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water, whereas water treatment needs energy. On the other hand, microbial fuel cell has capability to produc
energy and water simultaneously from waste water or organic matter. In this paper, first principle-based mode
of variable volume microbial fuel cell is simulated. Hydraulic retention time is selected as the manipulated variabl
using the study of steady state and dynamic responses. Classical PI and model predictive control strategies ar
developed for controlling the produced power from the cell, and its performance is tested for servo problem. Settlin
time for positive and negative set points is found to be 126 and 889 h in case of classical PI and 120 and 750 h in cas
of linear MPC, respectively along with large increase (three times order of magnitude) in working volume fo
negative set point. These control challenges are overcome by using split range controller with variable and constan
volume microbial fuel cells. The settling time for negative set point is found to be 49 and 21 h for classical PI an
linear MPC schemes, respectively, which is significantly lower than using only variable volume microbial fuel ce
Also, there is no increase in the working volume of the constant volume microbial fuel cell. Hence, operatin
range of the microbial fuel cell is enhanced using split range controller.

© 2020 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All right
reserved
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1. Introduction

Human development is inherently connected with availability o
water and energy. Energy production requires water, whereas wate
treatment needs energy [1]. In this regard, microbial fuel cell (MFC) i
such a technologywhere water and energy are produced. MFC convert
chemical energy of wide range of organic waste into electrical energ
with the help of microorganisms [2]. However, utilization of thi
technology for wellness of mankind at industrial scale is not commonl
practiced till date [3,4]. To use this technology at industrial scale, som
of the limitations such as scale up [5], small current production capacit
[6], continuous operation for extended time periods, current instabilit
and high internal resistance [7] need to be addressed. Profoun
understanding of process and its accurate mathematical representatio
can play a significant role in mitigating some of these issues and thu
may help in well-being of mankind [8].

Available models [7–31] of the MFC in literature can be classifie
based on various criteria such as operational mode, number of chamber
and presence of biofilm. The possible classification of available continuou
models (concerned for this manuscript) is given in Fig. 1.

Steady state models [10,11] do not provide any information abou
dynamics of the system and hence cannot be used for performanc
f
nthekar).

ring Society of China, and Chemical
optimization and control design. Ismail and Habeeb, [17], Mardanpou
et al. [18] developed the dynamic models of MFC considering impac
of factors like bacterial growth, mass exchange within bulk and biofilm
in temporal as well as spatial domain. As both, spatial and tempora
domains were considered; their model resulted into partial differentia
equations. In general, partial differential equations require mor
computational effort to solve and hence cannot be used for optimizatio
and control purpose. Esfandyari et al. [16] developed one dimensiona
continuous dual chamber biofilm model and used Nernst-Mono
kinetics for growth rate of microorganisms in biofilm along with mas
balances for key species such as substrate, CO2 and protons. Th
model is computationally easy to solve yet captures required dynamic
very well and can be used for optimization and control design purpose
Hence, model presented by Esfandyari et al. [16] is used in this pape
and updated to accommodate variable volume.

MFC is a complex and a nonlinear system having many influencin
factors (pH, temperature, biofilm thickness, microorganism's growth
variable working volume, diffusion and kinetics of reaction, externa
load, substrate concentration etc.) that affect its performance. It i
thus, crucial to understand the impact of these factors on performanc
of MFC to ensure smooth operation for long duration. Oliveira et a
[13] studied the initial dynamics of the system with the help o
parameters (half velocity rate constant, partition coefficient, cathodi
and anodic transfer coefficient). Lin et al. [19] studied the impact o
initial substrate concentration, dilution rate and external resistor o
Industry Press Co., Ltd. All rights reserved.
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the performance of single chamber MFC and found optimal condition
for better performance. They also mentioned that little efforts ha
been undertaken to study of dynamics of continuous MFC (CMFC).

During prolonged operation of MFC, disturbance from variou
variables such as initial feed concentration, initial feed flow rate, voltag
external load, pH and temperature etc. may arise. However, to contro
the power from MFC different control strategies were developed
Significant amount of effort were devoted to develop maximum powe
point tracking (MPPT) control using voltage or current as th
manipulated variable. Various techniques used for MMPT control ar
summarized as multiunit optimization [32], extremum seeking (ES
[33], hill climbing [34], ES along with neural network [35] or adaptiv
excitation [36]. Some researcher used only classical control [37], classica
control augmented with fuzzy logic [38] or gain scheduling [39
controller. However, according to Recio-Garrido et al. [40] that there is
need of control studies to address the multi dynamic issues linked wit
electrical and biological nature of the MFC. Recently, Patel and Deb [41
presented adaptive back stepping controller with dilution rate as th
manipulated variable. They linked the electrical dynamics with biologica
nature of the MFC; however their control development is complicated
Hence in this paper, a simple split range control strategy which will lin
electrical and biological nature of CMFC using hydraulic retention tim
(HRT), and inlet substrate flow rate as manipulated variables wa
developed. Split range control strategy required to have models o
variable and constant volume CMFCs. For dynamic model, steady stat
and transient analysis of constant volume CMFC, readers may refer t
Yewale et al. [42]. In this manuscript, dynamic model, steady state an
transient analysis of variable volume CMFC are described.

