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Abstract- The high energy demand in the field of industries
has increased the research on renewable energy sources and
improved energy efficiency. Fuel Cell being one of the most
efficient renewable energy sources has been used widely in the
field of research. A Solid Oxide Fuel Cell is a class of fuel cell,
which is an electrochemical conversion device that converts
chemical energy to electrical energy by oxidizing a fuel. In this
paper, A DC-DC boost converter is presented with different
control strategies, which converts the harvested low DC output
voltage of SOFC to a desired level. The boost converter is one
of the most important non-isolated step-up converters.
Different control strategies using feedback controllers like
Proportional —Integral (Pl) controller and Proportional-
Integral-Derivative (PID) controller and fuzzy logic controller
(FLC) has been proposed. The performance of DC-DC
converter with these controllers has been observed and the
comparison between their performances leads us to find out
the most efficient one.
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I.INTRODUCTION

There are two types of energy sources in the world
i.e. renewable energy sources and conventional energy
sources. Renewable energy sources are the type of energy
sources which are naturally replenished on a human time
scale, such as wind energy, solar energy, geo thermal and
bio mass, tidal energy, biomass energy etc. [1].These
resources are inexhaustible in nature. The known
advantages of renewable energy sources are its clean
nature, abundant in quantity and most importantly it is
eco-friendly unlike non renewable energy sources.

Renewable energy often provides energy in four
important areas: electricity generation, transportation,
heating/cooling purpose in industry and rural energy
services. Electrification with renewable energy is much
more efficient and leads to reduction in primary energy
requirements.

Solid oxide fuel cells are a class of fuel cells which
are made by the use of a solid oxide material as the
electrolyte. SOFCs use a solid oxide electrolyte to
conduct negative oxygen ions from the cathode to the
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anode [2]. The electrochemical oxidation of the oxygen
ions with hydrogen or carbon monoxide thus occurs on
the anode side. More recently, proton-conducting SOFCs
(PC-SOFC) are being developed which transport protons
instead of oxygen ions through the electrolyte with the
advantage of being able to be run at lower temperatures
than traditional SOFCs [3].

Il. ENERGY CONVERSION SYSTEM
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Fig.1. Block diagram of SOFC Energy Conversion System

A. Fuel Cell Description

Now-a-days global warming and environmental
problems are exponentially increasing due to effluent gas
emissions. Fuel Cells are the answer to these problems;
we are facing today. A clean, efficient and environmental
friendly energy generation can be possible by using fuel
cells. Fuel cells convert chemical energy of a fuel gas
into electrical energy without any combustion [4].

The operations of fuel cells are similar to those of
batteries i.e. electrochemical combination of reactants to
generate electricity. A combination of gaseous fuel and
an oxidant gas made through electrodes produces
electricity [5]. The basic advantage of this FC is; it does
not require repeated recharging like a battery. A FC can
operate continuously until both the supply of fuel and
oxidants are uninterrupted.

Fuel cells are generally classified according to their
chemical characteristics of electrolyte. Some of them are
Alkaline FC (AFC), Direct methanol FC (DMFC),
Phosphoric Acid FC (PAFC), Sulfuric Acid FC (SAFC),
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Proton- Exchange Membrane FC (PEMFC), Molten
Carbonate FC (MCFC), Solid- Oxide FC (SOFC),
Protonic Ceramic FC (PCFC).

SOFCs are by far the most preferable one because
these are most efficient electricity generators, flexible in
the choice of fuel, cost effective and have a long life.

B. Electrical behaviour of SOFC

A SOFC consists of two electrodes i.e. anode and
cathode; sandwiched around a solid electrolyte such as
zirconium. The electrodes are used to bring out the
reaction between reactant and the electrolyte without
corrosion. The anode holds the negative post of SOFC
while the cathode holds the positive post. Anode disperses
hydrogen gas and cathode allows the oxygen from the air;
to enter into the cell [6].

