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 ABSTRACT  

 

This paper presents an energy harvesting architecture that accommodates two microbial 

energy sources and delivers power supply synchronously to two loads. The proposed 

architecture enables the maximum power extraction from the first energy source, whereas the 

second source is disabled. However, once the first energy source is impaired (i.e., not working), 

the second energy source becomes the primary energy source in the architecture, and the first 

energy source is decoupled from the system. The measurement result of the proposed 

architecture, implemented with the off-the-shelf components and tested with two emulated 

MFCs, demonstrates a peak efficiency of 56.51%, which is the highest end-to-end efficiency 

among prior work. The proposed architecture can operate from a minimum input voltage of 0.3 

V and simultaneously regulate two outputs to constant voltages of nearly 3.7 V and 5 V. 
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1 INTRODUCTION 

Microbial fuel cells (MFCs) are considered an emerging alternative energy source for 

underwater electronic devices (e.g., hydrophones) [1], [2]. MFCs have a significant potential to 

deploy in deep oceans, seas, lakes, and rivers in the harsh aquatic environment [2]-[5]. MFCs 

generate energy from biodegradable substrates through the metabolic activities of 

microorganisms in marine sediment [6]. Typically, MFCs contain two electrodes: an anode 
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buried in sediment and a cathode floating in water. Microbial activity in the marine sediment 

causes a potential difference between electrodes. Thus, MFCs generate electrical energy.  

MFCs are generally not sufficient to directly drive electronic devices (e.g., sensors) 

since the voltage and power generated by MFCs are inherently at low levels [1]-[18]. Thus, an 

energy harvesting system that boosts the low voltage is needed along with a temporary storage 

element (e.g., supercapacitor) for accumulating the harvested energy over time to intermittently 

transfer to the load (i.e., burst mode operation). This type of load can be classified as a heavy 

load, which requires more power than the generated power by the energy source. 

However, the energy available from a single microbial fuel cell might not be secured to 

power the load due to the issue of bioturbation by diverse aquatic organisms [3], [7], [11], [18]-

[20]. In other words, the anode of the MFC can be impaired by either burrowing organism [7] 

or incomplete installation [5], [17], thereby allowing dissolved oxygen in water to contact the 

anode that becomes the cathode. Thus, the potential difference across the electrodes is 

eliminated, and the MFC becomes short-circuited without producing any useful voltage and 

power at the output. In order to increase the reliability of the microbial energy source, it is 

possible to construct the energy harvesting system with multiple MFCs [14], [17], [18], [20]. 

Prior work in multi-input energy harvesting systems for MFCs has involved combining 

the outputs of the individual power converters for each MFC to a common output capacitor and 

transferring its power to the load [13], [14], [17], [20]. However, these works have a large area 

overhead, resulting in complexity and large power losses. As a result, they have low overall 

efficiencies (e.g., ≤ 32.8%). To further improve the complexity and efficiency, adding the output 

voltages of the MFCs through switches to supply a single inductor power converter is proposed 

in prior work [18]. However, the work utilizes all MFCs at the same time; thus, all MFCs are 

not isolated from each other. Also, the MFC with the highest output voltage constrains the 

contributions from other MFCs. Thus, all MFCs do not exploit their best efficiencies, thereby 

degrading the overall efficiency. Also, these works do not consider the regulation of multiple 

output loads. Thus, there is a need for a more efficient architecture for multi-input energy 

harvesting systems with multi-output regulation. 

This paper presents an energy harvesting architecture. The architecture handles energy 

from two emulated MFCs and provides efficient regulation of two output loads. One MFC is 

allowed merely to support the loads by the architecture, but the other MFC stays at the idle 

mode (i.e., not utilized). This leads to full isolation among MFCs. As a result, the overall 
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efficiency degradation is reduced or eliminated in the system. Once the first MFC is impaired, 

the architecture allows the second MFC to supply the loads. Thus, the energy path to the loads 

is maintained with the spare MFC, i.e., MFC 2. The architecture can start the operation from 

the minimum input voltage of 0.3 V and regulate two outputs to voltage levels of roughly 3.7 

V and 5 V. The architecture implemented with discrete components, accomplishes a peak 

efficiency of 56.51%. As compared to prior multiple MFC works, the architecture achieves the 

highest end-to-end efficiency, supports multiple loads with regulated voltages, and secures full 

isolation between sources. 

