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Evaluation of a comprehensive power management system with maximum 
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A B S T R A C T   

This study presents a comprehensive power management system (PMS) capable of tracking the maximum power 
point (MPP) and harvesting the energy from up to five microbial fuel cells (MFCs). The harvested energy from the 
MFCs was used to power the electronics, and in cases where this power was insufficient, alternative backup 
power options can be used. The voltage can be increased up to 3.3 V, and a hysteresis-based control approach 
was utilised to regulate the output voltage. The MPP of each MFC was determined using a variable step size 
incremental conductance algorithm that controls the duty cycle of the synchronous boost converters. No addi-
tional electronic components are necessary for the operation of the N and P-channel MOSFETs. The efficiency of 
the PMS relies on the target output voltage and the power output characteristics of the MFCs. Efficiencies of up to 
87 % were achieved by combining the outputs of each MFC boost converter. To save energy, some electronic 
components are disabled when not in use, and the maximum power consumption of the PCB is below 5.8 mW at 
an output voltage of 3.3 V. The PMS is applied to simulated and real tubular MFCs under various operating 
conditions.   

1. Introduction 

The research on Microbial Fuel Cell (MFC) technology has gained 
significant attention in recent times due to its potential in addressing 
energy and environmental concerns. This approach combines waste 
treatment and electricity generation [1,2], making it a promising solu-
tion for achieving sustainable energy and environmental practices. 
MFCs are particularly interesting for remote sensing [3,4], pollution 
control [5] and energy production [6,7]. MFCs serve as a sustainable 
energy option, wherein electricity is produced by bacteria residing 
within a reactor. These bacteria harness electrons from biodegradable 
materials present in the anode chamber and subsequently transfer them 
to the anode electrode. The electrons follow a path from the anode 
through an external circuit to the cathode, where they contribute to the 
reduction of an electron acceptor, like oxygen. 

The flow of electrons from the anode to the cathode can be harnessed 
to perform mechanical or electrical work. Typically, in most of the 
research conducted, MFCs are utilized with fixed external resistances or 
applied potentials. Consequently, power density estimates are deter-
mined through polarization curves, assuming that the highest power 

density is attained when the external resistance matches the MFC’s in-
ternal resistance [8,9,10,11]. While these descriptions do illustrate the 
theoretical capabilities of MFCs in terms of power production, the 
generated electricity is not effectively utilized as it is predominantly 
transformed into thermal energy instead. In addition, achieving the 
highest power output in MFC operation is not always possible due to the 
inability of a fixed external resistance to consistently align with the 
system’s internal resistance. The internal resistance of an MFC fluctuates 
continuously due to variations in microbial activities and operational 
factors like substrate concentration, pH, and temperature [12,13]. 

To harvest the MFC energy efficiently, the elimination of superfluous 
resistors is required. Moreover, MFCs produce low-voltage outputs that 
are inadequate to power integrated circuits, sensors, and pumps directly. 
Through the connection of the electrical circuits of MFCs in series, it is 
possible to increase the output voltage. However, this may result in 
voltage reversal, which typically arises when certain cells within the 
stack experience a more extreme voltage level than others. Voltage 
reversal manifests in the weakest performing cell, which subsequently 
becomes a parasitic load within the array, thereby reducing the output 
voltage of the stack and decreasing its overall efficiency [11,14,15]. The 

* Corresponding author. 
E-mail address: Rodrigo.fernandezfeito@southwales.ac.uk (R. Fernandez Feito).  

Contents lists available at ScienceDirect 

Bioelectrochemistry 

journal homepage: www.journals.elsevier.com/bioelectrochemistry 

https://doi.org/10.1016/j.bioelechem.2023.108597 
Received 4 September 2023; Received in revised form 9 October 2023; Accepted 1 November 2023   

mailto:Rodrigo.fernandezfeito@southwales.ac.uk
www.sciencedirect.com/science/journal/15675394
https://www.journals.elsevier.com/bioelectrochemistry
https://doi.org/10.1016/j.bioelechem.2023.108597
https://doi.org/10.1016/j.bioelechem.2023.108597
https://doi.org/10.1016/j.bioelechem.2023.108597
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioelechem.2023.108597&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Bioelectrochemistry 155 (2024) 108597

2

avoidance of voltage reversal can be achieved through the incorporation 
of a maximum power point tracking (MPPT) control [11,16]. Further-
more, when operating at the maximum power point (MPP), the removal 
of organic pollution as chemical oxygen demand (COD) is typically 
enhanced, while the output power is maximized [17,18]. 

An effective strategy for harnessing MFC power for real-world ap-
plications lies in the implementation of a power management system 
(PMS) [19,20,21]. Typically, a PMS consists of an electronic circuit 
comprised of various elements, including charge pumps, capacitors, 
inductors, step-up converters, power switches, diodes, and/or potenti-
ometers [22]. The optimal utilization of MFCs depend significantly on 
the implementation of PMSs, which ideally should perform three 
essential tasks: (i) optimizing the power generation of MFCs by oper-
ating them at their MPP, (ii) efficiently capturing and storing the energy 
generated by the MFCs, and (iii) maintaining the output voltage within 
the desired range. Hence, power management systems are critical for 
enhancing the efficiency and effectiveness of MFCs. 

The different PMSs reported so far are divided into two main groups, 
capacitor-based systems which use capacitors to boost the power output 
[23,24,25,26], or boost converter-based systems which use inductors to 
store energy momentarily and then this energy is released to step up the 
input voltage [27–44]. In recent times, considerable research has been 
conducted on the feasibility of utilizing commercially available boost 
converters and power management chips. However, most off-the-shelf 
boost converters typically demand an input voltage of at least 0.7 V, 
which surpasses the voltage output typically generated by most MFCs. 
There are a few exceptions like the LTC3108 and TPS612x converters 
[16,27–30]. The LTC3108 can function with a minimum input voltage of 
20 mV, but its efficiency is limited to 30 % when input voltages exceed 
0.2 V. On the other hand, the TPS612x requires a minimum input 
voltage of 0.3 V but consumes approximately 2 mW at this voltage, 
potentially utilizing all the power generated by most lab-scale MFCs. 
Moreover, the use of these devices makes does not allow the imple-
mentation of MPPT. Recently, the BQ25504 ultra-low power boost 
converter with MPPT capabilities has gained significant popularity in 
MFC applications [30–35]. This converter is capable of harvesting en-
ergy from low-input voltage sources as low as 130 mV and incorporates 
MPP harvesting functionality. However, the BQ25504′s 16-second open 
circuit measurement interval for 256 ms poses practical challenges for 
MFC MPPT due to their slow dynamics. Consequently, employing this 
feature could cause MFCs to operate significantly far from the MPP. 

