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Adaptive Control System for Biogas Power
Plant Using Model Predictive Control
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Abstract—This paper presents an adaptive control system us-
ing model predictive control for a biogas-fueled power system.
The control scheme is derived from an anaerobic digestion mod-
el that includes the concentration of biodegradable volatile solid
in the reactor, the concentration of volatile solid in influent, the
concentration of acidogens, and the concentration of methano-
gens. All these concentrations are the state variables of model
predictive control. The whole biogas-fueled power system has
been modeled, implemented, and tested in MATLAB/Simulink
environment. To validate the performance of the proposed con-
troller, different operation conditions are studied and analyzed.
The simulation results prove the effectiveness and the applica-
bility of the proposed control system under different operating
conditions.

Index Terms—Anaerobic digestion, micro-turbine, model pre-
dictive control, state space, biogas.

1. INTRODUCTION

IOGAS production from organic waste and/or energy

crops has been continuously developing as a promising
technology for heat and electricity production [1]. Anaerobic
digestion (AD) includes a series of biological processes in
which microorganisms break down biodegradable material in
the absence of oxygen. The fed substrates in the AD process
include many kinds of materials including wastewater, fertil-
izer, energy crops and the organic fraction of municipal solid
waste. The output biogas is mainly composed of methane
and carbon dioxide [1].

From the viewpoint of operation safety, AD is intrinsically
a very unstable process in which the variations of input vari-
ables (hydraulic flow rate, influent organic load) may easily
lead to the washout of the process, i.e., a state where the
bacterial life disappears [2].

The use of advanced control and optimization algorithms
for a biogas plant provides an attractive solution to ensure
stable operation conditions and increase biogas production.
The AD process is a compound, nonlinear and high-dimen-
sional process. It involves four stages dependent on each oth-
er, and each stage requires a different set of optimal process
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parameters. The process is related to various anaerobe, bio-
chemical and physical reactions which require a different set
of optimal process variables to control the AD output and
achieve substrate regulation.

The AD is a compound, nonlinear and high-dimensional
process. It involves four stages dependent on each other and
each stage requires a different set of optimal process parame-
ters. The process is related to various anaerobe, biochemical
and physical reactions which require a different set of opti-
mal process variables to control the AD output and achieve
substrate regulation. On the other hand, the transfer func-
tions in the paper represent the microturbine model. The
whole biogas-fueled power system is modeled, implemented,
and tested in MATLAB/Simulink environment. The biogas-
fueled power system is composed of three main parts: a bio-
gas AD reactor, a micro-turbine (MT) coupled to a perma-
nent magnet synchronous generator, and a storage system.
Hence, the whole system is complex and nonlinear.

Numerous control systems have been designed and ap-
plied to control the operation of the AD reactor in a biogas-
fueled power system. The functions of these control systems
can be summed up in two actions: to regulate the produced
methane flow for the required power production, and to keep
the volatile fatty acids (VFA) concentration in the permissi-
ble limits. Reference [3] presents a critical overview of the
available automatic control technologies implemented in AD
processes at different scales. References [4] and [5] propose
a temperature control system based on model predictive con-
trol (MPC) method for controlling a practical pilot AD biore-
actor fed with dairy waste. The aforementioned references
have focused on feedback control with on-off control, pro-
portional integral (PI) control, and feedforward control for
controlling the methane gas flow on both simulated and prac-
tical reactors. Reference [6] develops a proposed adaptive
controller for an anaerobic digester considering the input
constraints. Many assumptions have been considered for the
proposed controller including the biomass and chemical oxy-
gen demand concentrations, the model parameters and the
limits of model parameters. Reference [7] presents a nonlin-
ear MPC algorithm to optimally control the AD process in
biogas plants, but the MPC algorithm has been applied to a
reduced detailed model called the anaerobic digestion model
No. 1 (ADM1). References [8] and [9] present a closed-loop
substrate feed control for agricultural biogas plants. A multi-
objective nonlinear MPC has been proposed to control the
composition and amount of the substrate to optimize the eco-
nomic feasibility of a biogas plant whilst ensuring process
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stability. A nonlinear predictive controller has been imple-
mented to control a simulated ADMI1 assuming that all
states are available. Therefore, a state space is not used. Ref-
erence [10] applies a model-based adaptive linearizing con-
troller and a fuzzy controller to control the alkaline volatile,
and VAF within the prescribed limits to ensure stable pro-
cess conditions and avoid accumulation of VFA. Six states
of a real AD reactor fed with effluents from a wood process-
ing plant have been estimated using an asymptotic observer.
The asymptotic observer is an open-loop estimator and has
no tuning parameters. Reference [11] develops a generic ad-
vanced process control system to optimize the performance
of AD.

Reference [12] implements a predictive controller based
on transfer functions adapted to the ADMI. In that model,
the flow rates of the primary and secondary wastewater
sludge are considered as the uncontrolled variables, whereas
the biogas production rate and its methane content are con-
sidered as the controlled variables. The optimization criteri-
on of the controller contains the square of the control error,
while the control signal usage is not included. Reference
[13] proposes a novel multi-objective control strategy based
on controlling both the concentration of VFA in the effluent
and the methane flow rate for an up-flow sludge bed-filter
reactor. Finally, [14] introduces a survey over the last 40
years about feed control of AD processes for renewable ener-
gy production. It is concluded that although sophisticated
controllers are existent, full-scale biogas plants still operate
without a closed-loop feed control.

