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Abstract

In the study, fuel cell modelling and control schemes are investigated in relation to their
utilisation. They discuss the uses of fuel cells in automobiles, utility power systems, and
standalone systems that combine wind, solar, and fuel cell technology. Industries are actively
focusing on fuel cell design and engineering to improve performance, durability, cost
effectiveness, and cold-start capabilities. As a result of this new focus, there is an urgent need
for the identification, comprehension, prediction, control, and optimization of numerous
transport and electrochemical processes that occur in fuel cells on various length scales.
Discussing the design and execution of a fuel cell-based power generation system is the main
goal of the study. In light of this, a methodology for developing and putting into practise an
effective high power converter system is described. The PEM fuel cell electrical equivalent
model, which was tested using the commercial MARK 1020 system, is also included in the
study.

The series-resonant converter topology, whose foundation is based on soft-switching
approach, is chosen after analysis of the converter topologies that are most appropriate for
this application type and satisfying a number of criteria. The converter was created with low
component stresses, high frequency operation, and soft-switching commutation in mind. It
comprises of an input filter, a full-bridge inverter, a series resonant circuit, and a diode
rectifier on the primary side and an output filter on the secondary side. The operational
limitations of the system MARK 1020 were taken into consideration when designing the
converter.
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1. Introduction

Due to its great energy efficiency, minimal environmental impact, and low noise levels, fuel
cells are widely acknowledged as the energy-conversion technology for portable, fixed, and
mobile power in the twenty-first century. Due to the depletion of fossil fuel supplies and
environmental contamination, there has been a rise in interest in the usage of renewable
energy sources. Because they are ecologically benign, highly efficient, and renewable cycles,
study into the new energy sources, such as solar, wind, and fuel cells, can be used to improve
the safety, dependability, and sustainability of the world.

Since they generate electricity from hydrogen using an electrochemical process that almost
entirely eliminates noise and pollution and leaves only water and heat as waste products, fuel
cells in particular stand out as a suitable energy source in this context. Additionally, they
offer a number of benefits such being silent, having a high potential for cogeneration
applications, and being flexible for a variety of power and application needs. The study,
design, and implementation of fuel cell-based power generation systems is the primary
objective of this research, This demands that both the fuel cell model and the power
electronic converter be carefully chosen.

In this context, fuel cells in particular stand out as a desirable power source since they
produce electricity from hydrogen using an electrochemical process that produces almost no
noise or pollutants and only water and heat as waste products. Additionally, they offer a
number of benefits such being silent, having a high potential for cogeneration applications,
and being flexible for a variety of power and application needs. The study, design, and
implementation of fuel cell-based power generation systems is the primary objective of this
research, which necessitates the careful selection of both the fuel cell model and the power
electronic converter.

The converter's resonant structure, which also provides low component stresses, high
frequency operation, soft-switching commutation, and low component stresses, allows it to
function under a variety of input and output situations. The voltage controller is in charge of
maintaining the converter's output voltage constant under variations in load, and the PEM
controller is in charge of enhancing performance by maintaining the PEM fuel cell at its

optimum operating point. These two components make up the control of the converter.
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The PEM fuel cell findings are provided first, followed by those for the entire system with
load disturbance. The findings show that the suggested converter is a wise choice for

increasing PEM fuel cell efficiency because it enables proper fuel cell power management
while maintaining load requirements and reducing losses through the use of soft-switching

control.

Objectives
. The main objective of the study to discuss about most relevant renewable energy.

. What is fuel cell and how it may change the future of energy generation?
. Schematic idea about Hybrid types of energy generation with the help of fuel cell,

1

2

3

4. Market value of fuel cell energy

5. Modern methodology adopted and implemented for the generation of renewable energy.
6

. Schematic diagrams for converters required and illustrated methodology adopted.

2. Methodology applied

PEMFCs: Proton Exchange Membrane Fuel Cells: The foundation of proton exchange
membrane fuel cells (PEMFCs) is an aqueous electrolyte, or polymer, which transports
hydrogen ions because it has liquid water on it. As seen in Figure 1, the PEMFC's primary
components are as follows. A PEM fuel cell, which is a static device, directly, isothermally,
and continuously converts chemical energy from a fuel into electrical energy. Only the
hydrogen and oxygen reaction takes place in this procedure. Only heat and water are

produced as by products.