MPPT in MFCs involves dynamically adjusting the external load to 
optimize the power output of the cell at any given moment. There are 
different MPPT techniques that can be used for MFCs, including 
perturbation and observation (P&O) [31,39,45], incremental conduc-
tance (IC) [8], and hill climbing. MPPT can significantly increase the 
power output and efficiency of MFCs, making them more practical for 
various applications, including energy production and wastewater 
treatment. Several custom-designed PMSs with MPPT capabilities have 
been reported to date. J.D. Park et al. reported a hysteresis controller- 
based system with digitally controllable potentiometers to continu-
ously track the MPP, achieving 99.2 % energy extraction but only 
transferring 35.9 % to output capacitors due to losses in the diode of the 
boost converter [25,39]. To improve efficiency, a synchronous boost 
converter was used, resulting in an efficiency increase from 43.8 % to 
75.9 % [46]. Erbay et al. developed a monolithic PMS with dynamic 
MPPT using capacitive dividers, achieving 30 % efficiency [44]. Another 
study by the same research group used a Dickson converter and a time 
multiplexing approach for harvesting energy from MFC arrays, reporting 
65 % efficiency [47]. Alaraj et al. presented a PMS with MPPT and 
voltage overshoot avoidance using an off-the-shelf boost converter and 
an extremum seeking approach but the system’s efficiency was not re-
ported [48]. Nguyen et al. introduced a parallel-charging, series-dis-
charging PMS achieving 59 % efficiency by estimating MPP from the 
MFC’s open circuit voltage [40]. 

Moreover, due to their convenient modularization, multiple MFC 

modules are frequently utilized across various applications. As a result, 
there is a growing need to develop PMSs capable of simultaneously 
extracting and harvesting energy from multiple MFCs, each operating at 
its respective MPP. These PMSs should also be highly efficient in con-
verting the harvested energy into a usable level suitable for powering 
external devices and electronics. In this study a novel PMS that performs 
MPP tracking and energy harvesting of up to five MFCs is developed. The 
PMS keeps the output voltage within a range and allows the connection 
of external loads such as LEDs or sensors to use the excess energy. 
Moreover, two different external power backup systems are available 
within the PMS and can be utilized to complement the energy generated 
by the MFCs, in instances where the latter proves to be insufficient to 
power the electronic devices. 

2. Materials and methods 

2.1. Maximum power transfer theorem and MFC equivalent electrical 
circuit 

The principle of maximum power transfer indicates that the highest 
power transmission occurs between a power source and a load when 
their respective impedances are equal. Mathematically, this theorem can 
be expressed as follows: 

Pmax =
V2

4R
(1)  

where Pmax is the maximum power transfer, V is the voltage of the 
source, and R is the internal resistance of the source. Fig. 1A shows the 
conventional equivalent electrical circuit of a MFC [49,50], where VMFC 
is the MFC’s potential, ROHM, RACT, and RCON represents the ohmic, 
activation and concentration losses respectively, and CDL represent the 
double layer capacitance. Nonetheless, it is possible to simplify the 
equivalent electrical circuit of a MFC (as depicted in Fig. 1B) once it 
reaches a steady state, at which point the contribution of the double 
layer capacitance becomes negligible. Under such circumstances, an 
MFC can be represented by a voltage source connected in series with a 
resistor, which accounts for the total internal resistance of the cell. This 
has implications for the implementation of the MPPT algorithm, as will 
be discussed in 2.3. 

2.2. PMS design and operation 

Simulations were conducted using MATLAB Simulink to guide the 
design of a PMS and its operation conditions. Several PMS configura-
tions were studied in the simulations, and the parameters of commer-
cially available integrated circuits were utilized to obtain the most 
precise outcomes. The main objective of the simulations was to optimize 
the efficiency of the PMS under various conditions, while concurrently 
facilitating the design of a Printed Circuit Board (PCB) that could 
accommodate all the necessary components to control up to five MFCs at 
their MPP, harvest their energy, regulate the output voltage, and 
effectively manage the energy to ensure efficient power delivery to the 
PCB. The simulations facilitated the comparison of multiple MPPT al-
gorithms. Additionally, the simulations were utilized to determine the 
appropriate sizing of electronic components and operating parameters 
such as frequency, as well as to test various boost converter configura-
tions, output voltage regulation methods, and different MFC array 
configurations in order to enhance performance. 

Fig. 2 illustrates the PCB final design. Each MFC is connected to the 
PCB through screw terminals. Individual Boost Converters (BC) are 
allocated to each MFC to track their MPP. Screw terminals are also 
present at the output of each BC, enabling the combination of outputs in 
series and/or parallel, as per requirements. The right-hand side of the 
PCB is utilized for energy harvesting and voltage regulation. A detailed 
description of each segment of the PCB is elaborated below. 
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2.2.1. Boost converter 
BCs possess the capability to alter their input impedance whilst 

simultaneously elevating the input voltage. The input impedance of a BC 
can be estimated by utilizing the following approximation. 

ZBC ≈
2 × L × f

D2 (2)  

where ZBC is the BC input impedance, L is the converter’s inductor, f is 
the switching frequency of the MOSFET switch and D is the duty cycle. 
Consequently, by controlling the duty cycle a BC is able to adjust its 
internal resistance to that of the MFC, thereby enabling real-time 
tracking of its MPP while simultaneously elevating the voltage of the 
MFC. 