The main objective of this paper is to develop an adaptive
control system to control the fed substrate to the reactor of a
biogas power plant according to the connected load which
can efficiently respond to any variations of the connected
electrical load. The proposed control system depends on
MPC method for controlling the biogas-fueled power sys-
tem. An MPC-based algorithm is used to detect the control
inputs that result in the best-predicted behavior of the sys-
tem according to any changes.

This paper proposes an adaptive control system for the
whole biogas power plant based on the flexible response of
the biogas plant to any load changes. An MPC-based algo-
rithm is used to detect the control inputs, which results in
the best-predicted behavior of the system according to any
changes. The MPC algorithm is based on state space mod-
els. The proposed controller is developed to control the fed
substrate according to the predicted load and to handle the
expected changes in electrical load through the speed of MT
according to the amount of methane stored in the storage
system.

The main contributions of this paper can briefly be sum-
marized as follows:

1) An adaptive control system using MPC for a biogas
power plant based on state space is proposed and simulated.

2) The control system depends on both MT parameters
and the methane quantity stored in the storage tank.

3) The simulation results of the proposed controller prove
its effectiveness and applicability to adapt the biogas power
plant operation under different operating conditions.

4) The proposed control system decreases the duration
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and values of disturbances according to unbalanced loading
conditions, and hence, it can protect the MT from damage.

The rest of the paper is organized as follows. Section II
presents the proposed adaptive control system. Section III
presents a procedure for solving the problem. Section IV
presents mathematical modeling and simulation of the pro-
posed control system. The simulation results and system vali-
dation are presented in Section V. Finally, the paper is con-
cluded in Section VI.

II. PROPOSED ADAPTIVE CONTROL SYSTEM BASED ON MPC

The MPC method has evolved significantly over the past
two decades, which is realized by improving the perfor-
mance indicators for some future control sequences by using
predictions of the output signal based on the process model
while satisfying a set of constraints. MPC can handle the
constraints on the manipulated and controlled variables in a
systematic manner. Meanwhile, it can handle multivariable
control problems naturally. Although MPC has been success-
ful in industries with slow processes, further researches are
still required to solve the computation problems with fast op-
erations [15].

MPC algorithm depends on an internal dynamic model of
the process, a history of past control moves, and an optimiza-
tion objective function over the receding prediction horizon
to calculate the optimal control moves. MPC algorithm uses
the moving horizon method, which calculates a range of hor-
izontal control movements. Initial control movements are
performed, while the remaining calculated movements are ig-
nored [16]. The process is then repeated at subsequent sam-
pling times. With the increase of computation speed of com-
puters, MPC can be applied to fast operations rather than
locking to slow operations.

A basic structure model of MPC method is illustrated by
Fig. 1 [17]. The model is applied to predict future outputs of
the plant based on past and current values and optimal pro-
posed future control actions. These actions are computed by
the optimizer with consideration of the constraints as well as
the cost function, where the future trace error is considered.

Reference
Past input . trajectory
and output Predicted 4
I output
Model — P .5
Future
input
Optimizer
Future error

1

Cost function Constraint

Fig. 1. Basic structure model of MPC.

The constraints can be either on the output of controlled
processes (control variable) or on the control signals that are
inputted to the process (manipulated variables). These con-
straints are in the form of saturation characteristics, for ex-
ample, valves with a limited range of adjustment, a control
surface with a limited deflection angle, etc. The input con-
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straints are also shown in the form of rate constraints.

The MPC performance index is used to indicate how well
the MPC controller is meeting its defined goal and how the
model helps to achieve the better results. The index repre-
sents a measure for both the reference tracking error and the
control action signal. The MPC performance index measures
both the reference tracking error and the control action sig-
nal. The control law is established from the minimization of
a two-norm measure of predicted performance. A typical per-
formance index can be represented as [18]:

n,—1

¥ ;HUM

where R, is the reference signal at instant time k; Y., is the
weighted process output signal at instant time £; ||| is the
norm operator; 4 is the weight of the control action; U,_; is
the weighted process input signal at instant time k; n,, is the
window parameter assumed to be one; n, is the prediction
horizon parameter; and n, is the control horizon parameter.

In the MPC model, the receding horizon periods can be
explained as follows.

1) At the A" sampling instant, the values of the manipulat-
ed variables u are calculated at the next M sampling instants,
{uk), u(k+ 1), ..., utk + M —-1)}.

2) This set of M “control moves” is calculated so as to
minimize the predicted deviations from the reference trajecto-
ry over the next P sampling instants while satisfying the con-
straints.

3) A linear program or quadratic program problem is
solved at each sampling instant.

4) Set M as the control horizon and P as the prediction ho-
rizon.

5) Then, the first “control move”, u(k), is implemented.

6) At the next sampling instant, k+1, the M-step control
policy is re-calculated for the next M sampling instants, &+ 1
to k+M, and the first control move u(k + 1) is implemented.

7) Then, 1) and 2) are repeated for subsequent sampling
instants.