Electric current

Fuel In == < Airin

S e Water &

Excess fuel — -
Heat Out

Out -—

Anode Polymer Cathode
Electrolyte

Figure 1. Basic schematic diagram of a PEMFC [32].

A fuel cell is made up of an electrolyte, two electrodes (the anode and cathode), and similar

components to a battery. The capacity of a storage battery is limited since it includes all the
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components of the electrochemical oxidation-reduction results involved, whereas a fuel cell
receives its reactants externally and can run constantly as long as fuel is available. Figure 1
depicts the basic structure of a single cell, while equations 1 to 3 define the reactions
occurring on the anode side, cathode side, and throughout the process as a whole. The study's
methodology, which is described in detail in Mubarok, 2021.

2H,—4H"+4e - El
4H*+Oy+4e ~—2H,0 E2
The overall reaction of the fuel cell is, therefore.

2H; + O,— 2 H,0 E3

2.1. An analysis of PEM fuel cell modelling

An FC was used in this study to create the experimental inputs and outputs such that they
were suitable for the real-time model. Among the components of this circuit design were a
converter, a battery charger, and a DC load. These elements made it easier to gauge the FC's
production. Figure2 depicts the corresponding fuel cell simulation. There have been
numerous studies and presentations of proton exchange membrane (PEM) fuel cell models in
the literature [1-12]. What aspects must be considered in the fuel cell model must be made
clear during the selection process [7]. Every application and user has a different model
selection process, thus the early choices are crucial to prevent modifications later in the
model review process. Theoretical models are typically intricate, difficult, and time-
consuming to compute [8,9,11-12]. Without going into great detail about the physical and
electrochemical events involved in the operation, the semi-empirical models [1,5,6,10]
provide a broad voltage-current connection. These models are frequently distinguished by
straightforward implementation and quicker simulation.

1rc
——

A+

VEFEC LOAD

Figure 2: Schematic diagram of Electrical equivalent circuit of the PEM fuel cell [33].
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The semi-empirical model used for this investigation corresponds to the electrical equivalent
circuit shown in Figure 2. The PEM fuel cell's static and dynamic behaviour are electrically
represented by this circuit, which also takes into account the losses and the fuel cell's
thermodynamic potential. Equations 4 through 9 describe the PEM's static behaviour,
whereas equations 10 and 11 describe its dynamic behaviour. The interface
electrode/electrolyte serves as an energy storage element in the capacitor C, which reflects
the "charge double layer" fuel cell phenomena. Equations 12 and 13 respectively indicate
electrical power and efficiency.

Output voltage of one cell PEMFC cell is defined as:

VEc = Enernst — Vact = Veon — Vohmic E4
Thermodynamic potential:

ENernst = 1.229 + [4.31 %1075 « T * (InPH2 + 0.5P02)] — [0.85* 1073 *

(T — 298.15)]

E5

where T is the fuel cell's temperature in Kelvin (K), P (H2) is the hydrogen gas partial
pressure in atmospheres, and P (O2) is the oxygen gas partial pressure (atm). Calculations
must be made to determine the partial pressure's effectiveness on each surface. The
calculation seeks to determine.

Activation over-potential:

The voltage drop resulting from the activation process Vact around the anode and cathode
electrodes can be mathematically calculated according to the following expression:

Vact = — [H+&E*T+E *In (c02) *T +& * In(lgc) *T] E6
Ohmic over-potential:

Ohmic voltage is the voltage that is lost due to resistance when the protons move. The
following is the ohmic voltage equation.

Vohmic=Irc (RC + RM) E7
Concentration over-potential:

Stress related to a loss in concentration is brought on by a shift in concentration level.

