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Abstract

In the modern power scenario the deployment of distributed energy resources are gradually
increasing day by day to find out the most suitable alternatives from the several choices of
DERs. The natural uncertainty is inevitable in renewable energy resources such as solar and
wind energy based systems. In this perspective, the Fuel Cell technology is considered as one
of the promising DER which is almost free from the effect of climatic conditions. In this
context, this dissertation presents a detailed literature survey on fuel cell technology and its
promising applications in microgrid. This research proposes a model of Fuel Cell based DC
microgrid supplying resistive loads and rotational machines such as separately excited DC
motor using Matlab/Simulink software. This proposed model has the feature of critical and
non-critical load selectivity which is an important property of microgrid. In addition, this
work shows the scopes of future research on Fuel Cell based microgrid aiming maximum

utilization of this technology as a part of solution to energy crisis in the near future.
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Chapter 1

Introduction

1.1 Overview on Application of Fuel cell

The demand of energy is increasing day by day due to rising population and improvement in
standard of living, particularly in developing countries like India. Still a large population
living in remote areas has no access to electricity. In 2012 around 1.3 billion people around
the world did not had access to electricity. Two third of this population was living in rural
areas of Asia and Africa [1]. The dependence on technology in daily living is increasing per
capita power consumption in urban areas. This is a cause of concern as increase in power
generation will result in rise in fossil fuel consumption and pollution. Also fossil fuels are
depleting very rapidly, so there are urgent need for the world to switch to renewable sources

of energy which can be used again and again [2].

Besides the advantage of being non- polluting, renewable sources can be used as distributed
sources of energy as they can be installed anywhere depending on the availability of
renewable energy. The distributed energy resources (DER) include wind energy, solar
energy, biomass, geothermal, fuel cell etc. out of the entire DER, fuel cells have the
advantage that they can be installed in the remote areas as well as inside residential and
commercial buildings. Their only requirement is the constant supply of hydrogen as a fuel.
Earth receives abundant supply of solar energy from the sun. Around 3.78x1024 joule of
energy is received by earth every year which is equivalent to energy from 1.3x10° billion ton
of standard coal. The use of other type of renewable energy resources like wind, geothermal,
tidal etc. are subjected to their availability. Fuel cells have higher potential in terms of

efficiency and can transfer higher amount of power in comparison with batteries [3].

The DERs are seen as possible solution to ever increasing demand for electricity and also for
the sustainable development of power generation. The problem with the use of solar energy,
wind and geo thermal energy for power generation is changing weather conditions and high
installation cost. Many innovations are going on to improve DER technology for commercial
power generation. This includes the use of Fuel cells along with other DER like battery bank,

super-capacitors as hybrid power generation.



1.2 Motivation

In order to achieve complete rural electrification and reliable power, commercial
development of non conventional resources such as fuel cell is necessary. The fuel cell is a
clean source of energy as it uses hydrogen as a fuel. These can be installed anywhere as long
as constant supply of fuel can be made available in that area. Most of the research work in the
fuel cell is focused on fuel cell supplying dc motors for electric vehicle and less research
work has been done in the field of fuel cell supplying energy to rotational machines. So to
analyze the effect of changing load torque on the output of fuel cell and its internal
parameters a simulation model is studied to observe the performance of the fuel cell system
while supplying a DC motor. Also to study the power sharing between fuel cell, battery and a

DC grid, a low voltage DC microgrid is modeled and simulated using Matlab/Simulink.

1.3 Objective of work

The objective of this dissertation is to study the dynamic performance of PEM fuel cell when
connected to rotational machines like dc motor through modelling and simulation using
Matlab/Simulink. The variation of motor parameters like speed, torque is investigated. The
work has also been done to explore response of fuel cell to changing parameters like fuel
flow rate keeping the other fuel cell parameters like system temperature, air flow rate, air

pressure, hydrogen utilization and oxygen utilization constant.
The objectives of the dissertation are stated below:

(a) To perform a comprehensive literature survey on the aspect of fuel cell technology to be

implemented in the emerging microgrid system.

(b) To study the performance of PEM fuel cell supplying a resistive load through modeling

and simulation using Simpower in Simulink/Matlab.

(c) To study the performance of PEM fuel cell supplying a separately excited DC motor and
validating the simulation results through mathematical equations related with the

performance of separately excited DC motor.

(d) To propose a fuel cell based DC microgrid system catering a separately excited DC motor

as a load connected with the composite system.

(e) To analyze the grid connected and islanded mode operation of the proposed fuel cell

based DC microgrid system.



(f) To explore the scopes of future research based on the work presented in the Dissertation

focusing fuel cell based microgrid system.

1.4. Organization of the dissertation

The dissertation is organized in five chapters to present the outcomes of the research work to
meet the above mentioned objectives. A comprehensive literature survey based on fuel cell
technology as implemented in the microgrid system is presented in the Chapter 2. In chapter
3, a fuel cell system is modeled and simulated using Simulink-Matlab software to study effect
of variation in fuel flow rate on stack voltage and efficiency of fuel cell when a resistive load
and a DC motor is connected across it separately. An autonomous Fuel Cell based DC
microgrid system is proposed and its operation in grid connected mode and islanded mode is
studied in Chapter 4. The conclusion of this dissertation along with future scopes of research

is presented in Chapter 5.



Chapter 2

Comprehensive Literature Survey on Fuel Cell Technology and
its Application in Microgrid

2.1. Introduction

A fuel cell is an electrochemical device that produces electric power in the form of direct
current by converting chemical energy present in the fuel (hydrogen). William Grove of
United Kingdom and Friedrich Schoenbein of Switzerland were among the first who
pioneered the work in the field of Fuel Cell in 1830s. General electrical of the united states
was the first to develop the Proton exchange membrane fuel cell(PEMFC) for the use of
National Aeronautics and Space Administration (NASA) in 1960s for their first manned
space vehicle Gemini. Several companies are developing PEMFC technology for space
power applications. Ballard power system was one of the first power companies that
pioneered in the field of fuel cells for military application. Ballard started making power
system for military application that would run longer and virtually silent as compared to other
sources of power. Preferably hydrogen is used as a fuel and oxygen is used as an oxidant for
Fuel Cells. Although air can be used instead of oxygen but there is decrease in the Fuel Cell

efficiency for this kind of arrangement [2].