The prediction horizon is the design parameter of the
MPC with an important effect on the computation cost of
the controller. If a long prediction horizon is considered, the
domain of attraction of the controller is larger and the perfor-
mance is improved. However, the number of decision vari-
ables increases, and hence, the complexity of the optimiza-
tion problem increases. The necessary condition for choosing
the prediction horizon is the feasibility of the initial state.
The model predictions can be written as [18]:

Y (k+1)=SAU (k)+ Y'(k+1) )
where ¥ (k+1) is the corrected prediction; Y "(k+1) is the
vector notation for predictions; AU (k) is the k™ manipulated
variable; and § is the dynamic matrix of dimension PxM, M
is control horizon, P is prediction horizon.

The control calculations are based on minimizing the pre-

dicted deviations between the reference trajectory. The pre-
dicted error is defined as [18]:

E(k+1)=Y,(k+1)-Y(k+1) 3)
where E (k+1) is the predicted error; and ¥, (k+1) is the ref-

J= Z‘|Rk+i_yk+i (1)
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erence trajectory.

This section presents a proposed control system for a bio-
gas power plant using the MPC method. The MPC algo-
rithms are based on state space models. The MPC algo-
rithms represent a closed loop for controlling any variable
signals in the biogas plant. MPC controls these signals and
sends them to state space to predict the next state. It is im-
portant for the MPC to detect the current state of the biogas
power plant. Therefore, the simulation begins with the cur-
rent operation state of the biogas plant model. The MPC con-
troller can be used to control the substrate feed and the
amount of produced methane, as shown in Fig. 2.

Stat Suitable amount of methane
ate space
il

MPC

Biogas power
plant

Optimal variable Speed and signal from storage tank

Fig. 2. Block diagram of proposed control system using MPC.

The optimal substrate feed can be achieved according to
the current state of the plant depending on controlling the
MT speed according to any load variations. The MT speed
controller sends a signal to the MPC system to change the
input feed amount based on the gas amount in the storage
tank. Figure 3 shows a detailed schematic diagram of the
proposed control system.

Biogas reactor

Comparator

Speed signal

Biogas

Microturbine

Biogas needed by load !

Excess amount of biogas ’St— tank
orage tan|

Fig. 3. Schematic diagram for proposed control system.

The methane formation in the reactor depends on the AD
process (fermentation process), which takes a few days to
produce a constant amount of the gas. Thus, the reactor
must operate for a pre-operation period before connecting
the electric load. After that period, the methane-fueled MT
can be connected to the reactor, and the plant can supply
electric loads. Three controllers are used to control the MT,
i.e., a governor speed controller, a temperature controller,
and an acceleration controller. The output of these control-
lers represents the input to a least value gate (LVG), whose
output is the lowest value of the three inputs. The LVG
sends a control signal which determines the least amount of
fuel to the turbine, as illustrated in Fig. 4.

In case of increasing or decreasing the MT speed due to
load change, the speed controller sends a signal to the MPC
system to change the amount of feed input to the reactor
based on the volume methane stored in the storage system.
In this case, the amount of feed input to reactor change, and
all the parameters of the AD process also change, including
the concentration of biodegradable volatile solid in the reac-
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tor, the concentration of volatile solid in influent, the concen-
tration of acidogens, and the concentration of methanogens.
This means that the system automatically changes its parame-
ters according to the connected load.

—

Least amount

Temperature
control

Speed
reference
+

LVG ] || Compressor

of fuel turbine
Generator Acceleration | | ’
speed control Tone

Fig. 4. Schematic diagram of an MT control function.

The MT is coupled to a high-speed generator directly driv-
en by the turbo-compressor shaft to produce the required
electric power. The fuel controller detects the suitable
amount of methane to produce appropriate torque to drive a
permanent magnet synchronous generator (PMSG) and sup-
ply the load. According to the methane requirements of MT,
the MT sends a control signal to the comparator part of the
storage system to compare it with the amount of methane
produced by the reactor. If the produced methane is less than
the MT requirements, the deficit part is supplied by the stor-
age system. Otherwise, the surplus methane is stored in the
storage tank. For the sake of safety, the amount of methane
in the tank must be noticed and controlled.

When the stored methane in the tank reaches 90% of the
tank volume, a signal is sent to the MPC system to decrease
the input feed of the reactor. Otherwise, if the stored meth-
ane decreases to 30% of the tank volume, a signal is sent to
the MPC to increase the input feed of the reactor. From an
economic point of view, the presence of the storage tank
makes the reactor more reliable and economic. Without a
tank, the reactor cannot supply an electric load continuously
in case of load increase. On the other hand, with load de-
crease, the produced methane may be greater than the load
requirements and therefore it is necessary to the disposal of
the surplus amount of methane to keep the pressure inside
the reactor constant. This is not only an uneconomic deci-
sion but also an unsafe one.

III. PROCEDURE FOR SOLVING PROBLEM

This paper proposes an adaptive MPC system for the
whole biogas power plant based on both MT parameters and
the methane quantity stored in the tank. The computation
procedure of the proposed control system is illustrated in
Fig. 5 and can be summarized in the following steps.

Step I: enter the input parameters of the state space and
build MPC controller.

Step 2: feed the reactor with the specified animal manure
(its biodegradable concentration must be identified).

Step 3: simulate the chemical reaction of the AD process
to produce the appropriate amount of methane.