Vcon = — B * In(1-J/Jmax) ES8
Where: J = actual current density, B = constant (V), and VCon = voltage drop concentration
(V) of fuel cell (A/cm2), Jmax = maximum current density of fuel cell (A/cm2).

voltage produced by the stack:

Vs=n*VFC E9
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The voltage across the capacitor

dvd/dt=(1/ C* lgc) — (1/z * Vd) E10
Electrical Time-constant:

r=C*{ (Vact + Vcon) / IFC} E1ll

Electrical power:

PFC = IFC *VFC E12

Efficiency:

n=uf *VFC/ 1,48 * 100% E13

2.2. Experiments conducted using the PEM Mark 1020

TEC

R]‘? Ra? Rj? Rté"
T 12\ N ra
I.‘.—\.* 'Iﬁﬁl.* 5.-1* F.-’-*

Figure 3. Electrical circuit to assess the Mark 1020 PEM fuel cell [31].
The experimental set-up used to get the electrical PEM properties corresponds to the circuit

of Figure 3. Data is logged for each load step to show when the fuel cell reached steady-state
performance.

2.2.1. Output voltage and power of PEM Mark 1020
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Figure 4. Fuel cell voltage of PEM Mark 1020, Figure 5. Electrical power [31].
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The digital multi-meter is directly connected in parallel with the fuel cell to measure the
output voltage. This is an uncontrolled DC voltage that varies depending on the load as well
as the amount of fuel the system is receiving. The PEM Mark 1020's stack voltage is depicted
in Figure 4 while the stack power is represented in Figure 5. The results for the two electrical
variables line up with the information provided by the stack's creator.

2.2.2. The PEM Mark 1020's efficiency and hydrogen consumption
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Figure 6. Efficiency of the PEM Mark 1020 [31].  Figure 7. Hydrogen consumed [31].

The lowest and maximum efficiency values for PEM Mark 1020 are 45.16% and 55.47%,
respectively. The efficiency range for this product is 49.9% to 55.1%. According to Figure 6,
as the current density increases, the efficiency somewhat declines. Figure 7 below shows how
the hydrogen used by the stack Mark 1020 is proportionate to the power the fuel cell
produces.

2.2.3. Constraints imposed to the converter.
No matter which converter topology is used, the PEM fuel cell's limitations, which include
the PEM Mark 1020's minimum and maximum values for voltage, current, and power must

be adhered to these values are stated in Table 1 below.
Table 1. Constraints imposed to the power system by PEM MARK 1020.

Ifc (A) | Vfc (V) | Power (W)

2.8 23.71 | 66

24 19.11 | 492

3.Power electronic converters for PEM fuel cells
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Fuel cell systems employ power electronic converters to transform the DC electrical power t
hrough the use of power electronic circuits, fuel cell energy is converted into useful AC or
DC power. Numerous solutions have already been described in the literature [14—30] for the
power electronic converter, which is a crucial component of the fuel cell system's interface as
a power generating system. The converter topologies that can be used are DC-DC along with
DC-AC, DC-AC connecting the fuel cell directly to the grid, or DC-DC along with AC-AC
isolated by a transformer. The fuel cell's output voltage normally ranges from 20 V to 50 V.
Based on how they function, the DC-DC power converters can be divided, as shown in
Figure 8. Efficiency is what differentiates them the most from one another. Since greater
power converters require a higher power transformer, the single switch topology is not the
best option for these converters. Therefore, Push-pull, Half-bridge, and Full-bridge

converters—another category of DC-DC isolated converters using multiple switches are

discovered.
: . Buck
ey —I Non-isolated Boost
Hard switching
e mode regulator . Buck-Boost
. Cuk
. SEPIC
2
(O]
t —I Isolated
[
2 Linear mode .
S regulators | 1. Flay -back
—ISeries regu atorsI
8. . Forward
a B. Push-pall
el
— regulators . Full bridge
Y Zero-current switch (ZCS)
oft switching

mode regulator.

Zero- Voltage switch (ZVS)

Figure 8. DC-DC power converter classification.

In switched-mode topologies, switching transitions with finite durations would cause
significant peak pulse power dissipation in the devices, a loss in converter efficiency, and
possibly even transistor breakage during the turn-off transition. Use of load-line snubbers can
lessen this issue. The stress on the switches is reduced when snubbers are used. However, the
emergence of novel power electronic converters based on soft-switching technologies
[15,17,19,20-22,30] has made it possible to raise the switching frequency due to the decline

in switching losses and ongoing development of power switches. When the switch voltage or
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switch current is zero in this type of converter, the converter switches turn on and turn off
[23].