2 THE PROPOSED ARCHITECTURE 

Figure 1 shows the top-level architecture of the proposed architecture, which consists 

of four power switches, a low voltage step-up converter (e.g., Vin ≥ 0.3 V), a high voltage boost 

converter (e.g., Vdc ≤ 3.7 V), and a temporary storage element (e.g., CSTOR=235 mF). The 

architecture does not require any precharge voltage to start the system operation; thus, the 

voltage in all capacitors is initially equal to zero. 

 
Figure 1. Block diagram of the proposed architecture. 

  

Figure 2. The input detecting circuit (IDC).  

Two MFCs are enabled to provide voltage to their outputs (Vin1-Vin2), but input power 

switches (ME1-ME2) block these voltages to supply the Vin node. In order to allow the available 

power from the MFCs to transfer to the step-up converter, an input detecting circuit (IDC) is 

needed, as shown in Figure 2. The MFCs provide a power supply to charge pumps to charge 
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capacitors at the VCP1 and VCP2 nodes from 0 V. Once the VCP1 node reaches 0.4 V, the MPX 

PMOS transistor turns off, which was on. Thus, the charge pump 2 is decoupled from the output 

of the MFC 2, Vin2, and the capacitor at the VCP2 node stops charging. As a result, the voltage 

at the Vin2 node becomes the open-circuit voltage of the MFC 2. However, the MFC 1 keeps 

supplying the charge pump 1 to charge. Once the voltage at the VCP1 node reaches 2 V, the 

charge pump internally connects the VCP1 node to the Vg1 node, which is the gate of the ME1 

NMOS transistor. Consequently, the ME1 transistor turns on, and the energy available from the 

MFC 1 is transferred to the Vin node, which is isolated from the MFC 2. With the IDC, the 

energy sources are fully isolated from each other.  

However, once the MFC 1 is impaired, the output Vin1 drops to zero or an insufficient 

voltage level. Thus, the charge pump 1 stops to charge the capacitor at the VCP1, and the 

capacitor voltage is not delivered internally to the Vg1 node. As a result, the ME1 transistor shuts 

off, and the energy transfer from the MFC 1 to the step-up converter is cut-off. Meantime, due 

to the small value of the capacitor at the VCP1 node, the energy at the capacitor is consumed 

internally; consequently, it drops to nearly zero. This causes the MPX transistor to switch on, 

and the MFC 2 starts to supply the charge pump 2. Once the capacitor at the VCP2 node charges 

to 2 V, the energy at the capacitor releases to the gate of the ME2 transistor. As a result, the 

transistor turns on, and the MFC 2 starts to provide a power supply to the converter. This is 

precisely what the IDC detects: the MFC 2 as the energy source once the MFC 1 is not 

functional to supply the converter.  

The step-up converter receives power supply from the IDC output Vin to up-convert to 

higher voltage levels to charge a supercapacitor at the VSTOR node. When the VSTOR reaches 1.8 

V, the converter internally enables the maximum power point tracking (MPPT), which drives 

the maximum power available from the MFC. The VOC pin of the converter is placed at the 

output of the voltage divider of the Vin node in order to achieve the MPPT. After this voltage 

level (e.g., 1.8 V), the supercapacitor keeps charging at a faster rate. Once the VSTOR arrives at 

nearly 3.7 V, which is the maximum voltage level for the supercapacitor to charge in this study, 

the accumulated energy should be released to two output loads. Thus, there is a need for a circuit 

between the loads and the supercapacitor to manage the charge transfer.  

Figure 3 shows the circuit used for controlling the outputs. Before the accumulated 

energy at the supercapacitor is transferred to the loads, the Nx transistor shuts on. This is 

because resistors of 1 and 6.7 MΩ placed between the VSTOR and VGL nodes behave as a linear 

element to supply current to the gates of the SL1, SL2, and Nx transistors. Thus, the diode between 



R. Umaz / BEU Fen Bilimleri Dergisi, 14(1), pp. 1-12, 2025 

 

 5 

the Vx1 and the Vx2 nodes is bypassed. The voltage at the VSTOR node goes across four diodes 

to charge the capacitor of 4.7 µF at the Vcntrl node. A comparator circuit is an interface between 

the Vcntrl and OUT nodes. The comparator circuit compares internally a divided version of the 

Vcntrl node with the internally generated reference voltage (Vref).  

   

Figure 3. Output control circuit (OCC).  