The concept of microgrid system as found in several literatures is presented here. Since a
large population on earth does not have access to electricity and most of this population lives
in rural and remote areas, the distribution generation technology is one of the most effective
ways to eradicate the power deficiency in these areas [4]. The DERs consist of a variety of
generation technologies such as fuel cells, solar, micro-turbines and wind etc. and the main
advantage is that there is reduction in the transmission distance and hence the cost of
installation and maintenance of transmission infrastructure is very much reduced [5]. A
microgrid is a power system consisting mainly of distributed energy resources,
interconnected loads and capable of operating in grid connected as well as islanded mode
including critical and non-critical load selectivity [6]. As mentioned in [7] the centralized
model of generation, transmission and distribution has become outdated and less efficient due
to high transmission and distribution loss. The existing high voltage transmission of power is
controllable and reliable but it has the problem of complexity in interconnected grid system

which requires control system for reliable operation. The conventional generating power



systems which comprise of large generating units are less flexible to the ever increasing load
demand. Any problem in one grid can have cascading effect on other grids. This has given
way to more efficient, environment friendly microgrids. The developments in the field of
microgrids include increase penetration levels of distributed energy resources (DER),
improved generation efficiency through use of CCHP (combined cooling heat and power).
Again as mentioned in [7], for the effective operation of microgrid the different typed of
distributed energy resources that are connected with each other must be provided with
various electronic interfaces. These electronic interfaces makes microgrid more flexible in
case of fault as well as load variations. This increases the reliability and flexibility of the
microgrid. Microgrid either operates in grid connected mode or in islanded mode. In grid
connected mode voltage and frequency parameters of microgrid are controlled by main grid
but controlling operation in islanded mode is quite complicated due to less storage capacity
and lack of inertia because of increasing penetration of DER units. Also there is natural

uncertainty in various DER technologies like wind, photovoltaic etc. 8, 9].

It was observed in [10], while operating in grid connected mode any fault arising in utility
grid will result in large fault current in microgrid. This can be overcome using traditional
over current relay. However the use of multiple DER inherently producing D.C electric
power and then converting it into A.C electric power using semiconductor devices introduces
complications in the protection scheme of microgrid as fault current in case of grid
independent mode may not rise to a value to use traditional over current protection
techniques. As traditional protection equipments are based on the principle of current sensing,
the lower values of fault current in case of inverter interfaced distributed generation makes

traditional over current protection schemes non effective.

Also it was mentioned in [11] that the presence of multiple distribution generators in case of
microgrid makes power and fault current non unidirectional. The conventional protection
schemes are made for unidirectional power flow. So this is a hindrance to selection of

conventional protection schemes for microgrid.

2.2. Fuel cell architecture

There are many types of Fuel cell line PEMFC, MCFC, AFC, SOFC. But only PEMFC can
be operated at normal air temperature. PEMFEC is lightweight so it can be easily transported,
used for distribution power generation. There are a number of fuel cells that can be chosen

according to the power rating. 1kW FC has the output voltage range of about 25-50 V and 30



kW and above Fuel cells have output voltage of about 200-400V [12]. As stated in [13], a
fuel cell system has five basic sub systems these include fuel processor, water management,
air management, thermal management and power conditioning sub system. These are briefly

discussed in the following subsections:

(a) Fuel Processor: As hydrogen is the most preferred fuel for the fuel cells, so a fuel
processor is used to produce hydrogen from various sources like hydrocarbons. But storing
and transportation of high pressure hydrogen remain the issues in implementation of fuel cell
technology [14]. The nature of fuel processor depends on the type of fuel cell used. As
mentioned above PEMFC is a low temperature fuel cell, therefore a relatively complex fuel
processor is used which includes a desulfurizer and a gas cleanup system for the removal of
CO (carbon monoxide). For the fuel cells operating at higher temperature like MCFC and
SOFC preheating of fuel is required before it is injected into the fuel cell. Therefore fuel

processor for such types of fuel cells contains desulfurizer as well as pre heater.

(b) Air management: For the oxidation of fuel, the fuel cell requires air as the oxidant. So
air management is a very important aspect of fuel cell system. Either blower or air
compressor is used for the providing air to the fuel cell. The choice of using either blower or
air compressor depends on whether to give low pressure air or a high pressure air to the fuel
cell. The main advantage of giving high pressure air to the fuel cell is that it increases that
stack efficiency and improves the electrochemical reactions kinetics. In [15], an ultra high
speed compressor was used for better air management of fuel cell. The centrifugal
compressors are compact in size and have advantage of low noise pollution. However
increasing the air pressure has some disadvantages like it decreases the capacity of air to hold
water thus affecting the humidification processes of the fuel cell. Also the power required for
compressing the air to high pressure is derived from the fuel cell itself. Thus power required
by air compressor is more than any of the other auxiliary devices that are connected with the

fuel cell.

(c) Water management: As mentioned in [16], the removal of water from cathode of lower
operating temperature fuel cells like PEMFC is a major challenge. The common practice is to
purge the cathode flow fields. A flow field tapered channel is presented which separates
water produced from the air flow that is needed for fuel oxidation. Water is produced as a
byproduct in the electrochemical reactions that undertake place inside the fuel cell. This

means even in case where large amount of water is produced, the air management of fuel cell



does not get affected. Water is required for a variety of applications in the fuel cell. In the
fuel processor water is required to react with hydrocarbons for the steam reforming reactions.
Moreover in the PEMFC pre humidification of reactant gases is required to prevent the
drying of fuel cell membrane. For the automotive applications it is very important that water
produced in the fuel cell is sufficient for humidification of reactants. If water produced is not

sufficient then it must be externally added for the reactant humidification.

(d) Thermal management: Thermal energy released by the fuel cell depends upon the
output power of the fuel cell. This thermal energy can be used for a variety of applications
including cogeneration. Low temperature fuel cells require air to be flown through cathode to
drive out the excess heat. In high temperature fuel cells like MCFC and SOFC the excess heat
is removed by liquid coolant. However in this case the thermal energy generated by the fuel
cell is used to pre heat the reactant gases and fuel reforming in the fuel processor. Extra heat
generated by the fuel cell can be used for cogeneration. Therefore fuel cells must be properly

integrated for the optimal use of the thermal energy of the fuel cell.

(e) Power Management: The output of the fuel cell is dc. The direct current produced by the
fuel cell at a voltage varies with the change in load. Therefore a dc-dc converter is required
for the protection of fuel cell from overvoltage and over current originating with the load
variations. For the AC load an inverter is required for transforming DC output to AC. Again
as the response of fuel cell is slow to the load variations so a battery or super capacitor is
required for supplying the initial power to the load. As mentioned in [12] as the load changes,
there is increase in the inrush current to the battery or the super capacitor. Therefore to
protect the storage device it is important to use bi-directional converter. The bi-directional

converter protects the storage device by controlling the charge and discharge current.

2.3. Comparison of different types of fuel cells

As explained in [17] PAFC technology is commercially available as well as technologically
more advanced in comparison with other type of fuel cells. MCFC still needs some
improvement to overcome technical and economical barriers before they could be
commercialized at par with other type of fuel cells. SOFC is very useful particularly in
stationary fuel cell. They are very much commercialized. If economic issues are resolved
then SOFC can be very successful in distributed generation applications. PEMFC have
become very popular in the recent years due to technological breakthroughs in the field of

cell power density as well as reduction in the cost. These are the only type of fuel cells which



are being tested for the vehicular applications. Brief analysis of various types of fuel cells is

stated below:

2.3.1. Proton Exchange Membrane Fuel Cell

As shown in the figure 1 the fuel cell consists of a porous Anode, cathode and a proton
conducting membrane. The fuel, usually hydrogen is oxidized at anode. The oxidation
reaction produces electrons which travel through the external circuit. This reaction also
produces protons which travel through the electrolyte to reach cathode. At cathode these
electrons and protons react with oxygen to produce water. The membrane acts as a separator
between hydrogen and fuel and also provides conducting path for the protons to travel to

cathode for oxidation. The two half cell reactions that occur in the fuel cell are [2]:

At anode: Hy(g) —»2H* + 2e~ .. (2.0
At cathode: ~0,() + 2H* +2e” > H0 ... (22)
Overall reaction: Hy(g) + %OZ(g) — H,0 ... (2.3)

Electrical load

Fuelin —» i ¢ Oxidant in
Anode gas channel — - | «—— (Cathode gas channel
Porous anode t Porous cathode
il El
| ectrolyte
Depleted fuel out Depleted oxidant out
Product gas out (DMFC, MCFC, SOFC) Product gas out (PEMFC, DMFC, PAFC)

Figure 2.1 Construction of a typical Fuel cell [13]

As mentioned in [2], the proton exchange membrane has good ionic conductivity. Gas
permeability is low. It is resistant to swelling and has high chemical stability. For most of the
early history of fuel cells ionomer Nafion was used as the membrane material for the PEMFC
several other materials that have been used for the proton exchange membrane are shown in

the table below. Earlier NASA fuel cells were equipped with Polystyrene Sulfonic Acid
(PSA).