Ve Dy FANE Cy § I54

B==
)

Figure 9. General structure of a resonant converter, ZVS [35,36].

An setup for a soft-switching resonant converter is shown in Figure 9. To aid the switch
action, an inductor (Ls) and a capacitor (Cs) have been added. The diode is enhanced by an
equivalent LdCd pair. In each of these soft switching scenarios, the ringing resonant
waveform is interrupted by switch action at a zero crossing. This method is frequently
referred to as quasi-resonance. The resonance or soft switching strategy can be utilised in
DC-DC converters to set up the ZCS or ZVS. Figure 9's resonant component can be
rearranged to get the ZVS or ZCS. Switching losses at turn-on and turn-off can both be
reduced and eliminated with ZCS topologies. The operation of the converter is no longer
affected by the junction capacitance of the output diode if a relatively large capacitor is
attached across it during resonance. The capacitive turn-on losses are the main ZCS drawback
when Mosfets are employed. As a result, switching loss and noise increase with switching
frequency. During turn-on, a sizable rate of change of voltage can be linked to the gate drive
circuit through the Miller capacitor. The switches' high current stress and significant
conduction loss represent another drawback. The capacitive turn-on loss is eliminated by
ZVS. It is appropriate for operating at high frequencies. Switches in single-ended
configurations may experience excessive voltage stress that is inversely correlated with load.
Variable frequency control can be used to control the ZCS and ZVS resonant converters'
output. Whereas the ZVS [24] runs on continual off-time control, the ZCS [20-22] runs on

constant on-time control.

3.1 Requirements for selecting the converter topology.
To ensure the highest efficiency and lowest cost of the power generation system, the

following criteria are taken into account when choosing the converter topology. Controlling

output voltage in accordance with a reference, Provide current with minimal ripple and
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harmonic interference, have high efficiency across the whole operating range, operate
correctly under all circumstances, and have built-in filtering and storage options.

3.2. DC-DC converter topologies

The effectiveness and efficiency of the energy generation process based on fuel cells is
greatly influenced by power electronic converters in general and DC-DC converters in
particular. Static power converters that can accurately support the control methods are
necessary for the control of the fuel cell's operating point. When employing converters with
fuel cells, the major goal is to maximise efficiency while using the best control methods
possible while taking into account the above-mentioned parameters. As previously
mentioned, several converter topologies can be applied, as shown in figures 10 A and B
below. Between the fuel cell and the inverter, a DC-DC converter is typically used to perform
two tasks: 1) acts as DC isolation for the inverter; and 2) generates enough voltage for the

inverter input to provide the necessary magnitude of the AC voltage. The utility connection

will ~ determine  whether the inverter is  single-phase  or  three-phase.

i — | w *

4 Fhel HF 1 DC-DC bc DC-AC |

! f DC-AC | Grid | Converter [egulated|  converter |

9 (o] rter -

QLLLL — ,

A. DC-AC converter interfaced directly to the grid, B. DC-AC followed by a AC-AC converter interfacing the
grid

Figure 10. Grid Configuration A and B

3.2.1. Converter in series with a capacitive output filter
According to the above-mentioned principles, the converter architecture in Figure 11 is
acceptable. This modified series resonant converter (SRC) soft switches HF switches using a

(L-O)|IL resonant tank. Some key traits of this kind of converter can be summed up as

follows:
! ]
D
M M2 DR1 DR2
A A
Ls Cs
m_| ] i é
Vin + in — -~ Cf RL
DC = Cin 2= Lp T z
HF-Transf
1I:n DR4 DR3
r ¥ r ¥
M4 M3

Figure 11. Series Resonant converter with capacitive output filter [31].
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High efficiency is provided by this arrangement under all possible load and line
circumstances, although it declines when input voltage is raised. It reaches the complete
range of ZVS (full load to moderate load). Switch peak current increases dramatically with a

change in input voltage but decreases with load.

