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Abstract

Due to the growing demand for energy sets concern for the researchers to
emphasize power generation through non-conventional sources because of
their advantages over conventional source. This leads towards the intense
research work carried out on fuel cells. Fuel cells have the ability of supp-
lying electricity in the situation where the scope of conventional or other
non-conventional power generating option is difficult to implement. The
other advantages are transportability, flexibility, suitability and environment
friendly operation. The particular advantage of transportability is well utilized
in distributed power applications such as on board power supplies. This paper
focuses on a low power converter energized by a fuel cell. It gives an overview
of modelling of fuel cell and flyback converter with its different topologies
that can be used in sensor application. Here different topologies of flyback
converter are taken into consideration and out of these different topologies,
the highest efficiency topology is chosen to supply power to the sensors and
thereby its performance is tested. This converter is compared with the conven-
tional method of supplying power to the sensor board and their performance
is observed in terms of efficiency and other parameters. The simulation results
are discussed and the performance is validated through experimental results.
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1 Introduction

The growth in industrialization and population lead to increase in energy
demand and to meet this ever increasing demand of energy, power generation
companies and also individuals are inclined to opt for cheaper, cleaner and
safer energy alternatives such as solar photovoltaic (PV), wind energy, tidal
energy, fuel cell and so on [1]. Fuel cell has a great potential to be a green power
source due to its high efficiency, flexible modular structure and zero or low
emission of pollutant gases. Proton exchange membrane fuel cell (PEM-FC) is
the most convenient fuel cell system (FCS) for embedded applications because
of its low pressure and operating temperature [2]. Traditional fossil fuel
resources are depleting quickly, their continued use contributes to increasing
pollution [3]. Development of clean energy systems is essential. With regard
to fuel cell, it can be considered as one of the most essential method of
clean-energy [4]. With increase in energy demand and rise in energy crisis
have led to continuous research on non-conventional power generation and
its power conditioning systems [5]. Fuel Cell System (FCS) has risen to be
more environmental friendly and efficient due to its low emissions and high
energy conversion efficiency [6].

Fuel cell is one of the best choices among the other traditional energy
sources due to its capability of operating at higher efficiency with no adverse
effect on environment [7]. It is observed that the research on fuel cell based
power generation has drastically increased in recent times. Fuel cell is basically
an electrochemical device that converts chemical energy into electrical energy
i.e. it almost acts as a battery as long as the fuel (Hydrogen and oxygen) are
supplied to it giving water and heat as residues [8]. The fuel cell is largely
endorsed by many countries to be used in electric motorcycles, cell phone
batteries, electric vehicles, small-scale power stations etc. [9]. A fuel cell
with its inherent low terminal voltage is recognized as one of the clean
energy systems for the industries and residential utilization to reduce the
pollution [10]. Problems about energy crisis and environment pollution related
to fossil fuel is intensively studied all over the world. Energy saving and
looking for new-generation reproductive energy source are considered helpful
for attenuating these problems [11]. Moreover, the fuel cell (FC) is eco-
friendly because only water and heat are produced as by-products [12]. Among
various types of FC, the PEMFC is suitable for some special applications
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such as unmanned aerial vehicles (UAVs) because of ease of miniaturization
[13]. Proton exchange membrane fuel cell (PEMFC) is suitable for small
scale power generation which works at a low temperature in the range of
60°C-100°C [14].

Due to drastic increase in usage of electric drives, there is requirement to
develop power supply in addition to meeting the demand for higher efficiency
and higher power density [15]. Confronting these demand will require thermal
considerations, proper selection of discrete components, efficient design,
optimal topology etc. [16]. In this literature, steps to develop a power circuit
for a sensor card is discussed. A 90 W flyback converter is designed providing
a dc output of 15 V at 6 A with switching frequency of 5 kHz as the drive
application requires sensing the power supply for sensor need to be efficient
with higher power density [17]. Fuel cell can be used to supply power to
sensors such as level sensor, angle sensor, anemometer sensor, motion sensor,
pressure sensor, temperature sensor, wind vane sensor etc. which could be
supplied by isolated dc-dc converter.