Table 2.1
Different type of Proton Exchange Membranes [2]

Year Membrane Lifetime (thousands of hours)
1959-1961 Phenol Sulfonic Acid 0.3-1

1962-1965 Polystyrene Sulfonic Acid 0.3-2

1966-1967 Polytriflurostyrene Sulfonic | 1-10

1968-1970 Nafion experimental 1-100

1971-1980 Nafion production 10-1000

2.3.2. Alkaline Fuel cell

As far as the delivery of significant power is concerned alkaline fuel cells were the first
practically working fuel cell. Alkaline fuel cells are efficient and can operate under wide
range of temperature. AFC use potassium hydroxide (KOH) as the electrolyte. As mentioned
in [2] the pioneering work in the development of AFC was done by Francis Thomas Bacon.

Prior to the development of PEMFC, AFC were actively used by NASA.

The main problem with the early AFC was the liquid electrolyte management. The liquid
electrolyte was difficult to immobilize. Also there was problem related carbon dioxide
absorption from the ambient air. The AFC have a wide range operating temperature. These
can be operated at low temperature of 70 degree Celsius to higher temperature of 250 degree
Celsius. However for a temperature above 100 degree Celsius, a pressurized system is
required to prevent the electrolyte from boiling. PEMFC cannot be operated at this
temperature range because the high temperature will degrade the membrane of the fuel cell.
For the alkaline fuel cell potassium hydroxide is used as the electrolyte. The potassium
hydroxide acts as hydroxide ion conductor. As shown in the equation 2.4 to 2.7 at the cathode
oxygen reduction reaction take place (ORR). The ORR produces hydroxide ions that travel
through the electrolyte to the anode. At anode the hydrogen oxidation reaction takes place
where the hydroxide ions are used to produce water as the byproduct. In a continuous process
some of the water formed diffuses to cathode and reacts with oxygen to form hydroxyl ions.
As mentioned in [18, 2], the alkaline fuel cell offers advantage of producing high voltages at
comparable current densities. The cost of catalyst and membranes is cheaper as compared to
other type of Fuel cell. AFC can operate at higher thermodynamic efficiency and have longer

cell life. Their Hydrogen purity is not a very important factor for efficient cell operation. Also




choice of possible catalyst is wider. Most of the polarization losses occur at cathode because
oxidation reduction reaction is a very sluggish reaction as compared to hydrogen oxidation
reaction occurring at the anode. Alkaline fuel cell can have a maximum efficiency of 60 %
.this is because the oxidation reduction reaction in case of AFC is more facile in alkaline
media as compared to acidic media. Due to facile ORR higher voltages can be obtained in

AFC at a given current. The ORR is complex reaction involving four steps as mentioned in

[2].

1. Direct four- electron pathway 0,+2H,0 +4e~ —40H™ .. 24
2. Peroxide pathway 0,+H,0 +2¢e~ — HO, + OH™ ... (2.5)
3. HO, + H,O+ 2e” — 30H™ ... (2.6)

The peroxide (HO,) produced undergoes decomposition resulting in the formation of

dioxygen and OH~
2HO; — o0, + 20H™ .. (2.7

2.3.3. Molten carbonate Fuel Cell

These are the earliest fuel cells which can be operated at higher temperature and with a
variety of fuels with lower emissions. As mentioned in [13], the MCFC consist of nickel and
nickel-oxide electrodes and molten carbonate as the electrolyte. It also consists of cell
separator and collector plates. A separate cooling system is not required in MCFC as heat
produced inside the fuel cell is transferred to the reactant and product gases. As mentioned
above MCFC operate at very high temperature (650 degree Celsius) so heat produced from

the stack can be utilized for cogeneration applications.

As mentioned in [19], two porous electrodes are used and are placed in ceramics matrix filled
with molten carbonate as the electrolyte. Hydrogen is the fuel used in the MCFC and it is
derived from the natural gas the various chemical reactions used in the MCFC are mentioned

below [2]:

Reforming: CH4+H,0 — CO + 3H, ... (2.8)
Net: CH,+2H,0 — CO, + 4H, ... (2.10)

10



At anode hydrogen formed in the reforming reaction reacts with carbonate ion to produce

water and carbon dioxide. The chemical reaction illustrating this is shown below:
H, +C05~ — H,O+ CO, + 2e” .. (2.11)

The carbon dioxide produced at the anode for the cathode reaction to take place. The cathode

reaction is shown below:
20, + €0, + 2e™— (03" . (2.12)

The carbonate ions produced at the cathode travel to anode where they are used in the anode
reaction. Some advantages of MCFC are higher electrical efficiency due to decrease in fuel
cost / KWH generated. Reduced carbon footprint / KWH and low noise is generated and due

to high operating temperature waste heat generated could be used for cogeneration.

2.3.4. Solid Oxide Fuel Cell

Of the various types of available fuel cell technologies as shown in Fig. 2.2 the solid oxide
fuel cells are the best as far as the stationary power production is concerned [20]. The SOFC
have high electric efficiency. As the operating temperature of SOFC is quite higher than other
type of fuel cells, so their operation is also more complex than other fuel cells. This means
that SOFC needs to be heated and kept at their operating temperature. One more thing has to
be taken into account that cells of the ceramics should be strong enough to bear the thermal
stress originating from the high operating temperature of the SOFC. Moreover SOFC cannot
be started or stopped rapidly. So in case of a fluctuating load their reliability is not so good.
This feature of SOFC makes it unfit as far as distributed generation is concerned. But for

supplying continuous load SOFC are very suitable [21].

As the SOFC operate at such a high temperature, therefore heat released by it can be
recovered. Also the SOFC can be integrated with gas powered micro turbines to achieve an
overall efficiency of 70% [22].Various chemical equations are involved in the working of
Solid Oxide Fuel cell. Hydrogen as a fuel is fed to the anode and air as the oxidant is supplied
to the cathode. As stated in the equation below hydrogen splits into protons and electrons.
These electrons travel through the external circuit and react with the oxygen from the air
which is fed externally to the cathode. This reaction produces oxygen ion. The oxygen ion

reacts with hydrogen to generate heat and water [2].

