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ABSTRACT

Fuel cell system is a promising alternate way of power generation from clean,
green fuel such as Hydrogen with almost zero emissions. It can be a primary power to
the local loads or an aiding power to the grid during instability in the case of distributed
generation. The grid connected fuel cell systems experience double line frequency ripples
from the power converters such as the inverters which affect the life of fuel cells. The
current ripples in the fuel cell systems are limited within 15% for safe and reliable
operation of the fuel cells. This study presents design of a 1kW grid connected single
phase fuel cell power generation system with galvanic isolation. This involves the design
of a dual active bridge DC-DC converter to boost the low voltage DC output from fuel
cells and a grid synchronized single phase PWM inverter with unbalanced synchronous
reference frafne grid current control suitable for fuel cell systems.

There are many topologies available for DC-DC converters and the Dual Active
Bridge (DAB) topology is found to be more suitable for fuel cell applications due to
various advantages such as high power density, high efficiency, Zero Voltage Switching
(ZVS) capability and galvanic isolation. The inherent ZVS and galvanic isolation nature
of DAB made it suitable for fuel cell power conditioning system. The fuei cells are
generally low voltage systems which need isolated converters in case medium and high
power applications for safety operations. An average current modeling of DAB is
presented in this study with a PI controlled DC bus voltage control loop. An optimum

bandwidth of the DC bus voltage control loop has been found to limit the injected double



line frequency current ripples to the fuel cell system. A simple phase shift modulation in
open loop is used to transfer the required amount of power from fuel cell to the grid.
The modeling and designing of a grid connected single phase inverter is done
with LCL line filter. An unipolar PWM scheme is used for switching pattern generation
due to lower harmonics compared to its counter part bipolar PWM. An LCL line filter
is chosen for higher ripple attenuation over L and LC filters. A careful design of LCL
filter is done as the controlling is complex due fo its inevitable resonance behavior. An
unbalanced synchronous reference frame grid current control is employed for stable
operation of the system. This also enables an independent control of real and reactive
power injections into the grid with d — axis and g — axis current controls respectively.
Extended Symmetrical Optimum method is used to optimally tune the PI controllers.
MATLAB®/ Simulink is used for the design and is verified with a 1kW Horizon PEM fuel
cell system. Phase shift modulation is used to control the power export with measured
THDi of 2% in the grid current. The overall DAB and inverter system efficiency is

measured to be 86%.
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CHAPTER1

INTRODUCTION

In recent years, to meet the world energy crisis and to mitigate the global
warming, the use of renewable energy has become prominent in today’s world of power
generat'ion. The world’s primary energy consumption during the year 2014 was con-
tributed by various resources viz. 32.06% by Oil, 30.0% by coal, 23.7% by natural gas,
6.8% by hydroelectric and 4.4% by nuclear (1), which clearly shows energy from the fos-
sil fuels dominates the energy sector which is the world concern now. Renewable energy
used in power generation grew by 12.0% accounting for a record 6.0% of global power
generation (1).The energy sectors have started focusing on alternate energy sources such
as Wind, Solar and other renewable energy resources as there is a continuous increase in
the use of renewable sources at a rate of 3.0% in 2014 an up of 0.9% from a decade ago
(1.

Most of the alternative energy sources are intermittent by nature as shown
in figure 1, where there is always a gap between the power generated and the power

demanded. Thus the system should be such that the excess power generated is stored in a

------------ Renewable Power
Load Side Demand

Power Generation

Time (Hours)

Figure 1 Intermittent Nature of Renewable Power Generation
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storage system and the same is delivered when needed. Moreover as the power generated

from these sources are fluctuating at times in addition to intermittent, and hence needed

to be conditioned to give a constant output for any kind of load or grid integration.,

Hydrogen gas is one such promising clean energy storage which can be used

for small and medium scale applications in which the production of hydrogen from/by

renewable energy sources makes it as a green fuel. Fuel cells can then be used to convert

the stored chemical energy from the Hydrogen gas to electricity. Being a chemical device,

the fuel cell produces directly the clectricity without any intermediate stage has recently

drawn much attention of researchers. The most significant advantages are low emission



of green house gases and high power density. The emission consists of only harmless
gases and water and the noise emission is low. The energy density of a typical fuel cell is
200 Wh/l, which is nearly 10 times of a battery and the efficiency of the fuel cell is quite
high [40%-60%). The waste heat generated by the fuel cell can be used for co-generation
such as steam, air conditioning, hot air and heating, then the overall efficiency of such
systems could be as high as 80% (2)

The hydrogen storage system can be integrated with the other renewable systems
as proposed in figure 2 to overcome the intermittency of certain energy sources. This can
aid the grid in case of instability due to the intermittent nature of the renewable energy
sources. In such integration the power conditioning circuits such as DC-DC converters
and DC-AC inverters are inevitable in the system as shown in figure 2. Power electronics,
the technology of efficiently processing electric power, plays an essential part in the
integration of the dispersed generation units for good efficiency and high performance of
the power systems (2). These power conditioning circuits in addition to give constant
power output, also deliver the power at the required electrical specifications such as
voltage, frequency and power factor as per the load or grid requirement.