3.2.2. converter in series with an inductive output filter

The converter topology in Figure 15 is an inductive output filter on an LCL type SRC. This
makes use of an LCL resonant tank for the soft switching of high frequency switches and an
inductive output filter. These key traits can be summed up as follows. It reaches the complete
range of ZVS (full load to moderate load). Although the voltage rating of the rectifier diode is
higher, the efficiency is not significantly impacted by the use of ultra-fast recovery diodes
with high voltage ratings and minimal forward voltage drops.

This configuration can also be transformed into a series resonant converter (SRC), shown in
Figure 12, which uses a (L-C) || C resonant tank for soft switching of high frequency
switches. In this situation, the term "series-parallel resonant converter” is also used to

describe this arrangement (SPRC).

Mi M2
DRI1 | DR2
x r ¥
Ls Cs
(YYYK._I 3
Vin + cf Sru
—l Cin = L:
DC T = P <

HF-Transf
2 1m DR4 DR3
o @ X A

oy

Al

Figure 12. Series Resonant converter with inductive output filter [31].

3.2.3. With an inductive output filter, a PWM full-bridge converter
Figure 13 shows a phase-shifted full bridge converter with an inductive output filter. For high

power applications, this soft-switched arrangement is the most popular.

Ls
YV,
L DR1 + DR2

3 =

°Y

i Cin =<

Figure 13. PWM full-bridge converter [31].
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This constant frequency converter has a small circulating circuit and ZVS main switches.
Filter inductance, transformer leakage inductance, snubber capacitance, and switch junction
parasitic capacitances all contribute to the ZVS. The phase shift technique is used to control
the output voltage at a consistent frequency. Its primary traits can be summed up as follows:
Loss of duty cycle on the secondary side is the main drawback of this design. Rector diodes
on the secondary side are under high voltage stress. parasitic ringing on the transformer's
secondary side. Big inductors may extend ZVS range but necessitate a reduction in
transformer turns-ratio (Np/Ns), which raises main side current and results in significant
conduction losses, which reduces converter efficiency. A good compromise between the

transformer turns-ratio and leakage inductance is required to maintain low conduction losses..

3.2.4. full-bridge converter with secondary side control

Using a phase-controlled rectifier on the secondary side and a full-bridge inverter on the main
side, the arrangement resembles a secondary side controlled converter. With a set duty ratio
and complementary gating, the switches on the primary side are actuated. The switches on the
secondary side of the HF transformer are adjusted to create a phase mismatch between the
voltages on the primary and secondary sides in order to manage the output voltage with load
and input line voltage variations. Following is a list of this configuration's primary attributes:
Control is easy and simple.

An issue with the converter is that the switches on the secondary side display ZVS or ZCS
depending on the line and load. When the input voltage is lower, the secondary side switches
display ZVS, and when the input voltage is higher, ZCS. This converter's efficiency,

measured at full load and variable line voltage, is close to 92.01%.

3.2.5. two-inductor boost converter that is current-fed.

The voltage-fed half-bridge converter configuration is duplicated in the current-fed two-
inductor boost converter. With only two switches utilised on the primary side, this design
requires a transformer with an extremely low turns ratio. Since the voltage across the
switches is sinusoidal, the primary switches turn off smoothly. The same applies to turning on
and off rectifier diodes. At variable line input and load conditions, ZVS is very difficult to
achieve due to the large peak and average currents through rectifier diodes. Applications

requiring continuous input and output voltage should choose this design.
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3.2.6. Bidirectional current—fed converter.

The voltage-fed half-bridge converter configuration is duplicated in the current-fed two-
inductor boost converter. With only two switches utilised on the primary side, this design
requires a transformer with an extremely low turns ratio. Since the voltage across the
switches is sinusoidal, the primary switches turn off smoothly. The same applies to turning on
and off rectifier diodes. At variable line input and load conditions, ZVS is very difficult to
achieve due to the large peak and average currents through rectifier diodes. Applications

requiring continuous input and output voltage should choose this design.

3.3. Selection of converter topology and operation

The chosen topology is a full-bridge series-resonant inverter, a high frequency transformer,
and a rectifier, considering the past research. Also, there are two low-pass filters: one on the
main side, which shields the PEM from excessive ripple current, and one on the secondary
side, which improves the calibre of the energy the power system provides to the load or the
grid. Figure 14 below depicts the electrical layout of its topology, also referred to as a series

resonant converter (SRC).