The schematic diagram of the BC circuit designed in this study is 
depicted in Fig. 3. All the five BCs are identical. In this study, a 

synchronous BC configuration was employed. The BC was constructed 
utilizing a 1 µF input ceramic capacitor (Cin), a 14 mH inductor (L, 
CST206-1A, Triad Magenetics), a N-channel MOSFET (M1, DMG3414U- 
7, Diodes Incorporated), a P-channel MOSFET (M2, DMP1045U-7), and 
a 10 µF output ceramic capacitor, (Rs) and a current sense amplifier. 

An ultra-low power microcontroller (STM32L452RE6T, ARM) 
directly measures the voltage of the MFC. The MFC current is measured 
by a current sense amplifier (Isense, INA190A4IDDFR, Texas In-
struments) using a shunt resistor (Rs) which is connected in series with 
the inductor. To minimize energy losses and increase efficiency, a 1 Ω 
shunt resistor was selected. The INA190 amplifies the voltage drop 
across the shunt resistor by 200, and this voltage is measured by the 
microcontroller (MCU). The MFC’s power is determined by the multi-
plication of its current and voltage. 

The MCU employs pulse width modulation (PWM) at a frequency of 

Fig. 1. A) MFC equivalent electrical circuit. B) MFC equivalent electrical circuit under steady state conditions.  

Fig. 2. Picture of the PCB incorporating the PMS with the capacity to perform MPPT for up to five MFCs, as well as energy harvesting, voltage regulation, and power 
management functions. 
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10 kHz to regulate the N and P-channel MOSFETs. To lower power 
consumption and enable a duty cycle resolution of 1 µs, the MCU clock 
frequency was reduced to 1 MHz. This reduction provides the ability to 
have up to 100 different values for the duty cycle. 

2.2.2. Energy harvesting and voltage regulation 
The schematic diagram of the energy harvesting, and voltage regu-

lation circuit is shown in Fig. 4. A 5F supercapacitor (SC) is utilized to 
store the energy that is harvested from the five MFCs. It is worth noting 
that the energy produced by the MFCs may exceed or fall short of the 
required amount to power all the electronics present in the PCB. To 
regulate the excess energy, a digital dual switch (DDsw, TS3A24159, 

Texas Instruments), controlled by the MCU, is utilized to connect a load, 
such as a resistor, diode or sensor, when necessary. Additionally, the 
switch can connect the supercapacitor to a power supply to charge it to a 
predetermined voltage level. This feature proves particularly valuable in 
scenarios where the energy output from the MFCs falls short of sus-
taining the PCB’s operation, notably during MFC start-up phases or in-
stances of low COD feeding events. The user can select between two 
power sources by adjusting the jumper (J1) position. The available 
voltage sources include a 3 V coin cell battery on the PCB or an external 
voltage source connected to the designated pin on the header. A tactile 
switch is also included to initiate operation manually in the event that 
the board voltage falls below 1.71 V, which represents the minimum 

Fig. 3. Schematic diagram of the boost converter circuit.  

Fig. 4. Schematic diagram of the energy harvesting and voltage regulation circuits.  
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power voltage required for the MCU to function. 
The measurement of output current (Iout) flowing from the MFCs to 

the supercapacitor is conducted by using a current sense amplifier 
INA190 in conjunction with a 1 Ω shunt resistor (Rsout). Meanwhile, the 
supercapacitor voltage (Vout) is directly measured by the MCU. By 
multiplying both values, the output power (Pout) is calculated. The input 
power (Pin) is calculated by summing the individual power of each of the 
five MFCs as explained in the previous section. The efficiency of the 
printed PCB is subsequently determined by dividing Pout by Pin. 

To estimate the power consumed by the MCU under different con-
ditions, a data logging system based on virtual instruments (LabVIEW™, 
National Instruments Inc) was employed. The system was connected to 
analog inputs on the I/O card (NI-USB-6218) for data acquisition. The 
data logger was connected to the board via screw terminals in order to 
measure the voltage of the MCU, as well as the amplified voltage across 
the 1 Ω shunt resistor (Rscon) by a current sense amplifier INA190. This 
allowed for the calculation of the power consumed by the MCU. It is 
worth noting that the voltage of the MCU is identical to that of the 
supercapacitor (Vout ≈ Vc), due to the negligible voltage drop across the 
shunt resistor. 

In this study, a voltage regulation method based on hysteresis was 
employed with the aim of maintaining the output voltage (Vout) within a 
specific range around the setpoint value. The proposed approach in-
volves alternating prolonged charging and brief discharging periods in 
instances where there is an excess of energy produced by the MFC, 
enabling the operation of the connected load. Three voltage values are 
specified on the MCU script, the desired output voltage (VD), the lower 
voltage threshold, (VLTH) and the upper voltage threshold (VUTH). If the 
output voltage drops below VLTH, the MCU will activate the external 
power supply, and the supercapacitor will charge until the output 
voltage reaches VD. Conversely, if the output voltage exceeds VUTH, the 
MCU will engage the load, which is an LED in this case, to discharge the 
supercapacitor until the output voltage reaches VD. 

The integrated circuits mounted on the PCB receive their power 
supply directly from the supercapacitor. The voltage level of the inte-
grated circuits is the same as the voltage level of the supercapacitor. 
Therefore, the MCU voltage is continuously changing as a result of the 
hysteresis-based voltage regulation technique. To ensure a steady 
voltage reference of 3.3 V for analog measurements, a buck-boost con-
verter voltage regulator (Vr, TPS60240DGKT, Texas Instruments) has 
been incorporated. Users also have the option of using an external 
voltage reference by connecting it to the assigned header pin and 

changing the jumper (J2) accordingly. 

