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Abstract

Nowadays the Internet has become essential for everyone. Smartphones and lap-
tops are just few examples but also remote sensors cover a good slice of the devices
connected to the network able to exchange information. These sensors are spread
in the most disparate environments making their maintenance increasingly difficult
and the cost too high. As a consequence, supplying energy to all these devices has
become one of the most important and expensive part of their design.

A new possibility to reduce maintenance and to reduce the use of environment
dangerous batteries can be to replace them with an alternative sustainable energy
source present in situ. One of the most interesting, attractive and fascinating is
a bioelectrochemical source that produces energy from the living plants without
burn them named Plant Microbial Fuel Cell (P-MFC).

The objective of the thesis is to design an automatic test equipment able to
perform an electrical characterization of P-MFCs. This process is fundamental
to understand how they works but also to optimize their energy production and
extraction through the design of a dedicated energy harvester. It has been carried
out in its entirely in DIATI department at the Politecnico di Torino using a system
based on Raspberry Pi board. The main challenges are the circuit design and the
management due to the very low current and voltage values.

A preliminary analysis involves a quick literature review of the P-MFC state-
of-art regarding its structure and its internal mechanisms, and the high-level block
scheme definition of the sensing system. Then a complete description of each
block is provided also for their design. Afterwards, the sensing system is realized
in practice on a PCB and the calibration and verification operations are carried
out in order to test its correct behavior. Finally, it is connected to the P-MFC
and, performing different analysis, an electric model of the energy source can be
extracted.

The C language is used to program the Raspberry Pi board. The software used
for the management is MATLAB©, although LTSpiceIV© is exploited as well in
the design phase.
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Chapter 1

Introduction

1.1 Problem statement

Nowadays, one of the most interesting engineering technology fields is the Internet
of Things (IoT). "I’m fairly sure the phrase "Internet of Things" started life as
the title of a presentation I made at Procter & Gamble (P&G) in 1999 ": this was
the sentence pronounced by Kevin Ashton in 2009 for RFID Journal [1] where
he explains where this name comes from. The IoT is a neologism used to name
real objects connected to the internet. The definition is quite tricky because they
have been defined in several different ways so far. With the Internet of Things,
one indicates a set of technologies that allows to connect to the Internet any
type of electronic device. The purpose is essentially to monitor, control, trans-
fer information from the physical world and then carry out consequent actions.

Figure 1.1: A simplified architecture of the IoT [2]

Final user is able to re-
ceive information on a de-
vice connected to Inter-
net through the gateways
(or concentrators) from
some sensors which mon-
itor the physical world
(Figure 1.1). The connec-
tion between the exter-
nal world and gateways is
the IoT node. IoT nodes
are devices able to per-
form sensing and interact
with the world. The most
attractive aspect is that
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1 – Introduction

they can be used anywhere for whatever application [2, p.20]: from agriculture to
consumer products, automotive, healthcare either also in manufacturing or supply
chain (e.g. Industry 4.0), smart environments from homes to buildings thanks to
the extreme miniaturization of the integrated systems (expected form factor in the
scale of millimeters). Other important characteristics are their autonomy in func-
tionality and energy with very low cost (cost target in 1 $ range). They usually
have a very long lifetime e.g. decades using small batteries.

1.1.1 Replace batteries with plant microbial fuel cells
The idea is to replace batteries using an alternative sustainable energy that does
not damage the environment. In 2008 in the sub-department of Environmental
Technology at Wageningen University [3] it was demonstrated the possibility to
produce non destructive and sustainable bio-electricity with the so called Plant
Microbial Fuel Cell (P-MFC) [4] [5]. P-MFC (Figure 1.2) is a system based on
Microbial Fuel Cell concept employing plants and bacteria to produce energy. It
differs from the others bioelectrochemical systems since the majority of the organic
matter is actively produced by the system itself, in situ.

Figure 1.2: Basic structure of P-MFC [6]

The IoT nodes can be self-powered by the energy harvested from the plant without
using any kind of external battery. They have the possibility to be placed where

2



1.1 – Problem statement

it is difficult to get there so the fact that they are self-powered create an huge
advantage in maintenance. It is not a limited technology because several species
of plants can be used such as reed sweetgrass, cordgrass, rice, tomatoes, lupines,
algae and so on.

1.1.2 Current and prospective applications of P-MFC as
energy source of IoT nodes

With the increasing of the pollution during the last decades, governments start to
invest in green energy even inside the cities: the Senseable City Lab of the MIT
in Boston developed Treepedia [7] that is a website to compute the Green View
Index in the big cities of the planet. In the elaborated ranking, the only Italian
city present is Turin (Figure 1.3).

Figure 1.3: Green View Index of Turin in February 2019 [7]

Exploit all this green area not only to improve the air quality but also to provide
energy to some device could be a smart idea. The electrical energy produced can
be harvested to feed several kind of IoT nodes. The use of the P-MFC to feed
sensors can be applied in several fields: agriculture, woods, smart cities and so on
(Figure 1.4).

According to the California Department of Forestry and Fire Protection, the
2018 was the most destructive wildfire season on California with a total of 8527
fires burning an area of 1 893 913 acres which has caused more than $3.5 billion in
damages [8]. They broke out mostly during the warmer and drier periods of the
year and also due to the strong wind, the fire continues to spread very quickly.
To prevent or at least limit the damages, the idea is a continuous monitoring
of that area by using sensors feed by these natural plants. The plants provides

3



1 – Introduction

Iot Nodes
with P-MFC

Agriculture

Nature
preservation

Smart cities

Safety
(e.g. gas
leakage)

Figure 1.4: Possible fields application for the use of IoT with P-MFC

energy for their whole life therefore avoiding the need to replace the discharged
batteries. They can monitor in real-time the presence of fire through some sensors
scattered in areas most at risk and notice helping to intervene immediately alerted.
Prevention in essential. In the areas of wildlife and nature preservation, their use
can be important to monitor also the quality of available natural resources (e.g.
water), their level pollution, earthquake early detection and counteraction of illegal
activities against wildlife [2].

Another example could be in the agriculture sector. The north of Italy is
full of rice and corn fields. The banks of the rivers are full of plants which are
useful from the structural point of view as well. Why they can not be used also
to harvest energy for sensors that monitor air pollution, the need to irrigate a
field and so on. In the last decades, the technologies has entered forcefully in
agriculture and the use of these sensors spread on the countryside can further
improve their management. The IoT can monitor the quality, the actual usage and
the availability of resources for better management (e.g. irrigation) and storage
(e.g. avoid waste of feed and fertilizing). Monitoring the environmental conditions
permits to support growth of animal and plants (e.g. aquaculture).

Remaining in Italy, the Alps are full of beautiful woods. They can produce
energy that can be harvested to connect several sensors to monitor for instance
the temperatures and the climate changes but also to monitor the earth vibration
that can cause avalanches.

Inside houses there are a lot of small ornamental plants which can have double
duty: not only decorative but also safety monitoring water or gas leakage so mini-
mizing the human and material losses in case of emergency. Another home use can
be the sensing of the solar light and adjusting automatically the light spread in
the garden. Gardens needs to be irrigated periodically and, with this technology,
this process can be automatized not only periodically but also when it needs: a
humidity sensor can monitor the presence of water in the soil and decide when
irrigate it. The maintenance of a fancy and health garden could be easier.

In an office or in a university, the maintenance of the green could be simplified
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1.2 – Research objectives, methodology

in this way. An interesting example is the University of Wageningen using plants
to produce green electrical energy [9]. On campus the roof of the NIOO-KNAW
building [10] can both store water and regulate the temperature of the building
below and can even supply electricity through the plants on the roof (Figure 1.5).

Figure 1.5: Wageningen university, campus NIOO-KNAW building roof [10]

1.2 Research objectives, methodology

Figure 1.6: Schematic overview of a
Plant Microbial Fuel Cell [11, p.93]

The IoT nodes are preferred to oper-
ate autonomously mainly for reliability,
maintenance and cost aspects. The use
of a ambient environmental energy source
such as the P-MFC reduces the sys-
tem volume whereas batteries can be too
bulky for them. In addition, a bat-
tery can only store limited amount of en-
ergy and thus requires frequent recharge.
Due to aging effect, after certain num-
ber of recharge, a battery has to be re-
placed. With countless nodes in the net-
work, maintenance cost can be formidably
high. The harvesting renewable energy
eliminates battery replacement cost and
is environment friendly. The technology
studied is the P-MFC. The Figure 1.6
shows the structure of a P-MFC system.
The system is composed by two electrodes

5



1 – Introduction

(cathode and anode) separated by a mem-
brane [4]. Anode and cathode are the P-MFC terminals to connect some external
devices. During its life cycle, the plant releases through the radical system in the
soil organic compounds such as sugar and amino acids. The electroactive microor-
ganisms present naturally in the soil, oxide them producing electrons, protons and
CO2. The microorganisms, under anaerobic condition, are the responsible for de-
liver the electrons into the anode surface. The electrons and protons reach the
cathode where react together reducing the oxygen present at the cathode. The
electrons pass through the external circuit while the proton through the mem-
brane [5].

1.2.1 P-MFC characterization

Before to use them as a power source, they have to be characterized in order to
better understand how they work and which are the effects related to internal
phenomena [4]. The most interesting parameters are voltage and current provided
by the P-MFC from which the power delivered can be computed. The electrical
conditions can be set by connecting at the plant an electronic load [12] [13] and
measures both voltage and current of the plant (Figure 1.7). The characterization

Figure 1.7: Connection of the electronic load to P-MFC

allows to find the conditions to maximize its output power so to increase the ef-
ficiency of the system. In contrast to a battery powered system, a self-powered
device deals with a much unstable energy source that is sensitive to ambient envi-
ronment so the characterization process has to take into account a lot of influence
quantities like the temperature, soil humidity, solar light, health state of the plant
and so on (Figure 1.8). These environmental parameters are often measured with
different instruments. Voltage and current are strongly dependent from a lot of
parameters: for example the solar light increase the power production due to the
plant growth while a reduction of temperature can cause the decreasing of the
available power [11, p.86].

6



1.2 – Research objectives, methodology

Figure 1.8: Environmental parameters acts like influence quantities on the P-MFC

1.2.2 P-MFC energy harvester

The load is never connected directly to the P-MFC but is added an power man-
agement system able to extract the energy from the renewable source and convert
it into electronic format (Figure 1.9). The voltage of a single P-MFC is usually no

Figure 1.9: Power management system block diagram for self-powered device [2,
p.288]

more than 1 V [6] [14, p.7] [15, p.4] [16, p.30] so the power management system has
to increase the voltage up to a compatible one (boost converter is a possible imple-
mentation [14] [15]) for the sensors. Hence, an energy harvesting module becomes
an essential part of power management system. The duty of the harvester is to
collect the energy from the plant, store and then deliver it to power small sensors.

7



1 – Introduction

Since the the operation conditions of both energy source and load vary continu-
ously, the energy storage is used as an energy buffer: when the harvested power is
greater than the load power, the excessive power is stored for future use. Typical
power density available from a plant microbial fuel cell is in the order of few µW

cm2

(area referred to the electrodes one). A complete characterization allows to design
the energy harvester making it works in the point of maximum production of en-
ergy MPP (Figure 1.10) increasing the efficiency and allowing so the connection of
a wider range of IoT nodes. Because of the high diversity of energy forms and har-

Figure 1.10: Example of experimental polarization and power density curves nor-
malized to the cathode area of a P-MFC highlighting the maximum power point
(MPP) of the system [16, p.30]

vesting transducers, harvesting methods can be different: maximum power point
tracking (MPPT) techniques [17] are highly popular for photovoltaic solar energy
harvesting, while resonant frequency and impedance matching schemes are com-
mon for piezoelectric energy harvesting [18]. The polarization and power curves
are usually expressed in function of the current per area ( A

m2 ) and never absolute
value. This allows the comparison between different graphs taking into account of
the environmental conditions as well.

Duty cycling operation of IoT node

Meeting power budgets of few µW or below is feasible only if the IoT node actively
performs tasks (e.g., sensing, processing) only infrequently. The power needs to
be aggressively reduced by duty cycling the IoT node operation, alternating active
tasks and long sleep periods with periodicity set by the wake-up cycle Twkup as
shown in Figure 1.11. During the active phase, the IoT node works and consumes

8



1.3 – Thesis outline

Figure 1.11: Usual schedule working of IoT nodes: short active mode and long
sleep mode [2, p.10]

harvester power PIoT while during the long sleep mode, the energy ESLEEP is har-
vested from the P-MFC and the IoT nodes does not work. The average IoT node
power P̄ can be computed in function of the wake-up cycle Twkup:

P̄ = PIoT +
ESLEEP

Twkup

The complete characterization of the power source (i.e. P-MFC) helps to optimize
the design of the energy harvester which allows to store the maximum electrical
energy. Higher the energy, either larger could be the active mode or higher number
of IoT nodes can be connected concurrently. The thesis is focused on how the
characterization of the P-MFC can be performed with a low-cost automatized
electronic device and with methods are used nowadays.

1.3 Thesis outline
The thesis starts (Chapter 1 Introduction) with a description of the system
under test (P-MFC) and making different examples on the possible applications
of this energy source connected to an IoT node. The P-MFC technology is ex-
plored pointing out the structure, which are the most interesting parameters for
its characterization and how to connect the sensing system. Hereafter, the char-
acterization will be useful to design the power management system able to extract
energy from P-MFC to feed some IoT nodes. The node works infrequently due
to the limited amount of power delivered by the P-MFC. The second chapter
(Chapter 2 State of art of P-MFC) explains the derivation of the P-MFC in
the bioelectrochemical systems hierarchy. The structure of P-MFC and the in-
ternal mechanisms are described in details. The P-MFC can be seen as a black
box and in order to characterize the system, different analysis can be performed:
study the steady state conditions (static analysis) but also understand how the
system reacts to a change between steady states so study the transient character-
istics (dynamic analysis). The static analysis fixes a limited number of point on
the polarization curve to determine the static parameters while for the dynamic

9



1 – Introduction

one the electrochemical impedance spectroscopy with white noise is employed that
allows to derive an equivalent electronic circuit (electrical model of the P-MFC).
At the end of the chapter, a brief discussion is presented exhibiting the importance
of the measurement of the environmental parameters for results comparison and to
understand the internal mechanisms as well. The analysis are performed measur-
ing the electrical parameters (voltage and current) of the plant. The third chapter
(Chapter 3 Ad-hoc automatized sensing system: hardware) shows differ-
ent electronic circuits to perform these analysis. A section shows also the passages
to design the circuital solutions. The system is able also to measure the envi-
ronmental parameters through sensors. The sections showing the sensors contain
also the design procedure of each conditioning circuitry. The idea to make the use
of the sensing system easier and automatized is to create an user interface. It is
described in the detail in the fourth chapter (Chapter 4 Ad-hoc automatized
sensing system: software and test). It describes the algorithm to manage the
sensing system but also how to use the graphical interface. The sensing system
has to be subjected to a calibration process initially but also periodically so when
the calibration period is elapsed. The last part of this chapter shows how the
whole sensing system is tested replacing the P-MFC with a known 1-time constant
electronic circuit to evaluate the quality of the results. Once the correctness is
verified, the P-MFC can be connected to the sensing system. The fifth chapter
(Chapter 5 Results of P-MFC measurements) shows first the procedure to
build the P-MFC trying also some experimental idea as for example the removal
of the membrane. The rest of the chapter shows experimental results of static and
dynamic analysis on different P-MFCs which contain the same type of plant. At
the end of the thesis (Chapter 6 Conclusions), there are some considerations
about the work done, the difference between the expected and the obtained re-
sults and the possible improvements applying also other kind of analysis to find
out further results.

10



Chapter 2

State of art of P-MFC

This chapter describes in detail the state of art of a Plant Microbial Fuel Cell
(P-MFC). It is important to understand its derivation starting from bioelectro-
chemical systems passing though the microbial fuel cells and the microbial solar
cells as shown in Figure 2.1.

Bio-electrochemical systems (BESs)

Microbial electrolysis cell (MEC) Microbial fuel cell (MFC)

Sedimental microbial fuel cell (SMFC) Microbial solar cell (MSC)

Plant microbial fuel cell (PMFC)

Figure 2.1: Basic scheme of the system

The P-MFC will be studied in details talking about its structure composed by
the cathode, anode and membrane but also the mechanisms involved in energy
production are interesting to be analyzed. The plant uses photosynthesis to pro-
duce organic carbon which are used by the microorganisms present in the soil to
produce electrons and protons. Their presence allows the flow of an electrical cur-
rent through an electrical load connected between cathode and anode. Figure 2.2
shows graphically this process. Further considerations must be done also related
the environmental parameters e.g. the air temperature and the soil humidity and

11



2 – State of art of P-MFC

Figure 2.2: Illustrative diagram of P-MFC system [5]

which is their effect on the energy production of the P-MFC. Since the purpose of
this thesis is the characterization of a P-MFC energy harvester, a section shows
the state of art of different kind of analysis used to understand the behavior and
which are the optimal conditions to increase the energy efficiency.
Initially the P-MFC can be seen as a black box that is able to convert chemical
into electrical energy (Figure 2.3) but after its characterization it can be model
from an electrical point of view.

Figure 2.3: Schematic representation of energy conversion of a P-MFC

2.1 Bioelectrochemical systems hierarchy
Bioelectrochemical systems (BESs) are systems capable of converting chemical en-
ergy into electricity and viceversa while employing microbes as catalysts [5, pp.
18-19]. Microbes, inoculated or naturally present into the system, metabolise or-
ganic waste transforming it in electric current. The BESs are still technologies

12



2.1 – Bioelectrochemical systems hierarchy

under development and they are not use on a large-scale but they give the pos-
sibility to produce energy from the environment without affect it. The hierarchy
of BESs is shown in Figure 2.1. BESs are divided in two main groups: microbial
electrolysis cells and microbial fuel cells.

2.1.1 Microbial electrolysis cell

Figure 2.4: MEC schematic [19, p.430]

The microbial electrolysis cells (MECs)
were discovered in 2005 by two inde-
pendent research groups, one at Penn
State University and the second at Wa-
geningen University in the Netherlands
[19]. They are a promising approach
for hydrogen production from organic
matter, including wastewater and other
renewable resources. The production of
hydrogen or methane is obtained apply-
ing electric current to an organic com-
pound (Figure 2.4).

2.1.2 Microbial fuel cells

Figure 2.5: Time response to a load-
resistance step for P-MFC [20, p.181]

The microbial fuel cells (MFCs) are
a particular fuel cell designed to ex-
tract energy from an organic compound
present in the substrates by the help
of microorganisms (Figure 2.5). The
MFC setup is characterized by two elec-
trode chambers separated by a proton
exchange membrane (PEM [21]). The
two chamber are named anodic and ca-
thodic and are respectively the nega-
tive and the positive pole. The an-
odic chamber contains the electrochem-
ical active bacteria that oxidase carbon
or organic/inorganic matter and release
protons and electrons. Both will go
into the cathodic chamber with a dif-
ferent path: the protons pass through
the membrane while the electrons through the external circuit driven by the elec-
trical potential difference between the two poles. In the cathode chamber, protons
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and electrons react with the oxygen (present in the air) closing the electrical cir-
cuit and releasing water. Two subgroups of MFC are the sedimental microbial fuel
cells and the microbial solar cell.

2.1.3 Microbial solar cells

The microbial solar cells (MSCs) [22] are the collective name for biotechnological
systems that make use of phototrophic microbes or higher plants to entrap solar
energy which is further utilized by electroactive bacteria to generate in situ electric
current (Figure 2.6).

Figure 2.6: . Model of a microbial solar cell including the basic principles. [22, p.42]

Depending on the way the solar radiations are harvested and the organic com-
pounds are transformed, it’s possible to distinguish three kinds of MSCs: MSCs
with phototrophic biofilms, MSCs photobioreactors [23] and Plant microbial fuel
cell. The MSCs with phototropic biofilms use a self-organizing biofilm on the anode
surface of a fuel cell. The MSCs photobioreactors use photosynthetic organisms
such algae to harvest the solar energy. The P-MFCs use higher plants to harvest
the solar energy.
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2.2 Plant Microbial Fuel Cell
The plant microbial fuel cells (P-MFCs) [24] are the most investigated between
MSCs. They give the possibility to produce energy from living plants without burn
them. P-MFC (Figure 2.7) aims to transform solar radiation into green electricity
in a clean manner employing plants and bacteria to produce energy. Differently
form the other BESs, the majority of the organic matter, from which the energy
is generated, is actively produced by the system itself.

Figure 2.7: P-MFC structure

The main processes at the base of this technology are:

• photosynthesis

• transport of organic matter to anode compartment

• anodic oxidation of organic matter by electrochemically active bacteria

• cathodic reduction of oxygen
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Photosynthesis allows to extract the nutrients that the plant needs to live. Not all
the nutrients are used and part of these like sugar and amino acids are then ex-
pelled into the soil through the intact roots as exudates i.e. rhizodeposition. The
electroactive microorganisms naturally present in the soil oxide these substances by
releasing electrons, protons and CO2. Under anaerobic condition, these microor-
ganisms are responsible for deliver the electrons into the anode surface. Protons
reach the cathode passing through the membrane. By connecting an electric load
between electrodes, also the electrons reach the cathode and their presence allows
the reduction of the oxygen present in it. These mechanisms lead to flow an elec-
tric current through the load. In what follows, all the components, the internal
reactions and possible losses are explored in details.

2.2.1 Structure of a P-MFC

The P-MFC structure is composed by some main components: the plant and its
roots, microorganisms (bacteria), electrodes (anode and cathode) and membrane
as shown in Figure 2.7.
Plant and its roots. Usually, in the P-MFC are used plants can grow with their
roots under waterlogged conditions: water avoids the oxygen intrusion from the
air at the anode chamber. Presence of oxygen cause a lost of electricity production
because electrons are directly used for oxygen reduction without arriving at the
cathode.
Anode. The electrochemically active microorganisms have been found to be able
to deliver electrons to a solid surface like a graphite electrode: the anode. The
anode must work under anaerobic conditions and be made by a conductive, bio-
compatible and chemically stable material. Metal anodes consisting of noncorro-
sive stainless steel mesh can be utilized so copper in not useful due to the toxicity
of even trace copper ions to bacteria. The most versatile electrode material is
graphite since it is relatively inexpensive, easy to handle and have a defined sur-
face area.
Cathode. The anode is coupled to a second electrode: the cathode. The microor-
ganisms transport the protons at the cathode which are used to reduce oxygen or
another compound. Usually, it is placed in contact with the air having to reduce
oxygen. The choice of the cathode greatly affects performance so it can varied
depending on application. Since the low cost, the cathode is made by graphite as
well.
Membrane. The P-MFC requires the separation between the oxidation at the
anode and the reduction at the cathode by a membrane. It is a semipermeable
membrane designed to conduct only protons while acting as an electrons insulator
and reactant barrier i.e. proton-exchange membrane (PEM). PEMs can be made
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from either pure polymer membranes or from composite ones, where other materi-
als are embedded in a polymer matrix. One of the most common and commercially
available PEM materials is the fluoropolymer Nafion. This material is very expen-
sive so other solutions are searched. In this thesis is used PET as membrane
material given its low cost.