11



cathode: H, — 2H* + 2e~ ... (2.13)

Anode: ~0; +2e” - 027(2.14) . (2.14)

Overall: Hy +3 0, — H,0(2.15) ... (2.15)
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Figure 2.2 Various Types of Fuel Cells [13]
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Table 2.2
Different type of fuel cells and their comparison [23].

Fuel cell | Operating Fuel compatibility | Catalyst Power Applications
type temperature range
(degree Celsius)

PEMFC | 60-80 Hydrogen, Platinum 1W- Space, Portable

methanol 100kW | Transport,
Stationary

AFC 40-60 Hydrogen, Platinum, 1kW- Space, Portable

methanol Nickel, 100kW | Transport
nickel oxide

MCFC 600-700 Hydrogen, Nickel 1kW- Transport
methanol 1I0OMW | Stationary

SOFC 750-1050 Hydrogen, carbon | Perovskites | S00kW- | Transport
monoxide 10MW | Stationary

2.4. Fuel Cell Applications

The increasing demand for clean sources of energy due to fast depleting fossil fuels has put
use of unconventional sources of energy more in demand. Among the unconventional sources
of energy, Fuel Cell is becoming more popular because of virtually silent operation,
environment friendly and higher efficiency [24]. Also the hydrogen is used as fuel in the fuel
cells which is abundant in the earth and less prone to depletion as compared to other
hydrocarbon fuels used for electricity production like diesel, coal, natural gas etc. The
application of Fuel Cell can be broadly categorized into three broad areas in [25] as

mentioned below:

e Portable power generation.
e Stationary power generation.

e Power for transportation.

As Portable power generator, Fuel Cell are used to charge up movable products as auxiliary
power units (APU). Portable fuel cell has longer run time as compared to batteries. Stationary
Fuel Cell is not designed to be moved. Their sole purpose is to provide electricity. Stationery
Fuel Cells are used as backup power supply system. These include uninterrupted power
supply (UPS) and primary power generation. Stationery Fuel Cells are very useful in remote
power application like in spacecraft, rural locations and remote research facilities. These Fuel
Cells can also be used to provide power to those areas which do not have access to grid like

refugee camps after natural or manmade disaster.
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Transport Fuel Cell is used to provide propulsive power to vehicles. Fuel cell propelled light
duty vehicles (LDV) has seen limited growth but it is the main target for the automakers in
2014[19]. [26] has explained the use of fuel cells in the automotive applications and the
drawbacks associated with it. Electric vehicles are particularly used in the mines or indoor
areas, where air or noise pollution is prohibited due to health hazards. Fuel cell based electric
vehicles can drastically reduce the air pollution as well as dependence on fossil fuels.
However there are still some technological barriers such as vehicles with onboard fuel
processor need time to produce hydrogen which is not useful for practical applications. Also

these fuel processors are not emission free.

2.5. Cogeneration

Cogeneration is the process by which a single power source is used to produce both
electricity and heat. This process minimizes the heat wastage from power plants. So the
efficiency of the whole generating system is increased. In conventional thermal power plants
the conversion rate of primary energy becoming electrical energy is 33%. While in modern
combined gas plants it is 55% and using the cogeneration this value becomes 90% [15]. In
[27], Fuel Cell Energy Network (FEN) is explained which uses heat available from exhaust.
The heat generated from the Fuel Cell is absorbed using hot water piping network. Genetic
Algorithm (GA) was used to identify the most preferred path of the hot water piping. In [28]
a residential fuel cell cogeneration system was explained. The residential fuel cell
cogeneration consists of a Fuel cell stack, a fuel processor to extract hydrogen from natural
gas as explained above, a thermal recovery device, hot water tank and a backup auxiliary
boiler. The R&D in the Residential fuel cell cogeneration system is very strongly promoted
by the private sector especially in Japan. For example Osaka Gas started the research and
development of PEFC system since 1999. For the residential fuel cell cogeneration system
the excess electricity generated by the fuel cell cannot be sold to power utilities or sent to the
grid in certain countries. So the excess electricity is converted to heat energy. In this way
heat-electricity ratio is changed to increase the energy savings. In [29] a dc microgrid is
proposed for the residential houses where each house uses cogeneration technique. Each
house has small distribution generators like fuel cells and the output of these generators is
connected to the DC power line. The electricity from the DC power line is given to each
house and the heat generated by the fuel cell is also shared by each household. According to
[30], a cogeneration system based on fuel cell is proposed. The system is installed on a

dwelling container. Roughly the system efficiency reaches up to 83%. The actual efficiency
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of a PEMFC is not greater than 37%. The remaining percentage of hydrogen goes waste in
the form of heat. Some of the advantages of cogeneration using Fuel cells are given in [23]
are Better utilization of waste heat results in increase in electric efficiency. Cogeneration also
decreases the overall expenditure on the power and heat requirements. It is environment

friendly as it minimizes the use of CFCs and HCFCs.

2.6. Hydrogen production and Storage

Hydrogen is present in over 75 percent of the known matter. Although it does not exist in its
natural form i.e. pure hydrogen but it is present in the form of compounds most importantly
water. Due to shortage of fossil fuel more people are going to face energy shortages in the
coming decades. Hydrogen as a fuel gives an alternative and clean source of energy.
However hydrogen as a fuel requires a lot of research work which is required to overcome
technological barrier to make hydrogen as available replacement for fossil fuels [31].
Hydrogen as a fuel for the fuel cells gives an excellent alternative because they have high
efficiency as compared to internal combustion engines [19]. PEMFC using hydrogen as the
fuel is the most clean and environment friendly sources of energy [32]. Large scale
production of hydrogen using clean, reliable and cheap process is very important for
commercialization of hydrogen [33]. As explained in [32, 33] hydrogen can be produced

using various processes which are briefly given below:

(a) Natural Gas Reforming:

In this process high temperature steam is used to obtain hydrogen from natural gas which has
methane as its chief component. This process is also called steam methane reforming. In
another method methane is burned in air to obtain synthesis gas which is then reacted with

additional steam to produce hydrogen. This method is called partial oxidation.

(b) Gasification:
In this process heat is applied to coal or biomass under pressure and in the presence of
oxygen. After a series of chemical reaction a synthesis gas is produced, this is then reacted

with steam to produce a high concentrated hydrogen steam that can be separated.

(c) Renewable liquid Reforming:
In this process Biomass is converted to make ethanol which is then reacted with high
temperature stem to produce hydrogen. Ethanol or bio-oil can be easily transported and are

also known as renewable liquid fuels.
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(d) Nuclear High-Temperature Electrolysis:
In this process heat from the nuclear reactor is utilized to raise the water temperature. By
increasing the water temperature less amount of electricity is required to split hydrogen and

oxygen from water. Thus total energy required to produce hydrogen is reduced.

(e) High-Temperature thermo chemical water splitting:
This method uses high temperatures generated by solar concentrators to facilitate the

chemical reactions involved in splitting of water for hydrogen production.

(f) Biological:
By this process hydrogen is produced using natural processes in certain microbes such as
green algae, cynobacteria which produce hydrogen by splitting water as a byproduct in their

natural metabolic process in the presence of sunlight.

(g) Photo-Electrochemical:
In this process a special class of semiconductor is used to separate water molecules to

hydrogen and oxygen by absorbing sunlight.
(h) Renewable Electrolysis:

In this process electricity is used to split water molecules. The electricity required is
generated renewable energy resources such as wind, solar, hydro, geothermal, nuclear etc.

thus it minimizes the green house gases emissions.