2.3. MPPT algorithm 

A variable step size incremental conductance (IC) method was 
employed to determine the MPP of the MFCs. The basic principle of the 
IC method is to compare the incremental conductance (dI/dV) of the 
MFC system with the instantaneous conductance value (I/V), which is 
calculated based on the operating voltage and current of the MFC sys-
tem. The IC algorithm running on the MCU modifies the duty cycle (D) of 
the BC to adjust the output voltage of the MFC. The flowchart of the IC 
algorithm is presented in Fig. 5. ΔD denotes the magnitude of the duty 
cycle increment or decrement for each iteration. In this study, a variable 
size ΔD was utilized with the aim of accelerating the rate of convergence, 
particularly during the initialization stage of the algorithm and in in-
stances of significant fluctuations in power. The calculation of ΔD is 
expressed as follows: 

ΔD =
10 × (P(t) − P(t − 1) )

P(t)
(3)  

where P(t) represents the power of the MFC in the present iteration, and 
P(t-1) represents the power of the MFC in the preceding iteration. In 
order to prevent unstable behaviour of the IC algorithm resulting from 
large ΔD values, a restriction was imposed on the maximum allowable 
value of ΔD. Specifically, this value was capped at 5 % of the duty cycle’s 
full scale. Due to the same rationale, the minimum duty cycle value was 
established at 5 %, and the maximum at 95 % out of the 100 available 
values. When the code is initialized, the duty cycle starts at 69 %. 
Following every modification of the duty cycle, the MFC is allowed to 
reach equilibrium before its current and voltage are measured. After the 
completion of this measurement, the MPPT algorithm proceeds with 
another iteration, and this process is repeated indefinitely. Within the 
Data Availability section, there is a hyperlink available for accessing the 
source code of the MCU responsible for managing the PMS and the MPPT 
implementation. 

2.4. MFC construction and operation 

Five MFC tubes were assembled, each comprising five MFC modules. 
These constructions followed the method outlined in [51], utilizing a 
cation exchange membrane (CMI7000S, Membrane International Inc., 

Fig. 5. Flowchart of the incremental conductance algorithm.  
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NJ, USA). However, instead of using helical anodes, 6 mm rod anodes 
were utilized. In each of the membrane tubes, five cathodes were 
installed with a separation distance of 1 cm between them. Coaxially 
positioned within the tube assembly, five anodes were aligned with their 
corresponding cathode. To create a larger MFC for the experiments in 
this study, the cathodes of each tube were connected together, as well as 
all the anodes of each tube. The MFC tubes had an approximate empty 
bed volume of 1.6 L each. The five tubes were hydraulically connected in 
series by utilizing Marprene tubing (Watson Marlow) with an inner 
diameter of 1/8″. The MFC assembly was supplied with a blend of un-
treated wastewater collected from the inlet of a wastewater treatment 
plant (Builth Wales, UK) and synthetic sewage prepared according to the 
OECD guidelines, which had a Chemical Oxygen Demand (COD) 
strength of approximately 1000 mg/L. This mixture was fed to the MFC 
assembly from a reservoir with a capacity of 20 L, in a 1:1 ratio. Po-
larization curves were conducted utilizing resistance decade boxes 
(71–7270, Tenma) and a datalogger (NI-USB-6218, National 
Instruments). 

2.5. Experimental design 

The experiments were conducted in two distinct configurations. Due 
to the challenging task of regulating the open circuit potentials and 
power outputs of five MFCs to assess the performance of the PMS under 
varying conditions, five autonomous data acquisition devices (NI-USB- 
6009, National Instruments) and 39 Ω resistors were utilized. These 
components were employed to mimic the electrical circuitry of the MFCs 
under steady state operating conditions, as illustrated in Fig. 1B. The 
simulated MFC’s power outputs were altered using the analog output 
from the data acquisition devices. The theoretical MPP was calculated 
utilizing equation (1). The aforementioned approach facilitated the ex-
amination of the PMS’s effectiveness and efficiency under various 
experimental conditions. The frequency of iteration for the MPPT al-
gorithm was fixed at 5 s. It is worth noting that the internal capacitance 
of the MFC was disregarded in this experimental setup, making longer 
waiting periods for the MFC to achieve steady state after each MPPT 
algorithm iteration unnecessary. 

The second experimental configuration entailed the implementation 
of the PMS on five tubular MFCs connected in series. In this instance, the 
frequency of iteration for the MPPT algorithm was set at 60 s, allowing 
the MFC sufficient time to stabilize following each perturbation. This 
adjustment was necessary as the MFC’s internal capacitance must now 
be considered. Furthermore, since the MFC current was significantly 
higher than in the first experimental setup, the 1 Ω shunt resistors were 
replaced with 0.2 Ω shunt resistors to prevent the INA190 current sense 
amplifiers from saturating. The MFCs were operated in batch mode and 
fed with the mixture detailed in the preceding section. 

3. Results and discussion 

3.1. Operation of the N and P-channel MOSFETS 

Based on the simulations conducted in MATLAB Simulink, the PMS 
was developed with the aim of regulating the MPP of each MFC inde-
pendently. This measure was taken to prevent voltage reversal. Addi-
tionally, synchronous BCs were employed, and their output capacitors 
connected in series to enhance the efficiency of the overall system. 
However, there are a few technical issues that require to be addressed. 

In a synchronous BC, the diode is substituted with a P-channel 
MOSFET switch to circumvent the issue of high forward voltage drop at 
the diode. However, MOSFETs have the capability to conduct bidirec-
tional currents. Therefore, a negative inductor current may occur if the 
P-channel MOSFET is not deactivated when the current reaches a value 
of zero. This results in the discharge of energy stored in the output 
capacitor of the BC through the switch and the inductor, back to the 
MFC. This reverse power flow has the potential to reduce the efficiency 

of the system. This problem has been addressed in the academic litera-
ture by using a zero current switching tracking loop [41] or by imple-
menting a voltage threshold for the P-channel MOSFET [46]. These 
approaches require additional electronic components and are complex. 
In this study, an approach that does not require any extra components 
was used. The MCU controls both the N and P-channel MOSFETS. In the 
MCU, the specified duty cycle for the N-channel MOSFET governs the 
duration for which the switch remains closed, while in the case of the P- 
channel MOSFET, it regulates the duration for which the switch remains 
open. Consequently, if both MOSFETs have identical duty cycles, when 
one MOSFET opens, the other MOSFET closes, and vice versa. An 
investigation was conducted to prevent the occurrence of negative 
currents flowing back into the MFC by introducing a delay between the 
opening of the N-channel MOSFET and the closing of the P-channel 
MOSFET. This delay results in a decrease in the amount of time that the 
P-channel MOSFET remains closed, thereby reducing the likelihood of 
encountering the negative current problem. The duty cycle of P-channel 
MOSFET can be written as follows: 