This study aims at 1 kW AC power generation at 230 VAC, 50 Hz by a Hydrogen
Fuel Cell with Grid integration, which involves the modeling and design of a Dual Active
Bridge (DAB) with the High Frequency Transformer and a single phase inverter. Basically
any kind of DC sources with the specific DC voltage range can be used to feed the circuit

for single phase AC power generation for any portable applications or grid integration.

Rationale/Statement of the Problem

Most of the Renewable Energy Resources are intermittent power sources and
paves the path for the need of storage systems to store the power when in excess and
deliver it on demand. There exists many kinds of storage systems in practice such as
Batteries which store the electrical energy in the form of chemical energy, Ultracapacitors
which store the electrical energy in the form of static electricity and other thermal
energy storage systems. One such energy storage system is in the form of Hydrogen
gas. Hydrogen storage has advantage over the other storage systems that the amount of

stored Hydrogen will be available forever unless there is a leakage in the system, but the
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Figure 3 Production cost of fuel cells (3)

other storage systems like Batteries, Ultracapacitors etc., lose the energy stored due to
unavoidable discharge. Hence systems exist in which the available renewable energy is
utilized to produce hydrdgen by electrolysis or to convert hydrocarbons into hydrogen
gas and is stored in a better way for further usage. Hydrogen being a clean and renewable
energy fuel which results with water as a by-product in power generation is one of the
most suited non-conventional energy resources to meet the energy demand in small scale.

Though hydrogen is clean and can be made available easily, the use of fuel
cells has not reached like any other non-conventional renewable energy resources. This
may be due to the safety reasons in handling the Hydrogen gas, cost and life of the Fuel
Cells which generate electricity from Hydrogen. But many attempts have been made to
improvise the performance and life of the fuel cells in recent years. The production cost
has been declining over years and it is targeted to be $ 30 /kW by the year 2015 as shown
in the figure 3 (3}.

The fuel cell polarization curve shown in figure 4, gives the typical characteristics
of the PEM fuel cell. The key points to be noticed in the figure 4, which is the plot of the
cell voltage against current density are (4),

1. Even the open circuit voltage is less than the theoretical value of the cell



voltage.
' 2. There is a rapid initial fall in voltage.

3. The voltage then falls less rapidly, and more linearly.

4. There is a region with higher current density at rapid the voltage falls.

Hence an appropriate control scheme should be implemented to ensure the fuel
cell stack operation in its linear region. The low voltage DC has to be boosted to a
high value before inverting it to AC. The value of the high voltage DC should be at
least the peak value of the AC signal required. There are many topologies proposed
in various literatures (5—11) which are mainly classified as topologies with galvanic
isolation and topologies without isolation. The systems without galvanic isolation has
advantage of simple in construction and can be used for low power applications. But in
the case of high power handling, it is necessary to have galvanic isolation, In addition to
isolation, such topologies provide ease of matching the voltage levels at different ports
and bidirectional power flow. One of the topologies proposed in (5) which is shown in
figure 5 has advantages with soft switching and high power density and hence is chosen
as the suitable topology in this study.

To summarize, this study aims to generate the single phase AC power from the
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Figure 4 Typical polarization eurve of PEMFCs. (4)
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Fuel Cell’s low voltage DC power with the help of DAB and a single phase inverter with
grid integration, Since the Hydrogen fuel is a stored energy, the power generation is not
intermittent and as long as the fuel cell is fueled, it generates DC power. This canbe a
supporting system to the existing other renewable systems in case of intermittency or
fluctuations, This keeps the grid to be healthy from voitage and frequency fluctuations.
Hence the study involves the design of a soft switched Dual Active Bridge with high
power density with compact high frequency transformer and a single phase inverter. A

suitable control scheme is to be implemented in DSP to meet the needs of the grid.

Purposes of the Study
The purposes of the study are
1. To design and construct a Dual Active Bridge converter to convert a low

voltage DC output of a 1 kW Proton Exchange Membrane Fuel Cell to a high voltage
DC.

2. To implement a suitable control scheme for the Dual Active Bridge to regulate

the output voltage and to control the power flow.



3. To design and construct a single phase inverter to convert the high voltage
DC power output of Dual Active Bridge into a single phase AC power.

4. To implement a suitable control scheme to regulate the AC output of the
single phase inverter.

5. To evaluate the efficiency of the Dual Active Bridge and the single phase

inverter with Total Harmonic Distortion.

Scope of the Study

The scope of the study is limited to

1. Design the Dual Active Bridge to operate the 1kW PEM Fuel Cell in the
linear region of polarization curve with 43V at 23.5A. |

2. Generate 1xW AC power at 230V, 50Hz for the Thailand grid tied applica-
tions.

3. Choose the switching frequency of DAB at 20 kHz due to the constraints on

the magnetic core materials.

Significances of the Study

The significances of the study are,

1. Designing of Dual Active Bridge with High Frequency Transformer will
significantly reduce the size of the transformer with galvanic isolation.

2. DAB can be operated in ZVS resulting in high efficiency.

3. Portable power generation enables to meet the power demands in remote
areas on emergency basis.

4, A substitute to the other renewable sources of energy in case of their fluctua-
tions.