First time in the literature, a comparison of constant and variabl
volume CMFC is carried out and operability window is defined. Novelt
of this paper lies in the pioneering effort of integration of variable an
constant volume CMFCs through split range control strategy. Usin
split range controller, the operating regime of the CMFC is enhance
with lower settling time of the controller for all the desired set point
Another novelty of this paper lies in pioneering effort to understan
the dynamics of the variable volume CMFC.

2. First Principle-based Model of Variable Volume CMFC

The anode chamber was considered to be under the anaerob
condition, where lactate (C3H6O3) solution of specific concentration wa
fed. Then lactate solution diffused from the bulk into the biofilm attache
to the anode electrode. Lactate was oxidized in the biofilm by the pur
biomass (Shewanella oneidenis) producing electrons and protons. Th
produced electrons passed through an external circuit via curren
collector to the cathode chamber producing power. At cathode electrod
a reduction reaction between transported electrons, migrated proton
and oxygen molecule take place producing water as a by-product.

In this paper, the model developed by Esfandyari et al. [16] is used
which accounts for (i) reactions (redox) occurring at anode and cathod
electrodes, (ii) diffusion of species such as substrate, CO2 and proton
between biofilm and bulk of the liquid and (iii) movement of electron
to the cathode chamber through external circuit. Following assumption
were made while developing this model. CMFC is considered a
controlled system and hence heat generated due to exothermic reactio
is taken out by the coolant flow around the CMFC. It is assumed that th
pH of the system is tightly controlled by an introduction of appropriat
amount of buffer dozing in both the chambers.

1) Bulk of the anode chamber is considered to be well mixed with
constant temperature and impact of pH was neglected.

2) Biomass stacked around the anode electrode.
3) Migration of only positive ions (protons) were considered throug

proton exchange membrane (PEM).
4) Operating conditions (temperature and pH) in the cathode chambe

were kept constant.
5) The heat and mass losses through the body of chambers wer
neglected.

6) All the migrated protons and electrons reduce to water at th
cathode electrode.
The model was modified to capture the additional phenomena lik

variable volume through the impact of inlet and outlet flow rates o
substrate, diffusion of protons from biofilm to the bulk of liquid an
migration to the cathode chamber through PEM.

2.1. Redox reaction modeling

The redox reactions taking place at anode and cathode electrode ar
given as:

C3H6O3 þ 3H2O→3CO2 þ 12Hþ þ 12e− ð1

O2 þ 4Hþ þ 4e−→2H2O ð2

Utilization of lactate in biofilm is modeled using Nernst-Mono
kinetics given as:

μs tð Þ ¼ μmax
Cbf ;s

Kbf ;s þ Cbf ;s

1

1þ exp
−F
RT

ηact

� �
0
BB@

1
CCAγa ð3

2.2. Bulk of anode and cathode chamber modeling

The species like substrate, CO2 and protons exchangesmass betwee
the bulk of anode and biofilm using diffusion, which is represented as

d Cbk;P tð Þ� �
dt

¼ 1
VL tð Þ

−AbfDP

Ll
Cbk;P tð Þ−Cbf;P tð Þ� �� �

þ Cbk;P;in f lin
VL tð Þ

� �
−

Cbk;P f lou
VL tð Þ

�

ð4

d Cbk;P tð Þ� �
dt

¼ 1
VL tð Þ

−AbfDP

Ll
Cbk;P tð Þ−Cbf;P tð Þ� �� �

−
AmDm

LhAmdm
Cbk;P tð Þ−CH;C tð Þ� ��

ð5

In the above equations, Eq. (4) represents the mass balance fo
substrate and CO2 whereas Eq. (5) denotes mass balance for proton
in the bulk of anode chamber. The first term in above equation
represents the diffusion of species from bulk of anode to biofilm. Inle
and outlet mass rates are shown by second and third terms of Eq. (4
Second term in Eq. (5) denotes transfer of protons from bulk of anod
to cathode chamber via PEM.

Volume of bulk liquid of the anode chamber is variable because o
change in thickness of the biofilm as well as net change in the flow
rate of the substrate from inlet to outlet, which is given as:

d VL tð Þð Þ
dt

¼ −Abf
dL tð Þ
dt

þ f lin− f lout ð6

Using Eq. (6), a variable volumemicrobial fuel cell can be converte
to constant volume microbial fuel cell by equaling inlet and outlet flow
rates.