DP− CH = DN− CH + d (4)  

where DP-CH and DN-CH denote the duty cycles of the P-channel and N- 
channel MOSFETs, respectively, while d represents the delay as a frac-
tion of the full-scale duty cycle. In order to assess the impact of distinct 
d values on the power output extracted from the electrically analogous 
MFCs while maintaining consistent operational parameters, all five BCs 
were subjected to a diverse range of duty cycles. The outcomes of this 
experiment are depicted in Fig. 6. The findings exhibit a power curve- 
like pattern. This is because the impedance of the BC, as well as its 
ability to extract power from the MFCs, change with variations in the 
duty cycles. It should be noted that the operating parameters of the 
MFCs remained constant throughout the experimentation. The most 
efficient method of operating both MOSFETs was found to be with no 
delay (d = 0) between them, provided that the duty cycles were above 
0.3. At lower values of duty cycles, increasing the delay was found to be 
more beneficial. This can be attributed to the fact that as the duty cycle 
decreases, the N-channel MOSFET spends less time in the closed state, 
resulting in less energy being stored in the inductor. Conversely, the P- 
channel MOSFET remains closed for longer periods, discharging the 
energy stored in the inductor and increasing the likelihood of current 
reversing from the output capacitor to the MFC. When duty cycles 
exceed 0.3, a reduction in power extraction occurs as the delay between 
MOSFETs increases. This is due to the P-channel MOSFET remaining 

Fig. 6. Output power response of the power management system at varying 
duty cycles of N-channel MOSFET and delays (d) between the N and P-chan-
nel MOSFETs. 
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closed for a shorter period of time, which does not allow sufficient time 
for the energy stored in the inductor to discharge. During the course of 
this investigation, it was observed that the duty cycles of all 5 BCs 
remained consistently above 0.5, even in situations of extreme condi-
tions. Therefore, no additional delay was implemented between the 
MOSFETs in the subsequent experiments. 

The duty cycle of P-channel MOSFET can be calculated using equa-
tion (4). Experimental conditions: The experiment was conducted with 
the MFCOCP set to 0.5 V for the five MFCs, and the equivalent internal 
resistance set to 39 Ω. The output voltage of the PCB was fixed at 3.3 V, 
and all output capacitors of the boost converters were connected in se-
ries, except for the top two boost converters that were connected in 
parallel with each other and in series with the remaining boost con-
verters (Fig. 2). 

The voltage output of a MFC is typically low, and achieving the 
desired output voltage level would require a high duty cycle, which 
would lead to high energy losses. However, if the output capacitors of 
each MFC BC are connected in series, the voltage step-up requirement of 
each BC would be significantly reduced. For example, if five BCs, each 
extracting the energy from five identical MFCs, were connected in series 
to attain a 3.3 V output voltage, ideally, each BC would only need to 
amplify the MFC voltage to 0.66 V (3.3 V / 5), and this would be the 
voltage across the output capacitor of each BC. As a result, there would 
be a substantial reduction in the boosting ratio, lowering the duty cycle, 
thereby enhancing efficiency. 

In this case, an additional factor that should be considered is the 
gate-source threshold voltage (VGS(TH)) of the MOSFETs, which denotes 
the voltage requisite to activate the MOSFET as the gate-source potential 
differential. In this study, both the N and P channel MOSFETs were 
selected to have the lowest VGS(TH) as possible, being the typical VGS(TH) 
of the N and P channel MOSFETs 0.7 and − 0.55 V respectively. In the 
instance of the N-channel MOSFET, the gate-to-source voltage (VGS) is 
calculated by deducting the source voltage, which refers to the voltage 
of the negative terminal of the output capacitor of the corresponding BC, 
from the operating voltage of the MCU. In the case of the P-channel 
MOSFET, the calculation of VGS involves the subtraction of the voltage at 
the positive terminal of the output capacitor of the determined BC from 
the voltage at the ground terminal of the MCU, which is set at 0 V in this 
instance. Therefore, if all the five output capacitors of the five BCs are 
connected in series, the MOSFETs operated at lowest VGS would be the P- 
channel MOSFET of BC_5 and the N-channel MOSFET of BC_1 (refer to 
Fig. 2). The gate voltage of the P-channel MOSFET of BC_5 is at 0 V, and 
the source voltage in this scenario corresponds to the voltage across the 
output capacitor of BC_5. In the ideal scenario previously mentioned, the 
VGS would be − 0.66 V, which would suffice to activate the P-channel 
MOSFET. Even if the VGS voltage does not reach the VGS(TH), current 
would still flow through the MOSFET’s diode (See in Fig. 3), although at 
the expense of a significant forward voltage drop at the diode. The N- 
channel MOSFET of BC_1 has a gate voltage equivalent to the operating 
voltage of the MCU. In this situation, the source voltage corresponds to 
the voltage of the negative terminal of the output capacitor of BC_1. 
Referring to the ideal example stated earlier, the VGS of the P-channel 
MOSFET can be calculated as 3.3 – 3.3 x 4 / 5 = 0.66 V. Consequently, 
the N-channel MOSFET would not be activated, resulting in a mal-
functioning BC_1. It is important to note that in case the target output 
voltage is less than 3.3 V, the VGS of the P-channel MOSFET of BC_1 
would be further reduced. For the current research, the output voltage 
was modified within the range of 2.4 to 3.3 V, which is consistent with 
the logic HIGH output range of a 3.3 V CMOS device. As a result, the in- 
series connection of all output capacitors of the BCs has been excluded. 
Instead, two distinct connection combinations have been examined. The 
first combination involves connecting the output capacitors of BC_1 and 
BC_2 in parallel and then in series with the output capacitors of BC_3, 
BC_4, and BC_5 (1//2–3–4–5), as illustrated in Fig. 2. The second com-
bination entails connecting the output capacitors of BC_1 and BC_2 in 
parallel and then in series with BC_3, and the resulting in parallel 