2.2.2 Internal mechanisms of a P-MFC
In the P-MFC plants can grow with their roots under the soil. The anode is placed
under the roots to avoid oxygen intrusion from the air. The non-availability of
oxygen at the anode would ensure that electrons will directly used for electricity
production and not for oxygen reduction. In the soil the plant releases exudates.
They are both rhizodeposits and dead cell material which will be used by the
bacteria for electricity production. At the root soil interface organic matter is
released by the plant and directly oxidized by the present bacteria. Microbial
activity around the roots of a plant is more than 10 times higher than in the rest
of the soil [25]. In the P-MFC bacteria break down the organic matter and release
electrons. The substrate is composed by a complex mix so, only for explanation,
one takes acetate as a model-substrate. The oxidation of acetate by bacteria is [11]:

CH3COO− + 4 H2O −−→ 2 HCO3
− + 9 h+ + 8 e− (2.1)

The electrons released are donated to the anode. This happens naturally be-
cause bacteria can gain energy by donating electrons to another compound. Other
electron acceptors can interfere with electricity production when it is energeti-
cally more attractive for the bacteria instead of the anode [26]. Some alternative
electron-acceptors in the anode are oxygen, carbon dioxide, nitrate and suplhate.
Oxygen can be by intrusion from the air or actively transported into the soil [27].
Nitrate and suplhate are normally present in plant-grown media for plant nutri-
tion. The anode is coupling with the cathode. The cathode reaction would be
oxygen reduction to water [11]:

O2 + 4 H+ + 4 e− −−→ 2 H2O (2.2)

This is preferably because oxygen is available and cheap. The anode voltage Ean
can be computed from the Nernst formula [28]:

Ean = Ean0 −
RT
nAF

ln(
[CH3COO−]

[H+]9[HCO3]2
) (2.3)

where Ean0 is the standard anode potential at 0 ◦C, R the universal gas constant, T
the temperature, nA the number of electrons involved in the reaction, F the Fara-
day’s constant and [·] contains the concentration of the element inside. Protons
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reach the cathode by flowing across the membrane creating a net positive charge
while the electrons pass through the external circuit creating a current flow. Since
the electrons exiting through the anode arriving at the cathode, the current direc-
tion is considering positive from the cathode to the anode. The cathode voltage
Ecath can be computed from the Nernst formula [28]:

Ecath = Ecath0 −
RT
nCF

ln(
1

pO2[H+]4
) (2.4)

where Ecath0 is the standard anode potential at 0 ◦C, nA the number of electrons
involved in the reaction, pO2 the partial oxygen pressure. The potential of the cell
Ecell is the difference between the cathode Ecath and anode Ean potential:

Ecell = Ecath − Ean (2.5)

The oxygen concentration at the cathode is limited due to the limitation of oxygen
diffusion into the electrode. The electrode needs to be wet in order improve the
transport of protons. The product between current Icell and voltage Ecell leads to
the output power Pcell of the P-MFC [5, pp. 47-48]:

Pcell = Ecell · Icell (2.6)

The theoretical maximum cell potential is higher than the measured one due to the
internal losses of the P-MFC due to the cathode, anode and membrane resistance
and current dependent losses.
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Numerical example.
To better understand some possible voltage and power ranges of a P-MFC,
a numerical example with typical values is performed. The physical con-
stants are the universal gas constant R = 8.314 J

mol·K , the Faraday’s constant
F = 9.65 · 104 C

mol . The number of electrons involved in the reaction at the
anode is nA = 8 (from reaction 2.1) while at the cathode is nC = 4 (from
reaction 2.2). The typical values are taken from [28, p. 452] with concentra-
tions [CH3COO– ]=[HCO3]= 10 mM and [H+]= 1 mM, temperature T = 25 ◦C,
partial oxygen pressure pO2= 0.2 bar. From [28, p. 452] are taken the typical
values of standard anode potential Ean0 = −0.289 V and standard cathode po-
tential Ecath0 = 0.805 V with standard hydrogen electrode. Now it is possible
to compute the anode potential from equation 2.3:

Ean = −0.289 V −
8.314 J

mol·K · 298.5 K
8 · 9.65 · 104 C

mol
ln
A

10 mM
(1 mM)9 · (10 mM)2

B
= −0.504 V

and the cathode potential from equation 2.4:

Ecath = 0.805 V −
8.314 J

mol·K · 298.5 K
4 · 9.65 · 104 C

mol
ln
A

1
0.2 bar · (1 mM)4

B
= 0.617 V

The potential of the cell cam be computed from equation 2.5

Ecell = 0.617 V − (−0.504 V) ≈ 1.1 V

Supposing to have a maximum current provided by the P-MFC IMAX = 500 µA
[5, p.83], from the typical polarization curve of Figure 1.10 the MPP is approxi-
mately in the middle of the range for both current and voltage so the maximum
power P can be computed from equation 2.6:

Pcell =
1.1 V

2 ·
500 µA

2 = 275 µW

These considerations are made with an ideal case because the internal losses
reduce the maximum output power of the system.

2.2.3 Losses in a P-MFC

Until this point, the P-MFC is described as an ideal system. Within a real P-MFC,
a number of losses impede its proper operation. These can be divided into voltage
drops and current drops as described in [29].
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Voltage losses [16, p.33]

Bacteria capture a fraction of the energy content of the substrate for their growth
and maintenance. This cause a voltage reduction because bacterias are activating
the reaction at the anode i.e. activation drop, that also includes phenomena at
the cathode. These are caused by the necessity to have a local potential difference,
overcoming energy barriers, before a reaction takes place at the surface of both
electrodes. A portion of the voltage generated is lost in initiating the chemical
reactions that transfer the electron to or from the electrode. This voltage drop
is highly non-linear. The ohmic drop is the linear resistance due to the flow of
electrons through the material of the electrodes and the various interconnections.
This voltage drop is essentially proportional to current density so it can be model
as a resistance. The concentration drop results from the change in concentration
of the reactants at the surface of the electrodes as the fuel is used. Concentration
drops are amplified for high current densities, when the reactants are consumed
at high rates at the surface of the electrodes.

Current losses [16, p.34]

In an ideal P-MFC, the anode is the unique electron acceptor available to bacte-
ria for the oxidation of the substrate. In practice however, a fraction of electron
may well migrate to the cathode through the membrane or react with alternative
electron acceptors like oxygen and non-organic oxidants. In the absence of vi-
able electron acceptor, some bacteria are able to develop fermentative metabolism
pathways. The current drops are inversely proportional to the attraction of the
anode that is itself correlated to its potential: when the P-MFC is in short-circuit
condition, the potential of the anode is close to the potential at the cathode thus
the anode is strongly attractive. Bacteria will mostly use the anode as an elec-
tron acceptor. Other comparatively strong alternative electron acceptors such as
diffused oxygen will divert electrons. On the contrary, when the P-MFC is in open-
circuit, the anode does not attract any electrons, and bacteria are more likely to
select alternative electron acceptors, in the order of diffused oxygen, non-organic
acceptors, and eventually also fermentation.

2.3 Environmental parameters
Afterwards the detailed description of a P-MFC, test conditions must be analyzed.
Environmental conditions are very important because they dramatically influence
the P-MFC performance so their measurement is fundamental. If they are not fully
documented, the comparison between performance of different P-MFCs would be
meaningless. The most important environmental parameters are the temperature,
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humidity and solar radiation intensity. All these parameters can be useful in post-
processing analysis to made some consideration to better understand how they
affect the performance.

2.3.1 Temperature

Temperature largely influences electrical characteristics of a P-MFC [30]. An in-
creasing of temperature improves performance due to higher kinetic and conduc-
tion processes. More precisely, in a P-MFC the discharge of rhizodeposition is
directed by the temperature causing voltage and current fluctuation. The low
temperature, as during the winter, leads to a decrease in electricity production or
also no production during frost periods. The most trivial reason could be that
some plants are not able to survive winter due to freezing of the roots. Another
reason is that, during frost period, the water in the soil is frozen and ions can no
longer be transported [31] [32]. Freezing symptoms involve also membrane disrup-
tion. Freezing air-temperatures are less damaging to the plant because it produces
chlorophyll inhibition but generally leads to survival of the roots and rhizomes
and will lead to regrowth when the temperature rises. The anode potential of the
P-MFC is most influenced by temperature, leading to a decrease in electricity pro-
duction during low temperature periods [11]. Cold insulation of the anode as well
as selection of cold-resilient species are possibilities for increasing plant survival
over winter. The concept is: the higher the temperature, the lower the anode po-
tential so higher cell potential. Temperature can affect also the biofilm formation
and the conductivity.

2.3.2 Humidity

Humidity plays an important role in the growth of the plant. High humidity
causes the prevalence of various pythopathogens in plants [33]. Different studies
reported a very slight effect of humidity in voltage generation at an initial stage
with almost no difference once the plants start blooming.Moreover, humidity also
affect the microbial metabolism. In addition to the effect of humidity on plant
and microbes, its effect on electrode materials and conducting wire should also be
interesting to study. Humidity effect would be more pronounced in the cathode
aerobic region which absorb atmospheric oxygen easily. The [34] suggest that the
control of humidity in the cathode region promotes the long-term operation of
a P-MFC. The presence of water in the soil allows to sufficient help the current
supply. Increasing flow usually improves performance.
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2.3.3 Light intensity
The plant in the P-MFC uses the solar radiation from the sun to live i.e. pho-
tosynthesis. The variation during the day can affect the performance of the fuel
cell. With an higher solar radiation, the photosynthesis process is stronger and
it can lead to more exudation thus an increasing in energy production [11]. The
potential at the cathode can have fluctuation with an indirect relationship with
respect to the light intensity: plant produces oxygen during day and consume oxy-
gen during night [35], thus inducing oxygen fluctuations available at the cathode
for its reduction.

2.4 Analysis of a P-MFC
Now that the internal mechanisms of P-MFCs are presented, this section describes
a P-MFC as a black box that converts the chemical energy from the reactants
(i.e. organic matter and oxygen) into electrical as depicted in Figure 2.8. This
conversion is studied in terms of static and dynamic electrical characteristics.

Figure 2.8: P-MFC seen as a black box

2.4.1 Static analysis
The static electrical characteristic of a P-MFC represents the voltage/current re-
lationship in steady state. The blue curve of Figure 2.9 shows the typical static
shape of a P-MFC. This curve is either called static electrical characteristic curve
(or V-I curve) by physicists or polarization curve by bio-electrochemists.
Three different techniques can be used to obtain this curve:

• potentiostat method: imposing a fixed voltage across the unit and measuring
the corresponding output current

• galvanistat method; imposing a fixed output current and measuring the cor-
responding voltage across the plant
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Figure 2.9: Typical polarization curve of P-MFC [16]

• resistorstat method: applying a variable resistance at the output port and
monitoring either the voltage or the current

Depending on the method used and the parameters, the results can be different
thus the choice of the acquisition method is still debated in the scientific community
of P-MFCs at present. VOC denotes the open circuit voltage while ISC the short-
circuit current. Approximating the polarization curve as straight line, the system
can be analyzed using an equivalent electric model: a constant voltage source VOC
and a series resistance RINT as depicted in Figure 2.10. The value of the voltage

Figure 2.10: Polarization curve approximation of P-MFC and equivalent electronic
circuit

source is the open-circuit one, i.e. the intersection of the approximated straight
line with the voltage axis. From the slope, the internal resistance can be estimated:

RINT = VOCeq

ISC
(2.7)

The red curve of the same graph shows the power delivered as a function of its
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output current. The power delivered is null at the extreme points because in
open-circuit condition the output current is null while in short-circuit condition
the voltage across the plant is null. Between these points, the curve has a max-
imum called maximum power point (MPP). The voltage and current at MPP
are respectively VMPP and IMPP. The derivation of the MPP allows to set the
operating point to maximize the power extraction. In order to perform this anal-
ysis, steady-state conditions must be ensured. Steady-state means the voltage
and current readings do not change with the time. When a step in condition is
applied, the cell changes its state and it can takes minutes or even hours up to
reach steady-state conditions. Derivation of V-I curve can be a time-consuming
process. Frequently, time constraints only permits few points along the curve to
be acquired. In practice, the fuel cell is subjected to a given state condition and
the response is monitored until it no longer changes significantly in time thus the
transient is extinguished. Then, the system is changed to a new state condition
and the procedure is repeated. During the whole analysis several state conditions
are gradually scanned in time. The system is continuously monitored to create at
the end the polarization curve. The algorithm implemented to perform the static
analysis is shown Figure 2.11.

Next state condition

System monitoring

Transient
ExtinguishedNot extinguished

Figure 2.11: Static analysis flow chart

2.4.2 Dynamic analysis
The static electrical characteristic curves does not convey information on the dy-
namic properties of the fuel cell. P-MFC has slow dynamic behavior which can be
outlined by recording its response to a step of the load resistance (Figure 2.12).
The first thing can note is the presence of various time-constants. Initially it senses
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an instantaneous voltage drop and then the voltage keeps falling down similar to a
first order differential equation but it contains different time constants due to the
internal mechanisms related to bacteria and to mass transfer phenomena [36]. The

Figure 2.12: Time response to a load-resistance step for P-MFC [16]

fast initial dynamic could be explained assuming the bacteria are able to store elec-
trons and release them later [37]. The bacteria can adapt quickly to small changes
but they will take several hours to adapt to a completely different operating point.
Different methods can be applied to understand how the P-MFC works during
the transient but Electrochemical Impedance Spectroscopy [38] is the most widely
used technique.

Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is the most sophisticated technique
to characterize BES [39] [40] [41]. The information content of EIS is higher than
the static value. It may be able to distinguish between two or more electrochemical
reactions taking place and it provides information on the reactive behavior of the
system. EIS is usually performed by applying a small perturbation to the cell
and then measuring the response. Assuming to apply a small sinusoidal current
excitation, the response is an AC voltage signal (Figure 2.13). Electrochemical cells

Figure 2.13: Voltage response to a sinusoidal current in a linear system
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are not linear systems. However, they can be considered pseudo-linear because by
looking at a small enough portion of the curve is appears to be linear as depicted
in Figure 2.14.

Figure 2.14: Zoom in V-I curve of P-MFC

The excitation signal has the form:

I(t) = I0 sin (ωt)

where I(t) is the current at the time t, I0 is the amplitude of the signal and ω is
the radial frequency expressed in rad/s. In a linear system, the response signal
E(t) has a phase shift φ and amplitude E0:

E(t) = E0 sin (ωt+ φ)

An expression analogous to Ohm’s law allows to calculate the impedance of the
system as:

Z(t) = E(t)
I(t) = E0 sin (ωt+ φ)

I0 sin (ωt) = Z0
sin (ωt+ φ)

sin (ωt)
where Z0 is the impedance magnitude. For simplicity, the impedance can be
represented as a complex function.Et = E0e

jωt+jφ

It = I0e
jωt

→ Z(ω) = Et
It

= E0e
jωt+jφ

I0ejωt
= Z0e

jφ = Z0(cos (φ) + j sin (φ))

(2.8)
The expression of Z(ω) is composed of a real and an imaginary part. This
impedance can be represented either in the Bode plot (Figure 2.15a) or in the
Nyquist (Figure 2.15b).
In both, charge transfer processes can be identified but usually the Bode plot is
used because the frequency is explicit and also small impedance in presence of large
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(a) Bode diagram (b) Nyquist diagram

Figure 2.15: Electrochemical Impedance Spectroscopy

one can be easily distinguished. In EIS, the data can be represented in time and in
frequency domain. An equivalent electronic circuit composed by resistors, capac-
itors and inductors can be used to model the behavior of the P-MFC impedance.
The topology and the value of the components of this electrical model can be de-
rived from the shape of the impedance obtained from EIS analysis. It is possible to
switch between the two domains by Fourier transform (F) and its inverse (F−1).
Its computerized implementation is so called Fast Fourier Transform (FFT).

Electrochemical Impedance Spectroscopy with white noise

The EIS method usually relies on narrow-band signals and uses sinusoidal signal
with a small amplitude and fixed frequency to estimate the impedance at this par-
ticular frequency. With this approach, EIS spectrum takes a lot of time thus in
order to reduce the time needed to perform the whole analysis it’s convenient to
use a wide-band signal i.e. white noise (Figure 2.16) to estimate the impedance on
a wider frequency band [42]. The input signal is a pseudo random binary sequence
with a flat power spectral density on a chosen frequency band. The white noise is
superimposed on a bias value.
This signal is applied to the system under test i.e. P-MFC and its response is
measured. The system behavior depends on several internal and external condi-
tions but they are assumed to be constant during the measurement process such
that it can be considered as time-invariant system. The white noise amplitude is
assumed small enough to have a linear response from the P-MFC. Under these
assumption, it can be considered as a linear time-invariant (LTI) system during
each measurement. The electrical impedance Z(f) can be defined by the ratio
between the cross power spectral density Svi(f) between voltage and current and
the power spectral density Sii(f) of the current [43]:

Z(f) = Svi(f)
Sii(f) (2.9)
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Figure 2.16: Wide-band signal i.e. white noise

In order to estimate Z(f), a non recursive wide-band frequency estimation with
Welch modified method is applied [42]. A possible flow chart shows the measure
technique is depicted in Figure 2.17.

Figure 2.17: Recursive wide-band frequency estimation algorithm [42, p.4]
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Chapter 3

Ad-hoc automatized sensing
system: hardware

In this chapter, different solutions suitable to perform static and dynamic analysis
needed to characterize the P-MFC are described in detail. The goal is to design an
electronic circuit capable to fix the test conditions and at the same time to measure
the parameters of interest. The method procedure presented in [5] is considered
here as a starting point in which measurements are made by a Raspberry Pi and
High-precision AD/DA boards so the designed solutions (hardware and software)
are adapted to these ones. The use of these boards allows to keep the cost of the
whole sensing system low. The generic scheme of the ad-hoc automatized sensing
system is shown in Figure 3.1.

ELECTRONIC
LOAD BOARD

P-MFC

ENVIRONMENTAL
SENSORS

HIGH-
PRECISION

AD/DA
BOARD

RASPBERRY
PI PC

MONITOR

KEYBOARD
AND

MOUSE

Figure 3.1: Basic scheme of the system
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The electronic load board is able to measure the current and voltage of the P-
MFC and to monitor the environmental parameters. This board is mounted on
the High-precision AD/DA boards which has an analog-to-digital and a digital-
to-analog converter. The high-precision AD/DA board is an expansion module
mounted on the Raspberry Pi (RPi) and they communicate between them over an
SPI-compatible serial interface. The RPi is a single-board computer to which a
monitor, a keyboard and a mouse are connected to use it as a desktop computer
and it is feed by its 5.1 V−2.5 A power supply. The RPi board can be connected
to a PC to exchange data. This chapter is focused on the hardware part (Figure
3.2) and its design.

Electronic
loadP-MFC

VPLANT

IPLANT

Temperature
conditioning

circuit

Temperature
sensor

VTEMP
Relative
humidity

conditioning
circuit

Humidity
sensor

VHUM

Light
intensity

conditioning
circuit

Light
intensity
sensor

VLIGHT

Digital to
Analog

Converter

Vg

DAC

Analog
to Digital
Converter

ADCi

ELECTRONICLOADBOARD

HIGH-PRECISION
AD/DABOARD

Figure 3.2: More detailed hardware block diagram of the system

Different environmental parameters must be taken into account in order to proper
describe the ambient conditions in which the P-MFC system be: the air tem-
perature is measured by the temperature sensor placed close to the plant, the
relative humidity by a moisture sensor inserted in the ground and the light inten-
sity through a light sensor (pre-mounted on the high-precision AD/DA board).
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The signals provided by the sensors must be adapted for the input swing of the
ADC so the electronic load board also contains the conditioning circuitry of these
sensors. Their outputs are connected at the inputs of the ADC. The connections
between sensors, the P-MFC and the electronic load board are made by a twisted-
wire cable in order to improve rejection of external electromagnetic interference.
The RPi implements the measurement algorithm. In this thesis, it is used the
Raspberry Pi 3 Model B Vi.2 which also has a 40-pin extended general purpose
input/output (GPIO). The main hardware characteristics of the RPi board are
shown in table 3.1.

PARAMETER CONDITIONS MIN TYP MAX UNIT
DC characteristics

Voltage Output Low VOL V DD = 3.3 V, IOL = −2 mA 0.14 V
Voltage Output High VOH V DD = 3.3 V, IOL = 2 mA 3 V
Current Output Low IOL V DD = 3.3 V, VO = 0.4 V 18 mA
Current Output High IOH V DD = 3.3 V, VO = 2.3 V 17 mA

Table 3.1: Raspberry Pi 3 model B Vi.2 specifications [44, p.14]

The High-precision AD/DA board is equipped with an ADC (ADS1256) and a
DAC (DAC8532) so it is able to acquire/generate analog signal from/to external
world. The ADS1256 is a low-noise, 24-bit analog-to-digital converter where the
main features are listed in the table 3.3.

Figure 3.3: ADS1256 specifications [45, pp. 3-4]

The DAC8532 is a dual-channel, 16-bit digital-to-analog converter. The main fea-
tures of this converter are summarized in the table 3.2.
The following sections describe in details the hardware part: not only the elec-
tronic load connected to the P-MFC but also the temperature, relative humidity
and light intensity sensors with the design of their conditioning circuitry.
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All specifications at −40 °C to 105 °C, VDD = 2.7 V to 5.5 V unless otherwise noted
PARAMETER CONDITIONS MIN TYP MAX UNIT

Output characteristics
Output Voltage Range 0 VREF V
Static performance

Resolution NDAC 16 bit

Table 3.2: DAC specifications [46, pp. 2-3]

3.1 Electronic load and design
The electronic load is connected to the P-MFC and it implements the galvanistat
method so a current IPMFC is forced from the device under test (i.e. the plant)
and the output voltage VPMFC across it is measured (Figure 3.4).

Figure 3.4: Connection of P-MFC to the electronic load

In what follows, different circuits which can implement this method are analyzed
in details highlighting their pro and cons. For the final proposed circuital solution
also the design procedure will be explained.

3.1.1 Constant current source with operational amplifier
The galvanistat method can be implemented by using a constant current source
circuit as depicted in Figure 3.5. The voltage Vi can be provided by the output
of the DA converter and it defines the current that can flow in the resistor R.
Considering negligible the current absorbed by the operational amplifier If , the
current that flows in the resistor is the same of the P-MFC named I. The feedback
loop composed by the operational amplifier and the transistor holds the current
constant: if the current varies (for example, it increases), the negative input of the
op amp experiences a voltage variation (positive) so its output changes (decreases)
and also the gate voltage of the transistor; the variation of the gate-source voltage
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Figure 3.5: Constant current source with op amp and MOS

(lowering) leads to an adjustment of the current (reduction). Thanks to this
negative feedback loop, the circuit is able to provide a constant amount of current
independently of the voltage across the load V . The value of the current that
flows through the P-MFC can be derived with Ohm’s law by measuring the voltage
across R. The voltage across the P-MFC can be measured between the drain of
the transistor and the ground. The operational amplifier increases the cost of the
system and introduces some errors such as offset and gain error.