Step 4: according to the connected load, the methane re-
quired for supplying the load is passed to the MT, whereas
the surplus methane is passed to the storage tank.
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Step 5: in case of load change (increase or decrease), each
MT and the tank sends signals to the MPC controller. The
MT sends a speed signal according to load change. At the
same time, the tank sends a signal dependent on its status
(charged or discharged).

Step 6: if the load increases, the speed of MT decreases,
and the MT speed controller sends a signal to MPC. If the
amount of methane in the tank is at the permissible limits,
the MPC sends a signal to the methane storage system to in-
crease the output quantity for supplying the load require-
ments. Otherwise, if the load decreases, the MT speed in-
creases. The MT speed controller sends a signal to MPC and
the controller sends a signal to the storage system to de-
crease the methane.

Step 7: if the amount of methane in the tank reaches the
prescribed maximum limit, the MPC controller sends a sig-
nal to the reactor to decrease the feed input. Otherwise, if
the methane in the tank reaches the prescribed minimum lim-
it of the tank, the MPC controller sends a signal to the reac-
tor to increase the feed input.

‘ Input state space parameters and build MPC ‘

J
v

‘ Input feed (animal manure) ‘

AD process is completed and methane becomes constant.
Methane fuels MT according to load connected to PMSG,
with excess amount of methane stored in tank.

I

When load changes (decreases or increases), the speed of MT
changes according to load connected to PMSG. The speed
sends signal to MPC although tank sends signal to MPC.

[

Does load
increase or
decrease?

No changes
occur in load

Is the
amount of
methane within
minimum and
maximum
limits?

Is the
amount of
methane within
minimum and
maximum
limits?

Signals are sent to
MPC to increase or
decrease methane
output from reactor

L 7

Signals are sent Does the Signals are sent
to MPC to amount of to MPC to
increase methane me:g:gﬁfgged decrease methane
output from A output from

tp limit? i
reactor reactor

l

End

Fig. 5. Flowchart for proposed control system.
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IV. MATHEMATICAL MODELING AND SIMULATION

This section presents the mathematical modeling and simu-
lation of the proposed control system. Reference [19] has
proposed a complete Simulink model for a biogas-fueled
power system, which is composed of three main parts: a bio-
gas reactor, an MT coupled to a PMSG, and a storage sys-
tem. This model will be used as a base model to simulate
the proposed control system for a biogas power plant. In this
section, a proposed adaptive control system is developed to
optimally operate the biogas-fueled power system. The con-
trol system consists of three main parts, i.e., MT controllers,
storage system controller, and biogas reactor controller. The
MT controllers include speed controller, temperature control-
ler, acceleration controller and fuel system controller. The
following subsections describe the definition, function, and
Simulink model of each controller. A complete Simulink
model of the biogas power plant including all its control sys-
tems will be developed at the end of this section.

A. Speed Controller

Speed control is primary for the MT under partial load
conditions. It operates on the speed error formed between a
reference speed (one per unit) and the synchronous generator
rotor speed. In this paper, the speed control is modeled using
a lead-lag transfer function, or by a proportional integral de-
rivative (PID) controller. The droop governor is the speed
controller in which the output is proportional to the speed er-
ror [20]. The isochronous speed controller is a proportional-
plus-reset speed controller, where the output change rate is
proportional to the speed error. Any increase in the load
leads to a decrease in speed and vice versa. Figure 6 repre-
sents a block diagram for this control function [20], [21]. In
this figure, K is a controller gain; 7,, 7, are the governor
lead and lag time constants, respectively; and Z is a constant
representing the governor mode.

Speed reference
+
+
Generator
speed

Fig. 6. Block diagram of MT speed controller.

K(Tys+1)
Tos+Z

To LVG

B. Temperature Controller

Figure 7 illustrates a block diagram of the temperature
controller. The temperature is transferred through the radia-
tion shield to the thermocouple. The radiation shield (RS)
and thermocouple (TC) transfer functions are represented by
the following transfer functions [22]:

1
TC:m ()

The turbine temperature 7, is compared to the desired ref-
erence value and controlled by a temperature PI controller
with the transfer function [22]:
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T - 33(s+1)

= (©6)

where T, is the temperature controller integration (“C).

RS TC
Tx L2 1

—

Temperature
control

.8
+ + -
15s5+1 2.5s+1 33511
Temperature reference [+ Tis |ToLVG

Fig. 7. Block diagram of temperature controller.

C. Acceleration Controller

Acceleration control is employed primarily during turbine
startup to set the rate of the rotor acceleration prior to reach-
ing the operating speed. Acceleration controller is an integra-
tor as explained in Fig. 4. It acts on the error between the
derivative of generator speed and the constant reference sig-
nal. If the operation speed of the system is close to its rated
speed, the acceleration control can be eliminated in the mod-
eling [20].

D. Fuel System Controller

The amount of the injected fuel to the MT is governed
through a valve positioner (VP) controlled by a control sig-
nal V_, resulted from the LVG. The fuel system consists of a
fuel valve and an actuator. The fuel flows from the fuel sys-
tem actuator through the VP. The VP is represented by the
following transfer function [22]:

a
P= b(s+c)

where a, b, ¢ are the constants of the VP.
In this paper, the fuel system (FS) is presented by the fol-
lowing transfer function [22]:

(7

1
C Tu(s+1)

where 7. is the fuel control time constant.