By burning fuel containing hydrogen on one side of
the electrolyte, the concentration of oxygen is
dramatically reduced. The electrode on this surface will
allow oxygen ions to leave the electrolyte and react with
the fuel which is oxidized, thereby releasing electrons (e-
). On the other side of the plate, which is exposed to air,
an oxygen concentration gradient is created across the
electrolyte, which attracts oxygen ions from the air side,
or cathode, to the fuel side, or anode. If an external
electrical connection is made in between the cathode and
the anode that circuit will allow the electrons to flow from
the anode to the cathode, provided that a continuous
supply of reactants for the electrodes must be maintained.
Water and heat are the byproduct generated by this
process. The basic principle of operation is shown in
Fig.2.
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Fig.2 Equivalent Circuit of Solid Oxide Fuel Cell

The electrochemical reactions of SOFC includes

Anode Side

H, > 2H, + 2e~ (1)

Cathode Side

2H* +2e”™ +20, - H,0 )
Overall reaction
H, +20, > H,0 + Heat 3)

~15 T
@ a
g Fuel cell polariz;alion curve
o 1™ 5
=)}
e T
5 051 Regicii Ohmic Loss Ny
%‘ Region | Concenlration Loss\
e} 0 . | ‘ Reg\on}

0 05 1 1.5 25

Current deﬁsity (Ncm%
Fig.3. V-I Characteristics of Solid Oxide Fuel Cell

The V-1 curve represents the SOFC output voltage as a
function of the current density in steady state. From the
above graph we can conclude that the output voltage of
SOFC is inversely proportional to the current density.
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Fig.4. P-1 Characteristic of Solid Oxide Fuel Cell

The result obtained from the simulation for power
verses current density of SOFC is shown in Fig.4.

I1l. DC-DC CONVERTER

Renewable energy sources such as photovoltaic
cells, fuel cells etc. generate DC voltages as their output.
However the resultant DC voltage is not high enough to
meet the load requirements and contains ripple. In order
to regulate this voltage, DC-DC converter is required
which play an important role in processing the electrical
power.

A DC-DC converter is an electronic circuit or
electromechanical device that converts a source of direct



current (DC) from one voltage level to another. It is a
type of electric power converter. Power levels range
from very low (small batteries) to very high (high-
voltage power transmission).DC-DC converters are used
in portable electronic devices such as cellular
phones and laptop computers, which are supplied with
power from batteries primarily. Such electronic devices
often contain several sub-circuits, each with its own
voltage level requirement different from that supplied by
the battery or an external supply (sometimes higher or
lower than the supply voltage). Switched DC-DC
converters offer a method to increase voltage from a
partially lowered battery voltage thereby saving space
instead of using multiple batteries to accomplish the
same thing.

Most DC-DC converter circuits also regulate the
output voltage. Some exceptions include high-
efficiency LED power sources, which are a kind of DC-
DC converter that regulates the current through the LEDs,
and simple charge pumps which double or triple the
output voltage.

The input of these DC-DC Converters is usually an
unregulated DC voltage which fluctuates due to change in
operating conditions. The basic functions of these
converters are to convert unregulated DC input voltage to
a regulated DC output voltage. The average output
voltage must be controlled, irrespective of the changes in
load and input current by achieving the control over the
ON and OFF timing of the switches present in the
converter circuits. Pulse Width Modulation (PWM)
technique is the most popular method for controlling the
output voltage of the converter. It gives a constant
Switching Frequency (Fs) by varying the Duty Cycle.
Duty Cycle is defined as the ratio of switch ON time to
the total time.
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DC-DC converters are classified into two types; i.e.
Isolated type and Non-Isolated type converters. In isolated
converters, input and outputs are electrically isolated by
the use of a transformer. Non-isolated converters can be
differentiated by elements connection such as buck,
boost, buck-boost, CUK and SEPIC converter.

A boost converter is a power converter with a DC
output voltage greater than its input DC voltage [7].
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Fig.5. Circuit Diagram of Boost Converter

The schematic diagram of ideal boost converter is
shown in above Fig.5. Boost converter is a switched
mode power converter which operates periodically by
opening and closing of the switch. The inductor present
in the input side reduces the input current ripple and the
capacitor is placed at the output which helps to reduce
output voltage ripple. The switching period for this
circuit is Ts and the switch is closed for time DTs and
open for (1-D)Ts period.

