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Abstract

With the beginning of more stringent regulations related to fuel economy,
global warming, and emissions as well as conventional energy resource limi-
tations; electric, hybrid, and fuel-cell vehicles have been attracting increasing
attention from vehicle constructors, consumers and governments. Especially,
Proton exchange membrane fuel cell vehicles (PEMFCVs) based automobile
industry has gained attention in the last few years due to rising public concern
about urban air pollution and consequent environmental problems. However,
design of power trains is difficult in fuel cell electric vehicle and maintaining
on board hydrogen tanks as challenge in the system. Alternative power trains
for automotive applications aim at improving an emissions and fuel economy.
This paper provides an overview of a background of fuel cell vehicles history,
different types of fuel cells based on the types of electrolyte used in the mem-
brane electrode assembly (MEA), different types of powertrains have been
used in the automobile industry especially in hybrid sector, achievements of
fuel cell based automobiles in Indian terrain, various research challenges and
comparing among the Internal Combustion Engines (ICE), Battery Electric
Vehicles (BEVs), Fuel Cell Vehicles (FCVs), FCHEV. Moreover, fuel cell
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hybrid electric vehicles (FCHEVs) have huge scope in the Indian terrain
because it would be easy to control of emission and global warming with
economically suitable powertrain. In order to further promote the sector,
initiatives are being undertaken by the Government of India to promote
innovation and create a favourable policy regime to make India a prominent
manufacturing hub.

Keywords: Energy Storage Subsystems (ESS), Membrane Electrode Assem-
bly (MEA), Proton Exchange Membrane Fuel Cell Vehicles (PEMFCVs), Zero
Emission Vehicles (ZEVs).

1 Introduction

The fuel cell concept was invented and demonstrated in the beginning of the
18t century by Humphrey Davy. Later, William Grove, a chemist, developed
the fuel cell in 1839. Grove lead a series of experiments with what he termed
as a gas voltaic battery [1-4]. Newer technology developments in the field of
electrical power generation using thermal power plants with coal as primary
source led to popularization and widespread use of coal fired power plants
and caused a slowdown of research and development in the area of fuel cell
technology.

In the 1980s, the detrimental effects of greenhouse gases (GHGs) and their
effects over the ozone layer became apparent to the research community and
hence the move to decrease the emission of such gases was started by the
governments [5—7]. The decision to decrease the usage of coal fired power
stations and the internal combustion engines (ICEs) and similar polluting
equipment were taken in line with this policy. Fuel cell electric vehicle are
zero emission vehicles and have longer life [8—10]. Government policies in
India are encouraging to development of proton exchange membrane fuel cell
(PEMFC) vehicles in automotive applications [11-12].

The government has taken steps for the development and deployment
of green energy and has extended support to the public and private players
who are in the field of green energy like ISRO and TATA Corporation
Ltd [13-19]. India still being a part of the developing world, the major
technical challenges in this area include identification and development of
suitable fuel cell technologies for applications often unique to the developing
world [20-24].

This article is divided into eight sections. The first section gives an
introduction to the advance technology and trends in fuel cell vehicles. The
second section deals with the description of the fuel cell and their classification.
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The third section gives brief introduction to the power trains. The fourth section
gives statistics of the technology advancements and trends of fuel cell. The
fifth section describes about the developments of the fuel cell vehicles in India.
The sixth section describes about the challenges of the fuel cell vehicles in
India and last section is comparison among the different power trains of the
fuel cell vehicles.

2 Fuel Cell and Its Classification

A fuel cell is the main energy source of the modern electric vehicles and fuel
cell based electric vehicles will become very common in the future due to
their zero emission and the other beneficial use as distributed storage when
used with advanced converter and battery technologies in the smart grid apart
from their use in the transportation sector [25]. There is a need for much wider
research to enhance the efficiency of fuel cells and associated electrical power
delivery systems. The block diagram for basic fuel cell operation is shown
in Figure 1. The classification of the fuel cell is mainly based upon the type
of membrane used in the MEA of the fuel cell. The characteristics of various
types of fuel cells are summarised in Table 1 [25-32].
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Figure 1 Description of operation of fuel cell.
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3 Topologies of Drivetrains of Electric Vehicles (EVs)

The drivetrains are the heart and soul of any vehicle which is under use in
transportation especially for the four-wheel category [33-36]. Drivetrains
connect the power sources to the wheel section of electric vehicles through the
power electronics interface. Advances in the drivetrains are playing key role
in PEMFC vehicles because of the new techniques to control the acceleration
and deceleration of the drive trains by using front wheel drive (FWD) [37-42].
Rear wheel drive (RWD) and all wheel drives (AWD) are being developed
for the effective usage of fuel and improvement in the efficiency of fuel cell
vehicles (FCVs). Various types of electric vehicles are detailed in the following
subsections.