The function of the compressor in an MT is to supply a
sufficient air quantity to satisfy the requirements of the com-
bustion burners. The compressor increases the pressure of
the air received from the air inlet duct, and then, discharges
it to the burners at the required magnitude and suitable pres-
sure. The fuel combustion (CB) process in the combustor is
presented by the following transfer function [22]:

CB=¢ "
where E, is the combustion reaction time delay.

The transfer function representing the hot computation gas
(CD) expansion is expressed as follow [22]:

1
CD=————
Tep(s+1)

FS (8)

)

(10)

where T, is the discharge volume time constant.

Both the torque and exhaust temperature characteristics of
a single-shaft gas turbine are essentially linear with respect
to fuel flow and turbine speed. The produced mechanical
torque T, driving the electric generator is represented by the
following equation [22]:
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T,=1.3(CD-0.23)=0.51-N)

where N is the rotor speed.
For MT temperature control, the turbine temperature 7 is
computed by [22]:

Ty =T, ~700(1-¢*")+550(1-N)

(11)

(12)

where T, is the reference temperature; and £, is the turbine
exhaust delay.

The output of the LVG is the least amount of fuel needed
for a specific operating point ¥, which will be the input to
fuel system beside N. The per unit value of V, is directly
proportional to that of the mechanical power on the turbine
at steady state. Figure 8 shows a block diagram of the fuel
flow control as a function of V,,, where K, is the minimum

amount of fuel flow without load.

From LVG V. a 1 WF-fueled
bs+c Tys+1 flow
Valve  Fuel system
N positioner  actuator

Fig. 8. Block diagram of fuel flow control system.

All the above controllers are represented in MATLAB/
Simulink environment. The Simulink model for the MT in-
cluding all proposed control systems is illustrated in [19].

E. Storage System Controller

The storage system consists of two parts. The first part is
a comparator, which receives the signal coming from MT fu-
el controller for detecting the amount of methane needed by
the MT and the amount of methane output from the reactor.
The second part is the tank that stores the excess methane
coming from the reactor. A Simulink model for the storage
system is developed and illustrated in [19]. The required stor-
age volume can be calculated by performing a mass balance
over the storage volume as [23]:

dv,

acczo 13
o (13)

where V,,, and V,, ., are the volumes of methane input to
and output from the storage tank, respectively; and V. is
the volume of methane accumulated in the storage tank.

The volume of methane storage in tank V., is obtained
by integration as:

VM, in VM.nut +

e

storage

= f (VM, in " VM,()ut)dt (14)

The biogas flow rate needed to supply the load connected
to MT is calculated according to the following relation [20]:

24P
(15)

Mur* CV e * @ e

where V, ., the volumetric flow rate of biogas needed; P is
the output power of MT; #,,, is the efficiency of MT; CV,,,
is the calorific value of methane equal to 10 kWh/m’; and
Wy 18 the percentage of methane in biogas, which is 70%-
75%.

As explained before, in case that the stored methane in
the tank exceeds the maximum prescribed limit of the tank

Vneezz’ed =
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volume, the control system will decrease the input feed to
the reactor. Otherwise, if the stored methane decreases to
less than the minimum prescribed limit of the tank volume,
the control system will increase the input feed of the reactor.

F. Biogas Reactor Controller

There are many factors affecting the outputs of the reactor
including the feed type, the reactor temperature, the mois-
ture, the pH, etc. [24]. The main factor affecting the feed
type is the concentration of biodegradable concentration
[25]. There is a remarkable change in both methane produc-
tion period and volume for different feed types.

In order to complete the fermentation process, the temper-
ature of reactor 7, , must be kept in a range between 20 ‘C
and 60 °C [26]. If the reactor temperature exceeds 60 C,
there will be a severe reduction in methanogenesis (bacteria)
concentration. So, it is important to fix the temperature of
the reactor at a set point, which is one of the tasks for the re-
actor controller.

1) Mathematical Modeling of Biogas Reactor

The mathematical model of the AD reactor operations de-
pends on the material balances of volatile biodegradable sol-
ids, volatile fatty acids, acidogens and methanogens, and the
computation of the flow of methane. In the literature, several
mathematical models representing the dynamic behavior of
AD reactors using animal wastes have been reported
[27]-[29].

References [27] and [28] have presented a dynamic model
of AD reactor based on Hill’s model [29]. In this paper, the
modified Hill’s dynamic AD model is used as a mathemati-
cal model to represent the dynamic behavior of AD bioreac-
tor feeding by dairy manure. The model can be summarized
as:

. Fo, u,S,K X..,
S _ B S —S feed _ m aci
b ( oMvs b) V KS +Sb (16)
. Frw t,SKoXo 1S KX,
S _ ABS—S /eed+ m acid me™y mel
’ ( [T ) |4 K. +S, K. +8S,
a7
. 1S,y Ffeed
X = -K, - X i
acid (KS +Sb d bV ) acid (18)
. S, F feed
X = K= X
meth (ch +S‘ dc bV ) meth (19)
/umcSv
Fmeth = V KSC +SV K4Xmerh (20)
Mo (Treacl):lumc (Trezzct): 0'013Treacl - 0129 (21)

where S, is the concentration of biodegradable volatile solid
in the reactor; B, is the biodegradability constant; S is the
concentration of volatile solid in influent; F,,, is the feed
flow rate; V' is the effective reactor volume; u,, is the maxi-
mum reaction rate for acidogens; X, is the concentration of
acidogens; K, is the yield factor estimated using experimen-
tal data given in [28]; K is the Monod half-velocity constant
for acidogens; 4, is the acidity constant; X, is the concen-