Oxygen concentration in the bulk of the cathode chamber
modeled using oxygen transfer rate and uptake rate, given as:

d CO2 tð Þ� �
dt

¼ kLa C�
O2
−CO2 tð Þ

� �
−qO2

CO2 ð7

2.3. Biofilm of anode chamber modeling

The active and inactive biomass present in the biofilm is defined o
the volume fraction basis which is given as:
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Fig. 1. Classification of continuous mode modeling efforts from literature of the MFC.
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γa tð Þ þ γi tð Þ ¼ 1 ð8

The thickness of the biofilm is dynamic, because of change in volum
fraction of active and inactive biomass. This change occurs due t
detachment of biomass, conversion of active biomass into inactiv
biomass, and growth of active biomass. The thickness of the biofilm i
modeled as:

d L tð Þ
dt

¼ Y laμs tð ÞL tð Þ þ δ tð Þ ð9

δ tð Þ ¼ −σdetL tð Þ ð10

Change in volume fraction of the biomass is given as:

d γa tð Þð Þ
dt

¼ −σ inaγa tð Þ þ γa tð Þ
L tð Þ δ tð Þ−γa tð Þ

L tð Þ
d L tð Þ
dt

þ Y laμs tð Þ ð11

d γi tð Þð Þ
dt

¼ σ inaγa tð Þ þ γi tð Þ
L tð Þ δ tð Þ−γi tð Þ

L tð Þ
d L tð Þ
dt

ð12

First term in Eqs. (11) and (12) is the conversion rate of active t
inactive biomass as a function of inactivation coefficient (σina). Rate o
detachment of active and inactive biomass from the biofilm i
represented by the second term in Eqs. (11) and (12). The third term
shown in above equations emerges due to implementation of chai
rule because of dynamic volume. The last term on the right-hand sid
of Eq. (11) represents the multiplication rate of active biomass.

As mentioned above, three species (substrate, protons and CO2

exchange mass with the bulk of the anode liquid and is given as:

d Cbf ;P tð Þ� �
dt

¼ DP

LlL tð Þ Cbk;P tð Þ−Cbf ;P tð Þ� �þ αρμs tð Þ−Cbf ;P tð Þ
L tð Þ

d L tð Þ
dt

ð13

The sign of α is negative for consumption and positive for production
First term in Eq. (13) represents diffusion of species from bulk of th
anode chamber to biofilm. Second term represents the consumption o
production of particular species inside the biofilm. The last term i
above equation is a balance term arising due to dynamic volume.

2.4. Electrochemical model

The electrons produced by redox reaction move through externa
circuit of resistance (load) and produces power. The actual voltage o
the cell deviates from the equilibrium voltage because of series o
irreversible losses. These losses are activation (ηact), ohmic (ηohm) an
concentration (ηconc) losses. Bulter-Volmer equation is used to relat
the impact of the substrate consumption and production of the specie
like protons, electrons and CO2 on the current production capability o
theMFC. For further details of thismodel, readermay refer to Esfandyar
et al. [16] and Yewale et al. [42].

Eoutput ¼ Ethermo−ηact−ηohm−ηconc ð14

2.5. Simulation and model validation

All the above equations were solved for specific time duration. Firs
using Eq. (14), current was obtained by fixing the voltage of the MFC
For solving the differential equations, solver ode23tb in MATLAB® wa
used. To avoid iterative procedure for voltage, the solution procedur
given by Methekar et al. [43] is adopted. The data used for the bas
case is given in our earlier publication Yewale et al. [42].

The simulated model of the MFC was validated with th
experimental data of Esfandyari et al. [16]. For validation results of thi
model alongwith numerical analysis of error, readers may refer Yewal
et al. [42]. Only for validation purpose, inlet and outlet substrate flow
rates were kept constant. However, for further analysis and contro
the inlet and outlet flow rates were considered to be different. Henc
the volume of CMFC will change called as variable volume CMFC.

3. Steady State and Dynamic Analysis

To carry out the steady state and dynamic analysis, power produce
from the CMFC is considered as the output. According to physics of th
system, various potential manipulated variables are inlet substrate flow
rate, initial (feed) substrate concentration, HRT and voltage. In stead
state analysis, each potential manipulated variable was changed one a
a time, keeping the other variables and parameters of the system constan
at the base case. Steady state datawere collected by simulating themode
Step response methodology was used for carrying out dynamic analysis

3.1. Steady state analysis

Steady state analysis for all four potential manipulated variables i
shown in Fig. 2, where the base case value for manipulated variable i
indicated by red color diamond data point.



f
g
s,
a
g
r

f
e
e
s
.
e
e
e
e
s
h

h
y
k
.

d
r
s

d
a
is
e

Fig. 2. Steady state responses of potential manipulated variables a) Inlet substrate flow rate b) Hydraulic retention time (HRT), c) Substrate feed concentration and d) voltage.
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3.1.1. Inlet substrate flow rate
In this simulation, HRT was kept constant at the base case value o

22.5 h. If outlet flow rate was kept constant instead of HRT, theworkin
volume would have increased or decreased continuously. In such case
system (CMFC) may become open loop unstable, which is not
favourable situation for practical applications. Hence, while studyin
the steady state impact of inlet substrate flow rate on the powe
produced, HRT was kept constant.