3.1 Battery Electric Vehicles (BEVs)

A purely electric drive system principally replaces the internal combustion
engine (ICE) and the various transmission systems with an all-electric system
(power electronics and super batteries). The practical EVs still use lead-acid
batteries, with the more sophisticated ones using (Nickel Metal-Hydrate) Ni—
MH batteries. The block diagram of the battery electric vehicle is shown in
Figure 2.

3.2 Series Hybrid Electric Vehicles (SHEVs)

A series hybrid electric vehicle is fundamentally an electric vehicle with an
on-board battery charger. An internal combustion engine (ICE) is generally
run at a desired efficiency point to drive the generator and charge the on-
board battery. When the state of charge (SOC) of the battery comes down
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Figure 2 Block diagram of battery electric vehicle.
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Figure 3 Block diagram of series hybrid electric vehicle.

to a predetermined threshold level, the internal combustion engine (ICE)
is turned on to charge the battery and simultaneously provide power to
the chassis of the vehicle [43—45]. The engine turns off when the state of
charge (SOC) of the on-board battery increases and reaches a predetermined
value i.e. say 80%. Series hybrid electric vehicles (SHEVs) would run at
their optimal torque and speed and thus save fuel and improve efficiency of
the system. However, some of the energy is lost because of the two-stage
power conversion process. Moreover, the engine/generator set maintains the
battery charge around 65%—75%. A series hybrid vehicle is more useful for
city driving. The block diagram of series hybrid electric vehicle is shown in
Figure 3.

3.3 Parallel Hybrid Electric Vehicles (PHEVs)

In the PHEYV, the traction motor and generator of the system are mechanically
connected through the torque coupler. The PHEV has various modes of
operation based on the usage of generator and traction motor. The most
commonly used strategy is to use the motor alone rather than ICE at low speeds
to increase the efficiency of vehicle under low speed conditions, and then let
the ICE work alone at higher speeds. When ICE is active, generator is used
to provide energy to the battery for charging. In PHEVs, the torque coupler is
designed using digital concepts like continuous variable transmission (CVTs)
rather than the conventional fixed variable transmission (FVT) system for
efficient usage of fuel and optimal operation [46]. The transmission losses are
lesser when compared to the SHEVs but PHEVs have much bigger size and
have more complex operation and control. The block diagram of the parallel
hybrid electric vehicle is shown in Figure 4.
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Figure 4 Block diagram of the parallel hybrid electric vehicle.

3.4 Series-Parallel Hybrid Electric Vehicles (SPHEVs)

It is possible to combine the advantages of both the series and parallel
HEV configurations. When acceleration is required, the electric traction
motor is used in combination with the ICE to give extra power in both the
configurations. During braking or deceleration, the traction motor is used as
a generator to charge the battery. In standstill, the ICE can continue to run
and drive the generator to charge the battery, if needed [47—49]. However,
it must be highlighted here that the series-parallel HEV is also relatively
more complicated and expensive. The performance indices of a series-parallel
hybrid electric vehicle are shown in Table 2. The block diagram of the
series-parallel hybrid electric vehicle is shown in Figure 5.

3.5 Complex Hybrid Electric Vehicles (CHEVs)

Another form of series-hybrid configuration is the complex hybrid electric
vehicles (CHEVs), which is a split power HEV topology. This topology
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Figure 5 Block diagram of the series-parallel hybrid electric vehicle.
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Figure 6 Block diagram of the complex hybrid electric vehicle.

consists of a planetary gearbox, which interlinks the ICE, traction motor,
and generator. In the CHEV, the energy flows in a fashion similar to either
that of a parallel HEV or a series HEV. In parallel HEV mode, energy flows
from ICE via the gearbox to the wheels, whereas in the series HEV mode of
operation, the energy flows from generator and motor to the wheels [50]. The
performance index of a complex hybrid electric vehicle is shown in Table 2.
The block diagram of the complex hybrid electric vehicle is shown in Figure 6.

3.6 Fuel Cell Hybrid Electric Vehicles (FCHEVSs)

The potential for superior efficiency and zero (or near zero) emissions has long
attracted interest in fuel cells as the potential automotive power source of the
future [51-53]. The overall goal of on-going fuel cell research and devel-
opment programs is to develop a fuel cell engine that will give vehicles the
range of conventional cars, while attaining environmental benefits comparable
to those of battery-powered electric vehicles [54]. The power conditioner must
have minimal losses leading to a higher efficiency [55]. Power conditioning
efficiencies can typically be higher than 90%. The block diagram of the fuel
cell hybrid electric vehicle is shown in Figure 7.
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Figure 7 Block diagram of the fuel cell hybrid electric vehicle.
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4 Statistical Analysis and Trends of Fuel Cell Electric
Vehicles in India

The technology of fuel cells is extremely advanced in the European and
American market spurring a growth in their sales whereas in comparison the
sales of fuel cells have been very sluggish in the Indian market [56]. The early
2010s saw the development of prototype fuel cell systems for transportation
applications and in the later part of 2015, the country started producing fuel
cells for portable and transportation applications [57]. The production and
sales of FC based electric vehicles is expected to reach a peak of around 3
lakh vehicles by 2020 and the predicted world market especially for buses and
cars is shown in Figure 8.