3.1.2 Constant current source without operational ampli-
fier

The negative feedback loop can be implemented software by removing the opera-
tional amplifier and inserting the RPi board as shown in Figure 3.6: the voltage
across the resistance R is measured through an input of the ADC, the current is
derived and the voltage Vg is modified by an output of the DAC. The proposed
solution has some voltage and current limits. The transistorM sets the amount of
current but to work properly it must be in saturation so a voltage limit is imposed
by the minimum drain-source voltage VDSsat . Supposing the load (i.e. P-MFC)
as a independent voltage source VOC in series to its resistance RPMFC, when the
transistor is fully ON, ideally M is a short-circuit so R goes directly in series to
RPMFC limiting the maximum current IPMFCMAX :

IPMFCMAX =
VOC

RPMFC +R

Further limits are given by the features of the AD and DA converters. The current
resolution ∆IADC imposed by the ADC can be derived from its input voltage swing
VADCIN and its number of bits NADC:
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Figure 3.6: Constant current source with Raspberry Pi and MOS

∆VADC =
VADCIN

2NADC
→ ∆IADC =

∆VADC

R
=

VADCIN

R · 2NADC

The current resolution ∆IDAC imposed by the DAC can be derived from its output
voltage swing VDACOUT and its number of bits NDAC:

∆VDAC =
VDACOUT

2NDAC
→ ∆IDAC =

∆VDAC

R
=

VDACOUT

R · 2NDAC

The value of the resistor R will be a trade off between the resolution and the
maximum current: small R makes possible to measure higher currents with low
resolution while higher values reduce the maximum limit but increase the resolu-
tion. The current resolution ∆I of the circuit is given by:

∆I = max
1
∆IADC,∆IDAC

2
A numerical example shows that the resistance R has on the performance of the
circuit. To meet the requirements, one can act either on the converters or on
the circuit. Usually, it is possible to choose the proper converters but for this
thesis the board (High precision AD/DA board) is already chosen so different
circuital solutions must be explored. The idea is to split the current range in more
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sub-intervals each with different characteristics. From the circuit point of view,
the range division can be implemented modifying dynamically the value of the
resistance R seen by the source of the MOS M . One can start from the highest
resistance value with the possibility of decreasing it by adding in parallel smaller
resistances (parallel resistances solution) or viceversa start from the lowest value
and then adding resistances in series (series resistances solution).

Numerical example.
The system has an ADC with an input voltage swing of 0.5 V and 24 bit and a DAC with an
output voltage swing of 5 V and 16 bit. The system under test is modeled by an independent
voltage source of 0.3 V and a series impedance of 1 kΩ. The maximum current IMAX that the
system can provide is:

IMAX =
VOC

RPMFC
=

0.3 V
1 kΩ = 300 µA

When the resistance R is placed in series to the P-MFC impedance creates a limit in the
maximum current can be measured. Two different numerical examples are shown to see how
much it is important this effect:

• R = 50 Ω → IMAX =
VOC

RPMFC + R
=

0.3 V
1 kΩ + 50 Ω = 285.71 µA

∆IADC =
VADCIN

R · 2NADC
=

0.5 V
50 Ω · 224 = 596 pA

∆IDAC =
VDACOUT

R · 2NDAC
=

5 V
50 Ω · 216 = 1.5 µA

→ ∆I = max
!
∆IAD, ∆IDAC

"
= 1.5 µA

• R = 500 Ω → IMAX =
VOC

RPMFC + R
=

0.3 V
1 kΩ + 500 Ω = 200 µA

∆IADC =
VADCIN

R · 2NADC
=

0.5 V
500 Ω · 224 = 59.6 pA

∆IDAC =
VDACOUT

R · 2NDAC
=

5 V
500 Ω · 216 = 152.6 nA

→∆I = 152.6 nA

With a small resistance R the maximum current measured is close to the maximum but with
a measurement resolution of 1.5 µA while increasing the value of the resistance R it is possible
to reach an higher measurement resolution of about 150 nA but the maximum value of current
can be measured is 2/3 of the maximum one.

3.1.3 Constant current source with parallel resistances
This solution uses different branches composed by the series of a MOS Mi and a
resistance Ri. Only one branch is composed by a single resistor RSENSE while all
others are connected in parallel to decrease the value of resistance R seen by the
source of the MOS M1. The circuit shown in Figure 3.7 has three branches so it
is possible to split the current range in three different intervals. Transistors Mi of
branches can be driven by an output of the DAC but this is not a good idea due
to the usual limited number of output of the converters. A better way is to use
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Figure 3.7: Constant current source with parallel resistances

the digital output of the Raspberry Pi board to drive them. The resistor RSENSE
sets the maximum resolution available.

∆I ∝
1
R

IPMFCMAX ∝
1

RPMFC +R

The MOSFETs Mi have the task to place in parallel to RSENSE other smaller
resistors; in this way the overall resistance R at the source of the MOS M1 is
reduced. This reduction allows to reach higher value of current but decreases the
current resolution. The current IPLANT flowing into the P-MFC can be derived
measuring the voltage across the resistance RSENSE while the voltage between the
drain ofM1 and ground represents the voltage VPLANT of the plant. The advantages
of this solution are:

• a lot of branches can be added depending on the number of available digital
output of the RPi board thus splitting the current range in a lot of sub
intervals

• only one output of the DAC is needed to drive the MOS M1 of the feedback
loop

• to read the current and the voltage of the P-MFC only the usual three nodes
can be used without adding measuring nodes which would means increasing
the number of input of the ADC required.

The main drawbacks of this solution are:
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• difficult to reach very low current because is not possible to switch completely
off the parallel MOSFETs Mi. This is due to the voltage output low VOL of
the output GPIO of the RPi board: to switch the MOS completely off, one
has to fix the voltage at the gate either at ground or even lower (negative).
If the MOS are not completely off, a small amount of current pass through
them like an offset that fixes the lower limit.

• the MOS are not ideal switches but they act as a variable resistors: when it
is completely on, it looks like a small resistor varying the overall resistance
seen by the branch.

• in order to evaluate the current that flows in the P-MFC, the voltage across
the resistor RSENSE is measured. The leakage current that flows into the
other branches modify the plant current but not the current reading.

These problems direct to an alternative solution.

3.1.4 Constant current source with series resistances
The idea to modify the resistance seen by the source of M1 is a good one. A
different solution is to use resistors in series. The number of resistors defines in
how many current intervals is divided the whole range. The Figure 3.8 shows the
circuit with the current range splitted in three different intervals where R1 is a
fixed resistor while RUP and RDOWN are variable ones. Depending on the value of
the resistors, each interval has different resolution and current limit. The variable
resistors RUP and RDOWN can be implemented by using a fixed resistor Ri to define
the parameters with a parallel MOS Mi (Figure 3.9a) which acts as a switch to
bypass it: when Mi is OFF, the resistance seen is Ri (Figure 3.9b) while when Mi
is completely ON, the resistor Ri is short-circuited (Figure 3.9c). In this case, it
is assumed to have an ideal switch (rDSon = 0 Ω) but in practice, the MOS has not
a negligible on resistance (rDSon /= 0 Ω). The resistance seen by the source of M1,
named RL, is defined as the overall resistance:

RL = R1 +RUP +RDOWN (3.1)

The maximum current value and the current resolution of each interval are deter-
mined by the combination of the status of each MOS. The current IPLANT flowing
through the P-MFC can be derived measuring the voltage across R1 with one input
of the ADC:

IPLANT =
VSENSE

R1
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Figure 3.8: Constant current source with series resistances
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tion

Ri

(b) When Mi OFF (c) When Mi ON

Figure 3.9: Variable resistance implementation and possible states

Once the value of R1 is fixed, the measurement accuracy is kept constant for all
the intervals so the resolution ∆IREADING of the current readings is:

∆IREADING = ∆IADC =
VADCIN

R1 · 2NADC
(3.2)

The reading takes into account all the leakage currents that in the parallel solution
are neglected so it is closer to the current through the P-MFC. The voltage VPLANT
can be obtained measuring the voltage between the drain of M1 and ground with
an input of the ADC. The resolution ∆V of the voltage readings is:

∆V = ∆VADC =
VADCIN

2NADC
(3.3)
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The ability to keep the current constant depends both on the features of the ADC
and the value of the resistor R1 and on the features of the DAC and the resistance
RL seen by the source of the MOS M1. The gate of the MOS M1 is connected
to one output of the DA converter while the other MOS Mi ∀i > 1 are driven by
digital outputs Di of the RPi board.

Design procedure

Before to start the design, it is important to know all the requirements. The
voltage and current specifications of the sensing system are derived from previous
measurements in [5, pg. 83]. The P-MFC is a very slow system and can take
very long time (like several minutes or hours) to change from a steady state to
another one, so it is useless to sample the parameters too frequently meaning that
a good choice could be take measurements at least every 1 s. The requirements
used for the design is summarized in the table 3.3. The RPi 3 board manages all

Parameter Value/Range
P-MFC current range 100 nA → 500 µA

Maximum P-MFC voltage VMAX = 0.6 V
Minimum sample time from consecutive measurements tSAMPLEmin = 1 s

Table 3.3: Design requirements

the sensing system during the measurements. It has the possibility to accommo-
date on it different expansion boards. For the purpose of this thesis, it is used the
High Precision AD/DA board [47] which has an analog-to-digital converter ADC
(ADS1256 [45]) and a digital-to-analog converter (DAC8532 [46]). The converters
can be connected to the electronic load circuit: the ADC can acquire voltage mea-
surements whereas the DAC is able to drive the MOS. Study the internal structure
of the converters helps to design properly the electronic load circuit. The design
procedure is divided into parts, each of which focuses on a particular section: the
set up of the AD and DA converters, the analysis of the model used for the load (i.e.
P-MFC) and at the end the design of the components of the electronic load circuit.

-Design related the AD converter
The Figure 3.10 shows the block diagram of the ADS1256. It supports differen-
tial inputs but, in this work, it is set to have eight single-ended ones. The input
multiplexer selects which input pin is connected to the AD converter. The input
buffer is enabled because it greatly reduces the circuitry loading by providing up to
80 MΩ of input impedance. The low-noise PGA provides different gains from 1 up
to 64. The converter is comprised of a 4th order delta-sigma modulator followed by
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Figure 3.10: Block diagram of ADS1256 [45, p.11]

a programmable digital filter. The modulator measures the amplified differential
signal VIN = (AINP − AINN) against the differential reference VREF. The reference
input voltage VREF is set to be 2.5 V by the voltage reference LM285D-2.5 [48]
mounted on the board. The differential reference is scaled internally by a factor
of two so the full-scale input range is ±2 · VREF for PGA = 1. The value of PGA
must be chosen to have input swing of the ADC VADCIN higher but as close as pos-
sible to the maximum voltage measurable VMAX in order to optimize the reading
resolution. The optimum value of PGA can be chosen from the table of [45, p.16]:

PGA = 8 → VADCIN =
2 · VREF

PGA
=

2 · 2.5 V
8 = 0.625 V (3.4)

so the full-scale input voltage VADCFS is twice this value because it considers also
the negative range

VADCFS = ±2·VREF
PGA

= ±0.625 V

The digital filter receives the modulator signal and provides a low-noise digital
output. The data rate of the filter is programmable from 2.5 SPS to 30 kSPS. The
choice of the data rate is a trade-off between resolution and speed: filter more for
higher resolution, filter less for higher data rate. The ADC works at the maximum
rate fS = 30 kSPS and then the filter averages NAVE samples before to produce
an output value. Further considerations must be done about the presence of the
input multiplexer. Multiplexing reduces the rate at which data can be acquired
from an individual channel because of the time-sharing strategy. Supposing to use
all of available them of the ADC NCH = 8, each channel has a sample rate fSCH :

fSCH =
fS

NCH
=

30 kSPS
8 = 3.75 kSPS

40



3.1 – Electronic load and design

The P-MFC is a very slow system so it is important to have a better resolution
with respect the speed. The number of average for programmable filter NAVE can
be picked from the table [45, p.18] and it is choose NAVE = 1200 so the acquisition
time required tACQ to obtain the measurements for all the channels:

tACQ =
1

fSCH

NAVE =
1

3.75 kSPS · 1200 = 320 ms

After this choice, one must take into account that tSAMPLEmin must be higher than
the acquisition time of all the parameters tACQ and also of the time required for the
algorithm calculations. In this case, the time for the algorithm is about 680 ms and
it can be considered enough to perform it in time. The resolution of the ADC given
by the datasheet is NADC = 24 bit but what is important is the effective number
of bits (ENOB) because all real ADC circuits introduce noise and distortion. The
ADS1256 allows to optimize the noise performance by adjusting the data rate or
PGA setting. As the averaging is increased by reducing the data rate, the noise
drops correspondingly. From the table of ENOB with buffer on in [45, p.12],
it is possible to see with PGA = 8 and data rate of 25 SPS (it corresponds to
NAVE = 1200) that ENOB= 23 bit so the resolution is reducing. The requirements
give the possibility to change the data rate but not the PGA. Decreasing the data
rate, the ENOB increases but reduces the amount of time for the algorithm so
the loss of ADC resolution is not so critical because the DAC mainly affects the
system resolution. From this point on, the number of bit of the ADC NADC is set
equals to ENOB so NADC = ENOB = 23 bit. The resolution in voltage reading is
fixed by this limit:

VADCRIS =
VADCIN

2NADC
=

0.625 V
223 = 74.5 nV

-Design related the DA converter
The Figure 3.11 shows the block diagram of the DAC8532. It is a dual channel,
16-bit digital-to-analog converter. Each on-chip precision output amplifier allows
rail-to-rail output swing to be achieved over the supply range of 2.7 V to 5.5 V. The
DAC8532 requires an external reference voltage to set the output range of each
DAC channel and it can be chosen through a jumper on the board between 3.3 V
and 5 V. In this case, the jumper is set at 5 V. Also incorporated into the device
is a power-on reset which ensures that the DAC outputs power up at zero-scale
and remain there until a valid write take place. It is a low-power converter since it
consumes 2.5 mW at 5 V and 1 µW in power-down mode. The architecture of each
channel consists of a resistor string DAC followed by an output buffer amplifier
as shown in the simplified block diagram of Figure 3.12. Its output voltage swing
VDACOUT is equal to the reference voltage VDACOUT = 5 V and the resolution of
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Figure 3.11: Block diagram of DAC8532 [46, p.1]

Figure 3.12: Simplified block diagram of DAC8532 [46, p.10]

the DAC NDAC = 16 bits. For each device, the input coding is unipolar straight
binary and setting the decimal equivalent of the binary code D loaded into the
DAC register, the ideal output voltage is given by:

VOUTX =
VREF ·D

2NDAC

This DAC exhibits temperature stability of 5 ppm/°C typical output voltage drift
over the specified temperature range of the device. This enables the output voltage
of each channel to stay within a ±25 µV window for a ±1 °C ambient temperature
change.

-Model used for the P-MFC
Before to start the design of the components of the electronic load circuit, it is
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important to show the system that will be connected. The P-MFC has to be
characterized so it is the load connected to the electronic load circuit. First, the
P-MFC is model by an independent voltage source VOC in series to a resistor RINT
(as depicted in Figure 3.13) which chosen values are VOC = 0.5 V and the maximum
current IMAX = 500 µA so the series resistance of the P-MFC is:

RINT =
VOC

IMAX
=

0.5 V
500 µA = 1 kΩ (3.5)

−
+VOC

RINT IPLANT
+

−

VPLANT

Figure 3.13: Equivalent electronic circuit to model the P-MFC

-Proposed circuit solution
The proposed circuit (Figure 3.14) is a constant current source with series resis-
tances. It considers the current range splitted in three intervals so three series
resistors are used. The resistors R2 and R3 can be bypassed depending on the
state of the respective transistor M2 and M3. As previously explained, the feed-
back loop that sense the current ISENSE to modify the voltage Vg is implemented
by the RPi. At this point, the components of this circuit have to be designed.

-Transistors design
At this point, one has the necessary knowledge to design the transistors. The
choice of the MOS has to take into account the worst case conditions: the max-
imum voltage across the drain-source port VDSMAX , the maximum drain-source
current IDSMAX , the drain-source on resistance rDS(on) and the maximum power
consumption PdMAX . The maximum voltage across the drain-source port is the
maximum P-MFC voltage VMAX = 0.6 V. Since all the transistors could be in
series, the maximum drain current that can flow through them is the maximum
P-MFC one IPLANTMAX = 500 µA. The power consumption of the MOS can be
computed by the product of the maximum drain-source voltage and the maximum
drain current:

PdMOS = VMAX · IMAX = 0.6 V · 500 µA = 300 µW (3.6)
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Figure 3.14: Proposed circuit solution

Parameter Value Unit
Maximum drain source voltage VDSMAX 60 V

Maximum drain current IDMAX 500 mA
Total device dissipation PdMAX 350 mW

Maximum drain-source resistance rDS(on) 5 Ω

Table 3.4: BS170 specifications

The MOS chosen is the BS170 [49] and the specifications are summarized in the
table 3.4. Maximum voltage and current values of the BS170 are far higher with
respect to the design requirements and also the power consumption is lower with
respect to the maximum power device dissipation PdMAX = 350 mW. The MOS-
FETs M2 and M3 must be driven from two output pins of the GPIO port of the
RPi board. These pins are directly connected to the gate of the transistors. The
GPIO drives the gate pin with a low level (VOL) when the transistor Mi has to
be off while drive a high level (VOH) when the transistor Mi has to short-circuit
the relative resistance Ri. Since their change are not so frequently, the driving
capability of the GPIO does not create problem to switch on and off them inside
the tSAMPLE time.
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-Detailed analysis of the constant current source circuit
In what follows, the constant current source with series resistances circuit will
be analyzed in details in each combination. When M2 and M3 are ON (Fig-
ure 3.15a), the resistors R2 and R3 are short-circuited so the whole resistance is
R

Í
L = R1 + RDS(on) + RDS(on) = R1 + 2 · RDS(on). The maximum current can flow

is:
I

Í

PLANTMAX
=

VOC

RINT +R
Í
L

=
VOC

RINT +R1 + 2 ·RDS(on)
(3.7)

while the resolution of the current is given by the DAC:

∆I Í

DAC =
VDACOUT

R
Í
L · 2NDAC

=
VDACOUT

(R1 + 2 ·RDS(on)) · 2NDAC
(3.8)

When M2 is OFF and M3 is ON (Figure 3.15b), the resistor R3 is short-circuited
so the whole resistance is RÍÍ

L = R1 +R2 +RDS(on). The maximum current can flow
is:

I
ÍÍ

PLANTMAX
=

VOC

RINT +R
ÍÍ
L

=
VOC

RINT +R1 +R2 +RDS(on)
(3.9)

while the resolution of the current is given by the DAC:

∆I ÍÍ

DAC = VDACOUT

R
ÍÍ
L · 2NDAC

= VDACOUT

(R1 +R2 +RDS(on)) · 2NDAC
(3.10)

When both M2 and M3 are OFF (Figure 3.15c), the whole resistance is RÍÍÍ
L =

R1 +R2 +R3. The maximum current can flow is:

I
ÍÍÍ

PLANTMAX
=

VOC

RINT +R
ÍÍÍ
L

=
VOC

RINT +R1 +R2 +R3
(3.11)

while the resolution of the current is given by the DAC:

∆I ÍÍÍ

DAC =
VDACOUT

R
ÍÍÍ
L · 2NDAC

=
VDACOUT

(R1 +R2 +R3) · 2NDAC
(3.12)

-Resistors design
The final step is the design of the resistors. The current range is splitted in three
different regions and each of them with different specifications. For the first region,
the value of the resistor seen by the source of the MOS is chosen RÍ

L = 100 Ω. The
value of R1 can be so derived:

R
Í

L = R1+2·RDS(on) → R1 = R
Í

L−2·RDS(on) = 100 Ω−2·5 Ω = 90 Ω → R1 = 100 Ω1

(3.13)
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Figure 3.15: Different combination of series circuit

Replacing the value in the equations 3.7 and 3.8 allows to compute the maximum
current and the resolution of the current in the first region:

I

Í
PLANTMAX

=
VOC

RINT +R1 + 2 ·RDS(on)
=

0.5 V
1 kΩ + 100 Ω + 2 · 5 Ω = 450.45 µA

∆I Í
DAC =

VDACOUT

(R1 + 2 ·RDS(on)) · 2NDAC
=

5 V
(100 Ω + 2 · 5 Ω) · 216 = 693.58 nA

(3.14)
This is the larger range but the resolution is higher with respect the specifications.
To reduce the resolution, the value of the resistance RL must be increased so for
the second region, the value of the resistor becomes RÍÍ

L = 1 kΩ and the value of
R2 can be computed:

R
ÍÍ

L = R1+R2+RDS(on) → R2 = R
ÍÍ

L−R1−RDS(on) = 1 kΩ−100 Ω−5 Ω = 895 Ω → R2 = 1 kΩ1

(3.15)

1The round up operation is made considering the E12 series of resistor.
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Replacing the value in the equations 3.9 and 3.10 allows to compute the maximum
current and the resolution of the current in the second region:
I

ÍÍ
PLANTMAX

=
VOC

RINT +R1 +R2 +RDS(on)
=

0.5 V
1 kΩ + 100 Ω + 1 kΩ + 5 Ω = 237.52 µA

∆I ÍÍ
DAC =

VDACOUT

(R1 +R2 +RDS(on)) · 2NDAC
=

5 V
(100 Ω + 1 kΩ + 5 Ω) · 216 = 69.04 nA

(3.16)
The lower limit of the current range is 100 nA and the current resolution should
be lower than 1

10 of this so less than 10 nA. The resolution computed is still larger
than the desired one. The third region has to have the higher value of resistance
RL so RÍÍÍ

L = 10 kΩ. The design of the value of R3:

R
ÍÍÍ

L = R1+R2+R3 → R3 = R
ÍÍÍ

L −R1−R2 = 10 kΩ−100 Ω−1 kΩ = 8.9 kΩ → R3 = 10 kΩ1

(3.17)
Replacing the value in the equations 3.11 and 3.12 allows to compute the maximum
current and the resolution of the current in the third region:
I

ÍÍÍ
PLANTMAX

=
VOC

RINT +R1 +R2 +R3
=

0.5 V
1 kΩ + 100 Ω + 1 kΩ + 10 kΩ = 45.05 µA

∆I ÍÍÍ
DAC =

VDACOUT

(R1 +R2 +R3) · 2NDAC
=

5 V
(100 Ω + 1 kΩ + 10 kΩ) · 216 = 6.87 nA

(3.18)
The resolution meets the specifications but the maximum current is lower with
respect to the maximum current that can achieve.

-Design considerations
The current division is useful to get higher resolution at lower current but lower
resolution for higher current. For all the regions, the resolution in the reading is
fixed by the parameters of the ADC (equation 3.2) and the value of the resistor
R1:

∆IREADING =
VADCIN

R1 · 2NADC
=

0.625 V
100 Ω · 223 = 745.06 pA (3.19)

On the firmware, the plant voltage VPLANT is directly the measurement from the
respective input of the ADC ADCPLANT while the plant current IPLANT is derived
from the Ohm’s law reading the voltage across the resistance R1 so the input of
the ADC ADCSENSE: 

VPLANT = ADCPLANT

IPLANT =
ADCSENSE

R1

(3.20)

The electronic load circuit designed is shown in Figure 3.16.
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R1 100 Ω

ISENSE

R2 1 kΩ

R3 10 kΩ

Vg

M1

BS170

D3
M3

BS170

D2
M2

BS170

+

−

VSENSE

P-MFC

Anode

CathodeIPLANT

+

−

VPLANT

Figure 3.16: Electronic load circuit designed

3.2 Temperature sensing and design
Once the electronic load circuit is defined, one can start to analyze the environmen-
tal sensors. First the ambient temperature sensor is described. For this thesis, it
is assumed to use a plant able to live in an office environment so with temperature
range 10 °C → 40 °C with an accuracy of ±1 °C.