Increased power was observed with a decreased input flow rate o
substrate, and hence it was concluded that the power has invers
relationship with inlet substrate flow rate (Fig. 2(a)). As inlet substrat
flow rate decreased, instantly working volume of the CMFC start
decreasing. To maintain constant HRT, outlet flow rate also decreased
Decrease in volume of the working fluid, resulted in increasing th
concentration of the nutrients in the bulk of the liquid. More substrat
diffuses into the biofilm, and hence availability of nutrients into th
biofilm increased. Oxidation of more nutrients takes place by th
available microbes, producing more protons and electrons, thu
producing more power. A reverse phenomenon was observed wit
increased inlet substrate flow rate.
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3.1.2. Hydraulic retention time
The relationship between hydraulic retention time and power

shown in Fig. 2(b) and observed to be an inverse relationship wit
power. Decrease in the value of HRT resulted in decrease in theworkin
volume of CMFC, which leads to an increase in the substrat
concentration in the bulk of CMFC. This increased concentration enable
higher diffusion of substrate to the biofilm. Large amount of substrat
available for oxidation to the microbes resulted in production of mor
protons and thus more power. A reverse phenomenon was observe
with increased HRT value.
3.1.3. Inlet substrate concentration
Fig. 2(c) shows effect of change in initial substrate concentrationwit

power. Thisfigure shows that power of theCMFC increasesmonotonicall
with increase in the initial substrate concentration. Increase in the bul
substrate concentration, increases diffusion of substrate to the film
Hence, large amount of substrate was available to the microorganism
for oxidation, which resulted in generating large number of protons an
electrons. This increased generation of electrons, increases the powe
production when compared to the base case. An opposite effect wa
observed with decreased feed substrate concentration.

3.1.4. Voltage
Fig. 2(d) demonstrates a nonlinear relationship between voltage an

produced power of the CMFC. This also demonstrates that there exists
maximum power in the steady state relation of power and voltage. Th
type of behavior is called as input multiplicity, where the steady stat
gain changes its direction at certain operating condition.

3.2. Dynamic analysis

Dynamic analysis was carried out for three manipulated variable
viz i) HRT, ii) inlet substrate flow rate and iii) initial substrat
concentration. Steady state analysis of cell voltage showed stron
nonlinear relationship with input multiplicity. In general, a stron
nonlinear control design is required for complex dynamics system
[44]. For this paper, nonlinear controller development is out o
scope and hence the voltage was neglected for further study
Dynamic analysis was carried out by providing a step change o
particular magnitude in the chosen manipulated variable whil
keeping all other variables at their base case value. The step chang
was given in both the direction i.e. positive and negative from th
base case value.
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3.2.1. Transient response of inlet substrate flow rate
Fig. 3 shows the transient response of power with inlet substrat

flow rate. When the inlet substrate flow rate was increased, a fas
increase in the power (up to a time of 190 h) and then a relativel
gradual decrease was observed. The initial increase in power wa
observed because of increased consumption of substrate in the biofilm
Fig. 4. Graphical representation of increase in power with increase in inlet subs
Due to increase in inlet substrate flow rate (Fig. 4a), inflow of substrat
increases instantly (Fig. 4b). Although working volume increases wit
inlet substrate flow rate, rate of substrate in was more compared t
the rate of volume increase (Fig. 4c), and hence concentration o
substrate increases in the bulk (Fig. 4d). Thus, diffusion of substrat
increased in the biofilm (Fig. 4e), increasing the amount of substrat
trate flow rate from the time instant of 150 to 190 h (initial increase in power).
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Fig. 5. Dynamic response of power with HRT.
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available for the microbes. This resulted in higher production o
electrons and protons. Hence, power produced from the cell increase
during the initial period (Fig. 4f).

In later stage, outlet flow rate marched towards new steady state t
maintain HRT. This resulted in reduction of substrate concentration i
the bulk with an increased outlet flow rate and increased workin
volume. This decreases the concentration gradient between bulk an
biofilm. Fewer nutrients were available for microbes and diffusion o
protons dominates as compared to the production of protons. Henc
drop in the power in latter stage of the step change was observed. Th
reverse phenomenawere observedwhen the direction of step changed
The normalised steady state gain of power for positive and negative ste
change (50%) in initial substrate flow rate was found to be 3.80% an
8.50% respectively. The graphical representation of this explanation
given in Appendix A.

After providing a step change of known magnitude in both th
directions, we observed inverse response in system as shown in Fig. 3
Due to increased inlet substrate flow rate, initially the rate o
consumption of substrate was higher compared to the rate of diffusio
of substrate inside the biofilm. Also, because of increased rate o
substrate consumption, rate of proton productionwas higher compare
to diffusion of proton. Hence initial increase in produced power wa
observed. At later stage, the outlet flow rate increased and attained
new steady state to maintain HRT (22.5 h). Due to this, the rate o
diffusion is higher as compared to the rate of consumption and henc
drop in power was observed. Time taken for overcoming the invers
response is 71 h and 73 h for positive and negative step chang
respectively.
t
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3.2.2. Transient response of HRT
A step change of knownmagnitude in the value of HRT was given a

the base case steady state value. As shown in Fig. 5, with 50% positiv
step change in the HRT, an initial increase and then gradual decreas
in power was observed. As soon as the positive step change was give
in HRT, outlet flow rate gets dropped significantly to compensate fo
the increased HRT value. Now outlet flow rate becomes small a
compared to inlet flow rate and hence the working volume increase
Because of increased working volume, concentration gradien
of substrate between the bulk of liquid and biofilm increased, resultin
in an increased diffusion from the bulk (As explained in Section 3.2.1
leading to increased power from the CMFC. Increase in working volum
also increased the outlet flow rate from the earlier dropped value. At th
new HRT value (33.75 h), the working volume started to reach a new
steady state (different than the base case) value, and outlet flow rat
also slowly started increasing towards the base value (6×10−