A. Modes of operation

MODE-1(Operation of circuit for Switch closed
condition): During this mode switch S is closed for DT,
time period and the voltage across the capacitor causes
the diode to become reverse bias. In this mode the
inductor is charged through the source and stores the
energy. Thus the voltage across the inductor is equal to
the source voltage. The inductor current can be
expressed as;

. VsD
AlL,Closed = LSTS (5)

The state space equation matrices for this ON mode can
be given as:
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MODE-2(Operation of circuit for Switch Open
condition): Switch is open for (1-D)T; period. During
this period the energy stored in the inductor is transferred
to the output. Now the voltage across the inductor
becomes V;s-V,. the inductor current becomes

. (Vs—Vo)(1-D)
AlL,Open = #

®)
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The state space equation matrices for this OFF
mode can be given as:
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By averaging technique we can obtained:
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Where

iL=Inductance Current

vc=Voltage across capacitor
Vo=Output Voltage of Boost converter
Vs=Source Voltage

Since the average voltage across the Inductor is always
zero;

AiL,Closed + AiL,Open =0 (16)
VD | (s=¥o)1-D) _

Lfs Lfs (17)

Rearranging the above equation the output to input
equation becomes

Vo _ 1

Vs 1-D
(18)

B. Design of Boost Converter

The required parameters for design of boost
converter are input voltage, output voltage and switching
frequency. Fig.5 shows the basic circuit of a boost
converter.

Load Resistance (R):

R=2 (19)
Io
Where,
V, = Desired output voltage
lo = Desired output current
Inductance (L):
_ VsX (Vo—Vs)
L= AX fsXVo (20)
Al =10% of I, = Inductor ripple current
Vs = Input voltage
fs = Switching frequency
Capacitance (C):
_ UoxD)
- (fsxAVp) (21)
_ Iy Al
AV, = ESR (£ +21) 22)

lo = Desired output current
D = Duty cycle
fs = Switching Frequency

AV, = Output ripple voltage

Al = Inductor ripple current

ESR = Equivalent series resistance of the capacitor
Diode: Ultra-fast recovery diodes can be used for the
design of Boost converter. The forward current rating
needed is equal to the maximum output current.

By using the above equations the boost
converter is modeled.

TABLEI SIMULINK PARAMETERS OF BOOST CONVERTER

Sl No. Parameters Values
1 Input Voltage 15V
2 Output Voltage 30V
5 Duty Cycle 0.5
6 Load Resistance 100Q
7 Inductance 10uH
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IV. CONTROL STRATEGIES

DC-DC converters have been widely controlled by
analogue integrated circuit technology and linear system
control techniques [8]. Now-a-days digital controllers
are replacing analogue controllers with high switching
frequency. The intelligent power supplies are expected
to play an important role in aerospace, communication,
and automobile industries in the near future [9].

A. Proportional — Integral (PI) Controller

The PI controller is one of the most common type
conventional feedback controllers. It is used in wide
variety control systems due to its simple structure, robust
performance and ease of implementation. The block
diagram of PI controller is shown in Fig.6.

Proportional action provides necessary speed of
response; any corrective action will always leave out an
error between the set point and steady state value. This
is called OFFSET error. This steady state error can be
eliminated by incorporating Integral control action in the
controller. Integral control minimizes the integral of
error over the time step of the system.
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Error + Control Signal
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e + Converter
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Fig.6. Block Diagram form PI Controller
The continuous time PI controller can be articulated as;
y(©) = Kye(®) + K, [e(t) dt (23)

In (17) y(t) is the control output, Kp is the proportional
constant, K; is the Integral constant and e(t) is the error
between the reference and measured value. The S-
domain expression can be expressed as

Y(S) = [Kp + %] E(S) (24)

B. Proportional- Integral- Derivative Controller

Fig.7 shows the block diagram of PID controller. The
PID controller is a control loop feedback mechanism
widely used in industrial control processes and other
industrial applications where continuous control is
required. A PID controller states the error by calculating
the difference between set-point and measured value.
Then it automatically applies accurate and responsive
corrective action to a control function.