3.2.1 DHT22 - Air temperature and humidity sensors
On the market, different kind of temperature sensors are available. A lot of solu-
tions implement in the same package both air temperature and air humidity sensor.
An example is the DHT22 [50] (Figure 3.17). It is a low-cost component with ca-
pacitive humidity sensor and a thermistor to measure surrounding air and send
a digital signal on the output pin. The temperature (−40 °C → 80 °C, ±0.5 °C)
and humidity (0 % → 100 %, ±5 %) ranges meet the specifications of the thesis
and the accuracy as well. The only limitation is given by the maximum sampling
rate of 0.5 Hz so it is not possible to sample the sensor before than every 2s. This
component could be a good candidate but the humidity must be measured mainly
in the soil because the humidity in the air less affects the conditions of the P-MFC.
Since the humidity sensor in the package is useless, a different solution with only
air temperature sensor is explored.
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Figure 3.17: Internal view of DHT22

3.2.2 LM335 - Temperature sensors
A different solution is to use the LM335 [51] that is an integrated temperature
sensor. The temperature range (−40 °C → 100 °C) but the accuracy (typical after
calibration: ±2 °C) is higher than the thesis specification. Another drawback is
the essential use of a resistor to bias the sensor (zener) and a potentiometer for
the calibration (Figure 3.18).

Figure 3.18: Circuit with calibration and bias resistors for LM335 [51]

3.2.3 LM35 - Temperature sensors
A better choice can be LM35DZ [52]. It is an integrated temperature sensor with an
output voltage linearly-proportional to the temperature. This characteristic sim-
plifies the design since it does not require preconditioning for Kelvin to Centigrade
conversion. This device does not require neither external calibration or trimming
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Figure 3.19: LM35DZ

nor resistor for bias the sensor. It meets the temperature range requirement of
the thesis because the bound are −55 °C → 150 °C with an ensured accuracy of
±0.5 °C at 25 °C.

Design procedure

The output voltage VOUT of the sensor with respect the temperature T is linked
by its sensitivity S and the offset voltage VOFFSET:

VOUT = S · T + VOFFSET (3.21)

The output voltage is an analog signal so a dedicated input of the ADC is used to
acquire this voltage and, in the firmware, convert it into a temperature value. The
maximum voltage that the ADC is able to measure is VADCMAX = 625 mV (derived
in Electronic load design equation 3.4) so there is an upper limit in the temperature
measurable TMAX. The equation 3.21 must be estimated in the maximum voltage
range VOUTMAX :

VOUTMAX = S · TMAX + VOFFSET → TMAX =
VOUTMAX − VOFFSET

S

From the datasheet of the component [52], the sensitivity S = 10mV
°C and VOFFSET =

0 mV are obtained and due to the direct connection (without partition) between
the output pin sensor and the input of the ADC the VOUTMAX = VADCMAX :

TMAX =
VOUTMAX − VOFFSET

S
=
VADCMAX − VOFFSET

S
=

625 mV − 0 mV
10mV

°C
= 62.5 °C

Since TMAX is higher than the thesis specification, no voltage division is needed.
From the datasheet [52, p.1], the minimum temperature TMIN is 2°C so also the
lower bound allows to measure the desired temperature. Supposing to feed the
sensor with the power supply of the RPi board (5 V), that is high enough since
the allowed range for the sensor is 4V → 30V , the power consumption is about
300 µW since it sinks a 60 µA to work properly. The pin of output signal VOUT
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is directly connected to the input of the ADC ADCTEMP. In the firmware, the
relationship to estimate the temperature T from the voltage reading ADCTEMP:

T (°C) =
ADCTEMP(mV) − 0 mV

10 mV
°C

(3.22)

The whole temperature sensor circuit as block scheme is shown in Figure 3.20.

LM35

5 V

GND

ADCTEMP

Figure 3.20: Temperature sensor block

3.3 Humidity sensing and design
Another important environmental parameter to measure is the relative humidity of
the soil. A possible solution is the moisture sensor. As depicted in Figure 3.21, the
sensor has two large and exposed pads as probes which act as a variable resistor
RPROBE. The sensor has the capability to measure the relative humidity of the soil
up to a depth of 38 mm.

Figure 3.21: Moisture sensor

The higher is the humidity in the soil the better conductivity between the pads
will be, resulting in a lower resistance and a higher output voltage.
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Design procedure

Figure 3.22 shows the circuit mounted on the sensor board. This sensor module

Q1

R1

IR1 GND

5 V

RPROBE

R2

VH

Figure 3.22: Internal circuit of moisture sensor

is an application of current amplifier that through a BJT Q1 and the variable
resistance R2+RPROBE set the current flowing in the load resistor R1. The variable
resistance that sets the base current of Q1 starts from an higher value (RPROBE →
tens of MΩ) when the soil is dry while decreases up to the value of R2 when it
is completely wet (RPROBE → few Ω). The voltage across this resistor becomes
the output signal VH proportional to the relative humidity of the soil. It is an
analog output and it can be read from an input of the ADC. The power supply
can go 2 V → 5 V so it can be feed by the RPi board. Since the output signal
can goes up to the power supply (5 V), it needs a voltage divider to adapt it to
the input swing of the ADC. The voltage division can be implemented by only
two series resistors R6 and R7. The circuit with the internal and the external
voltage divider component is shown in figure 3.23. The current flows in these two
resistors IVD must be "lower enough" with respect to the current IR1 of the sensor.
In order to obtain a relative accuracy of 0.5% in the humidity measure, one has to
know the current flows in this condition and can be computed by the proportion
5 V : 100 % = VH|0.5% : 0.5 % so the output signal VH is:

VH|0.5% =
5 · 0.5%
100% = 25 mV

and the current of the sensor IR1 is:

IR1 |0.5% = VH|0.5%

R1
= 25 mV

100 Ω2 = 250 µA (3.23)
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Q1

R1

IR1 GND

5 V

R6 IVD
RPROBE

R2

VH

R7

ADCHUM

Figure 3.23: Internal circuit of moisture sensor with the external voltage divider

The current sinking by the voltage divider IVD must be negligible with respect
this value to not affect the measurement voltage. In engineering field, it is usual
to consider lower enough or negligible a value 1

10 lower:

IVD|0.5% =
VH|0.5%

R6 +R7
<

1
10IR1|0.5% → R6 +R7 > 10

VH|0.5%

IR1|0.5%
= 10

25 mV
250 µA = 1 kΩ

(3.24)
The ratio between the output ADCHUM and the input voltage VH is defined as K.
From a voltage divider:

ADCHUM = VH ·
R7

R6 +R7
→

ADCHUM

VH
= K =

R7

R6 +R7
(3.25)

From the equation 3.25, it is possible to derive the ratio between the two resistors
in function of the parameter K:

R6 = R7
1 −K

K
(3.26)

The value of K is derived considering the maximum voltage situation so with the
dynamic of the ADC ADCHUMMAX = 0.625 V and the signal VTMAX = 5 V:

K =
ADCHUMMAX

VTMAX

=
0.625 V

5 V =
1
8

2On the datasheet R1 = 10 kΩ but for the thesis it is replaced on the PCB with a resistor of
100 Ω
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and replacing the value of K in the equation 3.26:

R6 = R7
1 −K

K
= R7

1 −
1
8

1
8

= 7 ·R7 (3.27)

With the result of 3.27 in 3.24 it is possible to derive and choose the proper value
of the voltage divider resistors:

R6 +R7 > 1 kΩ → 8 ·R7 > 1 kΩ →R7 = 6.8 kΩ
R6 = 7 ·R7 = 7 · 6.8 kΩ = 47.6 kΩ → R6 = 47 kΩ

In the firmware, the relationship to estimate the relative humidity of the soil RH
from the voltage reading ADCHUM:

RH(%) =
ADCHUM(V) · 100 %

5 V

A
1 +

R6

R7

B
(3.28)

The whole humidity sensor circuit as block scheme is shown in Figure 3.24.

HUMIDITY SENSOR

5 V

GND

R6

47 kΩ

R76.8 kΩ

ADCHUM

Figure 3.24: Internal circuit of light sensor with the external voltage divider

A good improvement could be to increase the value of the resistor R1 to get lower
power consumption while still getting a good ADC reading.

3.4 Light intensity sensing and design
Photosynthesis is the process in which light energy is converted into chemical
energy. The light in the P-MFC system is an important component because is
the fuel of the plant, so measuring the light intensity allows to understand how
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it affects the energy production as well. The thesis focuses on understanding
the possible energy variation due to the moments of the day for example in broad
daylight rather than midnight. For this purpose, the High-precision AD/DA board
is provided with a light sensor already mounted (Figure 3.25). The sensor is a light-

Figure 3.25: LDR on High precision AD/DA board

controlled variable resistor and is named photoresistor (LDR). The bias circuit is
composed by a bias resistor in series to the LDR as shown in Figure 3.26. The

GND

VLDR

RLDR

R23

5 V

Figure 3.26: Bias circuit of the light sensor

resistance of a photoresistor decreases with increasing incident light intensity. In
the dark, a photoresistor can have higher resistance (RLDR → severalMΩ) so the
current flow in the branch is very low producing an high output voltage while in the
light, the LDR can have a lower resistance (RLDR → few hundred Ω) so there is an
increasing in the current flow and lowering the output voltage. From the manual
or the schematic, it is not possible to derive the relationship between light intensity
and resistance because no info are provided but it can be used to understand the
light variation or to understand the moment of the day. If the light intensity is kept
constant, the resistance may still vary significantly due to temperature changes so
they are unsuitable for precise light intensity measurements.
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Design procedure

The Figure 3.26 shown the circuit on the board with the light sensor. The resis-
tor R23 fixes the bias current and by placing in series the variable resistor RLDR
allows to read a voltage across the sensor proportional to the light intensity. The
relationship between the incident light intensity falling on the device and the cor-
responding resistance of the sensor is the sensitivity S. Like the human eye, the
sensitivity is dependent on the wavelength of the incident light. Since the sensi-
tivity of the sensor is not given, only a theoretical estimation can be done. The
relationship computed in the numerical example can be used just for an approxi-
mate estimation. Another assumption is that the relationship is linear but usually
this kind of sensors have strongly non linearity behavior. In the thesis, one sup-
poses the voltage VLDR range is from 0 V up to the power supply voltage 5 V and
this voltage VLDR represents the percentage with respect to the supply voltage.
Since an increasing of light means a decreasing of the output voltage, the voltage
VLDR is proportional to the dark intensity DI:

VLDR =
DI · 5 V
100 % (3.29)

The voltage VLDR is out of the range of the input ADC (VADCIN = 0.625 V) so a
voltage divider composed by two series resistor R4 and R5 is needed (Figure 3.27).
The complete circuit is depicted in Figure 3.27. As for the relative humidity sensor,

GND

VLDR

RLDR

R23

5 V

R4

R5

ADCLIGHT

Figure 3.27: Internal circuit of the light sensor with the external voltage divider

the multiplicative factor K is equal to 1
8 . Since it is a voltage divider:

K =
R5

R4 +R5
→ R4 = R5

1 −K

K
(3.30)
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Estimation of the sensitivity and numerical example.
Assuming a linear behavior of the light intensity sensor, the sensitivity can be
computed from two known points of the graph. Averaging different commercial
datasheets, it is assumed that the two points are given as in the table:

Parameter Conditions Typical value Unit
Cell resistance RCELL 1000 lux 400 W

10 lux 9000 W

The illuminance EV represents the luminous flux incident per unit area and it is
measured in lux. The characteristic from resistance RCELL and illuminance EV
is approximated as a straight line

RCELL = S · EV +ROFFSET

so this curve has a slope (sensitivity S):

S =
9000 Ω − 400 Ω

10 lux − 1000 lux ≈ −8.68 Ω/lux

but also an offset (resistance ROFFSET) and can be computed in one of the two
point:

ROFFSET = RCELL − S · EV = 9000 Ω − −8.68 Ω/lux · 10 lux ≈ 9000 Ω

So the relationship can be written as:

RCELL = −8.68 Ω/lux · EV + 9000 Ω

With this function, it is possible to estimate the cell resistance in a dark day
(500 lux) and in deep twilight condition (1 lux):

Dark day → RCELL = −8.68 Ω/lux · 500 lux + 9000 Ω = 4.66 kΩ
Deep twilight → RCELL = −8.68 Ω/lux · 1 lux + 9000 Ω ≈ 9 kΩ

Since it is just important to understand in which period of the day the measure-
ments are made, the value of the resistors are taken in usual range:



R5 = 1.5 kΩ

R4 = R5
1 −K

K
= 1.5 kΩ

1 −
1
8

1
8

= ç10.5 kΩè3 → R4 = 12 kΩ
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At this point, the function between the dark intensity DI and the voltage at the
input of the ADC ADCLIGHT is:

ADCLIGHT = VLDR ·K =
DI · 5 V
100 %

R5

R4 +R5
(3.31)

From the equation 3.31, it is possible to estimate the dark intensity from the
voltage reading at the input of the ADC:

DI =
ADCLIGHT · 100 %

5 V
R4 +R5

R5
(3.32)

but our goal is to estimate the light intensity LI = 100 % −DI so:

LI = 100 % −
ADCLIGHT · 100 %

5 V
R4 +R5

R5
(3.33)

In the firmware, the relationship to estimate the light intensity LI from the voltage
reading ADCLIGHT:

LI(%) = 100 %
C
1 −

ADCLIGHT(V )
5 V

A
1 +

R4

R5

BD
(3.34)

LIGHT SENSOR

5 V

GND

R4

12 kΩ

R51.5 kΩ

ADCLIGHT

Figure 3.28: Internal circuit of light sensor with the external voltage divider

3The round up operation is made considering the E12 series of resistor.

58



Chapter 4

Ad-hoc automatized sensing
system: software and test

After the description and the design of the electronic load board with also the con-
ditioning circuitry for the sensors, the attention must be focused on how manage
the system in an automatized way. This chapter is focused on the software part
(Figure 4.1). The RPi is the core of the system and it must be able to communi-
cate with both the high precision AD/DA board and the PC.

ELECTRONIC
LOAD BOARD

P-MFC

ENVIRONMENTAL
SENSORS

HIGH-
PRECISION

AD/DA
BOARD

RASPBERRY
PI PC

MONITOR

KEYBOARD
AND

MOUSE

Figure 4.1: Basic scheme of the system

From the high precision AD/DA board side, it must be able to manage the sensing
system during the analysis while once the measurements are obtained, they must
be sent to the PC for post-processing analysis. The RPi is a single-board computer
developed in United Kingdom by the Raspberry Pi Foundation in 2012. In this
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thesis, it is used the version 3 model B and the main characteristics are summa-
rized in the table 4.1. It contains the Raspbian OS (booted from a microSD card).

SoC Broadcom2837
CPU 1.2 GHz quad-core ARM Cortex A53

Memory (SDRAM) 1 G LPDDR2 shared with GPU
USB Port 2.0 4

Memory microSD
Network connections Ethernet 10/100 Mbit/s

I/O connections GPIO 40 pin

Table 4.1: Raspberry Pi 3 model B Vi.2 specifications [44, p. 14]

In order to use it as a desktop computer, some external devices are connected like
a monitor through an HDMI cable, a keyboard and a mouse with USB cables.
Once the microUSB power supply is connected, it is possible to use it like a PC.
It can be programmed in order to perform the algorithm to manage the automa-
tized sensing system. The code should be written as independent as possible with
respect to the kind of measurements it will perform. Since the galvanistat method
is used, the main task of the algorithm is to keep the desired current profile and
measure both the quantities under measurement (e.g. voltage and current) and
the environmental parameters (Figure 4.2). All the measurements will be stored
in a dedicated file.
The RPi board is also connected to a PC through Ethernet cable. On it, an user
interface is installed in order to allow the easiest and most intuitive management
possible of the whole sensing system i.e. automatized system by an user. The
user is able through this interface to choose the parameters and the type of the
analysis (calibration, static or dynamic) that the system has to perform. After the
analysis, the measurements will be acquired and then post-processed. The Figure
4.3 shows graphically a summary of the analysis flow using the user interface.
This chapter will describe in detail the implemented algorithm on the RPi and
the user interface application with their circuital configuration. At the end of the
chapter, the whole system will be tested to check its behavior by replacing the
P-MFC with a known load connected e.g. 1-time constant electronic circuit.

4.1 Raspberry Pi interface
The firmware implemented on the RPi manages the sensing system. The interface
between the RPi and the sensing system is the High precision AD/DA board
(Figure 4.4).
The AD and DA converters present on high precision AD/DA board have a SPI-
compatible serial interface. The System-on-a-chip (SoC) BCM2837 [53] of the RPi
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Start

Setup the system

Read the
calibration parameters

Read the
current profile

Perform the analysis
following the
current profile

Save measure-
ments on file

Stop

Figure 4.2: Short flow chart of the algorithm on the Raspberry Pi

MATLAB user interface

Static analysis Dynamic analysisCalibration

Post-processing

Display the results

Figure 4.3: Analysis flow using the user interface

integrates the CPU and different peripherals as well on the same chip. One of the
peripherals on this SoC is the SPI block.
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Figure 4.4: Basic scheme of the system

Communication protocol with High precision AD/DA board

Since both the RPi and high precision AD/DA board have the SPI block compo-
nent, the SPI is the communication protocol used to communicate between them.

Figure 4.5: SPI Master of BCM2835 [53, p.148]

The SPI implements 2-wire serial protocol in standard mode so using the MISO
and MOSI bus. The protocol specifies four logic signals: the serial clock (SCLK)
output from the master, a bus for data output from the master (Master Out Slave
In: MOSI), a bus for the data output from the slave (Master In Slave Out: MISO)
and a signal output from the master to select the slave (Slave Select: SS) (Figure
4.5). The RPi is the master while the ADC and DAC are the slaves. These pins
are directly connected and available on the GPIO port of the RPi board (Figure
4.6). The clock signal is provided by the master (i.e. RPi) and also the SS signals.
There are two signal SS in this case because one needs for the ADC and other one
for the DAC.

62



4.2 – Firmware on the Raspberry Pi

Figure 4.6: SPI pins on the GPIO of the Raspberry Pi

4.2 Firmware on the Raspberry Pi
In what follows, the measurement algorithm is described in detail. The firmware
to perform this algorithm is written in C language and the most important part
are listed in Appendix B. As previously explained, the code written on Raspberry
Pi must be as independent as possible with respect the type of analysis has to be
done.

System set up

Before to start with the measuring algorithm description, the system must be set
up correctly. The first thing is to define the libraries that will be used during
the algorithm development like bcm2837 and wiringPi which enable the use of the
general-purpose input-output (GPIO). The system has to impose a current flows
into the load and measure the voltage across it. The value of the current has
to be defined in each time instant i.e. current profile. These values are picked
up from a a file with a structure similar to Figure 4.7. In the next section, the
calibration will be described in detail and this operation provides some corrective
parameters i.e. calibration parameters, used to adjust the sensing system in order
to provide more accurate readings. These parameters are defined for each current
interval and are picked up from a dedicated file. The last thing to do before the
analysis is to set up the ADC and the DAC converters with the parameters defined
in hardware design part: the programmable gain amplifier PGA= 8, the voltage
reference VREF = 2.5 V, the sample rate fS = 25 SPS, the number of channel
NCH = 8 for the ADC and the initial value of the output of the DAC VDAC. The
value VDAC is set initially just larger than the threshold voltage of the MOS M1
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Figure 4.7: Example of current profile saved on file

(Figure 3.14) in order to have the system immediately reactive. Since the ADC
read a digital value, it is useful to define also the maximum value ADCMAX than
can be read:

ADCMAX = 2NADC−1 = 224−1 = 8 388 607 LSB

In this case it is considered NADC = 24 bit because is the parallelism with which
the acquired data are provided. On the high-precision AD/DA board, there are
two LEDs which can be connected through a jumper to the outputs of the DAC.
Since one of the two output of the DAC is always free, it is connected to one LED
(Figure 4.8) as a flag to warn when the analysis is over so initially it is switched
off.

Figure 4.8: LED used as flag to warn when the analysis is over

4.2.1 Measurement algorithm
At this point, the algorithm that performs the analysis can be described.
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Parameters estimation

First the measured values are acquired from all the channels of the ADC. From the
measurements it is possible to estimate all the quantities under measurement using
the formula derived in the previous chapter (equations 3.20, 3.22, 3.28, 3.34). The
estimate of the current is subjected to a correction derived from the calibration
operation. The calibration parameters file provides the correction gain FC and
offset adjustment IOFF:

ISENSEADJUSTED = ISENSEMEASURED · FC + IOFF (4.1)

The correction factors are provided to adjust the current readings for all the regions
so the algorithm is able to choose, depending on the region, the proper parameters.
The Figure 4.9 shows a practical example for a single region to understand how
are the measurement before (Figure 4.9a) and after (Figure 4.9b) the adjustment
compared to a reference value.