The switching frequency of these converters is normally in the range of
kHz which reduces the transformer size. Nowadays, A SMPS has become
an inevitable source to power the low power converter in which flyback
topology is mainly used which gives the isolation feature in low power
applications [18, 19]. Generally flyback converters are popular for their easy
design and simplicity with low cost which can be used to power a low
power application upto 200 W. Flyback converter are basically derived from
buck boost converter and they are extensively used in industries [20]. But
when it comes to reliable and safe operation necessary steps must be taken
to absorb the energy from leakage inductance and to reduce voltage spikes
using the clamp circuit [21]. For the purpose of clamping, different topologies
of flyback converter are available namely active clamped converter, RCD
snubber converter, interleaved converter and two switch converter. Commonly
in clamp circuits, passive clamp circuits are largely used as it does not require
drive or control circuit [22]. RCD clamp circuit is generally used to suppress
the voltage spikes efficiently [23]. In two switch flyback converter by using
two switches the voltage stress across the switch can be limited to the extent
that voltage stress is reduced to input voltage thereby reducing the conduction
and switching losses and lets the implementation of control logic simple and
easy. In this situation the design of flyback isolated transformer becomes a
challenging task when required to store large energy [24]. By interleaving the
flyback converter, converter can be designed for high power application and
by increasing the interleaving cells frequency of harmonics increases which
reduces the filter requirement.
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In this paper a fuel cell is used instead of the conventional power generator
to produce the power in direct current (DC) and is fed to different flyback con-
verter topologies and the highest efficiency producing converter is chosen for
powering the sensor for sensor applications. As such simulation is performed
on different topologies and implemented. Isolated transformer of flyback
converter is considered to be center tapped producing +ve (positive) voltage.
Itis required by the sensor card. Here when compared with conventional linear
regulators which are used having very low efficiency, flyback converter gives
far better performance and efficiency. Due to this reason the flyback converter
is the best choice to power the sensor, so the flyback converter of mentioned
specification with highest efficiency is selected in this paper to power the
Sensor.

2 System Configuration

System considered here is a power supply system to the sensor using fuel cell as
the power generating entity of dc supply. Fuel cell is basically electrochemical
device which converts the chemical energy into electrical energy using fuel
i.e. hydrogen and oxygen which are fed to fuel cell to produce electrical
energy. As hydrogen is not readily available, a fuel reformer is used to extract
hydrogen rich gas from hydrogen compound like water or fossil fuels. Then
this hydrogen and oxygen gases are fed into the fuel stack where number of
fuel cell are connected in series to produce higher voltage and this method is
called stacking. After the chemical reaction the by-product left is water and
heat in this process. The Detailed parameter of fuel cell and flyback converter
is given in Appendix-A.

The basic block diagram of fuel cell based sensor power supply using
flyback converter is shown in Figure 1. So the generated dc output is then fed to
flyback converter. Flyback converter is a dc-dc isolated converter with added
advantages of isolation and provides multiple outputs which can be utilized
to power up the sensors those require dual voltages. Flyback converters of
different topologies is used with gating pulses of variable duty cycle thereby
controlling the output voltage. The output of the flyback converter is sensed
and is compared with the reference i.e. the error signal is generated which is
fed to the PI controller as shown in Figure 2 which generates the required duty
cycle by comparing signal with saw tooth wave to minimize the error signal
and to give the desired output that can be fed to the load. Here efficiency as
the main concern is taken into account and higher efficiency flyback converter
is chosen to feed this power to any sensor as per the requirement.
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2.1 Fuel Cell

Fuel cell is an electrochemical device which converts the chemical energy i.e.
fuel (hydrogen and oxygen) directly into electrical energy. However, in fuel
cell the oxidant and reductant are to be fed continuously for uninterrupted
operations unlike batteries. Electrolyser’s features are important places in a
fuel cell. Although the fuel cells can process a broad variety of oxidants and
fuels, the main interest is on the easily available and commonly used fuel
derived from fossil fuel. A simple general model for the fuel cell that could
help understand the function of the fuel cell is developed and implemented.
The fuel cell basically consists of an anode and a cathode on either sides with
electrolyte layer and the basic construction or building block as shown in the
Figure 3.