m3·h−1). At this point, outlet flow rate approximately became equa
to the inlet flow rate. Hence, rate of nutrients coming in the system
and going out of the system became approximately equal. Because o
this phenomenon, concentration of substrate in bulk of liquid an
biofilm decreases, and settled towards the base case value. Th
production of protons in the biofilm decreased, which resulted i
decreased power production from the CMFC in the later position o
the step change in HRT. The opposite trends were observed whe
negative step change in the values of HRT was given. The normalise
steady state gain of power using positive and negative step chang
(50%) in HRT was found to be 5.80% and 14.42%, respectively.

In the initial phase of step changes in HRT, a sudden decrease i
outlet flow rate was observed keeping inlet flow rate at the bas
value. Because of this, substrate concentration gradient develop
between the bulk and biofilm on the anode. This increases the rate o
diffusion of substrate into the biofilm, however this rate is sma
compared to the rate of consumption of substrate inside the biofilm
Hence, we observed an initial increase in the power generation. In th
later stage, rate of diffusion dominates the rate of consumption, an
hence decrease in power was observed. Time required to overcom
inverse response was 84 h and 32 h for positive and negative directio
of step change respectively.
3.2.3. Transient response of initial substrate concentration
Fig. 6 demonstrates the transient response of power to the initia

substrate concentrations. Increased initial substrate concentratio
resulted in increased bulk substrate concentration, leading to highe
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Fig. 6. Transient response of power for initial substrate concentration.
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driving force for the diffusion of substrate into the biofilm. Thus, mor
substrate flows into the biofilm and hence more nutrients wer
available for oxidation to the microbes. Faster metabolism reactio
produces more protons and electrons thereby producing more powe
The opposite phenomena were observed, when direction of ste
changed. The normalised steady state gain of the power from initia
substrate concentration for positive and negative step change (50%
from the base value was found to be 29.10% and 52%, respectively.
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4. Selection of Manipulated Variable

Proper selection of manipulated variable was carried out usin
steady state as well as dynamic analysis. HRT, inlet substrate flow rat
and initial substrate concentration can be manipulated using linea
controller, as these variables showed a monotonic response wit
power of the CMFC. The normalised steady state gains for positiv
dynamic responses were 29.10%, 5.80% and 3.80% with initial substrat
concentration, HRT and inlet substrate flow rate respectively. Initia
substrate concentration was an ideal candidate for the control purpos
because of higher gain. However, manipulation will be very difficul
for control purpose. Hence, initial substrate concentration was no
considered as the potential manipulated variable.
Fig. 7. Schematic diagram o
We observed that with an change in inlet substrate flow rate
working volume of the substrate in the bulk of liquid either increase
to infinity (overflow of the cell) or decreased to zero (draining of th
cell) without keeping HRT constant. Both of these cases are no
favourable for continuous operation of the CMFC and steady state gai
is also lower as compared to the HRT. Hence, inlet substrate flow rat
was not selected as the manipulated variable. HRT showed invers
relationship and acceptable steady state gain with power. Hence, HR
was selected as the manipulated variable.

5. Development of Linear Controllers for Variable Volume CMFC

To have smooth and prolonged operation of the variable volum
CMFC, a robust control strategy needs to be devised. In the propose
control approach, a control-oriented model was identified usin
input–output data. The input signal was in the form of pseudo random
binary signal (PRBS) of HRT whereas power produced as the outpu
from system. Skogestad's internal model control (SIMC) [45] rule wa
implemented to find the values of the tuning parameters for classica
controller. A linear model predictive controller was also designed t
enhance an efficiency of the operation of the CMFC. To test the efficac
of theproposed controllers, simulations for servo problemswere carrie
out. In Section 5.1, 5.2, and 5.3, the procedure for model identificatio
f proposed control strategies.
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and design of controllers is presented. The schematic of the propose
control strategy is shown in the Fig. 7.

5.1. Control-oriented model identification and its validation

Control oriented model was identified using perturbed data obtaine
from simulated first principle-based model of the CMFC. A PRBS inpu
signals of appropriate magnitude were given to the simulated mode
and output data were collected. From input–output data, a higher orde
state space model was identified using identification toolbox i
MATLAB®. Then this model was reduced to a second order model usin
“balred” command in MATLAB®. Both of these models were validate
using the input–output identification data (Fig.8).

The higher and second order control-oriented models wer
quantitatively compared with perturbation data. The models fit wer
found to be 80.74% and 78.39% respectively and thus acceptable fo
control design purpose.

5.2. Efficacy of the linear classical control strategy

A classical control in the form of proportional-integral (PI) wa
developed and implemented on the simulated model. The contro
orientedmodelwas used to find the tuningparameters of the controlle
The SIMC tuningmethod for the second order processwas used as give
below:
Kc ¼ 1=Kpð Þ � τ1=τcð Þ
τI ¼ min τ1;4τc½ �ð Þ

ð15

Because of nonlinearity present in the system, initial values of th
tuning parameters were detuned and then PI controller wa
implemented on the system.