Keep the current constant

After the measurements, there is a critical phase: the voltage Vg has to be processed
in order to keep the current constant. This voltage is modified at each sample
time by adding or removing a step voltage VSTEP. It is computed depending
how different are the sampled current ISENSE and the nominal one INOM: higher
difference leads to a large VSTEP while similar currents produce small voltage step.
Due to the non-linear relationship between the gate voltage and the drain current
(trans-characteristic in Figure 4.10) of a MOSFET, the amplitude of the voltage
step does not have to depend only on the current difference. To have a step
current, a smaller voltage step is needed at higher current value while at lower
current value an higher voltage step is required. The simplest method could be
to use the relative difference of current instead of using the absolute one. The
relationship between the voltage step VSTEP and the measured current ISENSE is
linear:

VSTEP = m
ISENSE − INOM

INOM
(4.2)

where the coefficient m relates the amplitude of the voltage step with respect the
relative current variation and it is expressed in V

µA . This parameter is produced
during the calibration for all the current regions. The Figure 4.11 shows graphically
the amplitude of the voltage step VSTEP with respect the measured current ISENSE
when varying the nominal current value INOM. The adjustment of the gate voltage
Vg of the MOS M1 is important because it sets the time needed to reach current
step but also if the variation is too high, the risk is to have too large oscillation
across the steady state (ringing). An improvement to reduce the current ringing

65



4 – Ad-hoc automatized sensing system: software and test

(a) Before the adjustment

(b) After the adjustment

Figure 4.9: Adjustment process after calibration operation

is provided by setting a margin. This margin is defined for each current region
and it represents the maximum difference current at which no voltage variation
occurs. This margin is named IERRORMAX and it is provided with the calibration
parameters. The IERRORMAX must be at least higher than the current resolution
of the range. The Figure 4.12 shows a graphical example of this improvement.
The orange line represents the desired current while the two dashed lines are the
interval: when the acquired data are inside this interval, the voltage Vg is not
changed while the acquired data are outside the voltage will be modified.
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Figure 4.10: Transfer characteristic of BS170

Figure 4.11: VSTEP with respect ISENSE with different INOM

Region transitions

Another consideration must be done about the change from a region to another
one. During this transition two operation must be performed: switching on or off
of the MOSFETs depending on the region but also the arrangement of the VDAC.
This process is done because, for example, in the jump from region 2 to region 3,
the upper bound of the region 2 with a defined load resistance means a certain gate
voltage value Vg2 while passing at region 3, the load resistance has a large variation
but the gate voltage has a slower transient meaning a large step in current (orange
curve of Figure 4.13a). This phenomena has to be reduced and can be made by
modifying properly also the voltage Vg when there is a transition from a region to
another one (orange curve of Figure 4.13b).
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Figure 4.12: Graphical example of the IERRORMAX interval

(a) Vg constant in transition (b) Vg changed in transition

Figure 4.13: Compensation of current step problem in region transition

Not only how set up the parameters during the transition is important but also
when. Initially the system chose the region depending on the desired current at a
determined time instant. This approach could be the first idea because it works
properly if we use a load close to that used during the design. Since the system is
used to characterize a generic load, the circuit under test could be very different
and it can creates some problems. A different solution exploit uses a dynamic
behavior: the system should understand when reaching the bounds of the region
without achieve the desired current and be able to change region automatically.
Instead to use complex timing control mechanisms on the current, it is a better
idea to control the output voltage of the DAC. The output voltage of the DAC
VDAC has not to be read because it is a variable already inside the firmware so the
control must be performed without modifying the hardware (software control).
The Figure 4.14 shows a practical example: the blue line represents the measured
current while the orange dashed line the desired one.
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Figure 4.14: Graphical example of the IERRORMAX interval

Up to 4.5 h the desired current is set to 3.6 µA while at this point the next current
value is 4.8 µA but it is possible to observe that it reaches a current limit lower
with respect the desired one although the value is designed to be inside the range.
With the optimized approach, since the current does not reach the desired value,
the system keeps to increase voltage at the gate of the transistor; once this value
reaches its maximum, it understand automatically that it needs to change region
and then it can achieve the desired current value. This mechanism takes time but
since the system is very slow, this does not create problems.

Data backup

All these operations just described mean the core of the sensing algorithm. After
that, it waits up to the end of samples time tSAMPLE and then prints the estimates
on screen. This loop is repeated till the end of the analysis. At the end, it saves the
results on file and closes the open libraries. The flow chart of the main program
is shown in Figure 4.15.

Code considerations

The main interesting part of the code written on the Raspberry Pi can be found at
the Appendix B. The structure of the code is hierarchic: a main file contains the
set up and the sensing algorithm while separate files (libraries) contain the used
functions at a lower level. Each library is composed by the header .h and by the
file contains the functions .c. One library is dedicated to the functions related the
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Figure 4.15: Flow chart of the main program

settings, communications and commands for the ADC and DAC while the second
one the functions related to the reading/writing from/to the files.

4.3 User interface application
Up to this point, the firmware present on the RPi board has been analyzed. In
what follows, a graphical interface will be described in detail that is useful to make
the use of the sensing system easier i.e. user interface application (UIA). The aim
of this UIA is to exchange info with the RPi: it gives the parameters to the RPi
to perform an analysis, get back its measurements for post-processing operation
and shows on a screen the results. The MATLAB environment is used to create
the application by the App Designer tool.

70



4.3 – User interface application

4.3.1 Use of the application
The PC is connected to the Raspberry Pi board through an Ethernet cable. The
RPi board has be connected to the sensing system.

Access to Raspberry Pi board and project folder definition

First, a connection between PC and RPi board must be created. The access to
the RPi board can be done through IP address (Figure 4.16).

Figure 4.16: Raspberry Pi interface window

On the PC, the project folder must be selected for MATLAB environment, where
it saves the several files produced and where the file downloaded from RPi has to
be saved (Figure 4.17).

Figure 4.17: Matlab folder window

Static analysis

The static analysis allows to obtain the polarization curve of the load connected
to the sensing system. For this thesis, measurements are made galvanostatically.
In practice, the P-MFC is subjected to a given current and the voltage response
is monitored until it no longer changes significantly in time so the transient is
extinguished. Its voltage and current are recorded. Then, the current is increased
to a new predetermined value and the procedure is repeated. In a scan galvanos-
tatic measurement, the current demanded from the P-MFC is gradually scanned
in time from zero to some predetermined limit. The equivalent model circuit for
the P-MFC derived from the the usual shape of the polarization curve is shown in
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Figure 4.18: Static model for the P-MFC

Figure 4.18. A window is dedicated to perform the static analysis. Before to start,
different parameters have to be defined: the time between two different current
values tINTERVAL, the current bounds Imin and IMAX and the number of point N
inside the range. Each point of the V-I graph is computed averaging the samples
acquired after the transient. The parameter tAVERAGE indicates the last second of
each interval to be averaged. It is possible to insert the electrode area in m2 in
order to show the V-I curve and the power of the P-MFC with respect the current
density (Figure 4.19 item 1). Different buttons can perform the generation of cur-
rent profile and uploading on the Raspberry Pi board, the downloading from the
board after the measurements and the analysis of the results (Figure 4.19 item 2).
There is the possibility to estimate the static parameters (VOC and RINT) of the
equivalent static model of the P-MFC from the measurements acquired. Results
from the acquired data and a curve generated from the estimated values can be
compared in a graphical way (Figure 4.19 item 3).

Figure 4.19: Static analysis interface window
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Dynamic analysis

The dynamic analysis allows to obtain the characteristics related to model the
transient between two operating point. For this purpose, the EIS with white noise
is the used technique. It is convenient to use a wide-band signal i.e. white noise
to largely reduce the time needed for the analysis. The input current is a pseudo
random binary sequence with a flat power spectral density on a chosen frequency
band. The white noise is superimposed on current bias current. This current
signal is applied to the system under test (e.g. P-MFC) and the voltage across it
is measured. The system depends on several internal and external conditions but
they are assumed to be constant during the measurement process such that the
system can be considered as time-invariant system. The white noise amplitude is
imposed small enough to have a linear response. The estimation of the electrical
impedance Z(f) is defined:

Z(f) =
Svi(f)
Sii(f)

In order to estimate Z(f), a non recursive wide-band frequency estimation with
Welch modified method is applied. First Svi(f) and Sii(f) are estimated by Welch
modified periodogram. Then the data are divided into L blocks of the same length
by using a time window and their FFT is computed. The results obtained in each
block are averaged. The choice of the window is very important because allows
to distribute the spectral leakage in different ways, according to the needs of the
particular application. The duration of the segments sets the frequency resolution
of the FFT. Another important aspect is the overlapping window that helps to
mitigate the loss at the edges of the window. This operation can be done by the
Matlab code [pxx,f] = pwelch(x,window,noverlap,f,fs). Starting from the static
model, the resistance RINT is replaced by an impedance Z that is able to consider
also the dynamic behavior of the system.

Figure 4.20: General equivalent circuit of P-MFC with impedance

The behavior of P-MFC can be approximated with a circuit with two time con-
stants [?] so the impedance can be replaced by an equivalent circuit (Figure 4.21)
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Figure 4.21: Equivalent complex impedance with two time constants

where each component represents some phenomena or is due to some element
present inside the configuration. The transfer function of this impedance is:

Z(s) = (RS +RP1 +RP2)
1 + sRS(RP1C1+RP2C2)+RP1RP2C1C2

RS+RP1+RP2
+ s2RSRP1RP2C1C2

RS+RP1+RP2

1 + s(RP1C1 +RP2C2) + s2RP1RP2C1C2
(4.3)

From the denominator of equation 4.3, one can obtain the equation of the zeros
and poles. Important for our purpose are the pole frequencies:

fP1 = 1
2πRP1C1

(4.4)

fP2 = 1
2πRP2C2

(4.5)

A possible representation of the transfer function in equation 4.3 is shown in Fig-
ure 4.22

Figure 4.22: Bode diagram of equivalent two time constants circuit
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A window is dedicated to perform the dynamic analysis (Figure 4.24). The useful
parameters are the time between two different current values tINTERVAL, the du-
ration of the analysis tANALYSIS and also the characteristics of the white current
noise so its amplitude IAMPLITUDENOISE and bias IBIASNOISE (Figure 4.24 item 1).
Different buttons can perform the generation of current profile and uploading on
the Raspberry Pi board, the downloading from the board after the measurements
and the analysis of the results showing the graphs (Figure 4.24 item 2). As for the
static window, there is the possibility to estimate the value of the components (RS,
R1, R2, C1 and C2) of the equivalent model of the P-MFC (Figure 4.24 item 3).
Results from the acquired data and a curve generated from the estimated values
can be compared in a graphical way (Figure 4.24 item 3).

(a) FFT method
(b) Welch method

Figure 4.23: Dynamic analysis interface windows

Figure 4.24: Dynamic analysis interface window

As in the previous section is explained, the results of the dynamic analysis can be
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obtained with different methods: FFT (Figure 4.23a) and Welch (Figure 4.23b).
Once the method is chosen, the relative parameters have to be inserted to process
properly the data.

4.3.2 Calibration
Calibration is defined as the set of operations that allows the calibration relation
to be estimated, therefore it is mandatory before the instrument use. Usually it
is performed applying at the input of the instrument a set of known values and
recording the corresponding outputs. For this purpose, a different approach is
exploited: it is applied an unknown value but the same quantity will be measured
with the sensing system (to be characterized) and a more accurate instrument
as depicted in Figure 4.25. The measurements acquired by the more accurate
instrument will be used as a reference values.

Sensing
System

Reference
instrument

Quantity under measurement

Reference indication

Sensing indication

Figure 4.25: Calibration scheme

The second operation is the adjustment which allows the calibration relation to
be corrected with respect the reference ones. The quantity under measurement
is the current that flows through the load. The connection scheme is shown in
Figure 4.26. The load is the equivalent static circuit (Figure 4.18) where the
independent voltage source is replaced by a bench power supply Rigol DP832 [54]
with a series resistance RINT = 1 kΩ,±5 %, 1

4W. The reference instrument placed
in series to the load measures the current flowing through it. The instrument used
is the multimeter Agilent Technologies 34401A [55]. The voltage VOC is set at
0.5 V. The multimeter is set to measure DC current with range of 10 mA with a
maximum resolution of 10 nA. The sensing system in connected to the load to be
able to measure the same current. In order to make the measurements at the same
time between the sensing system and the multimeter, a trigger signal generated
by the Raspberry Pi board is used to synchronize the two measurements (Figure
4.31). On the multimeter it is possible to select an external trigger with 0 s time
delay. The multimeter takes one reading each time a trigger signal is received. In
the external trigger mode, the multimeter accepts a hardware trigger applied to
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R1

iSENSE

R2

R3

Vg M1

D3 M3

D2 M2

Agilent 34401A

+

−

Rigol DP832

−

+

+

−

vSENSE

RINT

+

−

vPLANT

Figure 4.26: Calibration operation interface window

the rear-panel Ext Trig terminal (Figure 4.28).

Figure 4.27: Ext Trig terminal on Agilent 34401A

The triggering operation can be made by applying a low-true pulse larger at least
1 µs [55, pg. 83] (Figure 4.28). The RPi board is able to provide an output signal
with an amplitude of 3.3 V while the multimeter needs a signal TTL compatible so
a common-source configuration is used as voltage-level translation (Figure 4.29).
The duration of this pulse is set to be 20 ms. Both measurements of the reference
instrument and the sensing system have to be sent to the UIA on the PC to perform
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Figure 4.28: Trigger signal [55, p.83]

VTRIGGER M

R 1 kΩ

5 V

TriggerOut

Figure 4.29: Circuit to translate the voltage level for trigger signal

the post-processing analysis. To create this connection, a remote interface must
be set. The connection cable is a plug-and-play interface 82357 USB/GPIB [56].
This connection is made by the rear-panel of the multimeter (Figure 4.30) and a
USB2.0 port of the PC.

Figure 4.30: GPIB terminal on Agilent 34401A

A generic scheme of the connections is shown in Figure 4.31. The MATLAB
environment is able to create a connection and communicate with the instrument
with a commands. This device must have a unique address in the range 0 → 31
(23 in the thesis case).
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Sensing
System

Reference
instrument

TriggerLoad current I PC

GPIB/USB

Figure 4.31: Basic scheme during calibration

User interface application: calibration window

On the PC side, first the drivers of the instrument and the Instrument Control
tool have to be installed and then an instrument object of the 34401A has to be
created.

Figure 4.32: Calibration operation interface window

At this point, the system is ready to receive commands and work. A window is
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dedicated to perform the calibration operation (Figure 4.32). For the instrument,
the board index and the primary address must be inserted (Figure 4.32 item 1).
Through the drop-down component, it is possible to choose the region of the
calibration. Other parameters must be set are the time between two current value
tINTERVAL and how many points inside the current range N (Figure 4.32 item 2).
Different buttons can perform the generation of current profile and uploading on
the RPi board, the downloading from the board after the measurements and the
analysis of the results showing on a graph (Figure 4.32 item 3). Before to run
the program on the RPi board, the vertical switch (Figure 4.32 item 4) on the
application has to be clicked: it starts to set in the proper way the multimeter for
receiving the trigger signal.

Calibration parameters

At the end of the measurements, both MATLAB and RPi programs produce a file
containing the respective readings. The results of this analysis are the computation
of the gain and offset error and also the non linearity (INL and DNL) for both
RPi and multimeter. The offset and gain error are derived by the Ordinary Least
Squares (OLS) from the measurements:
G =

n
nq
i=1

(IDESi · IMEASi) −
nq
i=1

IDESi ·
nq
i=1

IMEASi

n
nq
i=1

I2
DESi −

3
nq
i=1

IDESi

42

IOFFSET = IMEAS − FC · IDES

→ IMEAS = IOFFSET +G · IDES

(4.6)
where n is the number of couple of data for each region, IDES is the desired current
and IMEAS is the measured current. The non-linearity error INL and DNL are
derived from a theoretical formula:

INL = max(|IDESi − IMEASi |)

DNL = max(|ADi − A
Í
Di |) with

ADi = IDESi − IDESi−1

A
Í
Di = IMEASi − IMEASi−1

(4.7)

The gain and the offset error of the measurement from RPi are compared with
those from the multimeter to derive the calibration parameters (Figure 4.33) that
will be used during the static and dynamic analysis to adjust the current readings
(equation 4.1): GERROR =

GRPi

GREF
IERROR = IOFFSETREF − IOFFSETRPi
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Figure 4.33: Example of calibration parameters saved on file

where the new parameters are computed adjusting the old ones already present on
the file: FC=

FCPREV

GERROR
Ioff = IoffPREV + IERROR

This operation must be performed for each current range and to obtain an improve-
ment of the performances, it can be repeated more times but at least two: the first
one to compare the errors and the second one to check the effective corrections
and evaluation if to repeat the process.

4.4 Test of the sensing system
The whole sensing system is tested in a practical case: the circuit under test is a
circuit with 1-time constant and it is composed by an independent voltage source
VOC in series to a resistor RS and the parallel between the resistor R1 and the
capacitor C1 as shown in Figure 4.34. This circuit is useful both to test the static
and dynamic analysis. From the static point of view, the measurements are taken
after the transient while for the dynamic one the EIS with white noise is used.

4.4.1 Circuit design
The value of components are chosen in the same order of magnitude for usual
P-MFC [5]. The independent voltage source VOC is provided by the RPi 3 power
supply of 3.3 V with a voltage divider composed by the resistors RA and RB prop-
erly designed. The value of two resistors RS and R1 fix the amount of current that
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Figure 4.34: Circuit used for test the sensing system

the source is able to provide and it’s fixed to about IMAX = 500 µA. In order to
keep VOC constant for all the current range, the voltage divider is designed to flows
the current IS larger enough with respect to I.

IS =
3.3 V

RA +RB
>> IMAX → RA +RB <<

3.3 V
IMAX

(4.8)

Larger enough means at least 10 times higher so IS > 10 · IMAX:

RA +RB <
3.3 V

10 · IMAX
=

3.3 V
10 · 500 µA = 660 Ω (4.9)

The value of the resistors chosen are RA = 100 Ω and RB = 10 Ω which provides a
voltage VOC and a current consumption IS:

VOC = 3.3 V
RB

RA +RB
= 3.3 V

10 Ω
100 Ω + 10 Ω = 0.3 V

IS =
3.3 V

RA +RB
=

3.3 V
100 Ω + 10 Ω = 30 mA

(4.10)

To properly design the other components, the circuit must be analyzed in fre-
quency: the presence of one capacitor means that the circuit will have just one
pole. The transfer function of this impedance is:

Z(s) = RS +R1ë
1
sC1

= (RS +R1)
1 + s(RSëR1)C1

1 + sR1C1

The frequency of the pole fP is defined by the resistor R1 and the capacitor C1:

fP =
1

2πR1C1
(4.11)
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Now to analyze the circuit, one can consider both at low frequency or at high
frequency with respect fP. At low frequency, the capacitor C1 acts as an open
circuit so the impedance Z can be considered as the series between RS and R1
(Figure 4.35a) while at high frequency, the capacitor C1 behaves as a wire so the
resistor R1 is short-circuited and the impedance Z can be considered as only the
resistor RS (Figure 4.35b). At high frequency, the impedance is lower (Z = RS) so

RS

R1

(a) Impedance Z at low frequency (f <<
fP)

RS

R1

(b) Impedance Z at high frequency (f >>
fP)

Figure 4.35: Different combination of series circuit

there is the maximum current and it should be lower than IMAX and it is chosen
RS = 1 kΩ so:

IMAXHIGH FREQUENCY =
VOC

RS
=

0.3 V
1 kΩ = 300 µA (4.12)

The P-MFCs are very slow system so as an example, the pole fP is placed at
50 mHz and choosing a very large capacitor for example C1 of 1 mF it is possible
to compute the value of the resistor R1:

fP =
1

2πR1C1
→ R1 =

1
2πfPC1

=
1

2π · 50 mHz · 1 mF = ç3.183 kΩè1 = 3.3 kΩ
(4.13)

Considering the maximum current deliverable by the system at low frequency is
equal to the maximum current in the static condition:

IMAXLOW FREQUENCY =
VOC

RS +R1
=

0.3 V
1 kΩ + 3.3 kΩ = 69.76 µA (4.14)

The complete schematic becomes depicted in Figure 4.36.

1The round up operation is made considering the E12 series of resistor.
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Figure 4.36: Circuit used for test the sensing system

4.4.2 Static analysis
First, the static parameters has to be estimated performing the static analysis.
The set up is a time interval tINTERVAL of 120 s, the current range 1 µA → 80 µA
divided in 50 number of points. For every time interval, the average to calculate
the mean value is made on the last 20 s. After the current profile generation and
update the file on RPi, the analysis is performed. The analysis is performed in-
door. At the end, the file with the measurements is downloaded from RPi and the
post-processing analysis is performed. In Figure 4.37 are shown the results of the
static analysis.

Figure 4.37: Static analysis results with the test circuit

On the left hand side, there are the measurements of the environmental parame-
ters: the light intensity has a step due to the lights switching on and off during
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the measurements and the temperature increases from about 22 ◦C up to approxi-
mately 24 ◦C due to heating up. The relative humidity graph keeps at 0 % because
the sensor is not used. On the right hand side, it is shown the graph of polarization
curve (or V-I curve) superimposed on that of power versus the current. From the
last chart it is possible to find out the maximum power delivered by the system
and which value of current it shows up.

Figure 4.38: Static comparison between the measured and estimated measurements

From the compare operation (Figure 4.38) between the measurements and the re-
sults with the estimated circuit model, it comes out that the open circuit voltage
VOCeq = 0.31 V and the internal resistance is RINT = 4.3 kΩ. Since VOC is designed
to be 0.3 V and the resistances placed are RS = 1 kΩ and R1 = 3.3 kΩ, it demon-
strates a good behavior with respect to the static analysis. In the Figure 4.39 is
shown a small piece of analysis where on the left axis there is the current both
measured and desired while on the right axis there is the voltage. It is possible to
see the small oscillations of the measured current across the desired current and
a small time to reach the desired value (about 2 s). Increasing the current, the
voltage decreases due to the losses for the internal resistance.

4.4.3 Dynamic analysis
The dynamic analysis aims to obtain the value of the equivalent circuit which can
be used as a model for the design of the energy harvester. The EIS method with
the white noise is used. The parameters of the analysis has to be designed in
order to meet the requirements. The pole fP is set at 50 mHz so the choice of
the sampling frequency fS and the duration tANALYSIS fixes the frequency range in
which the impedance can be computed. The noise signal is generated by changing
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Figure 4.39: Current desired and measured and voltage measured in time of a
small period of the analysis

value every 1 s so the current flowing through and the voltage across the P-MFC
are measured every tINTERVAL = 1 s:

fS =
1

tINTERVAL
=

1
1 s = 1 Hz (4.15)

Nyquist-Shannon sampling theorem states the sampling frequency fS determines
the maximum bandwidth fMAX of a signal which can be reconstructed correctly:

fMAX =
fS

2 =
1 Hz

2 = 500 mHz (4.16)

The number of spectral components N fixes the frequency resolution ∆f in FFT
operation and it can be derived from the duration of the analysis tANALYSIS =
10 000 s:

N = tANALYSIS · fS = 10 000 s · 1 Hz = 10 000 → ∆f =
fS

N
=

1 Hz
10 000 = 100 µHz

(4.17)
The noise signal is placed around the maximum power point IBIAS = 40 µA and
in order to be in a small-signal condition, the amplitude of the noise signal should
be small enough and it is chosen IAMPLI = 1 µA. The white noise cannot have an
infinite resolution because the system has a minimum one (100 nA) so before to
generate the current file, a round operation is performed. Then the current profile
file is generated and uploaded on the RPi. After the complete simulation, the
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measurements are downloaded on the PC and they are shown on the Figure 4.40:
the blue curve is the current injected while the red one is the measured voltage.

Figure 4.40: Current and voltage measured from equivalent circuit

At this point two different method are implemented as a comparison of the two
method previously detailed. The FFT method allows to obtain the impedance in
frequency of the P-MFC both for the amplitude and for the phase but at the upper
bound, there are a lot of spikes that make the reading not accurate (Figure 4.41)
while using the Welch method with the proper window function, the phase infor-
mation is lost but the amplitude graph is cleaner and estimation of the parameter
is easier (Figure 4.42).