5. Being clean green fuel power generation, earns the carbon credits with zero

pollution.



CHAPTER II

THEORETICAL BACKGROUND AND RELATED LITERATURES

This section describes the theoretical basics of hydrogen fuel cells, power

conditioning circuits, line filters and control techniques along with related literatures.

World Energy Crisis

An estimated one billion ninety-five million people (1,095,000,000) live without
electricity in this world (12). Still most of the rural and remote areas of the developing
and under developed countries are in dark. A kerosene lamp emits between 3 and almost
40 times more CO; emissions than a grid-connected compact fluorescent lamp based on
the energy mix (13). On the other hand there has been a constant increase in the energy
demands both in the form of electricity and other forms like oil etc., in the urban areas of
the developed countries. Despite rising energy use, global CO; emissions associated with
energy consumption remained stable over the course of the year while the global economy
grew. The landmark decoupling of economic and CO; growth is due in large measure to
increased use of renewable resources, and efforts by countries in the OECD to promote
rencwable energy and energy cfficiency. The energy sectors have started decoupling
the emission growth from that of the economic growth by adopting measures of long
term commitrr.lent‘ to 2 maximum global teniperaturc rise of.2°C by 2020 (13). The
figure 6 shows the renewable energy contribution in the year 2013 in the primary energy
consumption (12). There has been an considerable increase in the contribution of the
energy supply by renewable sources. This increase in the renewable energy contribution
needs the developments in the fields of power conditioning circuits so as to maintain the

power quality at the delivery.

Alternative Energy Sources and Fuel Cell Power Generation
The conventional power stations are located geographically at different places

and the power generated is to be transmitted over a long distance transmission lines



to meet the load centers, The power quality is also to be continuously monitored and
controlled. Due to the situation on uncertain future power demands investors are reluctant
in long term capital investments in the construction of large scale power plants and
also keeping away from investing in the infrastructure development for transmission
and distribution (14).Recently large number of dispersed generation units are being
installed with Combined Heat and Power (CHP) stations due to the wide spread use of
renewable energy. Though the renewable energy sources eliminate harmful emissions,
the availability of such sources depends on seasonal weather patterns. Hence it would
be difficult to have a power system only with renewable power generation due to their
intermittency. The better way is to integrate them with the grid, normally at distribution
level (2). Power generation from fuel cells is one of the promising solutions in the form
of dispersed power. Fuel cells not only find importance in dispersed power generation but
also in vehicular technologies as a substitute to internal combustion engines to mitigate

the global warming, the fossil fuel depletion and the energy crisis (15).

Hydrogen Fuel Cells
Basic Principles

The basic principle of fuel cell is very simple. Tt works under the principle of
reverse electrolysis. During electrolysis the water is split into hydrogen and oxygen

with the help of electricity. But in the fuel cells the electrolysis process is reversed to

13% 0.8%
Windfsolar!  Biofuets

2.6% N
Wuckear porwer En&%ﬁ

Figure 6 Estimated renewable energy share of global final energy consumption,
2013 (12)
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produce electricity. In the reverse electrolysis the hydrogen and oxygen are recombined
to produce electric current. It can also be seen in equation 2.1 as combustion of hydrogen

in the presence of oxygen which produces electric current instead of heat liberation,
2H, + 0y — 2H,0 (2.1)

In general the electric current produced is very small. This is due to the con-
tact arca between the gas and the electrodes being small and the distance between the
electrodes is large enough to have higher resistance by the electrolyte. Flat electrodes to
increase the surface area and thin layer of electrolyte to reduce the resistance as shown
in the figure 7 can be a solution to increase the current production. The electrodes are
porous in nature so that the gas and electrolytes penetrate from the respective sides to
give maximum possible contact. The production of electrons from hydrogen and oxygen
is based on the reactions which take place at the electrodes. The reaction at the electrodes
varies depending on the type of fuel cells. The basic reactions in an acid electrolyte fuel
cell are given in the equations 2.2 and 2.3.

At anode the hydrogen gas is ionized where electrons [e€7] are released and

protons [I*] are produced.
2H, — 4H*+de 2.2)

At cathode oxygen reacts with the electrons [e"] and protons [H*] resulting in

water.
0y +-4e + 4qt — 2H,0 (2.3)

Hence as shown in the figure 8 the electrons produced should pass through an
electrical circuit and the protons should pass through an electrolytic medium which has
free protons. An acid which is rich is free protons or a polymer membrane which is made
to have mobile protons can be used as electrolyte. In latter case it is called as profon
exchange membrane as H' ions are called protons.

In alkaline electrolyte fuel cell, overall reaction is the same, but the reactions at

electrodes are different. In alkaline electrolyte, hydroxyl ions are available for mobility.
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Figure 7 Basic cathode-electrolyte-anode construction of a fuel cell (4)
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Figure 8 Reaction in acid electrolyte fuel cell (4)

These OH ions react with the hydrogen to release electrons at anode, the oxygen and
water from electrolyte reacts with these electrons to form hydroxyl OH™ jons.