The proposed control scheme (classical PI control) was tested b
controlling the power of the CMFC at various set points such as 48 an
37mW. The measured value of power was subtracted from the desire
set point and thus error was calculated. Using this error, value o
manipulated variable was calculated by the PI controller an
Fig. 8. Control-orien
subsequently fed to the CMFC model. The hard constraints on th
input were imposed for maximum and minimum values to avoi
emptying (zero) or overflowing of the CMFC. The performance of th
proposed controller is demonstrated in Fig. 9.

Steady state value of power for base case was maintained at 38.7
mWwhereas the first set point was given to controller is 48 mW. Th
set point was tracked by the controller in 126 h with initial invers
response and oscillatory behavior. The initial inverse behavior wa
observed to be around 49 h. As soon as the demand in the powe
increased, the manipulated variable (HRT) starts moving towards th
lower value when compared to the value given before the set poin
This was maintained by increasing the outlet flow rate from the cel
Increased outlet flow rate with constant inlet substrate flow rat
resulted in decreased working volume. However, because of substantia
high flow rate, most of nutrients exited without reaction and henc
scarcity of nutrients faced by the microbes, resulting into dropping o
power. Once, the outlet flow rate started to settle to a new stead
state value and volume to a lower steady state value, the concentratio
increases in the bulk of CMFC. Thus, more diffusion of substrate from
bulk of the CMFC into biofilm occurred. Hence availability of nutrient
for microbes increased in biofilm leads to more power production.

The second set point was equal to steady state value of the base cas
The settling time for this set point was around 156 h. Volume of th
working fluid and the HRT settled to the base case values. The thir
set point was equal to 37 mW, lower than the base case value and th
settling time for this set point was around 889 h. This is because o
nonlinearity present in the system. As HRT demonstrated invers
relationship with power, it was expected to increase the HRT value fo
lower power demand. Because of an increase in HRT, working volum
of the anode chamber increases and became three times to the bas
case value. This showed that for demanding lower power than th
base case, cell size should be larger than the base case. The designe
linear classical controller for the variable volume CMFC was facing tw
main challenges viz. 1) The settling time for lower set point than bas
case is very large i.e. 889 h. 2) The increase in working volume of th
reactor is also very large i.e. three timesmore than the base case volum
ted model validation.
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Fig. 9. Proposed classical controller performance for servo problem.
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This will increase the capital cost of the CMFC. The solution for thes
challenges was tried to found out using more sophisticated linea
controller framework in the form of model predictive controller. In th
next sub-section, a detailed discussion for development of linea
model predictive controller is given.

5.3. Efficacy of the linear model predictive control strategy

Model predictive control refers to the class of control algorithm
which deal operational constraints and multi-variable interaction in
systematic way. The main idea of the model predictive control is t
use a model of the system for predicting the future input moves fo
the controller. An open loop optimal control problem is solved ove
the finite horizon, at each sampling instant. Only the first input mov
is implemented and then with the new measurement, again an ope
loop optimal control problem is solved and the process is repeated.

For developing the model predictive controller, a linear discret
state space model was used, given as

x kþ 1ð Þ ¼ Φx kð Þ þ Γu kð Þ
y kð Þ ¼ cx kð Þ

ð16
The desired future set point trajectory at instant k is given by
.
h
e
J

Þ

u

d

Þ

yr(k + j) ∣ k) : j = 1, 2, ...p where p shows the prediction horizon
The model predictive control problem at the sampling instant kt
is defined as unconstrained optimization problem, where futur
input moves are calculated by minimizing the objective function
defined as [46,47].

J ¼ ε kð ÞTW∞ε kð Þ þ
Xp
j¼1

ε kð ÞTWeε kð Þ þ
Xq−1

j¼0

Δu kð ÞTWΔuΔu kð Þ ð17

Here, We represents positive definite error weighting matrix, WΔ

represents positive semi-definite input move weighting matrix an
W∞ represents the terminal weightingmatrix.Where prediction contro
error and change in input moves represented as

R kð Þ ¼ yr kþ 1; kð ÞT yr kþ 2; kð ÞT ::::: yr kþ p; kð ÞT
h iT

ε kð Þ ¼ R kð Þ−ŷ kð Þ
Δu kð Þ ¼ u kð Þ−u k−1ð Þ
j ¼ 1; :::::q−1

ð18

The unconstrained MPC control using innovation bias formulatio
was re-cast as follows.

min
Uq kð Þ

1
2
Uq kð ÞTHUq kð Þ þ F kð ÞTUq kð Þ ð19

where,

H ¼ 2 STuWESu þ ΔUTWΔUΔU þ ΓTW∞Γ
� �

ð20

F kð Þ ¼ −2 ξT kð ÞWESu þ Ψ0u k−1ð Þð ÞTWΔUΨ þ Φx̂−x̂kð ÞW∞Γ
h i

ð21
ξ kð Þ ¼ R kð Þ−Sxx̂ kjk−1ð Þ−See f kð Þ ð22

We = block diag [wewewew∞](pn×pn)
WΔU = block diag [wΔUwΔU wΔUwΔU](qm×qm)