Figure 4.41: FFT method

For the Welch method, the amplitude of the window LWINDOW = 4000 s fixes the
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Figure 4.42: Welch algorithm with Flat top windows

frequency resolution ∆f while the overlap allows to have a better graph:

NWELCH = LWINDOW·fS = 4000 s·1 Hz = 4000 → ∆f =
fS

NWELCH
=

1 Hz
4000 = 250 µHz

(4.18)
The choice of the windowing function affects the quality of the final result. Differ-
ent windowing functions are used and the results are compared: Hanning (Figure
4.43), Hamming (Figure 4.44), Flat top (Figure 4.45) and Blackman-Harris (Fig-
ure 4.46). The effective frequency resolution of the system does not depend
only from the length but also the kind of the window: the curves have different
behavior at the lowest limit in frequency depending on the width of the main lobe
of each window function. From the comparison operation (Figure 4.47) between
the measurements and the results from the estimated model, it comes out that the
series resistances RS = 1 kΩ, R1 = 3.3 kΩ and R2 = 0 kΩ while the capacitance
C1 = 1 µF. The estimated value are close to the components placed in the test
circuit, it is demonstrated the good behavior of the dynamic analysis.
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Figure 4.43: Impedance in frequency with Welch method and Hanning window

Figure 4.44: Impedance in frequency with Welch method and Hamming window
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Figure 4.45: Impedance in frequency with Welch method and Flat top window

Figure 4.46: Impedance in frequency with Welch method and Blackman-Harris
window
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Figure 4.47: Dynamic comparison between the measured and estimated measure-
ments
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Chapter 5

P-MFC in practice

Once the electronic load board is tested and it gives good precision in measurement
results, the P-MFC can be connected to it for its characterization. Initially, a
detailed description on how the electronic load board is implemented in practice
is described and then are shown the procedure and the results obtained from the
measurements of a P-MFC. Different P-MFC systems were built in order to check
the repeatability of measurements and to guarantee reliability of results. The
constant between all of them is the kind of plant to do not introduce too much
variables. This assumption allows to understand the variation in the generation
power depending only on the environmental parameters and on plant health.

5.0.1 PCB of the electronic load board

Before to start, it is important to show how the sensing system is implemented in
practice. Initially, the electronic load and the conditioning circuitry are mounted
on a breadboard. This way gives the possibility to modify the components (resis-
tors, transistors and capacitors) freely. On the contrary, the use of a breadboard
introduces several parasitic elements e.g. relatively large parasitic capacitance
(approximately 2 pF between adjacent contact columns), high inductance of some
connections and a relatively high and not very reproducible resistance due to the
long connections and contacts. Once the testing results of the whole sensing system
meet the design specifications, to reduce these effects, the through-hole technology
(THT) is replace with the surface mounted technology (SMT) thus the breadboard
is replaced by the printed circuit board (PCB). The use of surface mounted com-
ponents (SMD) also reduces the circuit area due to their small dimensions. The
schematic, PCB layers (Figure A.1) and a 3D viewer of the designed PCB (Figure
A.2) are shown in the Appendix A. The PCB is designed like an expansion board
for the high precision AD/DA board to be accommodate on it thus the external
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dimensions and sockets position are bounded. In practice, this board was real-
ized with a L-shape (Figure 5.1). This particularity has a functional reason: the

Figure 5.1: Picture of the realized PCB

light intensity sensor is mounted on the underlying board so it allows the sensor
to experience the solar light (Figure 5.2). The interface with the external world

Figure 5.2: Light intensity sensor

(i.e. P-MFC and sensors) are terminals with the screw which allow to connect the
twisted-wire cables. In certain environments and situations, these input signals
can pose a threat to the electronics reading them. Good practical rule, with the
addition of a capacitor, more protection can be added by turning the current limit
circuit into a simple low-pass filter (Figure 5.3). The value of these capacitors is
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chose to be 100 nF. On the electronic load board, a small LED indicates the power

(a) Picture of on input capacitor (bottom
board side)

100 nFElectronic
load

External
input

(b) Input capacitor circuit

Figure 5.3: Input filter

supply (Figure 5.4a). The circuit is a resistance 300 Ω in series to a LED (Figure
5.4b).

(a) Picture of power LED

VCC

R9

LED1

(b) Power LED circuit

Figure 5.4: Power LED

5.0.2 System connections
The connections of the P-MFC and the sensors to the electronic load board are
shown in the scheme in Figure 5.5. The connections are made by twisted-wire ca-
ble in order to reduce electromagnetic radiation from the pair, crosstalk between
neighboring pairs and improves rejection of external electromagnetic interference.
The cathode and anode of the P-MFC are connected to the positive (+) and
ground (−) of the PLANT connector (Red circle of Figure 5.6), respectively. The
temperature sensor must be placed close to the plant and connected to the TEM-
PERATURE SENSOR connector (Yellow circle of Figure 5.6). The soil humidity
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Figure 5.5: Sensing system connections with P-MFC and sensors

sensor must be inserted into the soil of the plant and connected to the MOISTURE
SENSOR connector (Blue circle of Figure 5.6).

Figure 5.6: Plant connector on the electronic load board

The light sensor (Figure 5.2) is mounted on the High-precision AD/DA board so
the sensing system must be placed as close as possible to sense the solar radiation
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that the plant experiences. Once the system is sets up, the user is able, from the
user interface on the PC, to configure all the parameters to perform the desired
analysis.

5.0.3 Moisture sensor problem
As described in detail in Section 3.3, the moisture sensor is composed by two large
and exposed pads as probes which act as a variable resistor. Once the pads are
inserted into the soil, the values of the acquired readings from input of the ADC
related to the plant voltage gives a constant value VPLANT = 625 mV. This problem
could be seen as a sort of saturation of the input of the ADC since it is fixed to
the maximum of the input voltage swing VADCIN (equation 3.4). The cause of this
saturation is given by the interaction between the moisture sensor and the soil.
From the circuit of Figure 3.23, the voltage VPAD of each pad is at least higher
than the voltage VH across the resistor R1 plus the base-emitter voltage Vbe of the
bipolar transistor Q1. Supposing to have the relative humidity RH = 50 %, the
voltage VH can be derived from the proportion 5 V : 100 % = VH : RH%:

VH =
RH%

100 % · 5 V =
50 %
100 % · 5 V = 2.5 V

The lower potential at one pad is higher than 2.5 V. The problem is that these
pads are inserted into the soil that is directly connected to the anode of the P-
MFC; the pads fix the voltage of the anode higher than 2.5 V creating a saturated
measure. The moisture sensor could be inserted in the soil of the plant but covered
by a sort of sock made of a material that acts as an electrical insulator and also
water permeable as represented in Figure 5.7. The electrical insulation allows to
eliminate the interference of the sensor with the electrical measurements while the
water permeability permits however to measure the humidity of the soil. This
allows to not modify the circuit already designed and produced but only add one
part in the P-MFC system. Hence, the following measurements and results are
made without considering the humidity of the soil effects.

5.0.4 Plant description
Different plants (on the same family) and configurations are used trying to under-
stand which one is the most efficient. The plant chosen is the Carex: commonly
called true sedges, perennial herb belonging to the Cyperaceae family and to the
large group of grasses, Carex presents a thick tuft of ribbon-like leaves, robust
and shiny, elegantly curved. The Carex hachijoensis ’Evergold’ variety, with its
linear green foliage veined with yellow, is particularly suitable for growing in pots:
compact, tall and wide at most 40 cm, it is excellent combined with other higher
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Figure 5.7: Moisture sensor in the soil with electrical insulator

Figure 5.8: Plant Carex in the family of Cyperaceae

grasses. They are recommended plants for gardens, balconies or terraces. They
prefer a sunny but partially shaded exposure and support minimum temperature
−10 °C → −5 °C. Carex like a slightly acidic, moist, well drained soil. The soil
must always remain just wet, never soaked; it tolerates short periods of drought.
The following practical experiences are divided according the physical plants while
each of them are described temporally from their building up to present.
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5.1 Carex Morrowii - Gregory
This plant is the Carex Morrowii and it was bought and planted on 11/07/2018.
As explained in [5, p.65], a new configuration is created through which improve and
stabilize the energy production. It has been proved how setting the open circuit
voltage VOC, it is possible reach the MPP. However the electrons extraction could
not be constant, since the extraction and the setting must be alternate thus to get
through this problematic is being proposed a configuration with double anodes in
which one is used to record the VOC and the second one is employed to extract the
electrons, according the MPP derived from the first. The plant was kept indoor
and it has been daily irrigated with tap water.

5.1.1 Plant structure
The pot is made of glass with a wooden slab inside to divide the two anodes
and it is siliconed to avoid connections through infiltrations of water in the wood.
The wooden slab is 13 cm high and 0.5 cm thick. Starting from the bottom it is
composed by:

• a layer of 3 cm of expanded clay to drain the water (Figure 5.10a)

• 3 cm of universal soil for compacted repottings (Figure 5.10b)

• 0.5 cm recycled felt electrode [57] (anode) sold in 100 % recycled carbon fiber
mats (Figure 5.10c). In order to connect the anode, it is made to pass through
a 0.05 cm titanium wire "like a seam" and the rest of the cable is made to
arrive outside and is covered by a heat-shrinking sheath to insulate it. The
anode has a diameter of 10 cm but is to be considered only half per part and
then from a surface of:

AANODE =
1
2
πD2

4 =
1
2
π(10 cm)2

4 = 39.27 cm2 (5.1)

• 9 cm of universal soil for repotting compacted with the plant inside with its
roots (Figure 5.10d). The plant is divided into two parts: one on the left
and one on the right. The left plant is 41 cm long and a weight of 116.4 g
while the right one is 42 cm long and a weight of 120.49 g.

• 1 cm of polyethylene (PET) membrane (Figure 5.10e) for electrical insulation
between anode and cathode. On the side in the picture, you can see the two
connectors of the two anodes (one for the left one and the other for the right
one). The dimensions of the membrane are: outer diameter of 14 cm and
inner diameter (part removed to make the plant stand) of 5 cm
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• 0.5 cm recycled felt electrode [57] (cathode) sold in 100 % recycled carbon
fiber mats (Figure 5.10f). In order to connect the cathode, as for the anode,
it is made to pass through a 0.05 cm titanium wire "like a seam" and the
rest of the cable is made to arrive outside and is covered by a heat-shrinking
sheath to insulate it. The cathode has an external diameter of 10 cm and an
internal diameter (of part removed to make the plant stand) of 4 cm.

ACATHODE =
π(D2

EXT −D2
INT)

4 =
π[(10 cm)2 − (4 cm)2]

4 = 65.97 cm2 (5.2)

Usually in different papers, the electrode area is the anode area but one can think
that also the cathode one influences the amount of energy that can be reached so
a general, though lower, assumption can be to consider the electrode area as the
minimum between the two:

AELECTRODE = min(ACATHODE, AANODE) = min(65.97 cm2, 39.27 cm2) = 39.27 cm2

5.1.2 Open circuit voltage measurements
Once the P-MFC system is created, its open circuit voltages (from the cathode
and the first anode (C-A1) but also from the cathode and the second anode (C-
A2)) were monitored (Figure 5.9) by measuring them with a digital multime-
ter UT33D [58] and with Agilent 34401A [55]. The monitoring period starts on
26/07/2018 and the measurements are acquired daily. Related on the availability
of the instruments, on the graph are shown two curves with different colors depend-
ing on the instrument used. Iron deficiency is a limiting factor of plant growth.
Iron is present at high quantities in soils, but its availability to plants is usually
very low, and therefore iron deficiency is a common problem. In different dates,
iron acetate is added to try to improve the soil quality. During this monitoring
phase, the voltage measured has large fluctuations also in the polarity. The curves
show a temporary voltage increasing after the addition of the iron acetate. An
important consideration is that the voltages measured from the cathode and the
two anodes have the same trend thus despite the wooden separator, the chemical
soil conditions are related. Because of the fall and breakage of the pot that con-
tained the plant on 17/08/2018, first there was a repotting maintaining the same
soil and the same plant. Unfortunately, on 08/09/2018 the plant died probably
because of the stress produced by the indoor life since it prefers to live outside. An
important aspect is related its reuse: when the plant dies, the P-MFC components
(electrodes and membrane) can be reused for another system so replacing only the
dead plant.
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Figure 5.9: Open circuit voltage measurements of Carex Morrowii
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(a) Top view after a layer of clay (b) Top view after a layer of universal soil

(c) Recycled felt anode with wire (d) Plant inserted into the vase

(e) Recycled PET membrane (f) Recycled felt cathode with wire

Figure 5.10: Pictures of Carex Morrowii - Gregory

102



5.2 – Carex Hachijoensis - James and Jason

5.2 Carex Hachijoensis - James and Jason
These two plants are the Carex Hachijoensis and they were bought and planted on
2/10/2018. In this section, the P-MFCs are implemented with terrestrial plants
with a single anode structure [5, p.62]. Since the previous experience (Gregory)
gave a large voltage and polarity fluctuation, it was thought to change something
in the P-MFC structure. The necessity of the membrane has been questioned:
the membrane could act as an insulator because it does not allow the closure of
the current loop thus it has been removed. This assumption will be contradicted
during the measurements. A lot of considerations will be done about the use of
terrestrial plants so plants that are not able to live in a waterlogged conditions.
These couple of P-MFC systems are used to allow the comparison between them
that have very similar structure. The plants have been daily irrigated with tap
water and, learning from the previous example, were kept outdoor to avoid their
death.

5.2.1 Plant structure
The pots are made of glass and, unlike the previous one, there is no wooden
slab inside but they are completely empty. Starting from the bottom, they are
composed by:

• a layer of 2 cm of expanded clay to drain the water

• 2 cm of universal soil for compacted repottings

• 0.4 cm recycled felt electrode (anode) sold in 100 % recycled carbon fiber
mats [57]. In order to connect the anode, it is made to pass through a
0.05 cm titanium wire "like a seam" and the rest of the cable is made to
arrive outside and is covered by a heat-shrinking sheath to insulate it. The
anode has a diameter of 10 cm so with a surface of:

AANODE =
πD2

4 =
π(10 cm)2

4 = 78.54 cm2 (5.3)

• 12 cm of universal soil for repotting compacted with the plant inside with its
roots.

• 0.4 cm recycled felt electrode (cathode) sold in 100 % recycled carbon fiber
mats [57]. In order to connect the cathode, as for the anode, it is made
to pass through a 0.05 cm titanium wire "like a seam" and the rest of the
cable is made to arrive outside and is covered by a heat-shrinking sheath to
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insulate it. The cathode has an external diameter of 14.5 cm and an internal
diameter (of part removed to make the plant stand) of 6 cm.

ACATHODE =
π(D2

EXT −D2
INT)

4 =
π[(14.5 cm)2 − (6 cm)2]

4 = 136.86 cm2

(5.4)

Usually in different papers, the electrode area is the anode area but one can think
that also the cathode one influences the amount of energy that can be reached so
a general, though lower, assumption can be to consider the electrode area as the
minimum between the two:

AELECTRODE = min(ACATHODE, AANODE) = min(136.86 cm2, 78.54 cm2) =
78.54 cm2

5.2.2 Open circuit voltage measurements
Once the P-MFC systems are created, their open circuit voltage will be monitored
from cathode to anode. These voltages are measured with a digital multimeter
UT33D [58]. The Figure 5.15 shows the voltage measurements. The monitoring
period starts on 10/10/2018 and the measurements are acquired periodically. The
graph shows a red curve that represents the open circuit voltage of James while
the blue one of Jason. Initially the voltages are both positive while after few
days they became negative so invert their polarity. Differently from the previous
experiment (Gregory), once the polarity is reversed, it does not change anymore
but the voltage is not constant.

Limit due to power availability

Another consideration must be done about the voltage measurements: once the
multimeter is connected to the P-MFC, the voltage readings drop rapidly. This
behavior is due to the power availability from the P-MFC; during the voltage mea-
surements, the load effect due to the multimeter connection, place its impedance
(about 10 MΩ [58]) in parallel to the P-MFC so it creates a current flowing. The
small amount of current needed for the voltage measurement produce a fast re-
duction of the open circuit voltage due to the limit in power generation.

5.2.3 The absence of the membrane
From the open circuit voltage graph, the considerations about the limit of power
generation could be due to the absence of the membrane. The membrane acts
as a insulator for the electrons but not for the protons. Its removal produces
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that both electrons and protons generated by the microorganisms can reach the
cathode passing through the the soil thus reducing the available power at the
connected external load. This means a wrong hypothesis about the presence of
membrane: the membrane is essential because his absence causes a short-circuit
between cathode and anode. After that proof, one tried to insert the membrane
between the cathode and the anode but the measurements are still similar and
an hypothesis is that leaving the cathode in contact to the soil, the bacteria have
colonized its bottom side and also the chemical conditions of the cathode is equal
to the anode one taking very long time to come back to the correct ones.

5.2.4 Waterlogged condition
The hypothesis to be proved in this section is the voltage inversion of the P-MFC
due to the dry condition of the soil. The presence of the water in the soil ensures
the anaerobic condition at the anode chamber. Without the water that acts as
a shield, the oxygen can reach the anode: its presence in the soil produces the
oxygen reduction at the anode so the anode potential becomes higher with respect
to the cathode producing the voltage inversion. There is a role switching between
anode and cathode. The Carex Hachijoensis is a terrestrial plant so it should not
be able to live in a waterlogged condition but can survive for a not too long period.
Leading the dry P-MFC in wet condition, it should be measured a positive voltage
between cathode and anode. Initially, the pot containing the P-MFC system was
filled up with tap water. The voltage VPLANT across the P-MFC was monitored
and the measurements are shown in Figure 5.11.

Figure 5.11: Waterlogged condition voltage measurements of the P-MFC

The whole analysis lasts for more than one week (about 200 h). The red points
represents the time instant in which the pot is filled up. These voltage measure-
ments were between cathode and anode and they were acquired without absorbing
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current from the P-MFC (open circuit voltage condition Vg = 0 V). At the be-
ginning, the P-MFC voltage is negative (anode potential higher with respect to
the cathode one). The waterlogged condition produce an initial voltage reduction
during the first hour but after that one can notice its rising trend. The voltage
increased slowly but after about 10 h it became positive and then it kept rising
up to reach about 180 mV. Once it reaches this point, there was a sort of voltage
ringing (Figure 5.12). These oscillations were due to the environmental condition:

Figure 5.12: Voltage measurements oscillations of the P-MFC

the temperature (Figure 5.14) and the solar radiation (Figure 5.13) during the
day produced an increasing in electrons and protons generation with respect to
the night period. Higher electrons generation means high current in the P-MFC
thus a voltage reduction due to the P-MFC losses. Another consideration can be

Figure 5.13: Voltage oscillations with respect to the light intensity

made about the water filling operation: once the cathode was kept under water-
logged condition, the daily water filling does not produce relevant voltage changes.
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Figure 5.14: Voltage oscillations with respect to the temperature

For 6 d the pot is daily filled. To ensure that the hypothesis is correct, the stop
in water filling brings the system back in dry conditions so the voltage measured
should come back negative. As shown in Figure 5.11, after few days without filling
the pot with water, the P-MFC voltage becomes negative so the assumption was
correct. One can notice that also when the voltage become negative, the daily volt-
age oscillations can be observed. The graph holes are the non monitored periods
due to the non possibility to access to the lab during the weekend.
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Figure 5.15: Open circuit voltage measurements of carex hachijoensis
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(a) Side view after a layer of clay (b) Side view after the first layer of universal
soil

(c) Recycled felt anode with wire (d) Side view after the second layer of uni-
versal soil

(e) Plant inserted into the vase (f) Recycled felt cathode with wire

Figure 5.16: Pictures of Carex Hachijoensis - James and Jason
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5.3 Carex Hachijoensis - Loria
The plant is the Carex Hachijoensis and it was bought on 2/10/2018 but planted
on 08/01/2019. For this plant, it is used a DIY product Sprout ’n Spark [59]
of a Dutch company Plant-e. The kit provides everything one needs (without
the plant) to build the P-MFC such as plastic planters (Figure 5.30a), titanium
wires, carbon granulates for the anode, carbon felts as cathode, blue-white cloth
as membrane and so on. The main difference with the previous systems discussed
is that circular carbon felt anode is replaced by carbon granulates.

5.3.1 Plant structure
The process is described point by point providing also some pictures (Figure 5.30):

• Put 1 cm of carbon granules inside the pot (Figure 5.30b).

• Bend about 2
3 of the longest titanium wire in a ring shape. The ring should

be the size of the bottom of the pot. Wrap the end of the wire around itself
to secure the ring. Slide the insulation tube around the titanium wire up to
the ring. Bend the end of the wire 90°. Place the black plug on the end of
the long titanium wire and tighten the screw of the plug with a screwdriver.
Place this wire in the pot. (Figure 5.30c).

• Place the plant (Figure 5.30d) in the pot with some of the soil that comes
with the plant. Then add the whole bag of the granulates around the roots
of the plant.

• Cut the carbon felt (cathode) and the blue-white cloth (membrane) from
the edge to the middle. Cut a circle in the middle of the fabrics. Make
sure that the stem of the plant will fit through the hole. Weave half of the
short titanium wire through the cathode and make sure that the end of the
wire does not stick out the bottom (weave it inside the felt or let it end
on top of the felt). Bend the end of the wire 90°. Place the red plug on
the end of the short titanium wire and tighten the screw of the plug with
a screwdriver. Place the membrane and cathode around the plant on the
top of the carbon grains (Figure 5.30e). In this case the area of the P-MFC
is computed considering only the cathode surface because the anode is all
the soil. The cathode has an external diameter of 14.5cm and an internal
diameter (of part removed to make the plant stand) of 6cm.

ACATHODE =
π(D2

EXT −D2
INT)

4 =
π[(12 cm)2 − (8.5 cm)2]

4 = 56.35 cm2

(5.5)
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Usually in different papers, the electrode area is the anode area but one can think
that also the cathode one influences the amount of energy that can be reached so
a general, though lower, assumption can be to consider the electrode area as the
minimum between the two. For this purpose, the anode is the carbon granulates
so the anode could be considered the surface in contact with the membrane that
is also equals to the cathode area:

AELECTRODE = ACATHODE = 56.35 cm2

The P-MFC system (Figure 5.30f) is ready to be connected to the sensing system
to be analyzed and characterized.

5.3.2 Negative voltages with electronic load board
Once the P-MFC system is created, the open circuit voltage between cathode and
anode was −0.422 mV measured with the digital multimeter MT-1132 [60]. The
negative voltage creates a problem in the use of the designed circuit (Figure 6.1).
Considering negative VOC, the voltage drop across the transistor M1 becomes too

R1

ISENSE

R2

R3

Vg M1

D3 M3

D2 M2

+

−

VSENSE

IPLANT
RINT

−
+VOC

+

−

VPLANT

Figure 5.17: Proposed circuit solution

low (also negative) meaning that it is no longer able to impose the desired current.
This problem was solved inverting the wire connection between cathode and anode:
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this allows the plant characterization but one has to pay attention that all the
future considerations must be done remembering the voltage inversion.

5.3.3 Current range identification
The system start to produce immediately probably due to the fact that during the
transfer into the P-MFC pot, the soil close to the roots of the plant is hold the
same: this means that the microorganisms are still present so the energy generation
can directly start. Before to perform a static analysis, a roughly evaluation of the
current range that the system is able to generate must be done. To find the upper
limit in current range, two values are tested. The duration of each current value
is an important parameter because it must be higher with respect to the transient
time. Initially all this info are unknown so the analysis start absorbing 10 µA for
10 h and then 20 µA for other 10 h. This analysis was made on 15/01/2018. The
Figure 5.18 shows the current (blue) and the voltage (red) measurements.