Once the VSTOR node is charged to nearly 3.7 V which drops over diodes to charge the 

capacitor at the Vcntrl node to 2 V, the comparator energizes the gate of the PMOS transistor. As 

a result, the PMOS switches on, which was cut-off, and the Vcntrl node is at the same potential 

as the OUT node. The OUT voltage goes across the diode to supply the gate of the N1 transistor 

(VgN1). In consequence, the N1 turns on, and the VGL node drops to zero. Thus, the SL1, SL2, 

and Nx transistors turn on, on, and off, respectively. The stored energy is transferred to Load 1 

and the Vdc node, and the diode between the Vx1 and Vx2 nodes becomes conducting. The load 

1 receives a power supply with a voltage level of approximately 3.7 V. 

Due to shutting off the Nx transistor, the voltage at the Vcntrl node undergoes a decrease 

with the amount equal to the voltage drop across the corresponding diode, and the Vcntrl voltage 

drops from 2 V to 1.5 V. Both load 1 and load 2 receive power supply from the supercapacitor. 

Thus, the supercapacitor starts discharging, and the capacitor at the Vcntrl node discharges as 

well. Once the Vcntrl voltage reduces to 1.44 V, the comparator circuit internally shuts off the 

internal PMOS. This step leads to the isolation between the Vcntrl and OUT nodes. As a result, 

the OUT voltage drops to zero, and the N1 transistor switches off, and the VGL voltage shifts 

from 0V to nearly VSTOR voltage. This causes the SL1, SL2, and Nx transistors turns off, off and 

on, respectively. Therefore, the supercapacitor is disconnected from the loads and starts 

charging back to 3.7 V again. The same operation process will occur over time for the loads 

operating in burst mode. This is precisely what the control circuit carries out.  



R. Umaz / BEU Fen Bilimleri Dergisi, 14(1), pp. 1-12, 2025 

 

 6 

Once the supercapacitor transfers the energy to loads, the load 1 is at the voltage level 

of 3.7 V while load 2 is at 5 V. For load 1, there is no need for another stage to boost the voltage 

since the VOUT1 node is at the same potential as the VSTOR node. However, load 2 requires a 

second converter placed between the SL2 transistor and the VOUT2 node to step up the voltage 

from 3.7 V to 5 V. The output voltage levels of the proposed architecture can be adjusted by 

adding/subtracting more diodes to the output control circuit or rearranging the boost converter. 

Table 1 tabulates off-the-shelf components used in the architecture. 

Table 1. List of discrete components used to construct the architecture. 

 

3 MEASUREMENT RESULTS  

The proposed architecture is implemented using off-the-shelf components. The 

experimental setup of the architecture is shown in Figure 4. The architecture harvests energy 

from two MFCs while regulating two different output voltage levels, which are nearly 3.7 V 

and 5 V. MFC can be electrically modelled as a voltage source in series with a resistance [12]. 

Voltage sources with series resistors are used to model the MFC 1 and MFC 2 for testing. The 

MFC 1 is emulated as a voltage source of 0.8 V in series with a resistor of 0.1 kΩ, and the MFC 

2 is modeled as a 0.7 V input voltage in series with a 0.2 kΩ internal resistor.  

Figure 5 shows the operation of the architecture from the initial time to several cycles. 

Two functional MFCs provide power supply to the architecture; however, the architecture 

receives energy from MFC 1, but MFC 2 is not allowed to support the architecture, and it 

becomes an open-circuit. The supercapacitor voltage (VSTOR) begins to rise from 0 V. Once the 
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VSTOR exceeds 1.8 V, the step-up converter triggers the MPPT accomplished by regulating the 

converter input as half of the open-circuit voltage of MFC 1. After that, it is obviously seen that 

the supercapacitor has charged at a faster rate than before. Once the VSTOR voltage gets to 3.7 

V, both the SL1 and SL2 turn on, and both loads, thus, start receiving power supply. Once the 

MFC 1 is impaired (Vin1  ≈ 0), the backup source (i.e., the MFC 2) should deliver energy to the 

architecture to maintain the load operations. It can be seen from Figure 4 that the MFC 2 does 

not start immediately providing power to the architecture. This is because the voltage of the 

capacitor at the VCP1 in the IDC does not drop instantly to below the threshold voltage of the 

MPX PMOS transistor. Once the VCP1 drops to the below the transistor threshold voltage, the 

transistor switches on and, consequently, the MFC 2 is allowed to supply the circuit. Thus, the 

voltage of the MFC 2 Vin2 shifts from the open-circuit voltage to nearly half of the open-circuit 

voltage of the MFC 2, which is equal to the voltage at the Vin. 

Figure 6 shows voltage waveforms at the Vin1, Vin2, VCP1, and VCP2 nodes in Figure 2. 