Table 2.3
Some major developers of fuel cells [2]:

Company Fuel Cell Type Power Application
Hitachi-global PEMFC, DMFC 100-300 W Medium sized stationary
ITM Power PEMFC Up to 1IkW Medium sized stationary
Clear Edge power AFC 5 kW Stationary

Eneos celltech PEMFC /SOFC | 750 W Stationary

Matsushita PEMFC 1 kW Stationary

Plug Power PEMFC SkW Stationary

Nedstack PEMFC 2-100 kW Medium sized stationary

2.7. Fuel Cell based microgrid

Fuel cell based microgrid is emerging as new alternative to photovoltaic and wind based

microgrid because of its easier installation and higher efficiency. However Fuel cells have
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following drawbacks as mentioned in [12] which show that Fuel cells have slow response in
the event of change in load, unable to store energy and they have Fluctuating output voltage
with change in load. These shortcomings can be overcome by the use of dc converters,

battery or super capacitors.

According to [34] the photovoltaic (PV) sources have many advantages like desired level of
installation capability. However PV generation cannot be used independently because of the
uncertainty in their production performance. So the PV generation model must be used with
some other generation models like Fuel Cells to provide more reliable and efficient service. A
hybrid fuel cell is proposed in [35] consists of a fuel cell connected with unidirectional dc-dc
converter, a battery connected with bi directional dc-dc converter and an inverter. During the
start of the system only battery provide power to the load as fuel cell has a late response. So
for providing a reliable supply to load initially battery is run. During step up or down of load,

battery provides or absorb the unbalanced energy.

In [36], a hybrid system is proposed which consist of a PV array and a proton exchange
membrane fuel cell (PEMFC). The PV array is used such that it delivers maximum power to
load by the use of maximum power point tracking technique (MPPT). But when there is
variation in the sun radiation, temperature, the PV array becomes uncontrollable source. So in
this case the PEMFC is used to make the system more reliable and controllable. A DC
microgrid proposed in [37] consisting of a fuel cell, super capacitor and battery as DGs and
the DC bus connects output of the Solid State Transformer (SST). SST operates bi-
directionally and acts as a interface between fuel cell, battery and the load. The battery acts as
an energy buffer and gives supply to load when its State of charge (SOC) is in operating

range.

[38] Explains a multi DER system consisting of Diesel generator, fuel cell, combined cycle
gas turbine based system, aqua electrolyzer is considered as controllable source of microgrid.
These controllable sources are regulated on the basis of frequency deviation from the
preselected value because in case of a mismatch in the power requirement of load and power
generation then the gap is met by inertial energy and hence the system frequency changes.
Also in case when generated power bypasses the required value then that additional power is
stored in aqua electrolyzer to produce hydrogen for the fuel cell. In [39] an islanded

distribution network consisting (IDN) of PV, fuel cells, batteries as DGs is proposed. IDN
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uses energy management system (EMS) and supervisory control and data acquisition system

(SCADA) to improve reliability of microgrids in case of blackouts.

2.8. Inference

Fuel cell is one of those renewable distribution energy based technology that are capable of
lowering the pollution by effectively replacing the fossil fuel based energy generating system.
In this report a literature review of different types of fuel cells were explained. Some
technological barriers like slow response to changing load conditions which are hampering
the commercialization of fuel cell are also reviewed. The different types of proton exchange
membranes that have evolved over the years are described. It is realized that a lot of research
has been done in the different type of fuel cells and each fuel cell with certain capabilities can
be used in different applications. For example, PEMFC which operates at comparatively
lower temperature, have a lower response time should be used for automotive applications.
Out of all the fuel cells SOFC, operate at higher temperature so the additional heat can be
utilized for the cogeneration applications, making SOFC a prime candidate for the CHP
(combined heat and power) applications. This provides additional energy from the fuel cells
in the form of heat and also increases the fuel cell efficiency. Also in case of SOFC, the fuel
and the oxidants that are injected into the fuel cell needs to be preheated, so the heat
generated by SOFC could be used for preheating in the fuel processor. The electrical energy
used by the fuel cell components like fuel processor, water and thermal management systems

needs to be optimized so as to improve fuel cell efficiency.

Through this literature survey it becomes evident that the recent advances in the fuel cell
technology have made it possible to be used in microgrid applications. Fuel cells can deliver
uninterruptible power supply as long as fuel, such as hydrogen and oxygen are supplied to it.
This is an advantage over other DGs that are used in microgrid as they suffer from natural
uncertainties and changing weather conditions. Moreover, this survey also shows that the
slow response characteristic of fuel cells can be eradicated when they are used with batteries
or super capacitors. Lot of research activities have been initiated worldwide focusing on
deployment of fuel cell technology as a component of microgrid system which has been
observed in this report and written as a comprehensive literature survey on fuel cell

deployment.
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Chapter 3

Modelling and Simulation of a Fuel Cell System Supplying Power to a
Separately excited DC Motor

3.1 Introduction

During the course of literature survey, it was realized that the effect of dynamic load through
application of rotational machines supplied by the microgrid system are to be investigated. It
is also revealed in literature survey that most of the research work in this work is focused on
the application of fuel cell supplying dc motors installed in Electric vehicles. In our case such
as for microgrid applications, the study of rotational machines and their effect on microgrid
sources are required to be explored and also it is found in literature survey that few numbers

of researches have been done in this field.

Now for the rotational machines broadly there are two options available such as dc machines
and ac machines which are to be supplied by dc and ac sources respectively. In this
dissertation work, the author has selected to study the effect of variation of load torque of a
separately excited dc motor which is supplied by the Fuel Cell system. Since this work deals
with dc microgrid system that is why study is focused on the effect of load variation in case
of dc motor. It will be relevant to mention that same kind of study could be possible if ac
motors such as three phase induction motors is used instead of dc motor application. But in
that case the sample system which is a fuel cell based microgrid system is required to be
modified by connecting a three phase inverter to supply the ac motor by additional cost factor

to the existing system.

Due to these reasons, the proposed microgrid model is tested while supplying a separately
excited dc motor as described in the present chapter. The output characteristics of PEM Fuel
Cell and response characteristics of dc motor are analyzed. Whole system is investigated in
Matlab/Simulink and the results obtained from simulation are validated with mathematical
results. In this chapter effect of fuel flow rate on stack efficiency and stack voltage was also

investigated to analyze the impact changing input variations within the PEM fuel cell.

3.2 Modeling and Simulation of Fuel Cell System

A 6kW, 45V Proton Exchange Membrane Fuel cell is used for simulation using

Matlab/simulink. Hydrogen is fed as a fuel and air as oxidant to fuel cell. A simulation model
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to study the response of fuel cell to a dc motor as load is studied. A stack of 42 cells with a
nominal efficiency of 46% is chosen. As per the options available in FC block in Simulink,
the fuel cell block can be either a simplified model or detailed model. Here detailed model is
chosen to include the number of fuel cell used. In the detailed model parameters like fuel
flow rate, air flow rate system temperature, fuel composition, oxidant composition, fuel

supply pressure and air supply pressure can be varied.