India does not have sufficient knowledge in the technology of the fuel cell
electric vehicles (EVs) compared to the western countries. It will take some
time to reduce the cost per kW for fuel cell based EVs. In the early 2004,
the cost was Rs. 9000 per kW for FC system, which later has come down
because of advances and availability of material to make the fuel cell system
and availability of skilled labour for production [58]. India has a target of
reducing the cost to Rs.1800 per kW of FC system (PEMFC) by the year 2020
and Rs. 1000 per kW by the year of 2030 shown in Figure 9 [58].

The fuel cell system is manufactured in separate parts and assembled like
a transformer. The fuel cell system has several components like MEA, GDL,

Prediction of fuel cell vehicles sales over the world market (including INDIA)
Y S

S
= 3,50,000
Z£3,00,000
3
= 2,50,000

2,00,000

vehic

= 1,550,000
9
" 1,00,000
=

= 50000

0 2015 2016 2017 2018 2019 2020 years

Asia-Pacific
v snci. ([ wornsoons [
- North America Western Europe (Including INDIA)

Figure 8 Prediction of Fuel cell vehicles sales over the world market.
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Projected of fuel cell system cost of INDIAN market
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Figure 9 Projected PEM fuel cell system cost in the Indian market.

bipolar plates, field plates and so on [59]. The breakdown cost of PEMFC
system components in the year 2008 is shown in Figure 10 and by 2016 the cost
of a PEMFC system was expected to decrease by 15% compared to 2008. This
price reduction has been feasible because of reduction in the manufacturing
cost of catalyst and better fuel management. Reduction of PEMFC system
cost achieved is 15% and is shown in Figure 10. as the hatched portion [59].

PEM fuel cell cost by the component wise analysis by Centre of Fuel
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Figure 10 Breakdown cost of PEM fuel cell component in financial year 2008 and 2016.
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The worldwide electrification of vehicles started from 1997 as a result
of the Kyoto protocol for improving of environmental conditions. It is a big
challenge for the automobile industry to develop vehicles which are zero
emission and emit lesser harmful particulate in the environment. Due to this
protocol, a lot of advancement in the vehicle technology and drive trains of
vehicles have started appearing in the market like mild hybrid, full hybrid,
PHEV and so on and advancement of technology in the vehicle sector is
shown in Figure 11.

The cost of different types of FC systems is shown in Figure 12., wherein
it can be seen that the cost of the SOFC is highest compared to the other
FC systems. The reference FC system cost is the Rs. 37000/kW and a huge

Different level of electrification exist to CO2 reduction target put by Kyoto
A

protocol (1997)
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Figure 11 Different level of electrification to reach the target set by the Kyoto protocol over
the world market to reduce GHGs.
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Figure 12 Comparison among the different FC systems over the reference system.
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Figure 13 Deployment of Hydrogen fuel stations in the world market with including the
Faridabad hydrogen fuelling station.

difference exists between the PEMFC system and reference system [60]. The
cost of the FC system would become equal to the reference system by the
2020s according to data from the Centre of Fuel Cell Technology (CFCT) of
India.

By 2032 the estimated deployment of hydrogen fuel cell stations world-
wide would be 4500. India will have to deploy at least 50 stations by then while
the present number of station is two (Faridabad and Dwaraka near Delhi) as
shown in Figure 13. In the early 2030s, the Asia-Pacific region would have
more hydrogen stations compared to the rest of the European zone as well as
America as shown in Figure 13.

5 Development of Fuel Cell Vehicles in India

e A group of Banaras Hindu University (BHU) scientists and the ministry
of new and renewable energy (MNRE) achieved a breakthrough event
in cutting edge fuel cell vehicle technology. The fuel box for motorcycle
weighs about 17 kg, or twice that of a tank with 10 litres of petrol. This
lasts for 70-80 km before a recharge. During tests, the three-wheeler
clocked a range of 50—60 km.

o Afuel cell (PEMFC) battery hybrid van has been developed in the country
and has undergone field performance evaluation.

e Reformer for a 10 kW PEMFC system was developed and tested in the
Centre for Fuel Cell Technology (CFCT).

e TATA Corporation Ltd and ISRO have taken the lead role to introduce the
latest fuel cell vehicle technology with the new fuel cell based passenger
vehicle “Starbus” in India during the financial year 2012-2013.
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e Toyota unveiled a hydrogen fuel cell-powered car at the Indian Auto
Expo 2016 show held recently in National Capital Region (NCR) near
Delhi.

e Indigenous base for research & industrial production is being established
for fuel cell vehicle through the research and development centres like
ISRO, TATA and M&M.