The reactions are as shown below.

At anode

2H,+OH" — 4H,0+-4e” (2.4)
At cathode

0, +4¢ +2H,0 ~— 40H” (2.5)

In the case of alkaline electrolyte the OH" ions pass through the electrolyte. The

reaction at electrodes and the movement of ions are itlustrated in figure 9.
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Figure 9 Reaction in alkaline electrolyte fuel cell (4)

Types of Fuel cells

The fuel cells are mainly classified into different types based on the type of

electrolyte. There are six different types are available for usage as listed in the table 1.

Table 1 Different types of fuel cells

Fuel cell type Mobile ion  Opearting  Application and remarks

tempera-

ture
Basic  cathode- OH 50-200°C  Used in space vehicles,
electrolyte-anode
construction of a
fuel cell Alkaline
(AFC)
Proton exchange H* 30-100°C  Vehicles and mobile applications
membrane and for low power CHP systems
(PEMIFC)
Direct methanol H* 20-90°C Suitable for portable electronic sys-
(DMFC) tems of low power, running for long

times

Phosphoric acid HY ~ 220°C Large numbers of 200-kW CHP sys-
(PAFC) tems in use
Molten carbonate CO3% ~650°C Suitable for medium to large scale
(MCEC) CHP systems, upto MW capacity.
Solid oxide O 500- Suitable for all sizes of CHP sys-
(SOFC) 1000°C tems, 2kW to multi-MW,
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Figure 10 Summary of applications and advantages of fuel cells

The proton exchange membrane (PEM) is a simple type in which solid polymer
is the electrolyte and protons pass through. It is can operate in low temperatures and in
any orientation. It can be fed from a ultra-pure hydrogen source to produce electricity.
Other types of fuel cells and their major applications are as listed in the table 1.

Advantages of Fuel cells

The major disadvantage of all types of fuel cells are their higher cost. How-
ever due to various other advantages and ongoing cost reduction (3), the fuel cells are
increasingly employed in automobiles and distributed power generation with combined
heat power (CHP) solutions. The wide range of fuel cells based on types, application are
given in the figure 10. The typical advantages of using fuel cell are listed below.

i. Efficiency: Fuel cells are generally efficient than the combustion engines
either piston based or turbine based. Even small capacity fuel cells are also as efficient as
that of the larger ones.

2. Simplicity: These are essentially simple with few moving parts, which make

them to be reliable and long lasting systems.
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3. Low emissions: The only by-product of fuel cell reaction are water and heat.
As the heat can be recovered it can be a ”zero emission” system. This is a main advantage
in using fuel cells in vehicles to mitigate the emissions, however it should also be noted
that the production of hydrogen results in the emission of CO,.

4. Silence: Fuel cells are very quiet, even those with extra fuel processing units.
This is an important feature in portable systems and distributed CHP systems.

Fuel cell characteristics

The typical value of a single cell fuel cell is 1.2 V when operated below 100°C.
In general, these single cells are stacked together to increase the voltage_lcvel to a required
value. ﬁowever, when the fuel cells are put under use, the voltage drops below the typical

®is as shown in the

value as shown in the figure 4. The polarization curve of the Horizon
figure 11.

The characteristics of the fuel cell changes as the operating temperature. These
changes in the shape of the polarization curve depend on the irreversibilities as detailed
below,

1. Activation losses ; This is due to the slowness of the chemical reactions at the

different electrodes. Some amount of the voltage produced is utilized for the chemical

1000W U-{ Curve

45
40
35

25
20
15
10

Voltage(V)

3 b | P [ ] I | A | 1 ‘ — 1

¢ 5 10 15 20 25 30 35 40 45
' Current{A}

Figure 11 Characteristics of Horizon Fuel Cell H1000
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reaction in order to mobilize the electrons. The voltage drop due to the activation losses
is highly non-linear in nature.

2. Fuel crossover and internal currents : This energy loss is due to the waste
passing of fuel and electrons through the electrolytes. Ideally only the ions should pass
through the electrolytes and electrons through the electrical circuits. But practically a very
few amount of fuel and electrons pass through the electrolytes. But loss is considerable
in low temperature fuel cells typically in case of direct methonal cells.

3. Ohmic losses : This loss is due to the resistance offered by the electrodes
and connections to the flow of electrons and the resistance offered by the electrolytes to
the flow of ions. The voltage drop due to this loss is directly ﬁroportibnal to the current
density and they are linear, hence these are called as ohmic or resistive losses.

4. Mass transportation or concentration losses : For a proper chemical reaction
at the surface of the electrodes, required amount of reactants should be available as the
reaction is continuous and fuel is being consumed. The loss due (o the unavailability
of required concentration of the reactants at the time of reaction is called concentration
loss, This is due to the failure of the transportation of the required mass and hence is also
called as mass transportation loss.