connection between BC_4 and BC_5 (1//2–3–4//5). The rationale un-
derlying these two combination alternatives is to elevate the voltage 
across the output capacitors, particularly at BC_1, in order to guarantee 
its proper functioning. An alternative approach would be to connect all 
the output capacitors of the BCs in series to charge the supercapacitor at 
a lower voltage level, such as 1.8–2.4 V. Subsequently, the buck-boost 
converter voltage regulator utilized to provide a reference to the MCU 
(refer to section 2.2.2) can be positioned after the supercapacitor to 
amplify the voltage further to 3.3 V. This arrangement offers the benefit 
of enabling the N-channel MOSFET of BC_1 to function correctly in any 
situation, facilitating the in-series connection of the five BCs and pre-
sumably enhancing their efficiency. However, to determine the overall 
system efficiency, one would need to multiply the efficiency of the first 
boosting stage - derived from the combination of the MFC boost con-
verters to reach 1.8–2.4 V - by the efficiency of the buck-boost converter 
voltage regulator. The efficiency of the latter would be approximately 
0.83, considering an input voltage of 2.4 and an output current of 10 
mA. Therefore, the overall PMS efficiency would likely be less than 0.8. 

3.2. Efficiency and power consumption of the PMS 

The objective of this section was to assess the influence of two 
distinct configurations for connecting the output capacitors of the BCs 
that were discussed in the preceding section. This was accomplished by 
measuring the efficiency of the PMS over a broad range of desired output 
voltage levels and MFC open circuit potentials. The results are presented 
in Fig. 7. As anticipated, the efficiency of the PMS reduces as the output 
voltage increases and as the open circuit potentials of the MFCs 
decrease. In both scenarios, the lower efficiency is due to the need for 
higher boosting ratios at the BCs. The efficiency of the PMS experiences 
a sharp decline when there is a combination of higher output voltage and 
lower MFC open circuit potentials. In reality, the OCP of the MFCs is a 
fixed parameter, however, it varies depending on the specific applica-
tion. Nevertheless, this data emphasizes the significance of the MFC 
operating conditions in determining the overall efficiency of the PMS, 
since the desired output voltage is typically fixed. This contrasts with 
most PMSs described in the literature, which usually report a single 
efficiency value. At an output voltage level of 2.4 V, in most real-world 
applications, the PMS is typically expected to achieve efficiency levels 
ranging between 0.85 and 0.87 and 0.55–0.73, when the individual BCs 
are connected in the 1//2–3–4–5 and 1//2–3–4//5 configurations, 
respectively. However, if the desired voltage output is increased to 3.3 
V, the efficiency levels of the PMS are likely to fall within the range of 
0.81–0.63 for the 1//2–3–4–5 connection, and between 0.54 and 0.25 in 
the case of the 1//2–3–4//5 connection. It is evident that the 1// 
2–3–4–5 connection configuration exhibits significantly higher effi-
ciency values as compared to the 1//2–3–4//5 configuration. This is 
attributed to the lower boosting ratio requirement at each boost con-
verter. As a result, further testing was conducted on the 1//2–3–4–5 
connection configuration in subsequent experiments. The authors 
believe, that relocating the buck-boost converter voltage regulator in 
order to increment the MFC voltages in two stages, as discussed in the 
preceding section, is unlikely to enhance the efficiency of the system. 
This is particularly true in cases where the open circuit potentials of the 
MFCs exceed 400 mV, given that the efficacy in the presented configu-
ration already exceeds 0.75. 

When selecting the desired output voltage of the PMS, it is important 
to consider power consumption, particularly if the PCB is intended to be 
powered exclusively with the energy harvested from the connected 
MFCs. Each current sense amplifier and buck-boost converter voltage 
regulator draw a current of 65 µA and 250 µA, respectively, when 
enabled, and only 0.1 µA when disabled. To minimize power con-
sumption, these components are activated solely during the measure-
ment of current and voltage values, which typically lasts for a few 
milliseconds. Therefore, they are kept disabled during most of the 
operating time. The PCB has a power consumption of 3.2 mW when 
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operating at 2.4 V, and this power consumption exhibits a linear in-
crease with a slope of 2.87 mW/V. As a result, the power consumption at 
a voltage of 3.3 V can be calculated as 3.2 + (3.3–2.4) x 2.87 = 5.78 mW. 

3.3. Maximum power point tracking testing 

In order to evaluate the PMS’s capacity to monitor the MPP of five 
MFCs concurrently, simulated MFCs were subjected to sudden changes 
in power. The theoretical MPP was determined using equation (1). The 
experimental protocol involved modifying the maximum power output 
of the MFCs in the range of 0.25 to 2.5 mW. Specifically, odd-numbered 
MFCs were manipulated to vary from high to low power, while even- 
numbered MFCs were adjusted from low to high power. The rationale 
for the adoption of this experimental configuration was to evaluate the 
efficacy and response time of the PMS to track the MPP across a diverse 
range of MFC power outputs. The experimental setup accounted for 
situations in which the power outputs of the individual MFCs exhibited 

significant differences as well as those in which the power outputs were 
comparable. Of particular interest was the impact of this broad range of 
scenarios on the output voltage (BCvout) and Duty cycles of each indi-
vidual boost converter. The results are shown in Fig. 8. 

The observations from Fig. 8 reveal that the MPPT algorithm can 
closely track the MPP of all five MFCs simultaneously. Although minor 
deviations from the MPP can be observed after each perturbation, the 
variable step size Incremental Conductance MPPT algorithm can iden-
tify the new MPP within a few iterations. Subsequent to each pertur-
bation, the MPPT algorithm applies higher ΔD values in accordance with 
equation (3). Once the MPP is reached, the duty cycle oscillates between 
values that result in the power output closest to the MPP. At low MFC 
power outputs, the duty cycle appears more erratic since there may be 
more variance in power calculations, and thus in the calculation of ΔD, 
but does not affect the tracking of the MPP. Nevertheless, since the 
power output of MFCs changes gradually, significant deviations from the 
MPP are not expected to occur in practice. 

Fig. 7. PMS efficiency at different output voltages and MFC open circuit potentials when the output capacitors of the boost converters are connected in the 1// 
2–3–4–5 and 1//2–3–4//5 configurations respectively. 