6 Current Environmental Issues in India

6.1 Economic Developments Causes Environmental Issues
in India
e Uncontrolled growth of urbanization
e Industrialization
e Expansion-intensification of agriculture
e The destruction of forests-deforestation

6.2 Major Environmental Issues

e Forest and Agricultural land degradation

e Resource depletion-water, minerals, forest, sand, etc.
e Public health

e [ oss of biodiversity

e [ oss of resilience in eco-systems

e Poor water supply and sanitation issues

e Natural hazards like floods

e Annual rainfall due to deforestation

e Poor agricultural practices

6.3 Population and Economic Growth

e Habitat destruction

e Changing consumption pattern has led to rising demand for energy
e The final outcome of this is air pollution

e Global warming

e Climate change

e Depletion of natural resources

e Water scarcity and water pollution
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7 Challenges of Fuel Cell Vehicles in India
7.1 Infrastructure

7.1.1 Fuel infrastructure

e In the case of portable applications, the most commonly used fuel is
methanol, which is sold in the form of liquid for usage on-board vehicles.
Since the fuel cell reaction has slower dynamics it may not be able to
respond to sudden acceleration demands and thus the FC EV may have
to be supplemented with a storage battery or ultracapacitor to deliver the
required power instantaneously [61].

o If vehicles are hydrogen fuel based then equipment for producing, dis-
tributing, storing, delivering and maintaining hydrogen fuel is important
and needs to be in place.

e The current infrastructure for producing, delivering, and dispensing
hydrogen to consumers cannot yet support the widespread adoption of
hydrogen based FCVs.

7.1.2 Human resource infrastructure

e Service: This is a novel technology for the customer, so qualified service
and maintenance personnel will be needed. It will require training of
new/retraining of existing manpower for maintenance of the fuel cell
vehicle unlike the ICEs and HVs which already have a large pool of
skilled manpower [61].

¢ Development: A critical need today is for qualified technical personnel
to assist in the development and commercialization of these products. It
is a novel technology even for the skilled manpower and also requires
awareness regarding the control and operation of the fuel cell vehicle and
moreover, it is in still under development.

7.2 Cost

e A competitive cost of the order of Rs. 4000-6700 per kW in auto-
mobile sector would be acceptable for the FC power pack. As far as
the power industry is concerned, the current cost of FC based power
generation plant is in the range of 20 lakh rupees per kW when used
with CHP.

e FCVs are currently more expensive than conventional vehicles and
hybrids, but costs have decreased significantly and are approaching to
more affordable rates in the coming years.
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7.3 Durability and Reliability

e It would give longer life if and only if there would be a proper
maintenance of hydrogen storing tank and proper cooling of the system.

e The long-term performance, safety and reliability of fuel cell vehicles
have not been significantly demonstrated in the market.

7.4 System Size

e The size and weight of current fuel cell vehicles must be further reduced
to meet the packaging requirements for automobile industry.

e Greater policy support and investment is essential to achieve mar-
ket readiness. The Indian government must support fuel cell vehicle
development through favourable policies and implementation of some
pilot projects in reputed national scientific research labs and reputed
organizations like IITs and NITs.

e Hydrogen fuel cell vehicles suffer due to lack of sufficient infrastructure
for hydrogen refuelling, and the large cost of the catalysts. Platinum is
one of the most commonly used catalysts for fuel cells, but it is very
expensive. Catalysts are used to break the fuel into ions and electrons
and act like barrier between the GDLs and MEAs of the fuel cell. It is
very difficult to produce due to the huge cost of material as commonly
usage material is carbon and platinum which are costlier than gold and
other premium materials.

7.5 Fuel Flexibility

It would be very difficult for consumer to get hydrogen like petrol and diesel
in the market. There are some new hydrogen fuelling stations being setup in
India like Vijayawada, Vizag and Tirupati etc.

7.6 Lesser Familiarity of the Public

Fuel cell technology must be embraced by consumers before its benefits can
be realized. People must become familiar with this new kind of fuel and
public education must be used to accelerate this process. As with all new
technologies it could be a hurdle for the fuel cell market in the initial stage.
The fuel cell technology would come into the market if and only if it is
marginally higher or comparable in cost per KW when compared with the HV's
and PHVs.
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7.7 Environmental Security

Fuel cell vehicles do not produce sound and air pollution and are very human-
friendly compared to the ICE and EVs.

8 Comparison

The drivetrains of electric vehicles are distinguished based on the key param-
eters such as propulsion, efficiency, refuelling time, speed (average maximum
speed), acceleration (average), cost and technology. A comparison of the
various electric vehicles is compiled in Table 2. The drive train of fuel cell
vehicles have excellent advantages and good feasibility to be implemented if
the technology is achieved by 2025 in India.