LPEM Lr Cr Lf

D
Q e I‘DRI DR2
G b1 . D2

A
FUEL CPEM
CELL T
B
Q4 3 HF ltransf
D4 \ XD3 n x
G G DR4 |DR3

Figure 14. Electrical circuit of the SRC.

Yyy

g 3 ® RLoad

The converter operates in the following manner: it must increase the generally low voltage
provided by the fuel cell stack to a high and consistent level, such as 48 V or 400 VDC, in
order to power an electric vehicle or be delivered to the grid via an inverter. The step-up
voltage transformer known as the HF offers galvanic isolation between the high and low
voltage levels of the circuits. On the transformer's primary side, the LC series resonant circuit
produces sinusoidal voltage and current waveforms. The Lr and Cr components' proper
values are chosen, and the circuit's resonance frequency is established. The fuel cell's DC
voltage is then rectified on the secondary side of the HF transformer after being initially
inverted on the primary side. The low pass filter in the main side (LPEM, CPEM) protects the

PEM fuel cell from ripple current and voltage created by the converter and also enables
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energy storage in the DC bus. The secondary's low pass filter (Lf, Cf) enables lowering the

load's current and voltage ripples, respectively.

3.4. Mathematical analysis of the series resonant converter (SRC)
The series-resonant inverter is made up of a regulated full-bridge and a series resonant circuit

with a natural frequency fr and impedance Zr as part of the topology of the Electrical
Equivalent Circuit (Figure 15) of the SRC.

The tank waveforms, namely the capacitor voltage, VC, and the inductance current, iL, are
considered to be perfectly sinusoidal in the study of this circuit using the sinusoidal
approximation, which ignores the harmonics of the switching frequency.

LR CR
Q Q2 _IW"\_K_
L DL . D2 Vi A VIS(t)
+VEC

N\
3 > :RLeq
Vrc ﬁ_) T / \
Q4 3 Ql 9Q3 QZ)Q.4
D4 G \ &D3 \ /
-VEC -
= N

Figure 15. Electrical equivalent circuit of the SRC, Figure 16. Output voltage in a full-bridge inverter.

3.4.1. Voltage

IGBTs Q1 and Q3 conduct in the first half period [0-], while IGBTs Q2 and Q4 conduct in
the second half period [ - 2], as shown in Figure 16. The output voltage of the full-bridge

v

inverter, which is also the input voltage of the series resonant circuit, is a square-waveform in
Figure 16.

VFc, for O<wt<n—VFc, for n<wt<2n El4
3.4.2. Current

In the first half period [0-], the current is (t) equals the output current +is (t), and in the
second half period [-is (t)], it is its inverse. The tank rings sinusoidal and is(t) is well
approximated by a sinusoid waveform as shown by equations 15 and 16 under the
circumstances mentioned above.

1Q1=1Q3={+Imaxxsin(wt—®), for O0<wt<n0,

for n<wt<2m E15

1Q2=iQ4={0,

for O<wt<m—Imaxxsin(wt—®), for n<wt<2m E16
1546
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The analysis of the SRC can be carried out using a straightforward equivalent circuit, such to
that shown in Figure 17, whose operation can be described by the following second-order
differential equation.

A __il,_' +VC
— Y YY) 1L
+ & LAY
Lr Cr
v - 1: R'
FC 1 < Load
<

B

Figure 17. Series resonant circuit with a resistive load.

The Kirchoff loop equation, which states that the sum of voltages around a loop equals zero,
is applied to the RLC circuit of Figure 23 to produce the following equation for a series

resonant circuit.