Sx ¼

cΦ

cΦ2

::::::

cΦp

2
666666664

3
777777775

ð23
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Fig. 10. Performance of linear MPC for variable volume CMFC.
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Su ¼
cΓu 0½ � ::: 0½ �
cΦΓu 0½ � ::: 0½ �
:::: :::: ::: ::: 0½ �
cΦp−1Γu cΦp−2Γu ::: ::: cΓu

2
66666664

3
77777775

ð24

Here Su referred as a dynamic matrix

ΔUp kð Þ ¼
u k; kð Þ−u k−1ð Þ
u kþmjkð Þ−u kjkð Þ

:::::::::

u kþmq−1jk
� �

−u kþmq−2jk
� �

2
6666664

3
7777775
¼ ΨUq kð Þ−Ψ0U k−1ð

ð25
Where

Ψ ¼

Im 0½ � 0½ � 0½ �

−Im Im 0½ � 0½ �
:::: :::: :::: ::::

0½ � :::: −Im Im

2
66666664

3
77777775

qm�qmð Þ

; Ψ0 ¼

Im
0½ �
::::

0½ �

2
66664

3
77775

qm�qmð Þ

ð26

The unconstrained MPC problem can be solved analytically, a
follows
Uq kð Þ� 	

opt ¼ −H−1 F kð Þ
uopt k; kð Þ ¼ ΨT

0 Uq kð Þ� 	
opt ¼ −ΨT

0H
−1 F kð Þ

ð27

0½ �
cΓu
Only first input move is implemented at each sampling instant, an
the entire procedure is repeated at each sampling instant with a new
measurement, until the given set point have been tracked.

The efficacy of the linear MPC is tested on the developed variabl
volume CMFC, and shown in Fig. 10. It was observed that there wa
not significant improvement for first two set points when compare
to classical PI controller; however, some improvement was observe
for the third set point. The settling time for the third set point wa
found to be 750 h, which is less than the classical controller settlin
time. The linear MPC improved the performance of controller for thir
set point tracking in term of settling time; however, the problem
associated with CMFC under the variable volume system were no
addressed by the linear MPC.

Another class of controller i.e., non-linear controller will solve the firs
challenge of higher settling time; although the second challengemay no
be addressed even with nonlinear controller. Hence in this manuscript,
split range controller in the framework of model predictive controller
proposed to address these two challenges from control design point o
view and described in the next section.

6. Comparison of Constant and Variable Volume CMFC

In constant volume CMFC, volume of the anodic chamber is th
summation of volume of working fluid and biofilm. The impact o
variation of inlet and outlet flow rate was neglected as these flow
rates were maintained at the same constant value. In variable volum
CMFC, the inlet and outlet flow rates were not maintained at constan
single value and hence working volume of the anodic chamber varies

Steady state analysis of HRT with power in constant as well a
variable volume of CMFC is shown in Fig. 11. This figure demonstrate
that the power has inverse relationship with HRT as well as inle
substrate flow rate (at constant HRT) in case of variable volume CMFC
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Fig. 11. Steady state operation comparison of constant and variable volume MFC.
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Whereas direct relationship of power with inlet substrate flow rate an
inverse relationship with HRT for constant volume CMFC.

Salient features of Fig. 11 are as follows:

1) At any given constant HRT values, higher power will be obtained a
lower inlet substrate flow rate in case of variable volume CMFC.

2) The power produced per unit mass of substrate is five times highe
in magnitude in case of variable volume CMFC as compared to th
constant volume CMFC at same value of HRT. From this observatio
it was inferred that the operational cost (cost of substrate) for highe
power is less in variable volume CMFC as compared to the constan
volume CMFC.
Fig. 12. Proposed split controller performance for
3) At any constant givenHRT, volume of the cell increases fromahighe
power to lower power

4) As the HRT increases, volume of the CMFC increases. In order t
accommodate these increases in volume, larger volume CMF
needs to be fabricated, and capital cost will be higher.

5) Below the value of 31 h of HRT, variable volume CMFC alway
generate higher power as compared to the constant volume CMFC
whereas this advantage diminishes as HRT increases above 31 h.

6) To operate CMFC over entire operating range of HRT, a split rang
control strategy including variable volume (up to HRT of 31 h) an
constant volume (more thanHRT of 31 h) CMFCwould be beneficia
servo problem a) IMC based PI and b) linear MPC.
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7. Split Range Control Design

In the split range controller, the higher set points (greater than th
base case value) were tracked using variable volume CMFC with HRT a
the manipulated variable. Whereas the lower set point was tracke
using constant volume CMFC with inlet substrate flow rate as th
manipulated variable. The conversion of variable volume to constan
volume is carried out by equalizing the outlet flow rate with the inle
flow rate of substrate. Practically this equalization can be easily achieved