Once the impairment occurs at MFC 1, the input voltage Vin1 begins reducing to zero due to 

shutting off the ME1 transistor. Also, the charge pump 1 does not charge up, and the capacitor 

voltage VCP1 starts todrop. Once the capacitor voltage reaches roughly 0.35 V, the MPX transistor 

turns on and the MFC 2 starts the operation of the charge pump 2 to charge the capacitor at the 

VCP2 node. As the VCP2 reaches 2 V, the ME2 transistor turns on, and MFC 2 is connected to the 

step-up converter. These results demonstrate that the energy path to the architecture is secured 

with the backup source (i.e., the MFC 2).  

 

Figure 4. Experimental setup of the proposed architecture. 
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Figure 5. The operation from the initial time without impaired MFCs and once MFC 1 is 

impaired. 

 

Figure 6. Voltage waveforms at the Vin1, Vin2 , VCP1, VCP2 nodes for the IDC once MFC 1 is 

impaired. 

In order to verify the operation of the boost converter, voltage waveforms at the Vdc, 

Vcntrl, VGL, and VOUT2 are monitored, as illustrated in Figure 7. Before the Vcntrl voltage arrives 

at 2 V, the voltages of the input (Vdc) and output of the boost converter are equal to zero. This 

is because output power switches (SL1-SL2) are kept being in off status by the resistors located 
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between the VSTOR and VGL nodes. The resistors act as a short-circuit to energize the common 

gate of the transistors VGL that is almost at the same potential as the VSTOR node. Once the Vcntrl 

voltage charges to 2 V, the common gate voltage VGL drops to zero. Therefore, the SL2 transistor 

turns on, and consequently, the boost converter is bridged to the supercapacitor. Voltages of the 

input (Vdc) and output of the boost converter (VOUT2) are 3.7 V and 5 V, respectively. Because 

of the heavy load, the supercapacitor at the VSTOR and the capacitor at the Vcntrl start discharging. 

Once the Vcntrl voltage drops to 1.44 V, the SL2 shuts off, and thus, the supercapacitor is 

disconnected from the boost converter. The Vdc and VOUT2 voltages drop to zero while the VGL 

voltage increases from 0 V to the VSTOR voltage. The Vcntrl voltage starts rising up again, and 

the same process will be repeated over time.  

  

Figure 7. Voltage waveforms at the Vcntrl, Vdc , VGL, VOUT2 nodes under a heavy load at the 

load 2. 

Figure 8 indicates measured voltage waveforms for the proposed architecture operating 

in burst mode with various output power levels. The measured waveforms demonstrate that the 

architecture regulates two outputs at voltage levels of nearly 3.7 and 5 V.  

Finally, the end-to-end efficiency of the proposed architecture that accommodates two 

loads operating in burst mode was measured. The efficiency is expressed as  

𝜂𝑒𝑛𝑑 =
∑ 𝑃𝑙𝑜𝑎𝑑

𝑃𝑚𝑎𝑥
×

𝑡𝑜𝑛

(𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓)
=

𝑃𝑜𝑢𝑡1 +  𝑃𝑜𝑢𝑡2

𝑃𝑚𝑎𝑥
×

𝑡𝑜𝑛

(𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓)
  (1) 
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where tON is the time duration for both active loads. tON times for both loads are the same. 

(tON+tOFF) is the time between two power cycles received by the loads. Pmax is the maximum 

power available from the functional MFC. Efficiency measurements indicated a peak efficiency 

of 56.51% with two outputs at VOUT1= 3.7 V and VOUT1= 5 V. 

Table 2 shows the performance summary and comparison to prior work. The 

architecture is the first to regulate multiple outputs with multiple MFCs. Also, the architecture 

accomplishes the highest efficiency among prior art multi-input MFCs. 

 

Figure 8. Measured voltage waveforms under varying heavy loads. 

Table 2. Performance comparison of the proposed architecture to prior work for multiple 

MFCs. 
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4 CONCLUSION  

This article presented an energy harvesting architecture for multiple MFCs, 

implemented using off-the-shelf components. The architecture receives the energy from two 

MFCs while regulating two independent different power rails. The architecture decoupled one 

of the MFCs from the output load contribution by putting in the position of the backup in order 

to employ it once the other active MFC is impaired. The architecture used a second boost 

converter to regulate the second output to a higher voltage level (e.g., 5 V) than the first output 

(e.g., 3.7 V). The architecture achieves the peak efficiency of 56.51% due to the full isolation 

between MFCs, the optimum maximum power extraction from the energy source, and one 

converter at the load side.  Measurement exhibited that the architecture achieves the highest 

peak efficiency with multiple outputs as compared to prior work. 
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