extraction process
3. The DC-DC boost converter is enabled to start EH
4. VMFC is compared to the low threshold voltage Vth−Low

5. When Vth−Low voltage is reached the DC-DC converter is disabled
6. If more MFCs in the array are waiting to be harvested, then the program jumps to instruction #2.

Otherwise, the system stops its EH mode and waits until the recovery time of the highest ranked
MFC is reached

7. After the recovery time is completed, the algorithm restarts.

The proposed interleaved energy extraction allows the step-up DC-DC converter to dynamically
find the MPP of each individual MFC, ensuring a maximum power output per MFC while at the same
time, the idle time for the remaining MFCs is used as an MFC’s recovery time that directly affects the
MFC’s health status.
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Another important feature of this approach is that if there is a failure at one or more MFCs,
the system automatically adapts to it by assigning a rank of zero to that specific MFC, which allows
the system to neglect the damaged cell.Appl. Sci. 2018, 8, x FOR PEER REVIEW  8 of 16 
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3.5. Power Ranking from Multiple MFCs

Due to the bioelectrochemical nature of the MFC (parasitic reactive elements), its open circuit
output voltage does not hold a direct relationship to the total amount of energy. Measuring the MFC
open circuit output voltage it is not necessarily indicative of the amount of energy available from
a specific device in the array because its internal resistance (RMFC) is not considered. Therefore,
the followed approach was chosen to properly estimate the power available per MFC:

The circuit shown in Figure 4 uses a 100 µF power measurement capacitor (CPM) and a charging
switch (Cap Charge) in a series to an MFC under testing. A second switch (Cap Discharge) is in parallel
with CPM to reset its voltage conditions at the end of a power measurement by setting its initial voltage
to zero. By neglecting parasitic elements, the power in the circuit shown in Figure 4 can be calculated
using Equation (2) below:

P = V · I = V(t) · CPM
dV
dt

. (2)

It can be noticed from Equation (2) that the voltage change in time dV
dt of CPM is directly

proportional to the total available power of the MFC under test, and most importantly, such as
charging time, as estimated in Equation (3), intrinsically considers resistances RMFC and RSwitch, where
the latter resistance is constant. Using this principle, the power ranking algorithm registers an accurate
power measurement every 16.52 ms.

τDischarge = CMFC · Rout = CMFC · (RMFC + RSwitch). (3)
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Thus, the final value of CPM, holds a direct relationship to the MFC’s individual power. Both,
the capacitor value and the constant charging time were selected to provide meaningful information
regarding the electrical characteristics of all the MFCs connected to the system. The previously
described process is repeated for each MFCs located in the MFC array. After all the MFCs are measured,
the data is sorted in a look-up table that mandates the order in which each MFC is harvested.

The description of the power ranking sub-routine shown in Figure 6b is presented below:

1. The power ranking measurement capacitor is initialized to 0 V by Cap Discharge switch
2. The MFC under testing is connected to the ranking circuit using Cap Charge switch
3. ADC values of MFC measured power are stored in the look-up table
4. The ADC values are sorted, assigning the highest rank to the MFC with maximum voltage,

and lowest rank to the MFC with minimum voltage. MFCs that cannot provide significant power
are ranked zero and neglected in the subsequent EH process.

3.6. Implementation

The proposed PMS was developed on a two-layer PCB shown in Figure 7. On the top side,
a microcontroller was placed along with the low-R switches and the power measurement capacitor.
The DC-DC boost converter is found at the bottom side of the PCB. Detailed files of this work can be
found in the Supplementary Materials section of this manuscript.
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(b) bottom view.

The collected power is stored in an off-board output supercapacitor that powers the IoT sensor
node used to test the system.

The final algorithm was implemented using MPLAB X IDE and XC8 programmed in the
PIC24F16KA102’s non-volatile internal flash memory. It is important to mention that even though the
information retrieved by the power ranking algorithm was stored in the volatile data memory, the use
of a non-volatile Electrically Erasable Programmable Read-Only Memory (EEPROM) to store such
power ranking values is available in case further off-line data analysis is required. The sensor data
collected in this work is acquired with the purpose to be transmitted and stored in a remote server in
the cloud to enable further and more complex data analysis.

Even though the proposed system can natively support up to nine MFC devices without any
further modification only four MFCs were tested in this work. It is also important to notice that if more
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MFCs are needed to increase the overall power available, the system can easily be adapted by adding
more solid-state switches and digital multiplexers as needed.

4. Experimental Results and Discussion

4.1. PMS for Multiple MFCs

The operation of the power ranking subroutine operation is illustrated in Figure 8, which displays
the CPM output voltage. The label Sample 1–4, indicate when the respective MFC 1–4 is
power-measured by sampling its output power using CPM such value is held to perform an
analog-to-digital conversion. This sampling process is repeated for each MFC connected to the
board periodically and its ranking values are grouped in phases. The ranking obtained at the phase is
shown in Table 3, phase one. After the MFCs are sorted, then the power extraction can be performed.
Phase two in Table 3, represents a second power-ranking measurement recalibration.
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Table 3. MFC power rank.

Device Ranking (Phase One) Ranking (Phase Two)

MFC 1 1st 1st
MFC 2 4th 2nd
MFC 3 2nd 3rd
MFC 4 3rd 4th

In Figure 9, the time interleaved power extraction operation of the proposed PMS is presented for
different extraction phases. The four channels representing the MFC output voltages are labeled at the top
of the graph. Initially, before power extraction, the voltage at the MFC represents its open circuit voltage;
then, when the MFC is harvested its voltage drops to its MPP voltage. Finally, when Vth−Low is reached,
the algorithm harvests the next MFC in the look-up table only if its output voltage is larger than Vth−High.