Figure 5.18: Current and voltage of P-MFC for current range identification

The first 10 h impose a constant current absorption of 10 µA and the voltage mea-
sured shows an initial instantaneous drop of 140 mV and then this voltage slowly
tries to goes in a constant operating point. What is noticed, after this duration, the
voltage does not reach the operation point meaning that for this large current step,
the transient takes very long time. For the second 10 h the current should reach
20 µA but the current curve shows that initially increases but at a certain point,
the curve change slope and the voltage drops to about 12 mV: this behavior means
that the system composed by the P-MFC and the electronic load board connected
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creates a current limitation of about 14 µA and the very low voltage across the
plant switch off the transistor of the electronic load that sets the current absorbed.

5.3.4 Environment influence
Once the upper current limit is defined, it is possible to check the influences due to
the environmental parameters. This analysis is performed on 17/01/2018 setting
a constant current absorption of 1 µA for 7 h. The Figure 5.19 shows the current
(blue) and the voltage (red) measurements.

Figure 5.19: Voltage and current of P-MFC in steady state conditions

One can note that the transient is faster due to a smaller current step (1 µA): to
start from the initial voltage (379 mV) up to the stable operation point (337 mV)
it takes about 1 h. After this initial period, the voltage is quite constant across
this operating point for all the time. During this interval, the the light intensity
and the temperature are monitored. The Figures 5.20 shows the voltage with
respect to the light intensity. From this graph, the influence of the solar radiation
seems to be not so influential in the voltage generation. A more interesting effect
can be seen from the temperature measurements. The Figure 5.21 shows the
positive correlation between the voltage and the temperature: an increasing of 4 ◦C
produces an increasing of about 4 mV. This behavior confirms the considerations
made in the state of art chapter. It is possible to define a roughly temperature
sensitivity of this P-MFC:

ST
V =

∆V
∆T =

4 mV
4 ◦C = 1

mV
◦C
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Figure 5.20: Light intensity and the measured voltage of the P-MFC

Figure 5.21: Correlation between temperature and the measured voltage of the
P-MFC

5.3.5 Static analysis

At this point, one has enough information to perform a static analysis. This
analysis allows to estimate the static parameters (open circuit voltage VOC and
internal resistance RINT) of the P-MFC equivalent model (Figure 5.22). From
the previous measurements, the upper current limit was founded at about 14 µA
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−
+VOC

RINT IPLANT
+

−

VPLANT

Figure 5.22: Equivalent electronic circuit to model the P-MFC

and with a current step of 1 µA, the transient is extinguished after about 1 h.
These information are useful to define the parameters for the static analysis. The
current interval is defined from 0.1 µA up to 12 µA. In this interval are taken
10 equally spaced points and each current absorbed is taken for 1 h30 min so the
whole analysis lasts 1 h30 min · 10points = 15 h. The Figure 5.23 represents the
static analysis from the measurements on 23/01/2019.

Figure 5.23: Polarization curve and power curve of the P-MFC

The blue curve represents the polarization curve while the red one the power
curve. Each point of the curve is computed averaging the last 30 min of each
current interval so the measurements after each voltage transient. The open circuit
voltage VOC is computed as the intersection of the curve with the voltage axis:

VOC = V (I = 0 A) = 336.3 mV

while the internal resistance RINT from the slope of the curve:
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RINT =
-----
-----310.2 mV − 71.83 mV

1.01 µA − 10 µA

-----
-----= 26.515 kΩ

The maximum power generated is about 1.07 µW when the absorbed current is
IMPP = 6.3 µA so across the plant the voltage is VMPP = 170.3 mV.

5.3.6 Dynamic analysis
After the static, performing the dynamic analysis allows to increase the information
about this P-MFC. This analysis allows to estimate the dynamic parameters (series
resistances RS, R1 and the capacitance C1) of the impedance of the P-MFC model
(Figure 5.24). The impedance defines the value of the P-MFC resistance for a

RS I

R1

C1

Figure 5.24: Impedance of the P-MFC model

frequency band. To reduce the duration of the analysis, the Welch method is
applied so a white noise current signal is superimposed to a bias current and
by comparing the spectra of this current injected and the voltage of the P-MFC
measured, it is possible to obtain the impedance information. For this purpose,
the bias current is chosen near to the MPP thus 8 µA with a white noise signal with
a maximum amplitude of 200 nA and the analysis duration is defined of 14 h. The
Figure 5.25 shows the results of the dynamic analysis performed on 24/01/2019.
This graph is obtained using the Welch method implementing the Blackman-Harris
window with a width of 10 000 s and an overlap between adjacent windows of 90 %.
The sample frequency is 1 Hz so according the Nyquist theorem, the maximum
frequency fMAX that can be analyzed is:

fMAX =
fSAMPLE

2 =
1 Hz

2 = 500 mHz

The minimum frequency is defined not only by the number of samples N but
also by the windowing function. This frequency axis of this graph starts from
4 mHz up to 500 mHz. The blue dots represent the results of the dynamic analysis
from the measurements on the P-MFC. Simulating the behavior of the P-MFC
model, it is possible to find out some components values that better approximate
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Figure 5.25: Impedance in frequency

the P-MFC results. The red curve represents the impedance obtained from the
estimation parameters. The results behavior can be approximated with 1-time
constant equivalent impedance. At low frequency, the capacitor C1 is an open
circuit so the resistance seen is the summation of RS and R1 while when the
frequency is far higher than the pole, the capacitor C1 is a short-circuit thus the
resistance seen is only RS. The red curve is obtained simulating the equivalent
model of the P-MFC in the frequency range with RS = 21.6 kΩ, R1 = 2.9 kΩ and
C1 = 493 µF. With this values, the frequency pole fP is:

fP =
1

2πR1C1
=

1
2π · 2.9 kΩ · 493 µF = 111.32 mHz

At low frequency the resistance seen should be equal to the internal resistance RINT
computed during the static analysis. From the dynamic analysis, this resistance
RINTDYN is the summation of RS and R1:

RINTDYN = RS +R1 = 21.6 kΩ + 2.9 kΩ = 24.5 kΩ

The comparison between this two resistances gives not a perfect matching but they
are quite similar meaning that the dynamic analysis gives a rather accurate results.
The main cause of this difference could be the difficulty to hold the P-MFC system
in a perfect constant environmental conditions for all the duration of the analysis:
the plant was left outdoor and in 14 h the temperature, the solar intensity and also
the soil humidity can vary widely.

5.3.7 The need of the plant
Once all these results are reached, one could ask if they were due to the new Plant-
e structure and not due to the presence of the plant. This is a good question thus
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a verification was made measuring the electrical parameters without the plant.
Similar results means the plant could be not necessary. Two different experiments
are performed in order to check this assumption: the structure is always the same
but in the first case the soil is composed only by topsoil while in the second one
only by carbon granulates as in the Plant-e kit. Since the plant is removed, the
systems can be named only microbial fuel cells (MFCs).

P-MFC with only topsoil

This set up experiment uses the Plant-e cathode, membrane and wires but the
carbon granulates are replaced by the topsoil. The Figure 5.26 shows this MFC
structure in practice. The analysis performed is the connection of the electronic

Figure 5.26: P-MFC with only top soil structure

load between cathode and anode of this structure, set the current absorption of
2 µA and monitor the voltage across this MFC. An important consideration is that
before to start the measurements, the cathode must be wet in order to promote
the protons exchange with the soil through the membrane. The Figure 5.27 shows
the voltage and current behavior of this analysis performed on 07/02/2019.
What one notices is that the absorbed current oscillates up to 50 nA without never
reaching 2 µA and the voltage starts from about 33 mV but after only 10 s it drops
to 0.3 mV. The meaning of this graph is that there is a small energy production
due to the microorganisms naturally present in the soil but they are not able to
provide sufficiently energy as in the previous cases due to the absence of the plant.
The plant provides continuously the fuel for the microorganisms to increase the
maintain the energy production.
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Figure 5.27: Voltage and current for MFC with only topsoil

P-MFC with only carbon granulates

This set up experiment uses the Plant-e cathode, membrane, wires and the carbon
granulates. The Figure 5.28 shows this MFC structure in practice. The analysis is

Figure 5.28: P-MFC with only carbon granulates structure

performed connecting cathode and anode of this structure at the electronic load,
setting the current absorption of 2 µA and monitoring the voltage across this MFC.
An important consideration is that before to start the measurements, the cathode
must be wet in order to promote the protons exchange with the soil through the
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membrane. The Figure 5.29 shows the voltage and current behavior of this analysis
performed on 07/02/2019.

Figure 5.29: Voltage and current for MFC with only carbon granulates

What one notices is that the absorbed current oscillates up to 40 nA without never
reaching 2 µA and the voltage starts from about 3 mV but after only 10 s it drops
to 0.03 mV. The meaning of this graph is as for the topsoil, there is a small energy
production due to the microorganisms naturally present in the carbon granulates
but they are not able to provide sufficiently energy as in the previous cases due to
the absence of the plant.
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(a) Top view of the plastic pot
(b) Top view after a first carbon granules
layer

(c) Inserting the titanium wire (d) Plant Carex Hachijoensis

(e) Top view of cathode and membrane (f) Complete P-MFC with Carex Hachijoen-
sis

Figure 5.30: Pictures of Carex Hachijoensis - Loria
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Chapter 6

Conclusions

After these months of research, our understanding of the possibilities of the P-MFC
has increased. Part of the black box was turned into grey. In this final chapter,
one can find an overview of the results obtained with a low cost automatized
sensing system evaluating the influence that the external world has on the P-MFC
energy generation and how the sensing system can measure them. According
to this measurements experience, some future prospective and improvements are
proposed both on P-MFC design and mainly on electronic point of view. This
thesis is focused on sensing system design and the P-MFC characterization.

6.1 Summary
This thesis starts from the necessity to find out some sustainable energy source
to feed some IoT nodes spread in several application fields. The possibility to
replace the batteries with the plant technology opens a wide research field and
allows to optimize what the nature gives. The use of a new technology means an
accurate characterization and study to understand how it works but also how to
improve efficiency in the energy extraction. An entire chapter is dedicated on the
explanation of what the current state of art of the P-MFC technology offers. It
describes in detail all the components needed for its creation and also the internal
mechanisms which allow the energy production. These studies do not have to stop
to an ideal behavior but they have to analyze the losses due to non idealities and
how the surrounding environment acts on them. Since this technology is used
to extract electric energy, an electric characterization must be performed. One
starts from a black box so without any information. The two main described in
this thesis are the static and the dynamic analysis. They are linked because they
give complementary information about the P-MFC: related to the steady state
behavior (static) and to the transient behavior (dynamic). Both are described
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with respect to the method, the procedure and to the expected results. These
analysis have in common the practical procedure: since the galvanostatic method
is used, it sets the current that the system has to sink for each time instant and
the voltage and environmental parameters are monitored continuously. This thesis
is based on the [5] so also its electronic instruments are used: the Raspberry Pi
and the High precision AD/DA board. To connect these boards to the P-MFC, an
intermediate interface is needed: the electronic load board. This electronic load
board contains also the circuitry for the sensors connections. An entire chapter
is dedicated to the design of these hardware exploring different circuital solutions
showing pro and cons of them and the path that allows to arrive at the proposal
solution (Figure 6.1).

R1

ISENSE

R2

R3

Vg M1

D3 M3

D2 M2

+

−

VSENSE

IPLANT
+

−

VPLANT

Figure 6.1: Proposed circuit solution

Also the design of the conditioning circuitry for the sensors are described in the
details. To manage this hardware in an automatized way, an user interface ap-
plication is created. The Raspberry Pi allows to write programming code thus
the RPi becomes the core manager of the whole sensing system. The user inter-
face on a PC allows to make easier and intuitive the management of the system
and more clear the graphical results. Once both the hardware and the software
parts are designed, the whole sensing system must be tested on a known load in
order to evaluate the quality of the given results. During the testing, the circuits
are mounted on a breadboard while once the operation and design correctness is
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proved, the electronic load system is implemented on a PCB. At this point, the
known load can be replaced with the P-MFC for its characterization. Different
systems are created but with the same family Carex plant. For each system, the
structure and the performed analysis are described in details.

6.2 Results
The P-MFCs which implement the Carex family plant, in outdoor conditions dur-
ing the winter (January and February) period, produces the results depicted in
Figure 6.2.

Figure 6.2: Polarization curve and power density of P-MFC (Loria)

This graph shows the polarization curve (in blue) and the power density (in red)
with respect to the current. The maximum voltage generated was around 350 mV
with the Plant-e P-MFC structure. The power density generated is about 192 µW

m2

when the system produces a current of 6.5 µA and the voltage across cathode and
anode is 170 mV. If the connected load works close to these electrical conditions,
it is able to maximize the energy production. These information are obtained
performing a static analysis with the P-MFC (Loria) connected to the electronic
load board. This is a terrestrial plant so it is not recommended to fill the pot with
water. These results show how, also if the anode is not in an anaerobic condition,
the system generates energy. Probably, there was a reduction in energy production
with respect to its maximum due to the fact that a large number of electrons are
used to reduce the oxygen in the soil and not for the energy harvesting. Using
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terrestrial plants, it produces a polarity inversion in the P-MFC due to the pres-
ence of the oxygen in the anode chamber. To perform this analysis, the anode was
connected to the positive terminal of the electronic load board and the cathode
to the negative terminal. The solution that can be used to overcome this polar-
ity problem is to invert the electrode role: the polarity inversion means that also
the chemical reaction that occur are overturned so an appropriate solution due to
their potential could be to name cathode the electrode in the soil and anode the
electrode in contact with the air. From the dynamic analysis (Figure 6.3), one is
able to see the steady state resistance of 24.5 kΩ but most important to notice is
that increasing the frequency of the current signal that is sinked, the resistance
decreases to 21.6 kΩ: lower resistance means an higher output voltage so lower
losses and higher power generation. This kind of analysis allows to choose how

Figure 6.3: Dynamic analysis results for Loria

the energy harvester has to work in order to optimize the energy extraction from
the P-MFC: if the harvester extract energy with frequency of 300 mHz, the resis-
tance is lower and the energy extraction is optimized. Another interesting aspect
is related to the correlation between the temperature and the voltage generation
(Figure 6.4). This behavior recommends to use this kind of systems in warmer area
because it can increase the voltage generation with an increasing of temperature.

6.3 Future prospective and applications

6.3.1 Possible future P-MFC researches
For this thesis, only one family plant is used in order to do not insert too many
variables in the characterization. Some improvements can be applied referring
to the components material, structure direction or adding other sensors. First,
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Figure 6.4: Temperature influences on the voltage generation

different plants can be used to compare their energy generation and not only with
planter plants but also with trees so the system has to be adapted for probably
higher energy generation but also the structure can be different due to the larger
roots. Different researches treat the components material choice trying to find a
material with good performance, reliable and also not expensive. Some papers
talk about P-MFC with horizontal structure so also this system can be better
studied: when the plant is a tree, dig under the plant roots could be difficult so
this horizontal structure can be a good solution. Implementing terrestrial plants,
the humidity sensor problem must be solved in order to increase the knowledge
of the energy generation with respect to the soil humidity. Moreover, other kind
of sensors can be used (e.g. soil pH sensor) to understand how these parameters
influence the system.

6.3.2 Electronic circuit improvements
In order to create an as general as possible circuit able to characterize the connected
load, the proposed solution can be improved.

Independence from the load voltage polarity

The voltage polarity inversion can create some problems to the electronic load.
When VPLANT is very low or also negative means that the transistorM1 is no longer
able to set the desired current flowing through. In this situation, the measurements
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of the ADC keep to be valid because it is able to measure also the negative voltages
(±625 mV) even if they do not exceed the voltage range ||625 mV||. Using the same
circuit idea, a possible solution that can solve this problem is to keep the electronic
load circuit and, using some switches, reverse the positive and negative terminals
depending on their polarity (Figure 6.5). This solution introduces some systematic

Figure 6.5: Solution improvement for polarity problem

effects due to the insertion of the switches but allows, in principle, to solve the
polarity problem.

Electrode potential with respect to a reference

The P-MFC voltage ECELL is the difference between the cathode ECATHODE and
the anode EANODE potential:

ECELL = ECATHODE − EANODE

For this purpose, the anode is connected to the ground reference of the electronic
load board and the cathode voltage is measured by the input of the ADC. This
allows to monitor the cell voltage ECELL but limits the knowledge of what happen
at each electrode. As different papers shows, the measured cathode ECAT and the
measured anode EAN potential are measured with respect to a voltage reference
EREF.

ECATHODE = ECAT − EREF EANODE = EAN − EREF

The cell voltage ECELL, of course, is computed as usual:

ECELL = ECATHODE − EANODE = ECAT − EREF − (EAN − EREF) = ECAT − EAN

but in this case it is possible to monitor the cell voltage variation understanding
which produces this variation: for example, an increasing in cell voltage could be
due to an increasing in cathode potential or in a decreasing in anode potential or
also both together.
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Waterlogged condition avoid voltage inversion

In this thesis, the P-MFC systems are implemented using terrestrial plants. As
largely explained, the absence of water in the soil allows the intrusion of the oxygen
in the anode chamber. The hypothesis that the voltage inversion of this terrestrial
P-MFC is due to the absence of waterlogged condition is demonstrated: the pot
of one P-MFC system is filled up with tap water and the voltage across it changes
polarity becoming positive (Figure 6.6). The red points on the graph represent the

Figure 6.6: Waterlogged condition voltage measurements of the P-MFC

instant in which the pot is water filled. The system starts with a negative polarity
but after a couple of days after the water filling, the voltage becomes positive
reaching a value of about 180 mV. For few days the system is daily water filled
and the voltage holds positive. One important aspect is related to the voltage
oscillations in these days due to the effect that temperature and solar radiation
have on the electrons generation. A final proof is to stop the water filling and, how
the graph shows, the P-MFC voltage comes back negative . The daily oscillations
are present also during the negative polarity.

Software improvements

Not only the hardware part can be improved but also the software. The algorithm
implemented on the RPi board can be modified in order to optimize the sensing
system management. For the data, they can be stored not only at the end of
the analysis but at each sample time: this prevents the lost of data (e.g. due
to power supply disconnection, program break). For the calibration phase, it
can be performed on-board without connecting other instruments or components
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at the electronic load board (simpler calibration procedure). The current region
transition can be optimized analyzing in real-time the measurement trend and
understand automatically how and when change region. Another improvement
can be done removing the user interface on the PC but using an interface directly
on the RPi board (simpler system).

6.4 Applications
The final use of these P-MFCs could be the power generation for IoT nodes. Each
node can be equipped with different electronic components that act as a load for the
system. Depending on the amount of power generated from the P-MFC, different
kind of loads can be powered. In table 6.1, different senors and their energy
requirements are investigated in order to understand which one can be connected
to the P-MFC used for this thesis. Supposing to have the electrode area of 1 m2,

Name Voltage [V] Current [mA] Power[mW] Price [e]
TEMPERATURE

LM335 5 5 25 0.76
LM35 5 0.131 0.655 3.50

DS18B20 3.3 1.5 4.95 2.90
MCP9700A 3.3 0.012 0.04 1.50

SOIL HUMIDITY
Moisture 5 51 255 4.05

TEMP/HUM
DHT11 3.3 2.5 8.25 5.40
DHT22 3.3 1.5 4.95 9.00

Termoigrosense 3.3 2 6.6 10.00

Table 6.1: Different sensors for the P-MFC application

the maximum generated power PPMFC is 192 µW. From this table, only one sensor
can be connected to the P-MFC (from power point of view): the temperature
sensor MCP9700A because it consumes continuously PMCP9700A = 40 µW. The
smart idea to duty cycling the use of the load allows to connect sensors that
consumes an higher power but infrequently. For example, the temperature sensor
LM35 consumes continuously PLM35 = 655 µW but using it with a duty cycle DC
it is possible to connect it to the P-MFC. The average consumed power P̄ from
the sensor is computed as:

P̄ = PSENSOR · DC
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and it must be lower than the PPMFC:

P̄ < PPMFC → PLM35 · DC < PPMFC → DC <
PPMFC

PLM35
=

192 µW
655 µW ≈ 0.3

This means that the power generated by the P-MFC can be harvested and switch-
ing on the LM35 with a DC lower than 0.3, the P-MFC is able to feed it. For the
rest of the cycle, the energy harvester accumulate the energy from the P-MFC.
The energy harvester has to increase also the voltage to be sufficient for the load
application.
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Appendix A

Schematic, PCB layers, 3D viewer
and prototype

(a) Front layer

(b) Back layer

Figure A.1: PCB layers

133



A – Schematic, PCB layers, 3D viewer and prototype

Figure A.2: 3D viewer PCB
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A – Schematic, PCB layers, 3D viewer and prototype
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Appendix B

User interface application and
Raspberry Pi algorithm: code

B.1 User interface application: main functions

1 %% MATHEMATICAL FUNCTIONS
2 %% −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−> Fast Four i e r Transform
3 f unc t i on [mag , ph , f_range ] = FFT(app , s i gna l , Fs )
4 %Fast Four i e r Transform : FFT
5 % Samples a s i g n a l over a p e r i o f o f time
6 % and d i v i d e s i t i n to i t s f requency components .
7

8 % Length o f s i g n a l
9 i f mod( l ength ( s i g n a l ) , 2 ) == 0 % i f l ength ( s i g n a l )

i s d i v i s i b l e by 2
10 L = length ( s i g n a l ) ;
11 e l s e
12 L = length ( s i g n a l )+1;
13 end
14

15 % Compute the Fast Four i e r Transform o f the s i g n a l
16 Y = f f t ( s i g n a l ) ;
17 % Compute the two−s ided spectrum
18 % Magnitude
19 M2 = abs (Y/L) ;
20 % Phase
21 P2 = angle (Y) ;
22 % Compute the s i ng l e−s ided spectrum P1 based on P2
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23 % and the even−valued s i g n a l l ength L
24 % Magnitude
25 M1 = M2( 1 :L/2+1) ;
26 % Phase
27 P1 = P2 ( 1 :L/2+1) ;
28 % Resu l t s
29 mag = M1; % Magnitude o f FFT
30 P1( abs (P1) < 0 . 1 ) = 0 ;
31 ph = rad2deg (P1) ; % Phase o f FFT
32 f_range = Fs ∗ ( 0 : (L/2) ) /L ; % Frequency domain
33

34 end
35

36 %% −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−> Inve r s e Fast Four i e r
trans form

37 f unc t i on [ y ] = IFFT(app , MAG, PH, f )
38

39 L = 2∗( l ength ( f )−1) ;
40 Ymag = ones (1 ,L) ; Yph = ones (1 ,L) ;
41 Ymag( 1 :L/2+1) = MAG(1 : end ) .∗L ;
42 Ymag(L/2 : end ) = MAG( end : −1:1) .∗L ;
43 Yph( 1 :L/2+1) = PH( 1 : end ) ;
44 Yph(L/2 : end ) = PH( end : −1:1) ;
45