Selection of Fuel cell for Power Generation

Considering the advantages such as low operating temperatures, suitable for low
power CHP applications, and can operate in any orientation, PEM fuel cell is selected
for this study and a IkW PEMFC from Horizon®has been used. The specification of the
Horizon fuel cell is listed in the table 2. These specifications of Horizon’s PEM fuel
cell and its polarization curve shown in the figure 11 clearly show that the fuel cell has a
low voltage DC output which varies with the current drawn. Hence the system needs a
power conditioner to regulate the output and to operate in its maximum power point in
the ohmic region. In this study as the fuel cell system is aimed to be a supportive system
to the electrical grid in case of instability caused due to intermittent nature of renewable
energy resources, the low voltage DC output voltage should be boosted to a high voliage
DC for further conversion to AC for grid integration. The existing DC-DC converters to
boost the low voltage DC power output to a high voltage DC power output are further

studied to select the suitable converter for fuel cell applications.
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Table 2 Technical specifications of 1000W Horizon®fuel cell

Description Remarks

Type of fuel cell PEM

Number of cells 48

Rated power 1000 W
Performance 28.8V @ 35A

H; Supply valve voltage 12V

Purging v.alve voltage 12V

Blower voltage 12V

Reactants Hydrogen and Air
External temperature 5 to 30°C

Max. stack temperature 65°C

H» Pressure 0.45-0.55 bar
Hydrogen purity > 99.995 % dry Hj
Humidification Seif-humidified

Cooling

Stack weight (with fan and casing)
Controller weight

Dimension

Flow rate at max output

Start up time

Efficiency of stack

Low voltage shut down

Over current shut down

Over temperature shut down

External power supply

Air (Integrated with cooling fan)
4000 grams(+ 100grams)

400 grams(+30grams)

23.3em x 26.8cm x 12.3cm

13 L/min

<{30 Sec at ambient temperature
40% @ 28.8V

24V

42A

65 °C

13V(£1V),8A
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Fuel cell power conditioning circuits

DC-DC converters

The inherent properties of fuel cells such as low output voltage which varies
with aging and current drawn, reduction in the cfficiency due to higher output current
ripples, slow step response, no overload capability and no reverse current acceptance have
made the inevitable use of power conditioners in the fuel cell systems. Currently there
are no standards to standardize the output voltage of the fuel cells, hence the available
fuel cells have an output voltage range of 24-150 Vpe.

The fuel cell voltage can be directly converted to AC by using single stage
DC/AC inverter topology or multistage DC/DC converter cascaded with DC/AC inverter
topology. The cost, efficiency, galvanic isolation, ripple level and reliability are the main
factors to decide the topology to be used in the fuel cell systemn. The efficiency of the
system mainly depends on the conduction and switching losses. The conduction losses
can be reduced by selecting the topology with reduced number of components with
appropriate range and switching losses can be minimized by soft switching techniques
such as zero voltage switching (ZVS) or zero current switching (ZCS) techniques. Soft
switching techniques reduce the losses about 20-30 % over the hard switching of the
devices (16).

Hence a trade off between single stage or multistage power conditioning should
be made as per the points listed below.

Single stage power converters:

1. It directly converts DC to AC, component count is low and hence losses are
low.

2. But it requires high cost line frequency transformers to step up the voltage to
the required level (17).

3. Low frequency ripples are high and hence the bulky passive components are
required.

4. Efficiency is higher due to reduced losses.

5. Suitable for low and medium power applications.
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Multistage power converters:

1. It has a DC-DC boost converter as a preceding stage to the DC-AC inverter,
which increases the components count and resulting losses.

2. The DC-DC converter topology can be chosen with compact, low cost high
frequency transformer which avoids high cost bulky, line frequency transformer as in the
case of single stage converters.

3. High frequency ripples make the smaller passive components.

4, Efficiency is slightly lower than that of single stage converters due to more
number of components.

5. Suitable for medium and high power applications.

6. The single stage and multistage power conditioning systems are shown in the

figure 12.
Fuel Cell DC/AC AC/AC Fuel Cell DC/DC DC/AC
Rec Rec B ]
AC AC
T Veq }“g Output T Vec Output
I]:c IFC
AR . ] N f—m

(a) Single stage DC/AC conversion (h) Multistage DC/DC and DC/AC conver-
sion

Figure 12 Fucl cell power conditioning systems

Compared to the single stage, multistage power conditioning systems are suited
for fuel cell systems due to the various reasons listed earlier in this section. In case
of multistage systems, the first stage after the fuel cell comes the DC-DC conversion
stage. There are many topologies proposed in the literature which are mainly classified
as isolated and non-isolated converter topologies. The simple, conventional non-isolated
converter topology shown in figure 13a has higher efficiency (16) than that of others due
to the reduced number of components. But if the voltage conversion ratio is higher the

non isolated boost converter topology is not suited in protection view point. In the case of
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fuel cell power conditioning as the fuel cells generally produce low voltages, the voltage
conversion ratio will be higher typically around 10 in this study, hence isolated converter
topologies are preferred.