Fuel Input

5 —> PEM Fuel Cell ———>¢ Resistive Load
(Ramp Function)

Figure 3.1 Fuel cell system supplying power to resistive load

Here fuel flow rate is varied as a function of output current of the fuel cell. The feedback loop
of the fuel cell output current controlling the fuel flow rate is mentioned in the detailed model
given in Matlab/simulink library. Initially the effect of changing fuel input and system
temperature to the output voltage and current is analyzed using Matlab/Simulink. Fuel flow
rate is in liter per minute, system temperature is in Kelvin and the effect of temperature and
humidity of the membrane on the internal resistance is not considered. The fuel flow rate is
simulated as ramp input to the PEM fuel cell and system temperature is chosen constant at
this stage of simulation as shown in Fig. 3.2 the slope of the ramp function is unity and the

output results are shown below:
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Figure 3.2 Fuel flow rate (Ramp input)

It is observed from the Fig. 3.3 and 3.4 that as fuel flow rate is increased the output voltage
and current of the fuel cell also increases proportionately. After 2 seconds of the simulation

the voltage and current of the fuel cell become constant even when the fuel flow rate is
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shown in Fig 3.4
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increased. The variations of FC voltage is shown in Fig. 3.3 and variation in FC current is

Voltage (volt)

—
>
T

-t
=

Time (seconds)

4

5

6

Figure 3.3 Fuel cell Voltage

10

@D
T

Current(Ampere)

|
4

Time (seconds)

5

6
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3.3. Study on variation of load torque of a separately excited DC motor.
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3.3.1. Model Description

The PEM Fuel cell stack consisting of 65 cells supplies DC power to motor through DC-DC
boost converter. The Fuel cell considered is a 6 kW, 45 Volt and motor is a 1.25 hp, 610 rpm,
separately excited DC motor. The fuel flow rate in the PEM Fuel Cell stack is regulated by
fuel flow rate regulator according to the variations in the Fuel cell current. The detailed

modelling of DC-DC converter, DC motor, Fuel flow rate regulator is given in sub-sections

3.3.2,3.3.3and 3.3.4.
3.3.2. Modelling of DC-DC Converter

The dc-dc boost converter step up the dc voltage from the output of fuel cell stack. Also the
unregulated supply from the fuel cell stack is transformed into a regulated supply voltage
which can be directly fed to load. The simulink model of the dc-dc converter is shown below
fig. 3.6. The diagram consists of an IGBT based chopper of which the duty cycle is controlled
by PI based feed-back loop as shown in the figure:

L Duty Qycle [
+FC *
G op——=—T0 A J% + o 1)

»Ec dc

Transfer Fon Uref
CBus % 100 Duty Cycles

o Constant

L[+ 1
—al- v > » UBu
0.001s5+1 Ec >

-FC

o «z)
Figure 3.6 Simulink model of DC-DC Boost Converter

The steady state analysis of dc boost converter is presented below [40]: For the steady state

analysis the inductor voltage V;, is assumed to be zero
V., =D (V;,) — (1—=D) (V;,—Vp) =0 ...(3.D
Ratio of output to input voltage, gain ratio is given by:

_VO D

The inductor current is given by:
Vin-IL = VO'IO (33)
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=20, .. (3.4)

N Vin
From (3.3) and (3.4), the inductor current is expressed as:

I, = M.1I, ... (3.5)
3.3.3. Modelling of Separately excited DC Motor

The armature windings and field windings of separately excited DC motor are given DC
voltage input from the fuel cell as 100 volt constant dc source. The motor is 1.25 hp, 100 volt,
610 RPM separately excited DC motor with field and armature resistance of 100 ohm and 0.4
ohm respectively. The field inductance of DC motor is 1.5 H. The Simulink model of
separately excited DC motor showing the armature and field windings is presented in Fig.
3.7. From the measurement port motor speed, torque and armature current can be observed.

The load torque is varied as a function of speed as shown in equation 3.8.

AL m
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+
— g i_"

Figure 3.7 Simulink model of separately excited DC motor

The electric motors are the main components of any manufacturing industry and electric
hybrid vehicle. The relationship between torque and speed is a very important aspect of dc

motor application [41]. The voltage constant of a separately excited dc motor is given by:

Where, L,sis field armature mutual inductance and Ir is the field current. The

electrochemical torque developed by dc motor is given by:
T, =Kr.I, ... (3.7)

Where, Kr is torque constant and [, is the armature current. For the motor to operate
satisfactorily, the load torque and the electrical torque must be greater than zero. For the

mechanical input, load torque is provided as proportional to motor speed in radians / sec.

T, = BLw ... (3.8)
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The mechanical part implements equation, | C;—V: =Te—T,—Buyw —T¢ ... (3.9

Where, J = inertia, By, = viscous friction coefficient, Tf = coulomb friction torque. The speed

of the dc motor is given by:

_V=laRq , 604
¢z P

N RPM ... (3.10)

R,= Armature resistance, A = number of parallel paths, Z = number of armature conductors,
¢ = flux / pole, P = number of poles.

The back emf of motor is given by: E, =V —[,R, ... (3.11)
V—-Ep

Now, [, = Ampere ... (3.12)

a
The back emf produced by dc motor helps to counter large armature current. The back emf is
proportional to speed. Therefore at the start of motor the back emf is zero. So to protect
motor from the large inrush current, motor starters are provided. Figure 3.8 presents a three
point starter. To limit the high inrush current initially a resistance of 3.66 ohm was used then
as the motor speed raises the back emf also increases and thus armature current decreases and
so is the value of starter resistance. Hence for the protection of dc motor against the high
starting current, it is necessary to connect a high resistance at the instant of starting in series

with the armature.

R UF—a U 7%}

0.2s y 12s y 25s :
Bresker Bresker1 Bresker2
M\ A~ L

In Cut
4 ohm 2 ohm 1.2 ohm

Figure 3.8 Simulink model of three point Starter
To study the effect of a dc load, a 1.25 hp, 100V, 610 rpm motor is connected across a 6 kW,
45V PEM fuel cell. In this system the nominal voltage of fuel cell is 45 volts and the nominal
operating current is 133.3 A. Stack of 65 cells is used with a stack efficiency of 55%.

3.3.4. Mechanism of fuel flow rate regulator

The fuel flow rate regulator consists of a function block with following parameters:

Flow rate = 60000 * R * (273 + T) * N, * u(1)/2F(101325 * Pf) * (ufy,/100) * (x/100)

... (3.13)
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where R= 8.3145 J/ (mol K) ; T= operating temperature = 65 degree Celsius ; N. =
number of cells in series =65 ; u(l) = current ; F = 96485 A s/mole ;
P = fuel pressure (1.5 bar) ; ufy, = nominal hudrogen utilization(99.56%) ; x =
Hydrogen composition (99.95%) [42].