Table 2 Comprehensive comparison among the Electric Vehicles (EVs)

Electric Internal ‘ Batter.y
Vehicles Conllbustlon Elegtnc . .
Engines Vehicles Hybrid Electric Fuel Cell
Parameters (ICEs) (BEVs) Vehicle (HEVs)  Vehicles (FCVs)
Propulsion Internal Electric Electric Motor Electric Motor
Combustion ~ Motor Drives  Drives, Internal ~ Drives
Engines Combustion
Engines
Energy Fossil Or Battery/Super  Fossil Or Hydrogen Tank,
Storage Alternative Capacitor Alternative Fuel,  Battery/Super
Subsystems Fuel Battery/Super Capacitor [23]
(ESS) Capacitor
Energy Gasoline Electrical Gasoline Hydrogen,
Source & Stations Grid Stations, Hydrogen
Infrastructure Charging Electrical Grid Production,
Facilities Charging Transportation
Facilities Infrastructure
and Facilities
(For Plug in
Hybrid) [24]
Efficiency Converts Converts Converts 40% of  Converts 50% of
20% of the 75% of the the energy stored the energy stored

energy stored

energy stored

in gasoline and

in Hydrogen to

in gasoline to  in super super capacitors ~ power the vehicle
power the capacitor to to power the
vehicle power the vehicle

vehicle [32]
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Refuelling Typically Normally Depending upon 5 minutes
Time 5 minutes (5-7) hours the usage
Speed 124 miles per 80 miles per 110 miles per 40-95 miles per
(Average hour hour hour hour
Maximum
Speed)
Acceleration (0-55) miles (0-50) miles (0-60) miles per (0-60) mph in
(An Average)  per hourin 8.5 per hour in hour (6-7) (4-6) seconds
seconds (6-7) hours seconds
Major Issues Sound and Air  Battery Size Battery Size and Fuel Cell Cost,
Pollution and Management, Life Cycle and
Management, Control, Reliability,
Battery Life, Optimization And  Hydrogen
Charge Management of Production,
Facilities and Multiple Energy Infrastructure
Cost [39]. Sources Cost
Cost (9,50,450- (13,62,500- (12,94,000- (4,08,600—
11,57,550)Rs ~ 17,70,750) Rs ~ 17,02,450) Rs 60,12,000) Rs
Technology Obsolete Fully Huge Demand Under
Technology Available and Good Development,
Technology Require Huge
Available Technology to
Reach The
Customers

9 Conclusion

This article has explored the Indian proton exchange membrane fuel cell
vehicles (PEMFCVs) market with respect to the need for fuel cells in the
transportation field, the need of zero emission vehicles (ZEVs) in logistic
hubs, and identified specific fuel supply strategies to meet growth of fuel cells
technology. Several environmental and economic drivers are inspiring the fuel
cell technology players in developing countries like India. The development of
new fuel cell technology for the logistic hubs and small automobile field that
is suited to local needs, cost-effective, and uses cleaner fuels like hydrogen
should be commercially successful. As mentioned before, the PEMFCVs have
many merits compared to the internal combustion engine (ICEs) and hybrid
vehicles. These are efficient and produce less or no effect of GHGs. According
to experts, the future belongs to modern fuel cell vehicles. Therefore we can
say that there is huge potential for fuel cells vehicles in the future in our
country.



378 Bandi Mallikarjuna Reddy and Paulson Samuel

References

[1] Malo, S., and Grino, R. (2010). “Design, Construction, and Control of
a Stand-Alone Energy-Conditioning System for PEM-Type Fuel Cells,”
in IEEE Transactions on Power Electronics, 25, 2496-2506.

[2] Wang, L. J., Hung, Y.-H, Li, J.-F.,, Kuo, C.-G, Lue, Y.-F., Cheng,
C.-H. et al.,, (2015). “Comparison of passive and active types of pro-
ton exchange membrane fuel cell/battery HEVs,” in 2015 IEEE 12th
International Conference on Networking, Sensing and Control, Taipei,
509-514.

[3] Najdi, R. A., Shaban, T. G,, Mourad M. J., and Karaki, S. H. (2016).
“Hydrogen production and filling of fuel cell cars,” in 2016 3rd Interna-
tional Conference on Advances in Computational Tools for Engineering
Applications (ACTEA), Beirut, 2, 43-48.

[4] Liu,J.,and Zhang, Y. (2016). “Research on power control of hybrid power
supply EV,” in 2016 IEEE 11th Conference on Industrial Electronics and
Applications (ICIEA), Hefei, 2527-2530.

[5] Arruda, B. A., Santos, M. M., and Keshri, R. K. (2016). “A comparative
study of performance for Electric Vehicles for wheel traction config-
urations,” in 2016 IEEE 25th International Symposium on Industrial
Electronics (ISIE), Santa Clara, CA, 786-792.

[6] Parker-Allotey, N. A,. Bryant, A. T., and Palmer, P. R. (2005). “The
Application of Fuel Cell Emulation in the Design of an Electric Vehi-
cle Powertrain,” in 2005 IEEE 36th Power Electronics Specialists
Conference, Recife, 1869—-1874.

[7] Aydin, Y., Calisiyor, A., and Ustiin, O. (2016). “An alternative energy
source for low power systems: Microbial fuel cells,” in 2016 National
Conference on Electrical, Electronics and Biomedical Engineering
(ELECO), Bursa, 71-75.