An unit cell of fuel cell is represented with the product/reactant gases
and direction of flow of the ion as shown in Figure 3. Typical fuel cell has
its fuel fed constantly to the positive electrode (anode) and oxygen (oxidant)
is fed to the negative electrode (cathode). The electricity is produced at the
electrodes due to the electrochemical reactions through electrolyte which feeds
the load. Classification of fuel cell is done based on the type of electrode used
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Figure 3 Basic Fuel Cell Components.

which determines the type of ions carried and electrode reactions across the
electrolyte. Mostly today the fuel cells uses hydrogen gas as fuel due to its high
reactivity property for anode reactions. Similarly oxygen which is a widely
and readily available gas is used as oxidant. In places where not enough
space is available both oxygen and hydrogen can be stored in cryogenic form
compactly with water as the reaction product. In practical scenario fuel cell
units need to be stacked to achieve power and voltages of required level for
that required application. Stacking is nothing but connecting multiple fuel cell
units in series.

The operation of the fuel cell is best described by the half-cell reactions
at the anode and cathode electrodes. The role of electrodes and electrolyte
are enabling this reaction. At the anode, hydrogen dissociates at the cat-
alyst producing H' ions and electrons. The half-cell reaction is shown in
Equation (1).

2Hy = 2H" + 2¢” (1)

The cathode half-cell reaction is shown in Equation (2).
1
502 +2e¢” +2H" = H,O (2)

The change in gibbs free energy is an energy produced in a chemical reaction.
The work done in this process is same as the change in the Gibbs free energy
of formation. That is, mathematically expressed in Equation (3).
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Where ‘Ag;’ is the change in the Gibbs free energy, ‘E’ is the EMF of the PEM
fuel cell, ‘D’ is Avogadro’s number (the number of molecules in one mole),
‘C’ is Faraday’s constant and ‘e’ the charge of the electron. So the open circuit
voltage of the fuel cell is given by Equation (4).

2C
The Nernst equation gives the relationship between actual voltage produced at

different pressures and temperatures of the products and reactants and standard
potential for a cell reaction which is given in Equation (5).

E° )

2.1.1 Nernst equation

Nernst equation is normally used to find the concentration of one of the compo-
nents of electrochemical cell and to compute the voltage of an electrochemical
cell. In normal conditions, cell potentials are calculated with the temperature
and pressure maintained at standard pressure and temperature with same
concentration of solution. But unlike it, Nernst equation is used to compute
cell potentials in non-standard conditions. It transforms the standard cell
potential formula by taking the temperature and concentrations of the reaction
component into account. This Nernst equation is denoted by Equation (5).
The relation effected by change in the temperature and the membrane or

electrolyte used.
ur P, reactant

E=E" —— In %% 5)
20 product
Where ‘Preactant’ 1S the product of partial pressures of the reactants and
‘Pproduct” 18 the product of the partial pressures of the products produced
in the cell reaction. All pressures are expressed in bars. ‘C’ is the Faraday’s
constant, ‘U’ is the universal gas constant and ‘T is the operating temperature
of the fuel cell.

There are a number of causes for the difference in the actual voltage and
the ideal reversible open circuit voltage in the fuel cell due to polarization,
irreversibility and losses because of resistance, activation losses, internal
currents, fuel crossover, ohmic losses and mass transportation losses. Final
output voltage is mentioned in Equation (6).

V=

_— o
E+ U In 7_(Z+Zn)*R Aln i+ Zn)+Bllf1 1-1 + n (0)
4C 10 1]
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In this equation, ‘E®” is the open circuit voltage, ‘R’ is the specific resistance,
‘i,” is the internal current density ‘ig’ is the exchange current density, ‘A’ is
the slope of Tafel curve, ‘B’ is mass transfer over voltage constant and ‘i;” is
the limiting current density at the electrode. Typical values for a PEM fuel
cell constants are given in the Table 1 [3].

2.2 Basic Flyback Converter and Its Different Topologies

The flyback converter is basically derived from the buck-boost converter.
Here, the inductor of the buck-boost converter is replaced by the transformer
normally called as two winding inductor or flyback transformer. Here the
current in both the winding does not flow simultaneously unlike in the case
of normal transformer. The magnetizing inductance plays the role of inductor
and it is switched between the primary and secondary winding. When the
switch ‘S’ turns on, diode (D) is reverse-biased. The primary winding does
the duty of an inductor connected to the input fuel cell voltage (Vrc). This
flyback transformer stores the energy in the form of magnetic field. When the
switch turned off, no current flows in the primary winding. Now the diode (D)
gets forward biased due to the magnetizing current, referred to the secondary
winding. Then the flyback transformer transfers the stored energy in magnetic
field to the out put. The flyback converter topology is shown in Figure 4.
In small and medium power applications, generally these flyback converters
are used. Single ended flyback converter is the simplest form of all isolated
converters. The flyback converter can operate in either the continuous mode
or the discontinuous mode. By applying the volt-second balance equation, the
continuous conduction mode is discussed below. The DC input and output
relations are given as,