Fig. 8. PMS response to simulated MFC power perturbations and effect on the output voltage and duty cycle of each individual boost converter. Experimental 
conditions: Boost converters connected in the 1//2–3–4–5 configuration and PMS voltage output set to 3.3 V. 
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An observation to note from Fig. 8 is that the output voltage of the 
boost converters belonging to MFC_1 and MFC_2, which are connected 
in parallel, remained above 1.1 V even when the output power of the 
MFCs was only 10 % of the other one. Furthermore, the output voltage of 
these boost converters, when connected in parallel, was significantly 
higher than the rest. Thus, connecting the boost converters of MFC_1 and 
MFC_2 in parallel effectively generated a sufficiently high output voltage 
to ensure proper functioning of the N-channel MOSFETs, even when 
MFC_1 or MFC_2 had very low output voltages. However, the output 
voltage of the boost converter of MFC_5 varied between 0.1 and 0.7 V, 
suggesting that the P-channel MOSFET of this boost converter might not 
have been closing at some power levels, especially at low MFC power 
outputs. Nevertheless, this does not affect the MPPT of this particular 
MFC since, as mentioned earlier, current can still flow through the 
external MOSFET’s diode, although it decreases the efficiency of the 
PMS. 

Kim et al. [16] employed two commercially available boost con-
verter and power management chips (LTC3108, Analog Devices) to 
extract the energy and step up the voltage of two MFC. The configura-
tion was such that each MFC provided power to its corresponding 
LTC3108 chip which output was used to charge an output capacitor at a 
voltage of 3.3 V. A few hours after connecting in series the outputs of the 
aforementioned capacitors with the intention of boosting the output 
voltage, and the discontinuation of the feed supply of one of the MFCs 
(MFC_1), a voltage reversal was detected in one of the capacitors. The 
authors postulated that this could be attributable to kinetic imbalances 
between the two capacitors connected in series, stemming from the 
insufficient energy of MFC_1 to maintain the voltage output of PMS_1. 
However, the current study did not observe this phenomenon. Despite 
the MFC’s output power being a fraction of the output power of the 
preceding and subsequent MFCs, whose output capacitors are connected 
in series, such as in the case of MFC_4 at the start of the experiment 
depicted in Fig. 8, voltage reversal does not occur. It is worth noting 
that, even in this scenario, the output voltage remained above 0.1 V, 
making a small but positive significant contribution to the overall 
voltage output, despite the low power output of the MFC. In this 

particular PMS design, the occurrence of voltage reversal in the BC 
output capacitors connected in series is prevented. This is because the 
individual BC of each MFC is not constrained to maintain a specific 
voltage output, which could potentially exceed the MFC’s capacity. As 
illustrated in Fig. 8, the voltage output of each BC is dependent on the 
power output of the MFC they control, as well as the interconnection of 
the BC outputs. These BCs function cooperatively to achieve and 
maintain a voltage output of 3.3 V. 

3.4. Application of the PMS to tubular microbial fuel cells connected in 
series 

The designed PMS was employed in the operation of five tubular 
MFCs connected hydraulically in series. In this case, it is important to 
consider the internal capacitance of the MFC and introduce a longer 
delay before re-evaluating the power output of each MFC after adjusting 
the duty cycle. To verify that the five tubular MFCs were functioning at 
their MPP, polarization curves were conducted on four separate occa-
sions. To conduct these tests, the MFCs were disconnected from the 
Printed PCB during the experiments, and subsequently reconnected 
thereafter. Upon reconnection, the algorithm was restarted, and the 
MPP algorithm initiated the search for the MPP of each MFC once again. 
From Fig. 9 it can be observed that the highest power output for each 
MFC, as calculated from the polarization curves, aligns with the 
maximum power obtained from each MFC through the PMS at the four 
different instances. Furthermore, after the reactivation of the variable 
step size IC algorithm, the power harvested from the MFCs swiftly 
returns to its previous levels. This implies that a 60-second delay be-
tween power measurements is sufficient. Highlighting the significance 
of the time delay between measurements, it is worth mentioning the 
ultra-low power boost converter with MPPT capabilities chip (BQ25504, 
Texas Instruments). To achieve operation at the MPP, the BQ25504 chip 
periodically opens the circuit every 16 s for a duration of 256 ms to 
measure the open circuit potential of the source. Then, it regulates the 
input voltage of the boost converter to be half of the measured open 
circuit potential to match the source’s impedance, thereby ensuring 

Fig. 9. Power output of each tubular MFC obtained through the PMS, along with the MPP determined through polarization curve analysis, output voltage and 
efficiency of the PMS, and ambient temperature recorded during the experimental period. 
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operation at MPP. However, this feature is not practical for tracking the 
MPP of MFCs since it takes several seconds to reach the open circuit 
potential, as opposed to a few milliseconds. Consequently, MFCs may 
operate far from the MPP if this feature is used [34]. 

Fig. 9 also illustrates the efficiency of the PMS throughout this 
experiment. Each MFC can be linked to a dedicated BC on the PCB in any 
sequence. Initially, during the first 140 h of the experiment, MFC_1, 
MFC_2, MFC_3, MFC_4, and MFC_5 were connected to BC_5, BC_4, BC_3, 
BC_2, and BC_1, respectively, resulting in an average efficiency of 0.734. 
Following the third polarization curve, the MFCs were rearranged and 
connected in the order of MFC_1, MFC_2, MFC_3, MFC_4, and MFC_5 to 
BC_3, BC_5, BC_1, BC_4, and BC_2, respectively, resulting in an average 
efficiency of 0.808. During the initial phase of the experiment, the 
highest performing MFC, MFC_4, was connected to BC_2, which had its 
output connected in parallel to BC_1, to which MFC_5 was connected. 
Consequently, this arrangement led to high duty cycles in BC_1 and 
BC_2, resulting in increased energy losses. However, by connecting the 
best performing MFCs to BC_3 and BC_4, as done in the second phase of 
the experiment, a significant boost in the efficiency of the PMS can be 
achieved. Indeed, in future design iterations, it is possible to incorporate 
multiplexers onto the PCB for the purpose of efficiently combining the 
outputs of the BCs in an automated manner. This can be accomplished 
by implementing a programmed set of instructions within the MCU to 
govern the multiplexers, enabling them to connect the outputs of each 
BC in the optimal sequence to maximize efficiency. 