[8] Uddin, S. S., Shatil, A. H. M., Roni K. S., and Walid, A. B. (2016).
“Prototype design and overview of alow price microbial fuel cell,” in The
4th International Conference on the Development in the in Renewable
Energy Technology (ICDRET), Dhaka, 1-6.

[9] Jahns, T. M., Hart, P. J., Lasseter R. H., and Beihoff, B. C. (2015). “The
Role of Hybrid Energy Modules for improving building efficiency in
the future electric grid,” in 2015 Intl Aegean Conference on Electri-
cal Machines & Power Electronics (ACEMP), 2015 Intl Conference
on Optimization of Electrical & Electronic Equipment (OPTIM) &
2015 Intl Symposium on Advanced Electromechanical Motion Systems
(ELECTROMOTION), 1-9.



Technology Advancements and Trends 379

[10] Jafri, N. H., and Gupta, S. (2016). “An overview of Fuel Cells
application in transportation,” in 2016 IEEE Transportation Electrifi-
cation Conference and Expo, Asia-Pacific (ITEC Asia-Pacific), Busan,
129-133.

[11] Abe, R. (2016). “Digital grid: Full of renew able energy in the future,”
2016 inlEEE International Conference on Consumer Electronics-Taiwan
(ICCE-TW), Nantou, 1-2.

[12] Lawson, L. J. (1966). “Fuel Cell Power Conversion by the A.C. Link
Type Static Inverter,” in I[EEE Transactions on Aerospace and Electronic
Systems, AES-2, 160-163.

[13] Wikipedia, The Free Encyclopaedia, s.v. “list of fuel cell vehicles,”
(Accessed: March 24, 2017).

[14] Wikipedia, The Free Encyclopaedia, s.v. “fuel cell vehicle,” (Accessed:
March 24, 2017).

[15] Cook, B. (2002). “Introduction to fuel cells and hydrogen technology,”
in Eng. Sci. and Education Journal, 11, 205-216.

[16] Ramakumar, R. (2001). “Fuel cells-an introduction,” in Power
Engineering Society Summer Meeting Conference Proceedings (Cat.
No.01CH37262), Vancouver, BC, Canada, 1, 702-709.

[17] Walters, M., Kuhlmann, A., and Ogrzewalla, J. (2015). Fuel cell range
extender for battery electric vehicles. In Electrical Systems for Air-
craft, Railway, Ship Propulsion and Road Vehicles (ESARSs), 2015
International Conference on IEEE, 1-6.

[18] Reddy, B. M., and Samuel, P. (2016). A comparative analysis of
non-isolated bi-directional dc-dc converters. In Power Electronics, Intel-
ligent Control and Energy Systems (ICPEICES), IEEE International
Conference, 1-6.

[19] Hgj, J. C. L., Agerskov, M. L., Jensen, M. F,, and Lading, P. (2013). Next
generation range extension—2 Glimpses of the future. In Electric Vehicle
Symposium and Exhibition (EVS27), 1-8.

[20] Smokers, R. T., Verbeek, M., and van Zyl, S. (2013). EVs and post
2020 COs, targets for passenger cars. In Electric Vehicle Symposium and
Exhibition (EVS27), IEEE, 1-11.

[21] Stauffer, Y., et al. (2013). The Greenpower house: from simulation
to reality. In Clean Electrical Power (ICCEP), 2013 International
Conference, 275-279.

[22] Wen, X., and Xiao, C. (2011). Electric vehicle key technology research
in China. In Electrical Machines and Power Electronics and 2011



380 Bandi Mallikarjuna Reddy and Paulson Samuel

Electromotion Joint Conference (ACEMP), 2011 International Aegean
Conference, 308-314.

[23] Mallikarjuna Reddy B., and Paulson Samuel, (2016). Analysis of Isolated
bi-directional dc-dc converters for performance enhancement of pv
system and energy storage system. In 2016 power India international
conference (PIICON-2016), Government engineering college, Bikaner.

[24] Farret, F. A., and Simdes, M. G. (2006). “Power Plants with Fuel Cells”,
In Integration of Alternative Sources of Energy, 1, Wiley-1IEEE Press,
159-197.

[25] Smith, J. A., Nehrir, M. H., Gerez, V., and Shaw, S. R. (2002). A broad
look at the workings, types, and applications of fuel cells. In Power
Engineering Society Summer Meeting, 1, 70-75.

[26] Nehrir, M. H., and Wang, C. (2009). Modeling and control of fuel cells:
distributed generation applications, Wiley-IEEE Press, 1, 29-56.

[27] Kim, J., Goo, Y., and Yoo, S. (2005). Hybrid type bipolar plate for
proton exchange membrane fuel cell. In Science and Technology, KORUS
2005. Proceedings. The 9th Russian-Korean International Symposium,
462-465.

[28] Tritschler, P. J., Rulliere, E., and Bacha, S. (2010). “Emulation of
Fuel Cell systems”, The XIX International Conference on Electrical
Machines — ICEM 2010, 1-5.