Vout = 0% Vin * (D/1 — D) 7

Where D = Duty ratio and n = Turns ratio

Table 1 Typical Values of Fuel Cell

Constant Typical Value
E 100V

in 2 mA.cm™2

r 0.03 Q.cm?
io 0.067 mA.cm™?
A 0.06 V

B 0.05V

i 900 mA.cm ™2
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Figure 4 Basic circuit of flyback Converter.

It can be seen from Equation (7) that the conversion ratio is same as the
buck-boost converter with n as an extra factor. Traditionally these converters
are found in TV’s and computer monitors with applications in the power range
of 50-100 W. The Flyback converter has advantages of multiple outputs with
minimal requirement of part count but has poor cross regulation. Figure 5
shows the performance waveform results of basic flyback converter with its
various parameter representations. As it can be observed in Figure 5 that the
voltage spikes in primary voltage (vp) and the current spikes in primary current
(Ip) is due to reverse recovery current from secondary side of transformer.
Voltage across switch (vsw) in the waveform shows the voltage spikes across
drain and source. Similarly spikes with oscillations can be observed in the
secondary voltage (vg). There is a linear decrease in secondary current (Ig)
while the switch is turned off by maintaining the constant output voltage (v,)
and output current (I,) for the given input voltage (vrg) from fuel cell as
illustrated in the Figure 5.

Likewise the other topologies of flyback converter are also depicted in the
similar way with an additional parameter consideration and they are shown as
well as discussed individually in the forthcoming simulated waveforms.

2.2.1 Different flyback converter toplogies

The basic topology of a flyback converter circuit is shown in Figure 4. During
the MOSFET switching process, the MOSFET experiences higher voltage
stress which leads to reduced efficiency, electromagnetic interference and
discontinuous conduction mode of operation issues. The voltage stress can be
reduced with increased efficiency using suitable flyback converter topology.
So, different flyback converter topologies are used as discussed below.
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Figure 5 Performance waveforms of basic flyback converter with the fuel cell generated
voltage as input voltage with a switching frequency of 5 kHz at 50% duty cycle and graphs are
as follows: fuel cell voltage (vic), primary voltage (vp), primary current (Ip), voltage across
switch (vsw), secondary voltage (vs), secondary current (Is), output voltage (v,) and output
current (I,) respectively.

2.2.1.1 Active clamp flyback converter

This topology consists of two MOSFET switches (Auxillary switch and
main switch), transformer, clamp capacitor (Ccjamp), and a diode (D). The
clamp capacitor and the auxillary MOSFET switch makes the active clamp
circuit. Due to the introduction of this clamping circuit the secondary current
waveform of transformer will be affected. Here the leakage energy is shared
between auxiliary MOSFET and main MOSFET which reduces the voltage
stress on main MOSFET to eliminate discontinuous mode of operation. Using
the active clamp circuit main MOSFET leads to zero voltage switching
which reduces the switching losses. But here with introducing auxiliary
MOSFET circuit complexity increases for gate driving control and current
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stress increases. The active-clamp flyback converter configuration is shown
in Figure 6. Figure 7 shows the simulated waveform results of basic active
clamped flyback converter with its various parameter representations.

2.2.1.2 Flyback converter with RCD snubber
The circuit diagram of flyback converter with RCD snubber is shown in
Figure 8. In this converter, when the voltage across MOSFET switch surpasses
the reflected voltage of transformer and the input voltage then the snubber
diode (Dgn) is turned on which leads to leakage inductor current absorption
and voltage clamping. Large valued snubber capacitor must be chosen such
that its voltage remains constant during the switching period. Here snubber
resistor (Rgn) is used to dissipate the energy which is carried by the capacitor
in every cycle. By operating the flyback snubber separately the voltage across
the clamp capacitor (Cgn) can be regulated.

Figure 9 shows the simulated waveform results of basic RCD snubber
flyback converter with its various parameter representations.