. meth
tration of methanogens; u,,. is the maximum growth rate for
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methanogens; S, is the concentration of total volatile fatty ac-
ids in the reactor; K, is the yield factor estimated using ex-
perimental data; K, is the yield factor related to the growth
rate of methane gas; K is the Monod half-velocity constant
for methanogens; b is the retention time factor estimated us-
ing experimental data [28]; K, is the specific death rate of
acidogens; K, 1is the specific death rate of a methanogens;
K, is the factor related to the methane gas flow and estimat-
ed from experimental data [28]; and F,, is the methane gas
flow rate.
2) State Space and Model-based Control of Biogas Reactor

MPC uses a process model and the current state to predict
future values of the output. Therefore, it is important for the
MPC to detect the current state of the biogas plant so that
the simulation can start successfully. The basis of the state
space is the concentration of the resulting bacteria from each
stage of the AD process. Hence, these concentrations are the
state variables of the proposed model. The state variables of
the model are the concentration of biodegradable volatile sol-
id in the reactor S,, the concentration of volatile solid in in-
fluent S, the concentration of acidogens X, and the con-
centration of methanogens X, ,.

The following equations are used to represent the state
space of the proposed model:

X=AX+B,U+B,W (22)
Y=CX+D,U+D,W (23)
S,
S
x=|>
Xacid (24)
Xmeth
A= B}
_Ffeed 0 _ 1S, K, 0
4 K, +S,
0 _F/éed IumeKZ _ :umcSvaé
4 K +S, K, +S8,
1S, F/eed
0 -K,—- 0
K+S, ' bV
lumuSv Ff(led
0 0 0 -K, ——
i K.+S, “ bV |
(25)
i BvSvs Sb i
V
B,A4,S,-S,
V
B, =
I Xacid (26)
by
Xmeth
by
B()
A,B
B — f=Zo
= @7
0
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c=|0 0 0 V

1,5, K} 8

K.+S, "

where X is a vector representing the state variables; 4 is a
state or system matrix representing the factors of state vari-
ables; U is the input or control vector representing the input
of the system, and U=F,,; B, is the input vector represent-
ing the factors of F,, in each stage; W is the disturbance of
the system, and W =S B, is the vector representing the fac-
tors of disturbance in each stage; Y is the output vector rep-
resenting the methane output from the AD process, and Y =
F,.,; C is the output matrix representing the factors of F, ,;
and D, and D, are the feedthrough or feedforward matrices,
respectively, and D, =D,=0. If the system model does not
have direct feedthrough, D, and D, are zero matrices.

A Simulink model for both the biogas power plant and the
proposed MPC control system is developed. The model con-
sists of all the prescribed submodels connected together. The
biogas plant variables are controlled using the state space-
MPC closed loop as explained in Fig. 2. The optimal sub-
strate feed is achieved depending on the current state of the
plant according to the MT speed and any load variations. To
validate the performance of the proposed controller and
prove its effectiveness and applicability, the system will be
examined and analyzed under different operation conditions
in the next section.

V. SIMULATION RESULTS AND DISCUSSIONS

The proposed control system is simulated and tested under
different loading conditions including variable and unbal-
anced loads. For the studied system, the fed substrate is the
swine as it has a high concentration of biodegradable. The
swine is diluted with 25% water and filtered with a sieve.
The control variables of both MT and PMSG and the factors
required for fully representing the AD process are obtained
from experimental analysis given in [19]. The temperature of
reactor is kept fixed at 35 “C. The factors and parameters
used in the proposed model are shown in Table Al in Appen-
dix A.

It is well known that each cubic meter of biogas contains
the equivalent of 6 kWh of heat energy. The same volume
of biogas converted to electrical energy yields 1.3-1.8 kWh.
The rest of the energy is dispersed as heat [28]. The amount
of methane produced from the reactor is equal to 1.5-2.5
times the volume of the reactor [28]. The rated capacity of
biogas plant is 400 kW, as the volume of the simulated reac-
tor is taken as 160 m® [19]. The permissible limits of the
storage tank are taken as 30%-90% of the tank volume.

The PC used in the simulation has an Intel™ Core™ i3-
2330M, with 2.20 GHz CPU and 2.00 GB of RAM.

A. Validation of Proposed Model

The proposed model is tested under a constant load to val-
idate the applicability of the proposed MPC-based controller.
The biogas plant is simulated with and without integrating
the MPC to examine the performance of the biogas power
plant when it feeds a constant load. The impact of the MPC-
based controller on both MT torque and speed is firstly ex-
plored. Then, the impact on the methane produced by the re-
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actor and that stored in the storage tank is discussed. In or-
der to test the impact of the proposed controller on the stor-
age system, the constant load is assumed as 100 kW which
is less than the plant full load of 400 kW.

1) Impact on MT Torque and Speed

As explained before, the formation of methane in the reac-
tor takes a few days to produce a constant amount of biogas.
During this period, the MT torque increases with the pro-
duced methane until it reaches a constant value after com-
pleting the AD process.