[29] Akhilesh Kumar gupta, Bandi mallikarjuna Reddy, Deepak Kumar,
Paulson Samuel, (2017). BBBC based Optimization of PI Controller
Parameters for Buck Converter, 2017 innovations in power and advanced
computing technologies (i-PACT 2017), Vellore Institute of technology,
Vellore, Tamilnadu.

[30] Morchin, W. C., and Oman, H. (2006). “Sources of Electric Power for
Bicycles,” in Electric Bicycles: A Guide to Design and Use, Wiley-IEEE
Press, 1, 43-83.

[31] Moldrik, P., and Chvalek, R. (2011). PEM fuel cells—The effect of fuel
parameters on efficiency and quality of electric power supply. In Envi-
ronment and Electrical Engineering (EEEIC), 2011 10th International
Conference, IEEE, Rome, 1-4.

[32] Karthik, D. R., Mallikarjuna Reddy, B., and Praveen Kumar reddy,
(2015). A ZVS PWM Three-Phase current fed push-pull DC-DC con-
verter in Microgrids, IISETR, 4, 2783-2792.

[33] Wingelaar, P.J. H., Duarte, J. L., and M. Hendrix, M. A. (2005). “Dynamic
Characteristics of PEM Fuel Cells,” in 2005 IEEE 36th Power Electronics
Specialists Conference, Recife, 1635-1641.



Technology Advancements and Trends 381

[34] Uzunoglu, M., and Alam, M. S. (2006). “Dynamic modeling, design, and
simulation of a combined PEM fuel cell and ultracapacitor system for
stand-alone residential applications,” in IEEE Transactions on Energy
Conversion, 21, 767-775.

[35] Adzakpa, K. P., Agbossou, K., DubE, Y., Dostie, M., Fournier, M., and
Poulin, A. (2008). “PEM Fuel Cells Modeling and Analysis through
Current and Voltage Transient Behaviors,” in IEEE Transactions on
Energy Conversion, 23, 581-591.

[36] Karthik, D. R., Reddy, B. M., and Kushwaha, S. K. S. (2016). A
PSCAD simulation on integration of multi-level converters with DC-DC
converter for AC drive applications. In Circuit, Power and Comput-
ing Technologies (ICCPCT), 2016 International Conference, IEEE,.
Nagercoil, India, 1-6.

[37] Lee, J. G, Choe, S. Y., Ahn, J. W., and Baek, S. H. (2008). “Modelling
and simulation of a polymer electrolyte membrane fuel cell system with
a PWM DC/DC converter for stationary applications”, in IET Power
Electronics 1, 305-317.

[38] Choe, S. Y., Ahn, J. W, Lee J. G, and Baek, S. H., (2008). “Dynamic
Simulator for a PEM Fuel Cell System With a PWM DC/DC Converter,”
in IEEE Transactions on Energy Conversion, 23, 669-680.

[39] Lee, J. G, Choe, S. Y., Ahn J. W., and Baek, S. H. (2008). “Modelling
and simulation of a polymer electrolyte membrane fuel cell system with
a PWM DC/DC converter for stationary applications,” in /IET Power
Electronics, 1, 305-317.

[40] Yang, S.F. Hwang, C. S., Tsai, C. H., Chang C. L., and Wu, M. H. (2017).
“Production of Metal-Supported Solid Oxide Fuel Cell Using Thermal
Plasma Spraying Technique,” in IEEE Transactions on Plasma Science,
45, 318-322.

[41] Mallikarjuna Reddy, B, Narendra, C. H., and Rambabu, C. H. (2014). A
ZVS PWM Three- Phase current fed push-pull DC-DC converter with
fuel cell input, IJSETR, 3, 3449-3454.

[42] Horalek, R., and Hlava, J. (2015). “Multiple model predictive control
of grid connected solid oxide fuel cell for extending cell life time,”
in 2015 23rd Mediterranean Conference on Control and Automation
(MED), Torremolinos, 310-315.

[43] Karthik, D. R., Mallikarjuna Reddy, D. R., Satendra Kumar Singh,
B., Akbar Ahmed, (2016). Application of FPGA controller in Multi-
device Interleaved Boost Converter for Air craft Electrical Systems,



382 Bandi Mallikarjuna Reddy and Paulson Samuel

2016 international conference on power and circuit intelligent tech-
niques (ICPCIT-2016), Indian Journal of Science and technology, SRM
University, Chennai.

[44] Rauh, A., Senkel, L., and Aschemann, H. (2015). “Interval-Based Sliding
Mode Control Design for Solid Oxide Fuel Cells with State and Actu-
ator Constraints,” in IEEE Transactions on Industrial Electronics, 62,
5208-5217.

[45] Lee, M., Park, G., and Radisavljevic-Gajic, V. (2013). “Modeling of solid
oxide fuel cells (SOFCs): An overview,” in 2013 5th International Con-
ference on Modeling, Simulation and Applied Optimization (ICMSAO),
Hammamet, 1-6.