3.3.5. Simulation of FC supplying power to separately excited DC Motor
The model shown in fig.3.5 is run for 15 seconds. During first 10 seconds the flow rate is
varied according to variation in the fuel cell current. After 10 seconds the fuel flow regulator
is bypassed to study the effect on stack voltage and stack efficiency. The flow rate is varied
according to variation in fuel cell current as shown in the equation 3.13. All the parameters
except fuel cell current are kept constant. The fuel flow regulator gives simulink signal to
flow rate selector. The flow rate selector implements a logic signal such that till t = 10 sec.
the flow rate is varied by the fuel flow regulator. After 10 sec., fuel flow regulator is
bypassed using a switch as shown in fig 3.9 and fuel is supplied by a ramp signal with an
upper limit of 50 Ipm using a saturation signal. It is observed in the Simulink results as shown
in fig. 3.10, 3.11 and 3.12 that after 10 sec. the stack/Nernst voltage rises and stacks current

decreases and therefore efficiency drops.
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Figure 3.12 Fuel cell Efficiency

The motor is connected across the fuel cell through a dc-dc boost converter. The fuel cell
voltage is stepped up from 45 volts to 100 volts using dc-dc converter. The dc-dc boost
converter also regulates the output voltage of PEM fuel cell. The field winding of the dc
motor is excited externally through a 100 volt battery. The motor has the armature resistance
of 0.4 ohms and inductance of 0.008 H. The field resistance and inductance of motor is 100

ohms and 50 H respectively. The simulation model was run for 15 seconds.
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Figure 3.13 Speed of DC Motor connected to Fuel cell
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It is observed that the electrical torque generated and the corresponding power also reaches

steady state value after 4 seconds. The resulting wave forms depicting variations in the motor

parameters such as electric torque, power and armature current are given in fig. 3.13 to 3.16

show initial transients due to variation of resistance in three point starter used to limit the

starting current of armature circuit.
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After initial transients, steady state value of various parameters are observed and given

below:

Armature current, I, = 9.735 A ...(3.14)
Motor Power, P, = 935 W ... (3.15)
Motor speed, N = 610 RPM ... (3.16)
Electric Torque, T, = 14.62 N-m ... (3.17)

In the following sections the same parameters are calculated based on the motor equation as

shown below:

Now for the DC Motor field inductance is given by, L,r = 1.5 H ... (3.18)
Field Resistance, Ry = 100 ohm ... (3.19)
Terminal voltage, V = 100 volts ... (3.20)
=L =14 2
If_R_f_ ... (321
Now, back emf, E, =V — [,R, = 96.06V ... (3.22)
Electric Power, P, = E} * 1,=935.591 W ... (3.23)
Also, Ep =W * Lyf x If ... (3.24)
Therefore motor speed, W = Ej, /(Lqf * If) ... (3.25)
96.106
W = Toe1 = 64.07 radians per second. ... (3.26)
. Pe
Nominal Torque, T, = W =14.6 N-M. ...(3.27

3.3.6. Inference

It is observed that values of motor parameters obtained from the mathematical equations 3.21
to 3.27 of the seperately excited DC motor justify the results obtained from simulation. The
motor runs satisfactorily with the fuel cell supplying regulated power through DC-DC
converte. It is also observed that the efficiency of the fuel cell is affected by the variation in
the fuel flow rate. When the fuel flow rate is varied according to equation 3.13, the fuel cell
efficiency was 65-70% as shown in Figure 3.12 and when fuel flow rate was abruptly

increased the efficiency decreases to 15%.
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Chapter 4
Performance Analysis of Proposed Fuel cell based DC Microgrid

4.1 Introduction

The conventional electrical system that we are used to consists of AC supply being generated,
transmitted and distributed. But as the development of renewable sources like solar, wind,
fuel cell grows, the dc microgrids become efficient, reliable and cost effective option. A fuel
cell based DC microgrid is a viable option in the areas having no grid connectivity. Fuel cells
are good source of power generation due to their ability to deliever round the clock power.
The emission free and silent operation of fuel cell makes them better in comparison with the

internal combustion engines.

Fuel cells have efficiency range from 40-60 percent and can be upto 80 percent with the
cogeneration. Like AC microgrid, the DC microgrid operates in grid connected as well as
grid independent / islanded mode. The modern electric loads such as Laptops, LED, plug in
hybrid vehicles operate in DC mode and more over AC loads like induction motor when
driven with the help of variable speed drive require DC supply. The DC microgrids have
proven to be superior in terms of efficiency, low cost due to absence of convesion system like
inverter [43]. In grid connected mode, the power is supplied by the main grid. This mode can
be operated in case of non availability of fuel cell due to any fault or during the shortage of
fuel supply. Due to intermittent nature of distributed energy resources and for more relaible
service to the consumer, espessialy critical load like hospitals etc., an energy storage unit is
required. Also during the transition time, the energy storage unit can be made to supply the

power to load. The energy storage unit may be a battery or super capacitor.

As soon as the battery / supercapacitor discharges below the nonimal supply needs of the
load, the grid can be connected till the fuel cell is restroed. Considering the economic aspect
batteries are more popular and also their maintenance is quite easy in comparison with super
capacitors. The DC grid must meet the requirement of constant voltage supply for the
satisfactory operation of the load. In grid independent mode the load is not connected to the

main grid and it depends on fuel cell, battery for the power requirements.
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4.2 Simulation of Grid connected and Islanded mode operation of the

proposed Fuel cell based Microgrid Supplying Power to DC motor

DC
Grid

B ‘ ‘ DC-DC PEM
attery o—o o—70 Boost j&———————— Fuelcell

Bank S1 S2 Converter stack

Motor

Figure 4.1 Schematic Diagram of Fuel cell based Microgrid supplying Power to DC Motor

4.2.1. Model Description

The model consist of a 100 volt DC grid interfacing with the battery bank and fuel cell stack
at a point of common coupling (PCC). The specifications of battery connected is a 100 volt, 5
Ah lead acid battery. It acts as an auxillary power source, when Fuel Cell or grid is unable to
supply power to load. The battery can also be used along with fuel cell, thereby sharing
power with the load and reducing the fuel consumption. The output parameters of the fuel
cell, dc motor and the boost converter are same as explained in Chapter 3. The DC grid, Fuel
cell stack and the battery bank can be connected or diconnected by operating PCC, Switch
(S1) and Switch (S2) respectively. The operation of these switches will depend on the

availability of the generating source and the system requirement.

4.2.2 Simulation and Results

The simulation model is run for 100 seconds. From 0-50 seconds both fuel cell and battery
supply power to load. Initially the battery charges from the fuel cell. As soon as battery is
capable enough to share power with the fuel cell, it starts supplying power to motor along
with the fuel cell. After 50 seconds the Fuel cell is disconnected from the load. From 50-70

sec. only battery supplies power to the motor. During this time interval, the battery
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discharges. From 70-100 sec. battery is diconnected and load is connected only with the DC

grid. The detailed values and waveforms obtained after running the model are given below:

4.2.3. Waveforms
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Figure 4.2 Power Supplied by Fuel Cell to the DC Motor

The Fuel Cell and the battery bank supplying power to load are shown in fig. 4.2 and 4.3.
From 50-70 seconds, Fuel Cell is disconnected and the power supplied by battery to load is

shown in fig. 4.3
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Figure 4.3 Power Supplied by Battery Bank to the DC Motor
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The DC grid remains disconnected until the FC based Microgrid and the battery bank are
supplying power to the separately excited DC motor. As soon as the Fuel Cell and the battery
bank are disconnected the grid start supplying power to the load as shown in fig 4.4. The
power supplied by FC based microgrid and the DC grid to separately excited DC motor can
be varied according to the availability of hydrogen as fuel for operating the Fuel Cell. Also
the state of charge of the battery bank is important factor to determine the grid connected or
islanded mode of operation of the FC based microgrid at various time intervals. The
operation for the FC based microgrid supplying power to separately excited DC motor in this

case is shown in fig. 4.5.
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Figure 4.5 Motor Output Power

Table 4.1 and 4.2 show the current and power sharing between fuel cell, battery and DC grid
while delivering power to separately excited DC motor.