2.2.1.3 Interleaved flyback converter

The circuit diagram of interleaved flyback converter is shown in Figure 10
interleaved flyback converters consist of two switches namely switch SW; and
switch SW5 which are turned on at alternate half cycles and whose secondary
currents are summed through two rectifying diodes D; and D». The dc flux
here is shared equally in these two primary winding which in turn reduces the
copper and the core losses.
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Figure 7 Performance waveforms of active clamp flyback converter with fuel cell generated
voltage as input voltage with a switching frequency of 5 kHz at 50% duty cycle. Graph
parameters are plotted as follows fuel cell voltage (vis), Primary voltage (vp), primary current

(Ip), voltage across the main switches (vis) and the auxiliary switch (vas), secondary voltage
(vs), secondary current (Is) with output voltage (v,) and output current (I,) respectively.

Total load current is balanced at its secondary of the two transformers
which reduces the diode rectification losses. Each MOSFET switch at its
input acts as the auxiliary switch for each other, so that both the switches
can achieve zero voltage switching operation. Figure 11 shows the simulated
waveform results of basic interleaved flyback converter with its various
parameter representations.

2.2.1.4 Two switch flyback converter

Basic operation of the two-switch flyback converter power stage is similar to
the traditional flyback topology. In the beginning of the switching period, both
MOSFET switches Q; and Q2 are closed and the primary of the transformer is
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Figure 8 Basic circuit of RCD snubber flyback Converter.

connected between the input voltage and the ground. Current (Ip) starts to flow
through the primary, and the diode (D) on the secondary side is reverse biased
due to the transformer polarity. Therefore, all the energy is stored in the coupled
inductor while the load current (I,,) is supplied by the output capacitor. The time
frame during which the switches are closed is called the magnetizing period.
When the switches are opened, stored energy is transferred to the output,
supplying the load and the charging output capacitor (C). At the same time, the
reflected voltage is applied across the primary. The time frame during which
the switches are open is called the demagnetizing period. The circuit diagram
of two switch flyback converters is shown in Figure 12. Generally basic
flyback converter is commonly used in very low power applications whereas
two switch topology can be used for high power applications. The diodes
D; and D» are used to reduce the stress on switches to input voltage. Here
the two MOSFET switches share the voltage stress produced due to leakage
inductance. Recovering of leakage energy back to input is done by clamping
the diodes D7 and Ds.

Figure 13 shows the simulated waveform results of two switch flyback
converter with its various parameter representations.

Figure 14 shows the voltage stress on the MOSFET switch in different
flyback converter topologies when compared with the conventional flyback
converter. As it can be observed from Figure 9 that a conventional flyback
converter experiences extremely high voltage spikes (Vsw ) upto 1250 V
which can damage the MOSFET switch if the switch is not rated to withstand
such high voltage. It can be seen that the other flyback converter topologies
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Figure9 Performance waveforms of RCD flyback converter with fuel cell generated voltage
as input voltage with the switching frequency of 5 kHz at 50% duty cycle and graphs are
plotted as follows: fuel cell voltage (vrc), primary voltage (vp), primary current (ip), voltage
across switch (vsw), secondary voltage (vs), secondary current (Is) with output voltage (vo)
and output current (Io).

exert comparatively low voltage stress on the switch when compared with
conventional flyback converter. The voltage stress (vsw ac) across the switch
in active clamped flyback converter is 100 V, Voltage stress (vsw,rcD) across
the switch in RCD flyback converter is 350 V, Voltage stress (vsw,11,) across
switch in interleaved flyback converter is 700 V and Voltage stress (vsw, Ts)
across switch in two switch flyback converter is 50 V from this, it can be
concluded that the two switch topology experiences the lowest voltage stress
on its switches and interleaved topology experiences highest voltage stress
when compared across the different topologies of flyback converter excluding
the conventional flyback converter.
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3 Flyback Converter Design

In this paper the flyback converter design issues are discussed. 15 V DC
output from 50 V DC supply is chosen for the design providing 90 W output
power. For switching purpose, power MOSFET is used. A diode is used
for the rectification purpose. Here design consideration is taken for single
winding output with positive and negative terminal. Moreover, for sensor
supply consideration is taken such that power is same but at its output two
voltages +15 V with three terminals that is positive, negative and center
tapes are used. Only number of turns in isolated transformer will be twice the
number of turns in a single output supply. The specifications of the converter
considered for the design are,

Input Voltage, Vi, =50V

Output Voltage, Vo =15V

Load current, I, =6 A

Switching Frequency, Fg =5 kHz

Switching Time Period, Tg = 1/Fg = 0.2 msec

Converter Efficiency, 1 = 0.85 or 85%

For more, the flyback converter parameters are given in Appendix-B.