[46] Abinayasaraswathy, T., Anbumalar, S., and Komalavalli, P. (2013).
“Solid oxide fuel cell based grid connected operation,” in 2013 Inter-
national Conference on Computation of Power, Energy, Information and
Communication (ICCPEIC), Chennai, 100-104.

[47] Berenji, H. R., and Ruspini, E. H. (1995). “Automated controller elic-
itation and refinement for power trains of hybrid electric vehicles,”
in Proceedings of International Conference on Control Applications,
Albany, NY, 329-334.

[48] Shetty, P., and Dawnee, S. (2014). “Modeling and simulation of the
complete electric power train of a hybrid electric vehicle,” in 2014 Annual
International Conference on Emerging Research Areas: Magnetics,
Machines and Drives (AICERA/iCMMD), Kottayam, 1-5.

[49] Schofield, N. (2014). “Fundamentals of power-train design for all- and
hybrid-electric road vehicles,” in 2014 IEEE Transportation Electrifica-
tion Conference and Expo (ITEC), Dearborn, USA, 1-198.

[50] Szumanowski, A. (2011). “Energy distribution in Plug in Hybrid Electric
Vehicle power trains,” in 2011 International Conference on Power
Engineering, Energy and Electrical Drives, Malaga, 1-1.

[51] Yu, G (2011). “Research on multi-energy power train control system in
hybrid electric vehicles,” in 2011 IEEE 3rd International Conference on
Communication Software and Networks, Xi’an, 546-549.

[52] Burke A.F., and Somuah, C. B. (1980). “Power train trade-offs for electric
and hybrid vehicles,” in 30th IEEE Vehicular Technology Conference,
211-220.

[53] Rajasekhar, M. V., and Gorre, P. (2015). “High voltage battery pack
design for hybrid electric vehicles,” in 2015 IEEE International Trans-
portation Electrification Conference (ITEC), Chennai, 1-7.



Technology Advancements and Trends 383

[54] George, S., Chacho, R. V., and Salitha, K. (2014). “Modelling and
simulation of Electric Vehicle power train in SEQUEL,” in 2014 IEEE
International Conference on Power Electronics, Drives and Energy
Systems (PEDES), Mumbai, 1-6.

[55] Hussein, K., Fujita, A., and Sato, K. (2015). “Trend in power devices for
electric and hybrid electric vehicles,* in the 20th Asia and South Pacific
Design Automation Conference, Chiba, 416-416.

[56] Tanaka, N. (2011). Technology roadmap: Electric and plug-in hybrid
electric vehicles. International Energy Agency.

[57] Schmaltz, E. (2010). Design of fuel cell hybrid electric vehicle drive
train system. Department of Energy Technology, Aalborg University,
Denmark.

[58] Williamson, S. S. (2013). Energy management strategies for electric and
plug-in hybrid electric vehicles. New York: Springer.

[59] Global EV outlook 2016. International Energy Agency.

[60] Automotive sector report 2016. Department of Heavy Industries.

[61] Nehrir, M. H., and Wang, C. (2009). “Present Challenges and Future
of Fuel Cells,” in Modeling and Control of Fuel Cells: Distributed
Generation Applications, Wiley-1EEE Press, 1, 265-281.

Biographies

Bandi Mallikarjuna Reddy (S°17) received the Bachelor of Technology
Degree in electrical and electronics engineering from Sri Venkateswara
University, Tirupati, India, in 2011 and the Master of Technology degree in
power electronics from the INTU Kakinada, India, in 2015, currently working
towards the Ph.D. degree in the area of power electronics and renewable
energy grid integration in NIT Allahabad. Worked as a contract lecturer in the
government polytechnic during the years 2011-2012 at Bangalore, Karnataka,
India, and worked as an assistant professor in Aayan engineering college



384  Bandi Mallikarjuna Reddy and Paulson Samuel

at Hyderabad during the year 2014-2015. Research interests include Bi-
directional dc-dc converters for interface between the energy storage systems
and fuel cell hybrid electric vehicles analysis and design, analysis of wind
power plants, simulation of Isolated and non-Isolated Bi-Directional DC/DC
converters.

7

Paulson Samuel (S’08-M’09) received the Bachelor of Engineering (Elec-
trical) degree from the G. S. Institute of Technology and Science, Indore,
India, in 1984, and the Master of Engineering in Computer Science and
Engineering degree from Motilal Nehru National Institute of Technology,
Allahabad, India, in 1998. He completed Ph.D. in electrical engineering from
Motilal Nehru National Institute of Technology, Allahabad, India, in 2013.
From 1990 onward, he has been a faculty member in the Department of
Electrical Engineering, Motilal Nehru National Institute of Technology, where
he is presently an Associate Professor. From 1984 to 1990, he was an Engineer
at the National Thermal Power Corporation, New Delhi, India. His research
interests include power quality, distributed generation, automation, control
of power converters, and multilevel inverters and fuel cell electric vehicle
analysis and design.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