The PID controller is used to improve the dynamic
response and to reduce the steady state error. The integral
controller will reduce steady state error of the system and
the derivative controller improves the transient response
the system.
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Fig.7. Block Diagram form PID Controller

The continuous time PID controller can be
represented as;
Y() = Kpe(t) + K; [ e(t)dt + Kp <-e(t) (25)

The s-domain expression of the corresponding PID
controller can be represented as;

Y($) = [Kp + 2+ Kp ()| ECS) (26)

C. Fuzzy Controller

Conventionally, Pl, PD and PID controller are
most popular controllers and widely used in most power
electronic closed loop appliances however recently there
are many researchers reported successfully adopted
Fuzzy Logic Controller (FLC) to become one of
intelligent controllers to their appliances [10].FLC offers
an important concept of soft computing with words. It
provides technique which deals with impression. The
Fuzzy theory provides mechanism for representation of
linguistic terms such as “many”, “low”, “medium”,
“often”, “few”. Fuzzy logic systems are suitable for
approximate reasoning. Fuzzy logic systems have faster
and smoother response than conventional systems and
control complexity is less [11]. Fig.8 shows the basic
block diagram of a fuzzy Logic Controller

Fuzzy Output Fuazy
Inlerfer.ente Defuzzification
Rules Linguistic
Variabl
Output Crisp Variable
Plant I:

Fig.8. Block Diagram of Fuzzy Logic Controller

According to above block diagram there are four major
units of FLC.



1) Methodology
Fig.9 shows the procedures which have been
followed to design the Fuzzy Logic Controller.

Study on mathematical aspect of boost DC-DC
converter model including:
i, Boost de-de converter model
il Open loop control
i Closed loop control
iv.  Mathematical model for boost converter element

|

Deesign and construct the block diagram:
i.  Boost de-de converter without fuzzy logic contraller
(Open Loop)
. Boost de-de converter with fozzy logic controller
(Closed loon)

Simulate the block diagrams by performing Parameter Tuning:
testing uwsing Matlab/Simulink consist of i Membership
fuzzy controller operation function
ii.  Fuzzy Interface
System

T

Validate on the
results obtained

| Conclusions based on the results

Fig.9 Methodology Flowchart of Fuzzy Logic Controller
2) Fuzzy Logic Rules

The objective of this dissertation is to control
the output voltage of the boost converter. The error (e)
and change of error (ce) of the output voltage will be the
inputs of fuzzy logic controller. These 2 inputs are
divided into five groups; NB: Negative Big, NS:
Negative Small, ZE: Zero Area, PB: Positive Big, PS:
Positive Small. These fuzzy control rules for error and
change in error can be referred in the table that is shown
in Table2.

TABLEII .FUZZY RULE BASE

V. SIMULATION RESULTS AND OBSERVATIONS

Simulation results of SOFC with boost
converter using PI, PID and FLC controllers are shown
below.
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Fig.10.Output Voltage Response of SOFC

Fig.10 shows the output response of 20 numbers of
SOFCs connected in series. The simulation results show
that 15 volts are obtained from the SOFCs.
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Fig.11.0utput Voltage Response of Boost Converter using Pl
controller

Fig.11 shows the simulation result of SOFCs energy
conversion system using PI controller. From the above
response it is clear that peak overshoot is 16%, rise time
0.0025secs and settling time 0.03secs.
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Controller



Fig.12 shows the simulation result of SOFCs energy
conversion system using PID controller. From the above
simulation result it is clear that peak overshoot is 6.26%,
rise time 0.002secs and settling time 0.02secs.
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Fig.13.0utput Voltage Response of Boost Converter using Fuzzy
Logic Controller

Fig.13 shows the simulation result of SOFCs energy
conversion system using FLC. This response shows that
the peak overshoot is eliminated, rise time 0.001secs and
settling time 0.018secs, which is much lower as compare
to that of other two controllers.

TABLE Il COMPARISONS TABLE FOR DIFFERENT CONTROL

STRATEGIES
Controlle | Rise Settlin Peak
r Type Time | gTime | Overshoot
(in (in (in
secs) secs) | percentage
)
PI 0.002 0.03 16
5
PID 0.002 0.02 6.26
Fuzzy 0.001 | 0.018 Nil

VI. CONCLUSIONS

A SOFC is a sustainable source of renewable
energy. It is an important technology for future as it
provides high efficient, pollution free power and can run
with variety of fuels. In this paper, the harvested energy
from the SOFCs is boosted to a desired level for
matching the loads.

Comparison of different controller on DC-DC
boost converter by using MALAB has been successfully
achieved. The output voltage of boost converter
associated with SOFC with different control strategies
like P1, PID and FLC has been observed and a comparison
table has been provided. From our observations we can

conclude that boost converter with closed loop FLC
precisely improved the dynamic response of the energy
conversion system.
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