Without applying a control system, the amount of input
feed to the reactor is fixed at a daily step according to the
designed size of the reactor. Since the nameplate capacity of
the designed plant is 400 kW, any decrease in the connected
load will not affect the input feed, leading to an increase in
the surplus methane which may affect the system safety.

The aforementioned discussion presents the importance of
utilizing an appropriate and efficient control system with bio-
gas power plants. In the case of applying the proposed con-
troller to the prescribed biogas power plant, there will be a
reciprocal relationship between the load, the storage tank,
and the input feed. In case the connected load decreases and
the amount of methane stored in the tank exceeds the maxi-
mum permissible limit, the MPC controller sends a signal to
the reactor to decrease the input feed.

Figure 9 explains the variation of MT torque and speed
with and without MPC-based controller. Without applying
MPC, the methane reaches a constant value after 20 days,
and the torque increases with the volume of the produced
methane. When the methane reaches a constant value of 300
m’, the torque decreases to match the load, and the speed be-
comes constant. In the case of applying MPC, no transient
occurs in the torque or speed due to the connection to the
load.
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Fig. 9.
controller.

Variation of MT torque and speed with and without MPC-based
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2) Impact on Methane Production

Without applying the MPC-based controller, the methane
output from the reactor reaches 300 m® after 20 days. But in
case of applying the proposed controller, the methane is
changed (increase or decrease) according to the volume of
the stored methane in both the storage tank and the connect-
ed load as shown in Fig. 10. Controlling the amount of pro-
duced methane is a great advantage of the proposed control-
ler. In case the biogas plant is installed without a control sys-
tem, a larger tank size is needed, which is shown by compar-
ing the areas under the two curves in Fig. 10. The uncontrol-
lable production of biogas may even lead to a tank explo-
sion.

—— With MPC
—— Without MPC
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200 ]L

150
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w2
S
S
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Methane flow rate (m*/day)

0 10 20 30 40 50 60 70 80 90 100
Time (day)

Fig. 10. Variation of produced Methane with constant load.

To examine the impact of the proposed controller on the
storage system, the actual load connected to PMSG in this
case is 100 kW, whereas the full load of the plant is 400
kW. Figure 11 shows the volume of methane stored in the
tank without applying MPC controller to the plant. In this
case, there is a daily increase in the methane stored in the
tank. The stored methane exceeds the size of the designed
tank on the 54" day. The size of the tank must be increased
or there will be a risk of tank explosion.

8000
6000 |
4000 |
2000

0

Methane accumulation (m*/day)

-2000 . . . . )
0 20 40 60 80 100
Time (day)

Fig. 11. Variation of accumulated methane with constant load without

MPC.

By applying the proposed controller, there will be differ-
ent actions in the biogas plant. Whenever the methane in the
tank reaches 90% (1800 m’) of the tank volume (2000 m?*),
the controller sends a signal to the reactor to decrease the in-
put feed, and hence, to decrease the produced methane. This
action is done on the 32" day and the 72" day. In case that
the methane stored in the tank reaches 30% (600 m’) of the
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tank volume, the controller sends a signal to the reactor to
increase the input feed, and hence, to increase the produced
methane. This action is done on the 45" day and the 88" day
as shown in Fig. 12.
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Fig. 12. Variation of accumulated methane with constant load with MPC.

The next two sub-sections will analyze the impact of load
variations on the controller’s performance for balanced and
unbalanced loads.

B. Normal Operation

In this sub-section, a hypothetical load curve is used to
study the behaviors of the proposed control system due to
load variations over a specified period. The load curve is
shown in Fig. 13.

350
300}
250
200}
150+
100

50+

Power (kW)

0 5 10 15 20 25
Time (hour)

Fig. 13. Studied load curve.

The performances of MT, reactor, and storage system are
studied and analyzed during load changes. The examined per-
formances include the impacts of load variations on methane
production in the presence of the proposed MPC controller.

The impact of load change on the generator speed is
shown in Fig. 14. Without applying the MPC, the speed de-
creases whenever the load increases (at the 28" and 40"
hours). On the other hand, the generator speed increases
whenever the load decrease (at the 34" hour). In the case of
applying the MPC, the speed becomes nearly constant during
load change, and the speed variations are within [-5%,+ 7%

Figure 15 shows the variation of the produced methane
with load before applying the proposed controller. In the
case of applying the controller, the methane output from the
reactor is affected by the load connected to MT and the
amount of methane stored in the tank. If the load increases
as in the case of the 28" hour and the 40™ hour, the methane
produced in the reactor increases at the 28" hour due to the
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increasing feed input to the reactor. Whenever the methane
stored in the tank reaches 90% of the tank volume at the 31*
hour, the controller sends a signal to the reactor to decrease
the feed input so that the produced methane decreases. The
variation of the produced methane stored in the tank for this
case is shown in Fig. 16.

0.9865

0.9860

u.)

0.98551

0.9850

Speed (p

0.9845 1

0.9840 : - - - ]
20 25 30 35 40 45
Time (hour)
(a)

0991

098¢

0971

Speed (p.u.)
i

0961

0.95 : : : : )
20 25 30 35 40 45
Time (hour)

(b)

Variation of generator speed with load. (a) Without MPC. (b)

Fig. 14.
With MPC.