Table 2 shows the efficiency of different flyback converter topology consid-
ering the switching frequency of 5 kHz. So, lowest efficiency is found in
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Figure 11 Performance waveform of interleaved flyback converter with fuel cell generated
voltage as input voltage with switching frequency of 5 kHz at 50% duty cycle and graphs
are plotted as follows: fuel cell voltage (vrs), primary voltage across both the transformers
(Vp1,2), primary current of both the transformers (Ip1,2), voltage across switches (vsw) and
(vsw1), secondary voltage across both the transformers (vsi,2), secondary current (Is) with
output voltage (v,) and output current (I, ).

RCD snubber flyback converter with 72.6% efficiency as per the Table 2.
Whereas active clamp flyback topology gives the highest efficiency of 85.2%
which also reduces the high voltage stress on semiconductor devices to a great
extent.

Figure 15 shows the output voltage (V,) and current (I,) waveform of
flyback converter with the single output of 15 V, 6 A. Moreover, when it
comes to sensor output keeping power as the same and making two secondary
side output for sensor application with two supply with 15V, 3 A making 90 W
supply as a whole.
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3.1 Conventional Sensor Supply

A comparison is made with the conventional sensor supply to appreciate the
proposed fuel cell based converter. It is a well-known fact that, in spite of the
simplicity the conventional power (linear power) supply suffers severely from
efficiency problems. As the focus is on efficiency, the comparison is made with
respect to this terms.

3.1.1 Dual output +15 and —15 voltage DC power supply

A power supply circuit that allows connecting 230 V AC input, eventually
stepping it down to +24 V by a centre tapped transformer can be termed as
a linear regulator. This 24 Vac output is connected to two 7815 regulators
through a bridge rectifier, for getting regulated voltages in dual (£15 V, DC) at
its output. This kind of supply is used to power all the op-amp based transducers
in industries.

Basic circuit diagram of dual output voltage dc power supply is shown in
the Figure 16. The diode bridge D;-D,4 ensures the polarity of the output that
is independent of the supply voltage polarity. This whole circuit along with the
capacitor C;-C4 converts the AC input to DC which is connected to voltage
regulators Uy and Usg on the either sides to produce &+ dual voltage output.
The 7815 regulator has three legs which convert the varying input voltage
to a constant regulated output. Capacitors Cz, Cs and Cs, Cg are connected
in parallel between the common leg and the output to achieve the maximum
voltage regulation and also ensure the elimination of ripples.
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Figure 13 Performance waveforms of two switch flyback converter with fuel cell generated
voltage as input voltage with a switching frequency of 5 kHz at 50% duty cycle and graphs are
plotted as follows: fuel cell voltage (vrs), primary voltage (vp), primary current (Ip), voltage
across both the switches Q1 and Q2 is same i.e (vsw), secondary voltage (vs), secondary
current (Is) with output voltage (v,) and output current (I,).

3.1.2 Comparison between linear regulator and flyback
Converter
Linear regulators like the 7815 are highly inefficient, and are not recommended
where the input voltage is higher. It offers a variable resistance to maintain
the constant voltage at its output, thus acting as a variable resistor. Hence, the
output current consumed by load also flows through the variable resistor.
When circuit draws huge power then the power dissipation in the 7815
will be
P=AVxI=(24—-15)%x6=54W

The 54 W loss, in a single component delivering an output power of 90 W, the
requirement of heat-sink will be big. This power dissipation will be worst for
higher input voltages and the efficiency of regulator can be calculated as,
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Figure 14 Drain to source voltage stress comparison between conventional flyback converter
and its different topologies.

n= Pout/Pin - (Vout * Iout)/(vin * Iout) - Vout/vin (Since Iout - Iin)
Son =15/24 = 0.625 or 62.5%.