LrdiLrdt+VCr+RIZV E17
Hence equation 18 with R=Zcos() expresses the input impedance Z of this circuit. and
X=Zsin(0)

Z  =R+j(wLr—1wCr) E18

3.4.3. Frequency and reactance at an angle

When XLr = XCr, the reactance of the resonant circuit will become zero, resulting in Z=R
and resonant operation, where fs=fr. Equations 19 and 20 determine this's
characteristic impedance Zr and angular frequency wr, respectively.

wr=2nfr=1LrCr E19
Zr=LrCr— E20

3.4.4. quality element
The circuit's "goodness" or quality is gauged by the quality factor Q. This is the ratio of
the power used by the resistance of the resonant circuit to the power dissipated in the

reactance. Equation 21 or, alternatively, equation 22 can be used to define the quality

factor Q.
Q=wrxLrR=1wrxCrxR=ZrR E21
Q=1RxLrCr— E22

3.4.5. Normalized amplitudes of the current and power in the series resonant circuit
The normalised amplitudes of the current and output power in the series resonant

circuit are depicted in Figures 18 and 19, respectively, as functions of fs/fr and R/Zr

=1/Q. When the load resistance is low and the resonance frequency is present, the
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circuit's maximum current value occurs. It is also observed that at resonant frequency fr
if the load R— 0 then the peak current [-x and the system can be destroyed.
According to this research, a short circuit on the load side is never likely. The output

power is maximum at the resonance frequency and with minimal load resistance.

7 - - - 22

Q=10 :

20

Current (A)
© a
Powrer (W)

Figure 18. Amplitude of the current, Figure 19. Amplitude of the power

4. Control

The voltage loop, also known as the fast loop, and the PEM loop, also known as the slow
loop, make up the control. The voltage controller is in charge of maintaining the converter's
output voltage at a preset, constant value regardless of variations in load. The PEM controller
is in charge of maintaining the PEM in its optimal state, This entails supplying the load with
the necessary electrical power while using the least amount of current and, hence, hydrogen.

The control scheme of the converter is illustrated in Figure 20.

Vcontrol

LOOP OF
THE PEM

Vout_ref - Vcontrol

D) Veror L o) | » VCO

Vout

LOOP OF
VOLTAGE

Figure 20: Control structure of the SRC

5. Experimental setup and results
The entire system, made up of the PEM Mark 1020, the SRC, and the load, is tested using it.

The load is made up of a number of resistors connected in series, and a manual switch
controls their variation. A typical dial pressure gauge measures the fuel pressure that powers

a PEM stack and keeps it constant between 0.3 and 0.5bar. The oxidant flow required to
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create the electrochemical reaction must be injected into the stack using the ventilator. The
multimeter's representation of a voltage of 26.06V is the same as the PEM's open-circuit
voltage. In order to experimentally confirm the SRC's stability and dynamics, This section
reports the findings of the tests related to the output voltage and current, the PI controller, and
the resonant current.

5.1. Fuel cell Output voltage and output current

The graph below demonstrates the stability of the converter's voltage control loop in that
Notwithstanding changes in output current or the load, the output voltage, Vout, stays
constant. Both circumstances fall under this requirement (Figure 21).
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Figure 21. Output voltage (Vout) and output current (Cout).

Effects of hydrogen gas pressure characteristics on fuel cell voltage and current
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Figure 22. Hydrogen gas pressure on FC voltage and current

Temperature-related characteristics that affect the fuel cell's voltage and current.
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Figure 23. The voltage and current of the fuel cell fluctuate with temperature.

5.2. Proportional integral control (PI)
Analysis of the PI control signal can be used to gauge the dynamics of the system. Hence,

after taking into account both load variation scenarios, it seems that the Pl controller's
stabilization time is around 7 ms. Also, it displays a minor oscillation that demonstrates how

effectively the PI control's settings were chosen for the system. A step-up load situation is
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represented by Situation 'a," whereas a step-down load condition is represented by Situation
'b. The voltage error is defined by INA101 as =V measured - V reference, and the objective
of the PI controller is to lower this error for every change in load.

5.3. Resonant circuit operation

Adapts to both step-up and step-down load situations:

It follows from this research that the converter adjusts its operating frequency in response to
changes in the load. As a result, the frequency is low for low load levels (Imin, Rmax) and high
for high load levels (Imax, Rmin). We infer that the system has good dynamic characteristics
since the change in frequency of operation is instantaneous in dynamic terms. It can also be
seen that the output voltage Vout does not change regardless of the load variations. This
research supports the controller's stated goal, which is to maintain a constant output voltage

in order to meet the demands placed on power system applications.