In the case of isolated converter topologies, the push-pull converter as shown
in figure 13b has reduced losses as only one switch conducts at any point of time, but
the possibility of transformer saturation is more in this case as the transformer used
should be a center-tapped one, in which the two windings are not symmetrically wound
always. This non identical winding may result in the failure of the converter. These push
pull converters are suitable for low and medium power applications. The half bridge
topology (11, 18, 19) shown in figure 13c is suitable for high power applications, but the
voltage and current stress of the switches are more and needs high value of capacitors
to avoid the transformer saturation or higher transformer ratio is needed (16) which
increases the cost of the converter. The full bridge topology shown in the figure 13d
has more number of components but the voltage and current stresses are less as two
switches will be conducting at any point of time, hence reduced ratings of the switches
can be used compared to the other fopologies. Here in the full bridge topology shown in
figure 13d, the influence of transformer leakage inductance with the output rectifier is
problematic and the maximum switching frequency is limited due to the energy lost in
the transformer leakage inductance and undesirable peak diode reverse recovery current.
The transformer leakage inductance comes in series with the filter inductance added at
the output of the secondary converter in the topology shown in figure 14. In this case
the energy stored in the leakage inductance in series with the filter inductance will be
recovered and transferred to the load in lossless manner. Hence the switching frequency
in this topology can be further increased compared to other topology shown in figure
13d. In this full bridge topology A, the zero voltage switching can be ensured only when
the device is turned on while the anti parallel diode is conducting. Moreover the output
current ripple is more in the output filter capacitor. This topology naturally handles the
diode recovery process. When these diodes are replaced with active switches as proposed
full bridge topology B shown in figure 15, the converter is simple with PWM control to
generate square waves that are phase shifted to control the direction and amount of power

transfer by phase shift modulation. As this topology B consists of active bridges in both
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input and output bridges, this is called as Dual Active Bridge (DAB). The full bridge
topology proposed in (5) though has more number of components, it has the advantages
like reduced device current ratings, transformer ratio and also the voltage and current
stress levels are lower when compared with other topologies (20-22). This topology
has many other advantages such as inherent Zero Voltage Switching (ZVS), high power
density, high efficiency, bidirectional capability and galvanic isolation. Morcover the
full-bridge converters have small input—oiltput current, voltage ripples and hence the
fuli-bridge topology is a favorite topology for zero voltage switching (ZVS) (23). Due to
these advantages DAB converter topology has been selected for fuel cell application as
DC-DC boost converter in this study. However best suited nonlinear control methods like
flatness based, are to be implemented for stable and robust operation of such systems (24).
The soft switching range of these converters can be increased by increasing the leakage
inductance and the phase shift to the highest possible value and the full load efficiency
can be increased by choosing small value of phase shift to ensure the ZVS (25).

In the case of bidirectional power flow there exists DC bias currents due to
unequal voltage-time area on the ac signal produced at primary and secondary of the
transformer. This is due to the inevitable non-identical delays in the turn on and turn
off times of the switching devices which causes the DC bias currents in the transformer.
This may lead to saturation of the transformer producing high current pulses resulting
to additional current stress, reducing converter efficiency and in turn may damage the
converter too(26). These full bridge converters can be configured as interleaved full
bridge DC-DC converter to have advantage with low input ripple current to meet the fuel
cell demands. Paralleling the inputs shares the current and power equally by reducing
the current stress and cascading the outputs reduces the voltage stress of the components,
This also increases the ripple frequencies there by reducing the size of the passive
components (27). Hence dual active bridge is one of the best configurations for fuel cell

power conditioning applications.

Dual Active Bridge
The dual active bridge, the most promising topology with higher efficiency and
reduced converter size is basically a bidirectional DC-DC Converter. It consists two full

bridges with all active switches and a high frequency transformer. An external inductor
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Figure 13 Isolated and non-isolated converter topologies

is connected to the transformer to store and transfer the energy to the gird or load.The
phase shift between the two bridges control the power transfer and the power flows from
the leading bridge to the lagging bridge. Hence by simply changing the value and sign of

the phase shift between the gating signals, the amount and direction of power transfer
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Figure 15 Isolated full bridge topology B

can be controlled. By analyzing the current and voltage waveforms, the region of zero
voltage switching can be identified, which will enable the anti paratlel diode to conduct
at the time of turning ON of the switches. An equivalent topology referring to primary is
shown in the figure 16. The various waveforms in the operation of the DAB are as shown

in the figures 17 - 19 for different primary referred voltage transfer ratio 4.
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Power flow calculation in Dual Active Bridge

The power flow calculation of the DAB as mentioned in (5) is described in
this section. For the derivation the topology shown in figure L5 and the graph shown
in figure 19 are considered. Let i,(0), Vrc, Véc be the current flown in the input side
bridge of DAB, the fuel cell voltage and the primary referred output voltage in the DAB
respectively. There are three different modes of operations within a period of 7. Let the
modes be Mode 1, Mode 2 and Mode 3, where Mode 1 is from 0 to x, Mode 2 is from x
to ¢ and Mode 3 from ¢ to 7 as in figure 19

In the modes 1 and 2 the expression of the current i,(0) is the same and is given

by
) : Vec+Vy
0) =i,(0) +——*=6 2,
ip(0) = ip(O) + 2.6)
In the mode 3 from ¢ to x the current expression is given by
. ) Vee — V)
ip(0) = ip(9) +— (6 —¢) @7
Ik
At ot = ¢ ; i,(8) = i,(¢) and the equation 2.6 gives
. . Vec+ V]
=i, {0)4 ———=< 2,
ip(9) = p(0) += 5 @8)