So with higher input voltages this efficiency will be even poorer and the
obvious solution is a switching regulator. Depending on the Vi,/Vqyy ratio,
there are different types of switching regulators. The actual efficiency can be
estimated by the parameters of used components. In a converter having an
efficiency of 95%, power dissipated in the regulator can be interpreted as,

P = ((1/1) — 1) % Poue = ((1/0.95) — 1) 90 = 4.73 W

This is comparatively very low and eliminates the need of a heat sink. The
other attractive feature of the switching regulator is the possibility of the entire
converter coming in a package with all the other associated components.
Linear regulators are good choice for providing power to low power
devices or where the difference in the output and input is very low and
provides its advantages of low cost, easy to use and simple construction.
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Table 2 Efficiency comparison between different flyback converter topologies for 5 Khz
frequency with 50% duty cycle
S.No. Flyback Converter Topology  Efficiency

1 Active clamp 85.2%
2 RCD snubber 72.6%
3 Interleaved 74.6%
4 Two switch 80.7%
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15r
;C: 10} 1
5 A
0 1 1 1 1 .
8 L] T T T
6F
o 4F 4
~
2+ 4
0 -
(/] 0.02 0.04 0.06 0.08 o1

Time (sec)

Figure 15 Output voltage and current waveform of flyback converter.
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Figure 16 Basic circuit of dual output voltage dc power supply.
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To overcome this disadvantage the switching regulators are the best option
which are available in the form of modular compact and reliable chips which
further can be divided into non isolated and isolated converters. Some of the
advantages of switching regulators are, they can be operated to buck or boost
the input voltage unlike in the case of linear regulator where it only bucks
the input. The efficiency of switching regulator is high and can be used in
medium and high power applications and it can accept the wide range of the
input voltage (Vi,). Thus, flyback converter is opted to power the sensor due
to its superiority in almost every aspect. Figure 17 shows the overview of
fuel cell output connected to the flyback back converter with its transformer
center tapped enabling the flyback converter to produce +15 V across its
output terminal. This £15 V is given to the sensor for its operation. Figure 18
shows the output voltage and current waveform of the center tapped flyback
converter with VI and I7 as positive supply as well as V and 1] as negative
supply for the sensor applications.

4 Experimental Validation

To validate the simulation study, the proposed system is developed in the
laboratory environment. To record the performance of the waveforms, fluke
power analyzer (43B) and Agilent make digital oscilloscope are used. The
proposed converter is implemented in real time using the Xilinx made Spartan3
FPGA board (XC3S500) with 20 ws sampling time. An available slot has
ADC and signal conditioning blocks with finite number of channels allocated
for each block. The parameter variation in input voltage (Vi,), input current
(iin), output voltage (V,), output current (i, ), primary voltage (Vp), secondary

L ] V+ Vo.w

+

Fuel
— | Cell

GND Sensor +

r _

.- . Gate
puﬂ:{ve
T%' D, > Iy Sensing
o Parameter(V or I)
Switch

Figure 17 Basic circuit of Fuel cell fed flyback Converter with sensor supply connections.
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Figure 18 Output voltage and current waveforms of flyback converter in sensor powering
application.

voltage (Vg), secondary current (ig) and voltage across switch (Vgw) are
shown the Figure 19-Figure 22. All these performance of the system is
validated in basic flyback converter and active clamped flyback converter
as discussed below.

4.1 Performance of Designed Flyback Converter

Figure 19(a, b) shows the performance waveform of basic flyback converter.
The level of input voltage (viy), input current (ij,), output voltage (v,) and
output current are shown in Figure 19(a). Moreover, Figure 19(b) shows
waveform of supply current (is), supply voltage (vg), voltage across switches
(Vsw) and primary side voltage of converter transformer (V,,). After observing
these waveforms, it can be seen the switch voltage is oscillating due to high
switching frequency which is the main problem encountered in basic flyback
converter and can be eliminated using active clamp topology. After observing
recorded waveform of Input voltage (vi,), input current (ij,), Input power
(Pi), Output voltage (v,,), output current (i, ) and Output power (P,) as shown
in Figure 20, the efficiency of basic flyback converter is found to be 90.41%.
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Figure 19 Steady state performance waveforms of basic flyback converter. (a) Ch. 1 —
50 V/div, 2 -10A/div, 3 -20 V/div, 4 — 10 A/div and time axis — 100 ps/div. (b) Ch. 1 —20 A/div,
2 — 50 V/div, 3 — 100 V/div, 4 — 200 V/div and time axis — 100 ps/div.
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Figure 20 Steady state waveforms of basic flyback converter (a) Input voltage (vin) and input
current (iin) (b) Input power (Pin) (c) Output voltage (v,) and output current (i,) (d) Output
power (P,).