—— With MPC
—— Without MPC

350
300+
250 +
200 +
150
100
50+
0 . . . . ,
20 25 30 35 40 45
Time (hour)

Methane flow rate (m*/h)

Fig. 15. Variation of produced methane with load.
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Fig. 16. Variation of accumulated methane in tank with MPC controller.
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Figure 17 shows the methane needed by the load, the
methane produced by the reactor and the methane stored in
the tank. The summation of the amount of methane required
by the load and the amount of methane stored in tank equal
to the amount of methane produced from the reactor as
shown by the figure.

300 - —— Methane produced by reactor
= —— Methane needed by load
& 200 — Methane stored in tank /\
P
:
£ 100} /
=
Q
Q
=
-100 ) n : h .
20 25 30 35 40 45
Time (hour)
Fig. 17. Variation of methane with variable load when applying MPC con-
troller.

C. Unbalanced Load Operation

To explore the effectiveness of the proposed controller,
the MPC controller is examined under unbalanced loading
condition. The unbalanced load occurs at the PMSG termi-
nals for 6 s (from =30 s to 1=36 s). The performances of
MT and generator are studied during this period. The studied
performance includes the impact of unbalanced load on MT
torque, generator speed, and generator output voltage.

1) Impact on MT Torque

Without applying any controller, a high mechanical vibra-
tion occurs in the MT shaft during the unbalanced loading
condition as shown in Fig. 18(a). These high vibrations put
the MT at the risk of breaking-down. In the case of applying
the proposed MPC-based controller, these vibrations are
highly decreased as shown in Fig. 18(b). By applying the
MPC performance index, it is explained that the error is de-
creased from 18% to 2% using the proposed controller. The
control system succeeds in decreasing the variation as its
functions are based on measuring the currents and predicting
the future values of the outputs. In addition, the objective of
the MPC method is to determine the sequence of control
movements so that the expected response moves to the set
point in an optimal manner.

2) Impact on Generator Speed

Without applying MPC, high disturbance occurs on the
speed of the generator due to the high mechanical stresses
on the MT shaft as illustrated by Fig. 19(a). In the case of
applying the proposed MPC, these disturbances are de-
creased and the speed reaches the nominal value as shown
in Fig. 19(b). By applying the MPC performance index, it is
explained that the error is decreased from 50% to 10% using
the proposed controller.

3) Impact on Generator Output Voltage

For the base case without applying the controller, the out-
put voltage oscillates by higher values due to the MT me-
chanical vibrations. In the case of applying the proposed con-

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 9, NO. 5, September 2021

troller, the oscillations are decreased and the output voltage
becomes a pure sinusoidal wave. By measuring the perfor-
mance index, the error is decreased from 15% to 0%. Figure
20 shows the impact of unbalanced load operation on the
generator output voltage.
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Fig. 18. Variation of MT torque with unbalanced load condition. (a) With-
out MPC. (b) With MPCE.
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The computation complexity of the proposed model is re-
lated to the number of resources required for running it. The
resource that is most commonly considered is the time com-
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plexity. The usual units of time are not used in complexity
theory, because they are too dependent on the choice of a
specific computer or the evolution of technology. Therefore,
instead of the real time, one generally considers the elemen-
tary operations that are done during the computation. The ex-
cution time of the simulation model ranges from 12 s to
15 s.
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Fig. 20. Variation of generator output voltage with unbalanced load condi-
tion. (a) Without MPC. (b) With MPC.

VI. CONCLUSION

This paper has presented an adaptive control system using
MPC for a biogas power plant based on state space. The pro-
posed control system has been developed to control the fed
substrate according to the connected load, and respond to the
expected changes in the electric load.

The control scheme is derived from an anaerobic diges-
tion model, which includes all the concentrations of biode-
gradable volatile solid in the reactor, volatile solid in influ-
ent, acidogens, and methanogens. Those are the state vari-
ables of an MPC system.

The system has been implemented in the MATLAB/Simu-
link environment and tested under different loading condi-
tions. The simulation results have proved the effectiveness
and applicability of the proposed MPC system to adapt the
biogas power plant operation under different operating condi-
tions. The proposed controller system can protect the MT
from the damage due to unbalanced load operation by de-
creasing the duration and values of the disturbances. By mea-
suring the performance index, the errors decrease from 18%
to 2% for the MT torque, from 50% to 10% for the genera-
tor speed, and from 15% to 0% for the generator output volt-
age, respectively.

APPENDIX A

TABLE Al
FACTORS AND PARAMETERS USED IN PROPOSED MODEL

Item Parameter Value
B 2.90
K, 15.5 kg/m?
K. 3 kg/m?
K, 0.02 day™!
K, 0.02 day!
AD K, 3.89
K, 1.76
K, 317
K, 26.3
A, 0.69
B, 0.25
V 160 m?
A 1
B 0.05
C 1
T, 0.4
T, 1
K 25
MT T 0.04
ty 510 °C
T, 2322°C
VA 3
E, 0.01
E. 0.04
Tep 0.2
R 125 Q
L, 165 uH
L, 165 uH
PMSG W, 70000 r/min
P 4 poles
J 0.011 kg'm?
A 0.2388 Wb
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