For split range controller, two control strategies were evaluate
i.e., linear classical controller and MPC. Two PI controllers, one fo
each, i.e., variable volume CMFC (Section 5) and constant volum
CMFC (design taken from Yewale et al. [42]) were designed
Similarly, one linear MPC for variable volume CMFC and other fo
constant volume CMFC were also designed. The entire operatin
range of the CMFC was divided using above described tw
manipulated variables. The performance of split range controller
for classical PI and MPC is demonstrated in Fig. 12 (a) and (b
respectively and comparison of controller performance criteri
such as Integral Square of Error (ISE), Integral Control Effort (ICE
and Control Effort (CE) are presented in Table 1. As the controlle
and system for first two set points are same as described i
Section 5, hence the performance of both the controllers were als
same as described in Section 5. However, for the third set point, th
entire system switches to the constant volume CMFC and inle
substrate flow rate now works as the manipulated variable. It wa
found that the settling time for the third set point is reduced to 4
h from 889 h (for variable volume CMFC) in case of classical contro
scheme. However, in case of linear MPC, the settling time for thir
set point was found to be 21 h and which is significantly lowe
than the classical control scheme for constant volume as well a
linear MPC for variable volume CMFC. It was also observed that a
the performance criteria were improved for split range controller
as compared to single PI and linear MPC controllers for variabl
volume CMFC for the last set point. As the last set point was tracke
using constant volume CMFC, there was no increase in volume of th
CMFC. Hence two challenges faced by the linear controller system
with variable volume CMFC were overcame using split range contro
design.

8. Conclusions

Literature based fixed volumemodel of the CMFC was converte
to variable volume by considering the impact of inlet and outle
flow rates of substrate. This model was also updated for th
diffusion of protons to the cathode chamber through biofilm an
bulk of the anode liquid. Selection of manipulated variable (HRT
Table 1
Controller performance criteria for split range and single controllers: - The valueswith and
without parenthesis represent for single and split range PI controller, whereas values in
the square and curly bracket indicate single and split range linear MPC

Set point Settling time/h ISE×10−4 ICE Control effort×10−4

48 126 0.1825 0.002 1.366
[120] [0.1806] [0.001] [0.641]
(126) (0.1825) (0.002) (1.366)
{120} {0.1806} {0.001} {0.641}

40 156 1.0531 0.0011 0.352
[154] [0.912] [0.0003] [0.259]
(156) (1.0531) (0.0011) (0.352)
{154} {0.912} {0.0003} {0.259}

37 49 0.0942 0.036 2.158
[21] [0.0423] [0.0066] [1.02]
(889) (0.8554) (1.3) (62.4)
{750} {0.764} {0.951} {0.51}
was systematically carried out using steady state and dynami
analysis.

The classical linear PI and MPC controllers were designed t
control the power from CMFC. The efficacy of the designe
controllers was tested for servo problem. It was found that th
settling time for tracking higher set point from the base case wa
around 126 and 120 h for linear PI and MPC, respectively
However, the settling time for lower set point was found to b
889 and 750 h for linear PI and MPC along with increase in workin
volume of the anode chamber. The challenges of higher settlin
time and large increase in working volume of the CMFC wer
addressed using split range controller combining the variabl
and constant volume microbial fuel cells. The settling time fo
the lower set point was found to be 49 and 21 h for linear PI an
MPC, which is significantly lower than using only single PI o
linear MPC controller over the entire operating range of th
variable volume fuel cell. As the third set point has been tracke
using constant volume fuel cell, there is no increase in the workin
volume and hence capital cost required to compensate increase i
volume was saved. Linear MPC demonstrated remarkabl
performance improvement over the classical PI controller fo
split range controller and hence use of linear MPC i
recommended for split range controller for CMFC.

Nomenclature
A surface area, m2

b Tafel coefficient, V
C output matrix
c concentration, kg ·m−3

D diffusion coefficient, m2· h−1

d distance, m
E voltage, V
F Faraday constant, C · mol−1

fl volumetric flow rate, m3· h−1

i current, mA
J cost of objective function
K conductivity, s · m−1

kLa overall volumetric mass transfer coefficient, h−1

L biofilm thickness, m
n No. of electron produced
Q specific uptake rate, h−1

R Universal gas constant, J ·mol−1· K−1

Su dynamic matrix
T temperature, K
t time, h
U manipulated variable
Δu change in input moves
V volume of anode chamber, m3

x state variable
Y bacterial yield
y measured output
We positive definite error weighting matrix
WΔu positive semi-definite input move weighting matrix
w∞ terminal weighting matrix
Г input matrix
ϒ fraction of biomass
δ detachment rate, m ·h−1

ε prediction control error
η overpotential, V
μ rate constant, h−1

ξ estimation error compensated set point trajectory
ρ biomass density, kg ·m−3

σ biomass separation rate
Ф state (or system) matrix
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Superscripts
* saturation

Subscripts
0 initial condition
a active
act activation
aq aqueous solution
bf biofilm
bk bulk chamber
cell between electrodes
det detachment
H protons
h between electrode and membrane
i inactive
Appendix A

t
s

f

a,
0.
in inlet
ina inactivation
L bulk liquid
l sublayer
La lactate
M membrane
max maximum value
out outlet
output output value
P species in the anode side of CMFC
ref reference
s substrate
thermo theoretical value
i
n

s.

ls
t,
)
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