4.2 Performance of Designed Active Clamped Flyback
Converter

Figure 21(a, b) shows the performance waveform of active clamped fly-
back converter. The level of input voltage (vi,), input current (ij,), output
voltage (v,) and output current are shown in Figure 21(a). Another side,
Figure 19(b) shows waveform of supply current (i), supply voltage (vy),
voltage across switches (Vgy) and primary side voltage of converter trans-
former (V;). After observing these waveforms, it can be seen the switch
voltage is stable even after having high frequency switching due to the
clamp circuit. After observing recoded waveform of Input voltage (viy), input
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Figure 21 Steady state performance waveforms of active clamped flyback converter.
(a) Ch. 1 — 50 V/div, 2 — 5 A/div, 3 — 20 V/div, 4 — 10 A/div and time axis — 100 ps/div.
(b) Ch. 1 —20 A/div, 2 — 25 V/div, 3 — 50 V/div, 4 — 50 V/div and time axis — 100 ps/div.
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Figure 22 Steady state performance waveforms for active clamped flyback converter (a)
Input voltage (vin) and input current (i;n) (b) Input power (Piy) (c) Output voltage (v,) and
output current (i,) (d) Output power (P,).

current (ij, ), Input power (Py,), Output voltage (v,), output current (i,) and
Output power (P,) as shown in Figure 20. The efficiency of active clamped
flyback converter is found to be 95.48% which is better when compared
with conventional flyback converter. So, comparatively active clamp flyback
converter gives the better performance and is reliable choice for efficient
operation.

5 Conclusion

Fuel cells are emerging as more efficient and cleaner source of power genera-
tion than conventional sources. Different flyback converter topologies with
fuel cells as a power sources are analyzed with their efficiencies and voltage



Power Generation Using Fuel Cell in the Application of Sensor Power Supply 183

stress across the switch as an important parameter. The converter is designed
to get 15V DC output from 50 V input DC and the results are compared across
the different flyback topologies. Active clamp flyback Converter topology is
found to have higher efficiency than others at 5 kHz frequency. The increased
efficiency and reduced heat dissipation is observed in the active clamped fuel
cell powered flyback converter when compared with the conventional method
of supplying power to the sensor. This power supply can be utilized in power
sensors like level sensor, angle sensor, anemometer sensor, motion sensor,
pressure sensor, temperature sensor, wind vane sensor etc. into on board drive
applications. From simulations and experimental validation, it is observed
that the voltage stress across the switch is limited to an acceptable value in the
active clamped topology offering an efficiency of 95.48% which is superior in
its performance and reliability when compared to the basic flyback converter
topology.

Appendix-A

Fuel Cell Supply Source Details: Temperature = 303 K, Hs Pressure =2.5 Atm,
O2 =5 Atm, Nernst Voltage = 1.25 V, 1 Cell voltage = 1.11 V, Number of
cells = 45, Fuel cell O/P Voltage = 50 V.

Flyback Converter Details: Primary magnetizing inductance, Lp =
0.5907 H, Clamping Diode, Ccjamp = 0.02289 mF, Resonant Inductor, L,
0.0443 mH, Snubber Capacitor, Cs, = 0.5077 pF, Leakage Inductance,
Ly = 8.86 uH, Snubber resistance, Ry, = 5.918 K2, Output capacitor,
C=4mF.

Appendix-B

Flyback Converter Parameter Calculations

Load Resistance (R) =2.5 €2, Forward Voltage of MOSFET (V) =12V, and
Forward Voltage of Diode (Vp) =1V

Primary side peak current (Ipx) = (2 * I;,)/D

Primary magnetizing inductance (Lp) = (Vi, * D)/(f * Ipk)

Clamping Diode (Ccpanp) = (1 — D)?/(m? * L, * £2)

Resonant Inductor (Lg) = (5-10)% of Lp

Snubber Capacitor (Csn) = (2 * Lrk * Ipk?2 * n?)/Vo?

Leakage Inductance (Ly k) = (1-2)% of Lp

Power dissipation in snubber resistor (Pg,) = 0.833 * Ly * Ipg?2 * f



184 S.R Aryaetal.

Snubber resistance (Rg,) = (6.25 * Vo?)/(Pg, * n?) = 5.918 K
Output capacitor (Cy) = (Vo * D)/(f * R * AV,)
AVo = 1% of ripple in V,,
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