At @t =1 ;i,(8) = ip(x) and from the equation 2.7

-V
(@)~ ip(§) + S e (m ) @9)
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Due to the symmetry of the waveform ip(ir) = —i,(0) which gives
N N VFc
ip(0) = —ip(m) = —ip(9) — ( ¢) (2.10)
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Figure 18 Voltage and current waveforms of DAB atd > 1

Substituting equation 2.10 in 2.8 we get

ip () = i) — TrE Vi

(T—9)+——=

Vie + Vdc

ol ¥

(2.11)
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Figure 19 Voltage and current waveforms of DAB atd < 1

which gives

!
Vdc
Vie

letd

(1= d)(m— )+ (1+d)g)

_ Vrc
G)Lﬂ

2ip(9)
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VFc

2ip(9) = [Z‘f’ 7+ d 7]

Thus the expression of the current at 8 = ¢ is given by

Vrc [¢ - x(l ~d)}

ip (¢) - OJLIk 2

Substituting equation 2.12 in 2.8 we get,

WLy DLk
ip(0) = :¢ i Raaly
(o) = e [ M2 relxdl
0) = 2o }bf”“; - (1+a9)
0 = o -0 g g

Thus the expression of the cwirent at 8 = 0 is given by

Ve 21— d)
(!JL]k |i ¢+ 2 :|

ip(0) =

27

(2.12)

(2.13)

In the modes 1 and 2 the current in the circuit increases with a slope m given

Vee + Vd
WLy
intersect is zero]

-t Pl

by m =

oLy oLy 2
o P ]
0=(1+d)x— [dqm- ”“;d)}
[d¢+ n(lz—d)]

X =

(14+d)

¢, Thus by the equation of a straight line y = mx+ ¢ we get, [at x the y
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_2d¢+m(l-d)
 2(14-4d)

(2.14)

Let us consider three areas under the curve Ay, A2 and A3 from O to . The

average area is given by
Az + Az — Ay
T

Aave =

where
Aj is the area under the curve between O tox
A, is the area under the curve between}é to ¢
Aj is the area under the curve between ¢ to %

Ay is given by

A= %;% [dq& + "‘(12“ d)] {2d¢24(r1n+(2 )— d)]

1 Ve 2d¢ +n(l —d)] [2d¢ + (1 d)]

M= S (1 +4)
Y Vee rppa2y o200 2 A
A= T dyoly [4d%¢” + 7*(1 —d)* +4d¢r(1—d)} (2.15)
Az is given by
_ | Vic 7f(l—ﬂ’)] . 2d¢+a(l—d)
) wL!k(¢_ 2 )[¢ 2(1+d) ]

A Vrc [2¢—7z(1~d)] [2(1+d)¢—2dqb—7z(lﬁd)]

T 20l 2 2(1 +d)
v
Asy = Wﬁ?ﬁ [2¢ — m(l—d)] [2(1 +d)¢ —2d¢ — n(1 — d)]
Vrc

Ay = W[2¢~n‘(l —d)| 20 +2d¢ —2d¢ — (1 —d)]

A Vre

2= SwLy(1+4d) [49?+ (1 - d)" —4mp(1-d)] (2.16)
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As is given by

I [Vee [y 70-0) O]
1= L (204 ™ D g - |0
Vrc
As = o, (L) (E—¢)] .17
Now

Az+Ay Ay = Z‘ﬁiigk [p(L+d)(m—¢))

Vrc . »
+W[‘4¢ + (1 —d)* —4ng(l —d)]

i %%[4(1%)(1+d)¢(n—¢_)+4¢2+az2(1 — @) —4mp(1—d)

~4d*9? — (1 —d)? ~ 4dmp(1 - d)]

| Vrc A + % 1) Y.
MWMUM +-2d)(rd — )+ 40? —dnd(1 —d) —4d*$

—4dm(l - d)]

Vre 2 ) 7o ! ,
=t (47 —4¢*+aAd np —4d 8dne —8d¢* +4¢* 4
WO TR PP Al mh—t ¢ B0 /g™ —4n

+4dr —Ad>9* —Adrg +ad ).

Vrc 2 9.0 5
S 2olalitd - 8dnm¢ — 8d
8Ly (1 -+ d) [8d°7¢ —8d°9” +-8dm) —8d¢”]

__ SdVrc
BT IEY)

dVy
= Wﬁgj [ro(1+d)— ¢*(1+d)]

_ dVpc Y
o o [73¢ ¢ ]

Vrcd¢
a)LIk [75 - ¢}

AstAr—Ar
T

[anp—dp® + 9 — 97

A3 +A2 —Al =

Aave =
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Thus the average current flown from the fuel cell is given by

Irc,,, = Aave = " [ — ¢) (2.18)

This average current mode] of the DAB is used in the MATLAB®simulation.