Table 4.1
Current distributions of various Power sources and load

S.No. Time Fuel cell Battery Grid Motor
Duration Current, I7, Current, I, Current, I, Current, I,
(sec.) (Ampere) (Ampere) (Ampere) (Ampere)

1 0-10 8.47 1.3 0 9.77

2 10-50 8.647 1.08 0 9.73

3 50-70 0 9.131 0 9.12

4 70-100 0 0 9.76 9.76

Table 4.2
Power distributions of various Power sources and load

S.No. Time Fuel cell Battery Grid Motor
Duration Power, Py, Power, (Pp) | Power, F; Power, P,
(sec.) (Watt) (Watt) (Watt) (Watt)

1 0-10 844.6 130.1 0 970.9

2 10-50 864 110 0 970.9

3 50-70 0 858 0 854.6

4 70-100 0 0 977.6 976.5
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4.3 Microgrid Supplying Power to Critical and Non Critical Loads

DC
Grid
\ 4
PCC
DC-DC PEM
Battery Boost j€——————my Fuel cell
Bank S1 $2 Converter stack
A
Non
Critical "0 O—O—— Critical
load load
53 S4

Figure 4.6 Schematic Diagram of Fuel cell based Microgrid Supplying Power to Critical and
Non-Ceritical Loads

4.3.1. Model Description

The above microgrid model supplies load to critical and non critical loads. Critical loads are
defined as loads which should not be curtailed, these include hospitals, railway stations etc.
Non critical loads are residential or those loads which can be shed in the event of shortage of
power. In the above model non critical loads are disconnected when power is available only
from the auxillary source which in this case is the battery. Critical load is not disconnected in
any case. The load power across critical and non critical load is 3 kW and 7 kW. Thus total
power to be supplied by Fuel Cell based microgrid is 10 kW.The DC grid, Fuel Cell, battery
bank, dc-dc converter which are used to supply power to critical and non-critical loads are
already explained in Chapter 3. These renewable energy resouces can be connected or
disconnected from the load depending upon the fuel availability and charge level of energy

storage system which in this case is a battery bank.

4.3.2 Simulation of a FC based Microgrid supplying Power to critical and non critical
load.

The simulation model is run for 100 sec. For 0-50 sec both battery bank and fuel cell are
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supplying power to critical and non critical load and there is current and power sharing
between battery bank and the Fuel Cell. From 50-70 seconds the fuel cell and non critical
load is disconnected and power to the critical load is supplied only by the battery bank. From
70-100 sec. the power is supplied by the DC grid to both critical and non critical load. The

fuel cell and battery bank remain disconnected during this time interval.

4.3.3. Waveforms
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Figure 4.7 Power Supplied by Fuel cell to the Load

The Fuel Cell and the battery bank supplying power to Critical and Non-Critical load is
shown in fig. 4.6 and 4.7. From 50-70 sec. the power is supplied by the battery bank to the
critical load, Fuel Cell and the non critical load remain disconnected during this interval of

time as shown in fig 4.7.
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Figure 4.8 Power Supplied by Battery bank to the Load

From 70-100 sec. Fuel Cell and battery bank are both disconnected and power to the load is
supplied only by the DC grid as shown in fig. 4.8. The power supplied by FC based microgrid
and the DC grid to Critical and Non-Critical loads at various time intervals is shown in fig.

4.9 and 4.10 respectively.
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Figure 4.11 Total Power Supplied to Non-Critical Load

Non-Critical Load Power
QV %tt)

From the simulation results obtained in the fig. 4.6-4.10, it was observed that the critical and
non- critical load was sucessfully delivered power from FC based microgrid. The total power
delivered to the load was 10 kw and during the time interval of 50-70 sec. only battery bank
was used to supply the critical load and the non-critical load was disconnected during this
time interval. The current and power distribution shown in the table 4.3 and 4.4 show that

there was sucessful power sharing batween fuel cell, battery and DC grid.
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Table 4.3
Current distributions of various Power sources and load

Time Fuel cell Battery Grid Critical Non-Critical
Duration | Current, Iz, | Current, I;, | Current, I, | load load
(sec.) (Ampere) (Ampere) (Ampere) Current, I,; | Current, I,
(Ampere) (Ampere)
1 0-10 68.27 31.56 0 29.96 69.87
2 10-50 79.51 20.35 0 29.97 69.89
3 50-70 0 29.56 0 29.56 0
4 70-100 0 0 99.84 29.96 69.88
Table 4.4
Power distributions of various Power sources and load
Time Fuel cell Battery Grid Critical Non-Critical
Duration | Power, Pr. | Power, (Pp) | Power, P, | load power, | load power, P
(sec.) (Watt) (Watt) (Watt) P (Watt)
(Watt)
1 0-10 6824 3153 0 2991 6974
2 10-50 7950 2034 0 2993 6978
3 50-70 0 2915 0 2913 0
4 70-100 0 0 9984 2992 6976
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Chapter 5
Conclusions and Future Scope of Work

5.1 Conclusions

In this dissertation a comprehensive literature survey on various types fuel cell and their
implementation in microgrid is studied. The fuel cell parameters like stack efficiency, stack
voltage and current are studied in response to changing fuel flow rate when a DC motor is
connected as load using Matlab/Simulink. It is observed that fuel cell efficiency starts
decreasing when fuel flow rate is increased abruptly. The motor parameters like speed,
electric torque, armature current are also observed and the values obtained after simulation
are validated from the mathematical equations of the separately excited DC motor. A
microgrid model using fuel cell along with battery and a low voltage DC grid is simulated to
analyze the power sharing between battery and Fuel cell. The proposed fuel cell based
microgrid system is simulated to cater the critical and non critical loads in grid connected
mode and islanded mode of operation. The simulation results showing current and power

distributions among grid, fuel cell and battery are found satisfactory.

5.2 Future Scope of Work

The future scopes of present research are stated below:

(a) The present research is carried out considering a low voltage fuel cell based DC microgrid
catering DC loads such as resistive loads and separately excited DC motor. This work could
be extended to investigate the performance of same microgrid model when it is connected
with AC rotational machines. The present microgrid model has to be modified by connecting

inverter circuits to supply AC power to the AC loads for future studies.

(b) The simulation work may be implemented to validate the efficiency of a proposed

practical system of FC based microgrid before onsite installation.

(c) The effects of transients in the fuel cell system due to severe short circuit faults at

different points of microgrid may be investigated.

Research Publication: Malhotra D., Basak P. “Modelling and Simulation of Sample

Fuel Cell and its Performance Analysis” National Conference on Integrated Computational

Techniques in Electrical Engineering, Thapar University, Patiala, 18-19 January, 2014.
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