7.Integrated system

A wind turbine, a hydrogen-fueled system, and a PV matrix make up the hybrid system under
study. A solar system in a hydrogen fueled system consist of solar PV, DC/AC converter,
PEM electrolyzer and water. We use fuel cells along with an off-grid hydrogen tank in hybrid
energy systems (Figure 24). In similar way other type of hybrid PEMFC can be utilise.
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Figure 14 Hybrid system schematic diagram

8. Discussion

A noteworthy accomplishment was the operation of more than 25,000 fuel cell vehicles in

2020. The market for automotive fuel cells is anticipated to increase from 25,000 units in

1550
Eur. Chem. Bull. 2023,12(3), 1534-1554



Power Engineering Method for Fuel Cell: An overview Section A-Research paper

2022 to 724,00 units in 2030, a CAGR of 52.4%. In the course of this research, fuel cell-
powered buses, LCVs, lorries, and passenger automobiles were mapped. The development of
long-distance fuel cell vehicles has been spurred by the rising demand for zero-emission
commercial freight trucks and buses. The demand for FCEVs is anticipated to steadily rise as
a result of the increasing global deployment of hydrogen infrastructure. Longer range and
high-power engines are now possible in fuel cell electric vehicles thanks to technological
advancements in fuel cell components and other fields (FCEVs). The demand for FCEVs will
change as a result in the upcoming years. The further adoption of the technology is, however,
slowed down by various constraints. The infrastructure for hydrogen is still lacking or not
sufficiently developed. In addition, despite a general decline, FC costs are still costly,
particularly because PEMFCs need a platinum-based catalyst to speed up reactions. In order
to prevent the potential for irreversible voltage loss brought on by platinum contamination, At
the anode side, PEMFC is required to employ a clean hydrogen stream. Due to these
problems, the fuel cell lifespan is ultimately less than planned for traditional ICEs.
Discussing the design and execution of a fuel cell-based power generation system is the main
goal of the study. In light of this, a methodology for developing and putting into practise an
effective high power converter system is described. The PEM fuel cell electrical equivalent
model, which was tested using the commercial MARK 1020 system, is also included in the
study. The series-resonant converter topology, whose foundation is based on soft-switching
approach, is chosen after analysis of the converter topologies that are most appropriate for
this application type and satisfying a number of criteria. The converter was created with low
component stresses, high frequency operation, and soft-switching commutation in mind. It
comprises of an input filter, a full-bridge inverter, a series resonant circuit, and a diode
rectifier on the main side and an output filter on the secondary side. The operational
limitations of the system MARK 1020 were taken into consideration when designing the

converter.

9.Fuel Cell Systems Producers on the Market

Between 2017 and 2021, the overall shipment of units for all applications (transport,
stationary, and portable) climbed by 22%, whilst the overall shipment of MWs increased by
251% within the same time frame. During the past few years, the fuel cell market has grown
and it is anticipated to continue growing in order to meet 2030 goals. All fuel cell types
shipped 658.6 MW in 2017; by 2021, this number has increased by a factor of 2.5 to 2313.1
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MW [38]. Geographically, Asia, Europe, and North America make up the majority of the fuel
cell market; in 2021, Asia had the highest share with 56.2 million units and 1493.2 MW of
shipping power [38].

10. Conclusions

Special attention is provided to the controller, which keeps the converter's output voltage
consistent, in order to fulfil the needs of the power system application and keep the PEM
running within its ideal operating point. The voltage controller, and the control
implementation were divided into two which is in charge of maintaining the converter's
output voltage constant despite variations in loading, and the PEM controller, which is in
charge of enhancing performance by maintaining the PEM fuel cell at its optimum operating
point. Due to the significance of the PEM cell behaviour, the findings are first provided for
the PEM fuel cell model and then for the overall system under load. The results demonstrate
that the converter used is a solid choice to support the approach for boosting PEM fuel cell
efficiency because it enables appropriate control of the power delivered by the fuel cell and
complies with load regulation requirements while incurring the fewest losses possible thanks

to the use of soft switching commutation.
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