One important factor to considered when utilizing this PMS in hy-
draulically connected MFCs is that, as result of connecting the boost 
converters in series to boost the output voltage, the anodes of the MFCs 
are at different voltage levels. Consequently, there exists the potential 
for current leakage from one anode to another due to their electrical 
connection through the resistance of the solution. The magnitude of 
such current is directly dependent on the length of the tubing connecting 
each MFC, and inversely proportional to the cross-sectional area of the 
tubing as well as the conductivity of the solution. In this case, 1/8″ I.D. 
tubing, 1.5 m long was used to connect each MFC in series with the 
preceding one, and the calculated resistance between anodes was ≈ 1.9 
MΩ. Consequently, the resultant leakage current was considered insig-
nificant and did not impact the efficiency of the PMS. However, if the 
resistance between the anodes were to drop below a few kΩ, there would 
be an adverse effect on the PMS efficiency, with a significant amount of 
energy being dissipated in the liquid solution. To prevent this, a flyback 
boost converter configuration in which the inductor is substituted with a 
transformer could be utilized instead. The transformer would isolate the 
MFCs from the boost converter’s higher voltage outputs. It is important 
to note, however, that the transformer’s DC resistance should be 
considered since it may be high, thereby nullifying the benefits of 
isolating the MFCs to prevent current leakage into the solution. 

Finally, as depicted in Fig. 9, the power output of each individual 
MFC fluctuates throughout the day in response to temperature varia-
tions. Moreover, over time, the power gradually decreases as the feed 
supply is depleted. To evaluate voltage regulation, specific thresholds 
were established for VLTH (Voltage Lower Threshold) and VUTH (Voltage 
Upper Threshold). VLTH was determined as 50 mV below the voltage 
reference VD, while VUTH was set at 50 mV above VD. VD was fixed at 
3.25 V due to the limited capability of the MCU to measure voltages 
exceeding 3.3 V. This limitation arises from the fact that 3.3 V serves as 
the reference voltage supplied to the MCU for conducting analog 
readings. 

During the majority of the experiment, the MFCs provided an excess 
amount of energy compared to the requirement for operating the entire 
PCB. Once the output voltage reached 3.3 V, the surplus energy was 
utilized to illuminate an LED until the voltage output was reduced to 
3.25 V. For instance, when the power output from the 5 MFCs and 
system efficiency are respectively 10 mW and 0.8, the process of 
charging the output supercapacitor from 3.25 V to 3.3 V takes approx-
imately 410 s. The LED, along with the in-series resistance, consumes 66 

mW. Consequently, once the LED is activated to utilize excess energy, it 
remains lit for approximately 14 s. In scenarios where a lengthier or 
more frequent activation of the LED or other loads is necessary, strategic 
supplementation of energy from an external power supply can be 
employed. The experiment was conducted until the power provided by 
the MFCs was insufficient to energize the entire PCB, in order to 
demonstrate the behaviour of voltage regulation in such circumstances. 
As the MFCs’ output power decreased due to the depletion of the feed, 
the MCU connected one of the external power sources to supplement the 
energy obtained from the MFCs. To be more specific, the external load 
was connected when the output voltage fell below 3.2 V and remained 
connected until the voltage across the output capacitor reached 3.25 V. 

4. Conclusions 

A comprehensive PMS has been introduced, designed to effectively 
track the MPP and harness energy from up to five MFCs. The energy 
obtained from these MFCs is utilized to provide power to the entire PCB, 
with any excess energy being directed towards illuminating an LED. In 
situations where the power derived from the MFCs proves inadequate, 
an external or onboard power source can be employed to supplement the 
energy supplied by the MFCs. The tracking of the MPP of each MFC is 
accomplished through the utilization of a variable step size incremental 
conductance algorithm. This algorithm effectively regulates the duty 
cycles of each individual boost converter while simultaneously safe-
guarding against voltage reversal of the weakest MFC. Synchronous 
boost converters, wherein the diodes are substituted with P-channel 
MOSFETs, have been employed to enhance the efficiency of the circuit 
board. The inclusion of additional electronic components is unnecessary 
to prevent the occurrence of negative currents flowing back to the MFC 
through the P-channel MOSFET, as long as a delay is introduced between 
the deactivation of the N-channel and the activation of the P-channel 
MOSFETs when operating at duty cycles below 0.3. The PMS efficiency 
depends upon the desired output voltage and the power output char-
acteristics of the MFCs. By combining the outputs of each MFC boost 
converter, efficiencies of up to 87 % can be achieved. The voltage from 
the MFCs can be amplified up to 3.3 V and this voltage is regulated by a 
hysteresis-based control approach. The current sense amplifiers and 
voltage regulator buck-boost converter are disabled when not used to 
save energy. The power consumption of the PCB increases proportion-
ally with the target output voltage, the power consumed at 3.3 V was 
5.78 mW. The variable step size incremental conductance algorithm 
showed the capability to rapidly locate and track the MPP of each MFC. 
A delay period of 60 s between power measurements was found to allow 
the tubular MFCs to stabilize following each iteration of the duty cycle 
change. By strategically connecting the best performing MFCs to BC_3 
and BC_4, the efficiency of the PMS can be further enhanced. This study 
make a significant contribution to the field of MFC energy harvesting 
and control through its comprehensive solution and valuable guidelines 
to enhance the PMS efficiency when applied to multiple MFCs. The 
introduced PMS provides distinct advantages compared to previously 
reported systems such as individual and rapid MPPT for up to 5 MFCs 
with energy harvesting capabilities, high efficiency, self-sustaining 
operation when MFCs provide sufficient energy, backup power sources 
to ensure uninterrupted operation in all scenarios, and a compact PCB 
design housing all necessary components for seamless functionality. 
Furthermore, the study proposes various design modifications and po-
tential features for future implementations, providing valuable insights 
for other researchers in developing their own PMSs tailored to their 
specific applications. 
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