46 Ymag( 2 : end ) = Ymag( 2 : end ) /2 ;
47

48 Y = Ymag.∗ exp (1 j .∗ deg2rad (Yph) ) ;
49

50 y = i f f t (Y, ’ symmetric ’ ) ;
51

52 end
53 %% KIND OF ANALYSIS
54 %% −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−> Ca l ib ra t i on ana l y s i s
55 f unc t i on Ca l i b r a t i onAna l i s y s ( app )
56 g l oba l ca l ibDes ca l i bSen s e
57 g l oba l c a l i bP l an t
58 g l oba l c a l i b I s e n s e c a l i b I p l a n t c a l i b t
59 g l oba l GainError Of f s e tEr ro r DNL INL
60
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61 [ t , Ides , RPiCurrent , ~ , ~ , ~ , ~ ] = ReadFi leResu l t s ( app
) ;

62 [ I p l an t ] = ReadFi l eCa l ib ra t i on ( app ) ;
63 I s en s e = RPiCurrent ( 2 : end ) ;
64 e r r o r = I s en s e − I p l an t ;
65 c a l i b I s e n s e = I s en s e ;
66 c a l i b I p l a n t = Ip l an t ;
67 c a l i b t = t ( 1 : end−1) ;
68 f = 1 ; j = 1 ;
69 f o r i =1: l ength ( I s en s e )
70 CurrentDes ( f , j ) = Ides (1 , i ) ;
71 CurrentPlant ( f , j ) = Ip l an t (1 , i ) ;
72 CurrentSense ( f , j ) = I s en s e (1 , i ) ;
73 i f ( Ide s ( i +1)~=Ides ( i ) )
74 f = f +1;
75 j = 0 ;
76 end
77 j = j +1;
78 end
79

80 CurrentDes ( end , end ) = CurrentDes ( end , end−1) ;
81 CurrentPlant ( end , end ) = CurrentPlant ( end , end−1) ;
82 CurrentSense ( end , end ) = CurrentSense ( end , end−1) ;
83

84 l a s t S e c = 15 ;
85 f o r i =1: f
86 ca l ibDes ( i ) = sum( CurrentDes ( i , end−l a s t S e c +1:end ) ) /

l a s t S e c ;
87 ca l i bP l an t ( i ) = sum( CurrentPlant ( i , end−l a s t S e c +1:

end ) ) / l a s t S e c ;
88 ca l i bSen s e ( i ) = sum( CurrentSense ( i , end−l a s t S e c +1:

end ) ) / l a s t S e c ;
89 end
90 %% STATIC PARAMETERS
91 INL = max( ca l i bSen s e − ca l i bP l an t ) ;
92 Ad( : ) = ca l i bP l an t ( 2 : end )−ca l i bP l an t ( 1 : end−1) ;
93 Ad1 ( : ) = ca l i bSen s e ( 2 : end )−ca l i bSen s e ( 1 : end−1) ;
94 DNL = max(Ad−Ad1) ;
95 pSense =p o l y f i t ( ca l ibDes , ca l ibSense , 1 ) ;
96 pPlant =p o l y f i t ( ca l ibDes , ca l ibP lant , 1 ) ;
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97 GainMolt = pPlant (1 ) /pSense (1 ) ; % Fattore
mo l t i p l i c a t i v o per agg iu s t a r e i l guadagno

98 GainError = pSense (1 ) /pPlant (1 ) ;
99 Of f s e tEr ro r = pPlant (2 )−pSense (2 ) ;

100 app . GainErrorLabe l_ca l ibrat ion . Text = [ ’Gain e r r o r = ’
num2str ( GainError ) ] ;

101 app . O f f s e tEr ro rLabe l_ca l i b r a t i on . Text = [ ’ O f f s e t e r r o r
= ’ num2str ( O f f s e tEr ro r ) ’ A ’ ] ;

102 app . INLLabel_cal ibrat ion . Text = [ ’ INL = ’ num2str ( INL)
’ A ’ ] ;

103 app . DNLLabel_calibration . Text = [ ’DNL = ’ num2str (DNL)
’ A ’ ] ;

104

105 c l o s e a l l ;
106 ShowResults_cal ib ( app ) ;
107 end
108

109 %% −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−> Sta t i c a n a l y s i s
110 f unc t i on S t a t i cAna l i s y s ( app )
111 i f i s f i l e ( ’PMFC_Results . csv ’ )
112 [ ~ , Ides , I s ense , Vplant , Light , Temp, Hum] =

ReadFi leResu l t s ( app , ’PMFC_Results . csv ’ ) ;
113 e l s e
114 [ ~ , Ides , I s ense , Vplant , Light , Temp, Hum] =

ReadFi leResu l t s ( app , ’ p r ev i ou s_r e su l t s_s t a t i c .
csv ’ ) ;

115 app . SavedLabel_dynamic . Text = ’ ’ ;
116 end
117

118 f = 1 ; j = 1 ; Ide s ( end+1) = Ides ( end ) ;
119 f o r i =1: l ength ( I s en s e )
120 CurrentDes ( f , j ) = Ides (1 , i ) ;
121 CurrentSense ( f , j ) = I s en s e (1 , i ) ;
122 VoltagePlant ( f , j ) = Vplant (1 , i ) ;
123 LightEnv ( f , j ) = Light (1 , i ) ;
124 TempEnv( f , j ) = Temp(1 , i ) ;
125 HumPlant ( f , j ) = Hum(1 , i ) ;
126 i f ( Ide s ( i +1)~=Ides ( i ) )
127 f = f +1;
128 j = 0 ;
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129 end
130 j = j +1;
131 end
132

133 CurrentDes ( end , end ) = CurrentDes ( end , end−1) ;
134 VoltagePlant ( end , end ) = VoltagePlant ( end , end−1) ;
135 CurrentSense ( end , end ) = CurrentSense ( end , end−1) ;
136 LightEnv ( end , end ) = LightEnv ( end , end−1) ;
137 TempEnv( end , end ) = TempEnv( end , end−1) ;
138 HumPlant ( end , end ) = HumPlant ( end , end−1) ;
139

140 l a s t S e c = app . LastTimeAverageEditFie ld_stat ic . Value ;
141 f o r i =1: f
142 s t a t i cDe s ( i ) = sum( CurrentDes ( i , end−l a s t S e c +1:end ) )

/ l a s t S e c ;
143 s t a t i cP l an t ( i ) = sum( VoltagePlant ( i , end−l a s t S e c +1:

end ) ) / l a s t S e c ;
144 s t a t i c S en s e ( i ) = sum( CurrentSense ( i , end−l a s t S e c +1:

end ) ) / l a s t S e c ;
145 s tat i cPower ( i ) = s t a t i cP l an t ( i ) ∗ s t a t i c S en s e ( i ) ;
146 s t a t i c L i g h t ( i ) = sum( LightEnv ( i , end−l a s t S e c +1:end ) )

/ l a s t S e c ;
147 staticTemp ( i ) = sum(TempEnv( i , end−l a s t S e c +1:end ) ) /

l a s t S e c ;
148 staticHum ( i ) = sum(HumPlant ( i , end−l a s t S e c +1:end ) ) /

l a s t S e c ;
149 end
150

151 c l o s e a l l ;
152 ShowResults_stat ic ( app , s t a t i cS en s e , s t a t i cP l an t ,

s t a t i cL i gh t , staticTemp , staticHum , stat i cPower ) ;
153 i f i s f i l e ( ’PMFC_Results . csv ’ )
154 SaveResu l t s_stat i c ( app , s t a t i cS en s e , s t a t i cP l an t ) ;
155 end
156 end
157

158 %% −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−> Dynamic an a l i s y s
159 f unc t i on DynamicAnalisys ( app )
160 Fs = 1/app . TimeintervalEditFie ld_dynamic . Value ;
161 i f i s f i l e ( ’PMFC_Results . csv ’ )
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162 [ t , ~ , i s en s e , vplant , Light , Temp, Hum] =
ReadFi leResu l t s ( app , ’PMFC_Results . csv ’ ) ;

163 e l s e
164 [ t , ~ , i s en s e , vplant , Light , Temp, Hum] =

ReadFi leResu l t s ( app , ’ previous_results_dynamic .
csv ’ ) ;

165 app . SavedLabel_dynamic . Text = ’ ’ ;
166 end
167

168 i f app .MethodDropDown_dynamic . Value == "FFT"
169 % FFT
170 t r a n s i e n t = app . TransientEditField_dynamic . Value ;
171 [ Iplant_mag , Iplant_ph , ~ ] = FFT(app , i s e n s e (

t r an s i e n t : end ) , Fs ) ;
172 [ Vplant_mag , Vplant_ph , fx ] = FFT(app , vplant (

t r an s i e n t : end ) , Fs ) ;
173

174 Z = Vplant_mag . / Iplant_mag ;
175 Zplant_ph = Vplant_ph − Iplant_ph ;
176 ShowResults_dynamic ( app , t ( t r a n s i e n t : end ) , i s e n s e (

t r an s i e n t : end ) , vplant ( t r an s i e n t : end ) , . . .
177 Light ( t r an s i e n t : end ) , Temp( t r an s i e n t : end ) , Hum(

t r an s i e n t : end ) , fx , abs (Z) ) ;
178 e l s e i f app .MethodDropDown_dynamic . Value == "Welch "
179 % Welch method with zero padding
180 lwin = app . WindowLengthEditField_dynamic . Value ;
181 switch app .WindowDropDown_dynamic . Value
182 case ’Blackman−Harr i s ’
183 window_f i l ter = window(

@blackmanharris , lwin ) ;
184 case ’ Flat top ’
185 window_f i l ter = window( @flattopwin ,

lwin ) ;
186 case ’Hamming ’
187 window_f i l ter = window(@hamming ,

lwin ) ;
188 case ’ Hanning ’
189 window_f i l ter = window(@hann , lwin )

;
190 end
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191 n f f t = lwin ;
192 Noverlap = lwin ∗app . OverlapEditField_dynamic . Value

/100 ;
193 [ pvi , ~ ] = cpsd ( vplant , i s en s e , window_fi l ter ,

Noverlap , n f f t , Fs ) ;
194 [ p i i , fx ] = pwelch ( i s en s e , window_fi l ter , Noverlap ,

n f f t , Fs ) ;
195 Z = pvi . / p i i ;
196 ShowResults_wdynamic ( app , t , i s en s e , vplant , Light ,

Temp, Hum, fx , abs (Z) ) ;
197 end
198

199 i f i s f i l e ( ’PMFC_Results . csv ’ )
200 SaveResults_dynamic ( app , fx , abs (Z) ) ;
201 end
202

203 end
204

205 %% −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−> Star t c a l i b r a t i o n
procedure to communicate with Ag i l ent mult imeter

206 f unc t i on c a l i bAg i l e n t ( app )
207 %% Simulat ion parameters
208 t_sample = 1 ;
209 t_end_sim = app . Numbero fpo intEdi tF ie ld_ca l ibrat ion .

Value ∗ app . T ime in t e rva lEd i tF i e ld_ca l i b ra t i on .
Value ;

210 cur r ent = ze ro s (1 , t_end_sim/t_sample ) ;
211 vo l tage = ze ro s (1 , t_end_sim/t_sample ) ;
212 %% Instrument Connection
213

214 % Create a GPIB ob j e c t .
215 i n t e r f a c eOb j = i n s t r f i n d ( ’Type ’ , ’ gpib ’ , ’

BoardIndex ’ , app . Board indexEdi tF ie ld_ca l ib rat i on
. Value , ’ PrimaryAddress ’ , app .
Pr imaryAddressEdi tF ie ld_ca l ibrat ion . Value , ’Tag ’
, ’ ’ ) ;

216

217 % Create the GPIB ob j e c t i f i t does not e x i s t
218 % otherwi s e use the ob j e c t that was found .
219 i f isempty ( i n t e r f a c eOb j )
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220 i n t e r f a c eOb j = gpib ( ’KEYSIGHT ’ , app .
Board indexEdi tF ie ld_ca l ib rat i on . Value , app .
Pr imaryAddressEdi tF ie ld_ca l ibrat ion . Value ) ;

221 e l s e
222 f c l o s e ( i n t e r f a c eOb j ) ;
223 i n t e r f a c eOb j = in t e r f a c eOb j (1 ) ;
224 end
225

226 % Create a dev i ce ob j e c t .
227 deviceObj = i c d e v i c e ( ’ ag i lent_34401a .mdd ’ ,

i n t e r f a c eOb j ) ;
228

229 % Connect dev i ce ob j e c t to hardware .
230 connect ( deviceObj ) ;
231

232 type = ’ c ’ ;
233 %% −−−−−−−−−−−−−−−−−−−− CURRENT MEASUREMENTS

−−−−−−−−−−−−−−−−−−−−
234 i f type == ’ c ’
235 s e t ( deviceObj , ’MeasurementType ’ , ’ dccurrent ’ ) ;
236 s e t ( deviceObj , ’Range ’ , ’max ’ ) ;
237 di sp ( ’Now you can s t a r t the Raspberry Pi

program − Current meas ’ ) ;
238 % −−−−−−−− Reading
239 t = 0 ;
240 f o r i =1: t_sample : t_end_sim
241 t = t + t_sample ;
242 % Conf igure property value ( s ) .
243 s e t ( deviceObj . Tr igger (1 ) , ’ Source ’ , ’

e x t e rna l ’ ) ;
244 s e t ( deviceObj . Tr igger (1 ) , ’ Delay ’ , 0 . 0 )

;
245 cur r ent (1 , i )=s t r2doub l e ( invoke (

deviceObj , ’ measure ’ ) ) ∗1 e6 ;
246 end
247 % Disconnect dev i c e ob j e c t from hardware .
248 d i s connec t ( deviceObj ) ;
249 % −−−−−−−− Writing r e s u l t s
250 di sp ( ’Writing on f i l e the r e s u l t s . . p l e a s e

wait j u s t a moment ’ ) ;
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251 f i l e ID = fopen ( ’ Agilent34401A_current . txt ’ ,
’w ’ ) ;

252 f p r i n t f ( f i l e ID , ’ Current [uA]\ n ’ ) ;
253 f o r i =1: t_sample : t_end_sim
254 f p r i n t f ( f i l e ID , ’%.3 f \n ’ , cur r ent (1 , i ) ) ;
255 end
256 f c l o s e ( f i l e ID ) ;
257 %% −−−−−−−−−−−−−−−−−−−− VOLTAGE MEASUREMENTS

−−−−−−−−−−−−−−−−−−−−
258 e l s e
259 s e t ( deviceObj , ’MeasurementType ’ , ’ d cvo l t s ’ ) ;
260 s e t ( deviceObj , ’Range ’ , ’max ’ ) ;
261 di sp ( ’Now you can s t a r t the Raspberry Pi

program − Voltage meas ’ ) ;
262 % −−−−−−−− Reading
263 t = 0 ;
264 f o r i =1: t_sample : t_end_sim
265 t = t + t_sample ;
266 % Conf igure property value ( s ) .
267 s e t ( deviceObj . Tr igger (1 ) , ’ Source ’ , ’

e x t e rna l ’ ) ;
268 s e t ( deviceObj . Tr igger (1 ) , ’ Delay ’ , 0 . 0 )

;
269 vo l tage (1 , i )=s t r2doub l e ( invoke (

deviceObj , ’ measure ’ ) ) ∗1 e6 ;
270 end
271 % Disconnect dev i c e ob j e c t from hardware .
272 d i s connec t ( deviceObj ) ;
273 % −−−−−−−− Writing r e s u l t s
274 di sp ( ’Writing on f i l e the r e s u l t s . . p l e a s e

wait j u s t a moment ’ ) ;
275 f i l e ID = fopen ( ’ Agi lent34401A_voltage . txt ’ ,

’w ’ ) ;
276 f p r i n t f ( f i l e ID , ’ Voltage [uV]\ n ’ ) ;
277 f o r i =1: t_sample : t_end_sim
278 f p r i n t f ( f i l e ID , ’%.3 f \n ’ , vo l t age (1 , i ) ) ;
279 end
280 f c l o s e ( f i l e ID ) ;
281 end
282
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283 di sp ( ’You can read the r e s u l t s on the f i l e ’ ) ;
284 di sp ( ’ See you l a t e r ’ ) ;
285 end

B.2 Raspberry Pi algorithm: main function

1 /∗
2 ∗ pmfc . c :
3 ∗ Program f o r c h a r a c t e r i z a t i o n o f the p lant mic rob i a l f u e l c e l l
4 ∗ Main board : Raspberry Pi 3 Model B
5 ∗ Add boards : High−Pre c i s i on AD/DA Board − WaveShare
6 ∗ ADC: ADS1256
7 ∗ DAC: DAC8532
8 ∗ Library : bcm2835−1.45 ( only t h i s one works ! )
9 wir ingPi

10 ∗ E l e c t r on i c load f o r P−MFC
11 ∗
12 ∗ Alessandro Rizzo − 243924
13 ∗ DET − Po l i t e c n i c o d i Torino
14 ∗ 2018/12/11
15 ∗/
16

17 // L i b r a r i e s
18 #inc lude <wir ingPi . h>
19 #inc lude <bcm2835 . h>
20 #inc lude <s td i o . h>
21 #inc lude <uni s td . h>
22 #inc lude <s t r i n g . h>
23 #inc lude <math . h>
24 #inc lude <errno . h>
25 #inc lude <sys / time . h>
26 #inc lude <time . h>
27 #inc lude <s t d l i b . h>
28 #inc lude "ADDAlib . h "
29 #inc lude " f i l e sReadWri te . h "
30

31 i n t main ( )
32 {
33 // Library i n i t i a l i z a t i o n
34 bcm2835_in i t i a l i z a t i on ( ) ;
35 w i r i n gP i_ i n i t i a l i z a t i o n ( ) ;
36

37 // Current p r o f i l e
38 f l o a t t_sample = 0 , t_end_sim = 0 ;
39 r eadCur r en tPro f i l e (&t_sample , &t_end_sim ) ;
40 // Ca l i b ra t i on parameters f o r adjustment
41 readCal ibrat ionParameter s ( ) ;
42
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43 // Simulat ion parameters
44 i n t N = t_end_sim/t_sample ; // Number o f samples
45 s t r u c t t imeva l t_start , t_stop ;
46 f l o a t t_tota l = 0 , t_loop = 0 , elapsedTime = 0 ;
47 double_t sim_time [N ] ;
48 // I s en s e
49 double Inom ; //uA
50 double_t Ides [N] , I s en s e [N] , Rsense ;
51 // Vplant
52 double_t Vplant [N ] ;
53 // Temperature
54 double_t T[N ] ;
55 // Humidity
56 double_t RH[N ] ;
57 // Dark & Light i n t e n s i t y
58 int8_t DI [N] , LI [N] , LFS = 100 ; // LFS = Light Ful l−Sca l e
59 // DAC parameters
60 f l o a t V_DAC = 0 ;
61

62 // −−−−−−−−−−−−−−−−−−−− ALGORITHM −−−−−−−−−−−−−−−−−−−−
63 Rsense = 100 ; // ohm
64 boardSett ing ( ) ;
65 ADCsetting ( ) ;
66 l edOf f ( ) ;
67 i n t i = 0 , meas = 0 ;
68

69 // DAC s t a r t s from V_DAC
70 V_DAC = 1 . 0 8 ; //V : vo l tage Vg to switch on the MOSFET
71 writeVg (V_DAC) ;
72

73 p r i n t f ( " \nSTART SIMULATION . . . \ n " ) ;
74

75 do{
76 Inom = current_vector [ i ] ;
77 t_loop = 0 ;
78 do{
79

80 gett imeofday(&t_start , NULL) ; // Star t t imer
81

82 V_DAC = se t t i ngCur r en tCor r e c t i on ( Inom , V_DAC) ;
83 t r i g g e r ( ) ;
84

85 // Measurements from ADC
86 f o r ( i n t b = 1 ; b<9; b++)
87 measure ( ) ;
88

89 // Des i red cur rent [uA]
90 Ide s [ meas ] = Inom ;
91 // Plant vo l tage [mV]
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92 Vplant [ meas ] = vo l tage [ pin_Vplant_ADC]∗1 e−6;
93 // Light i n t e n s i t y [%]
94 DI [ meas ] = vo l tage [ pin_light_ADC ]∗1 e−9/(2∗Vref /PGA) ∗LFS ;
95 LI [ meas ] = LFS−DI [ meas ] ;
96 // Temperature [ C ]
97 T[ meas ] = vo l tage [pin_Vt_ADC]∗1 e−6/10 − 1 . 2 ;
98 // Re la t i v e humidity [%]
99 RH[ meas ] = vo l tage [pin_Vh_ADC]∗1 e−6/(Vcc/PGA∗1 e3 ) ∗100 ;

100 // I s en s e [uA]
101 I s en s e [ meas ] = vo l tage [ pin_Vsense_ADC ]/ Rsense ∗1e−3;
102 I s en s e [ meas ] = I s en s e [ meas ]∗FC+I o f f s e t ;
103 // Adjust the Vg in order to have the de s i r ed Vg
104 V_DAC = adjustVg ( I s en s e [ meas ] , Inom , V_DAC) ;
105

106 gett imeofday(&t_stop , NULL) ; // Stop t imer
107 elapsedTime = ( t_stop . tv_sec−t_star t . tv_sec ) ; // s
108 elapsedTime += ( t_stop . tv_usec−t_star t . tv_usec ) /1 e6 ; // s
109

110 do{
111 gett imeofday(&t_stop , NULL) ; // Stop t imer
112 elapsedTime = ( t_stop . tv_sec−t_star t . tv_sec ) ; // s
113 elapsedTime += ( t_stop . tv_usec−t_star t . tv_usec ) /1 e6 ; // s
114 }whi l e ( elapsedTime < t_sample ) ; // Repeat i f t h i s i s

t rue
115

116 t_loop += elapsedTime ;
117

118 gett imeofday(&t_start , NULL) ; // Star t t imer
119

120 //−−−−−−−−−−−−−−−−−−−−−−− Resu l t s
121 printOnScreen ( Ide s [ meas ] , I s en s e [ meas ] , Vplant [ meas ] , LI [ meas ] ,T

[ meas ] ,RH[ meas ] ) ;
122

123 gett imeofday(&t_stop , NULL) ; // Stop t imer
124 elapsedTime = ( t_stop . tv_sec−t_star t . tv_sec ) ; // s
125 elapsedTime += ( t_stop . tv_usec−t_star t . tv_usec ) /1 e6 ; //us−>s
126 t_tota l +=t_loop+elapsedTime ;
127 t_tota l = f l o o r ( t_tota l ) ;
128 sim_time [ meas ] = t_tota l ;
129 t_loop = 0 ;
130

131 meas++;
132

133 }whi l e ( t_tota l < time_vector [ i +1]) ;
134

135 i++;
136

137 }whi l e ( current_vector [ i ] != 0) ;
138 p r i n t f ( "SIMULATION COMPLETE!\ n\n" ) ;
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139 p r i n t f ( "Wait the copy o f the r e s u l t s on the f i l e . . . \ n " ) ;
140

141 wr i teResu l t sOnFi l e (N, sim_time , Ides , I s ense , Vplant , LI , T, RH) ;
142

143 p r i n t f ( "WRITING COMPLETE!\ n\n" ) ;
144

145 ledOn ( ) ;
146

147 // Clos ing SPI and l i b r a r y
148 bcm2835_spi_end ( ) ;
149 bcm2835_close ( ) ;
150

151 p r i n t f ( "END PROGRAM! BYE BYE!\ n " ) ;
152

153 re turn 0 ;
154 }

149
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