Figure 9a shows the energy harvesting operation right after performing the MFC power ranking
presented in Figure 8. Thus, the pattern for the power extraction, pointed out with gray arrows, follows
the pattern described in Table 3 for phase one; however, after extracting power from the MFCs for ~20 h,
the MFCs’ power ranking look-up table recalibrates to the values shown in Table 3, phase two. Such power
changes are illustrated in Figure 9b. It is important to highlight that, in phase two, not only are the power
rankings changed for devices MFC 2, MFC 3, and MFC 4, but at this point MFC 1 now takes more time to
reach Vth−High. This condition forces the algorithm to switch to the next available MFC that complies with
the Vth−High specifications, which in this case is MFC 2. The algorithm continues its operation, and MFC 1
is only harvested again when Vth−High is reached as originally proposed.
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As demonstrated, an important characteristic of the power ranking feature previously
demonstrated, is that if an MFC does not provide proper power conditions or has an internal failure,
the system automatically isolates the damaged MFC and continues its operation without affecting the
remaining MFCs or interrupting the energy harvesting process.

4.2. IoT Sensor Node Application

An IoT application was implemented to test the capabilities of the proposed PMS for a power
demanding extraction conditions. A Wi-Fi-enabled temperature smart node was designed and built
for this purpose. This sensor node was based on the IoT platform Photon (Particle®, San Francisco,
CA, USA) [50]. As seen in Figure 10a, the IoT circuit board was wirelessly connected to a router to
send the collected data over the internet, and the information gathered was retrieved using a handheld
iPhone® device. Figure 10b shows that the 5 F output supercapacitor was charged from 0 V to 3.3 V
with an initial charging time (ti) of 11.3 h; at 3.3 V the internet-enabled smart node was enabled,
and the data was transmitted wirelessly to a remote server. After the data packet was received in the
smartphone, the sensor was disconnected and the output capacitor voltage presented an output voltage
of 2.8 V. It took an average recharging time (tr) of three hours to fully recharge the supercapacitor
from 2.8 V to 3.3 V. The process was repeated six times in the span of 24 h. The collected temperature
readings are shown in Figure 10c.
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By effectively powering the IoT application with the MFC array, the system robustness was
confirmed after providing continuous power extraction in the span of 24 h, in such period the MFC did
not show any abnormal stress or failure, validating in this way the potential use of MFC technology
for power-hungry systems, such as IoT-applications.

4.3. Total Power Consumption and Efficiency

The PMS’ power efficiency (η), as defined in (4), is presented in Figure 11. The peak end-to-end
efficiency measured was ~50.7% for a 3.3 output voltage. Table 4 summarizes and compares the
presented work to previously reported systems.

η =
Pout

Pin
× 100 =

PMFC −∑ Plosses
PMFC

× 100 ≈
PMFC − [Iout(RMFC + Rswitch) + PLossConverter ]

PMFC
× 100. (4)
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Table 4. Comparison of MFC power management units.

Specification [51] [27] [29] [28] [33] [52] This Work

Input voltage 300 mV 300 mV 300–720 mV 300–600 mV 1.4 V (DC-DC
converter input) 300 mV 330 mV

Output voltage 1 V 1.8 V 2.5 V 2.5 V 4.25 V 3.3 V 3.3 V

Inductor 326.7 µH 2 µH 1.5 mH 1.5 mH
Transformer 31.8

mH (primary
winding)

- 22 µH

Output capacitor 8 µF 47 µF 0.1 F
(supercapacitor) 0.1 F 68 mF Multiple 5 F

Maximum power
extraction - -

Adaptable
Maximum

Power
Extraction

Yes MPPT - MPPT

Efficiency 73% - 58% 30% - 35.02% 50.7%

Implementation
approach

Discrete
Components

Discrete
Components

Custom
integrated

circuit

Custom
integrated

circuit

Discrete
Components

Discrete
Components

Discrete
Components

Multiple MFC
power extraction No No No No Yes Multi anode

Yes (default
support for 9

MFCs)

MFC health
protection - - - - No No Yes

5. Conclusions

This paper presents a system design that can extract power from an array of MFCs using
a time-interleave technique that not only enables a custom MPPT per MFC in the arrange but also
allows a proper MFC charge-recovery time to avoid overly depleting the cells in the array, which can
lead to an MFC failure or premature end-of-life. An optimal power harvesting process was measured
when enabling a maximum power point tracking in the DC-DC power conversion block across four
different MFCs with an output characteristic power at MPPT ranging from 6400 µW to 435 µW with
an observed 50.7% peak efficiency. The results of the proposed system show a robust performance of
the proposed PMS after more than 24-h of MFC EH.

The system was able to run autonomously to charge an output supercapacitor of 5 F from 0 V
to 3.3 V in 13.6 h and endure a 24-h power extraction with no signs of MFC over-depletion or failure.
The system powered an internet-enabled smart node five times, and the information was correctly
retrieved from a remote server using a smartphone device.

By successfully completing this MFC-powered IoT-sensor node demonstration, EH based on MFC
technology has been verified as a promising area that has the capabilities to run power intense systems,
such as internet-enabled technologies, which can potentially enable the arrival of a new generation of
self-powered smart nodes.

Finally, future work in this area includes the development of efficient PMS startup circuits tailored
to MFC technology, more efficient low-power data acquisition and processing techniques for remote
sensing, in which the addition of new sensors and analytical models in the cloud can give accurate
real-time and predictive information about the health state of the MFC.
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