The average power transferred from the fuel cell is given by

V2. .d¢
Pr N =Vr 14 . = FC 71.'“
FCave = VFCIFCove = 7 a)L,k[ ¢l
Vie ¢
=—"dp|1—-=
WLy ¢[ 2

Primary RMS current of the transformer

The RMS value of the current at the primary of the transformer can be calculated
as described here. The regions in the primary current waveform i,(68) shown in figure
19 can be divided in to three segments within the period 0 to 7. Segment 1 is the period
between 0 to x, segment 2 is between x to ¢ and segment 3 is between ¢ to 7.

For a periodic waveform composed of n piece-wise segments, the RMS value is given by,

n
RMS = | / Y Dy
k=1

where Dy, is the duty cycle of the segment k and 1y is the contribution of the segment k.

The current contributing the segment 1 is given by

x(i-9)

ip(0) = = € [d¢+ -

(DL]k

The current contributing the segment 2 is given by

() = o= "

&)L; &

The current contributing the segment 3 is given by

i#) = oo ag+ 22

The duty cycle of the segment 1 is given by

_ 2d¢+a(l—d)
T EY))



The duty cycle of the segment 2 is given by

_ 2¢—n(l—d)
D=t a)

The duty cycle of the segment 3 is given by

The contribution of the current in the triangular segment 1 is given by

i, 2
”lzgp(o)

02 n(1-d))?
st [0+

Uy =
Let

(1 —d)

a=d¢+ 5

hence

2
VF C 3

S 3(03L1k)2a

The contribution of the current in the triangular segment 2 is given by

1
uy = §ip(¢)2

. Vi [*n—(lud)]z

- 3(wLy)? 2
Let
hence
1y Vic .2

- 3(wLy)?
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The contribution of the current in trapezoidal segment 3 is given by

i3 = SUp (O +ip(0)ip(9) +15(9)7

H3 = ¢2[1 +d+d2] — ———m'b(lz_ 4)2

Thus the RMS value of the transformer primary current is given by

Dpyms = \/blul +Dauy -+ D3us

Vie \/[a2(3ﬂ:+ 5d —20) + b(m 1 3md —2d) + 2ab(1 +d) (1 — §)]

s = Gl 6m(1+d)
where

a=do+ E(iz:i)
and

Hard switching and soft switching of converters
‘The switching devices in the converters face hard switching conditions when
the switches arc forced to switch ON before they are not completely turned OFF (zero
current state) or when they are forced to switch OFF before they are completely turned
ON (zero voltage state). In either case there will be regions in which voltage across
the device falls and current through the device rises (during turn ON) or the current
through the device falls and voltage across rises (during turn OFF), which gives rise to
switching power losses . This is called hard switching. Referring to the circuit in figure
20, hard switching is illustrated as in figure 21, which shows the power loss in case of
hard switching. In high frequency switching circuits this results in high power switching
losses. Hence this should be avoided by soft switching of the switches in the converter
where the switches are turned ON when they are completely OFF and turned OFF when
they are completely turned ON. This soft switching, termed as Zero Voltage Switching
(ZVS) and Zero Current Switching (ZCS) are inherent in the case of dual active bridge,
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Figure 21 Hard switching waveforms
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Figure 22 Soft switching of switches

which reduces the high frequency switching losses. The soft switching nature of the DAB
is illustrated in the figure 23.

The condition of switch in the case of soft switching is shown in the figure 22
in which the switch in figure 22a is OFF and the antiparallel diode across it conducts,

making the voltage across the OFF switch to be zero, which is now ready for ZVS ON.
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Figure 23 Soft switching of input side bridge of DAB

Similarly the condition of the switch in figure 22b is ON, the ON state voltage of the
switch appears across the capacitor, which holds it during the time of ZVS OFF, as ON
state voltage of the switch is almost zero,

In the case of dual active bridge converters the boundary conditions for ZVS are
given to be i,(0) < 0 for input bridge and i»(¢) > 0 for output bridge. Applying these
conditions with the respective current expression, the figure 24 shows the regions of soft
switching with the constraints on power P, phase shift ¢ and the primary referred voltage

transfer ratio d. These boundary conditions are considered in the designing of DAB to
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Figure 24 ZVS boundaries

have soft switching during operation.

Single phase voltage source inverter

The dual active bridge described in the previous section converts low voltage
DC output from the fuel cell to a high voltage DC in order to convert it to AC.as a part of
mu]détage power converter topology. A switched mode DC-AC inverter is considered for
grid connected fuel cell system in this study. The magnitude and the frequency of the
sinusoidal AC output can be controlled in these inverters. The output of grid connected
inverter should be matched with the magnitude, frequency and phase of the grid voltage,
which is achievable in this switched mode inverter. These switched mode inverters are
broadly classified as Voltage Source Inverters (VSI) where the input DC souice is a
voltage source and Current Source Inverters (CSI) where the input DC source is a current
source. As CSls are generally required and used in very high power applications, in this

study switched mode VSI is chosen to be used.
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The VS81s are further classified into the following,

1. Pulse width modulated inverters : For constant DC input voltage, these
inverters control the magnitude and frequency of the AC output voltage. This is achieved
by applying pulse width modulated control signals to the switches in the inverter. There
are different PWM techniques available to get the output much closer to sinc wave. The
sinusoidal PWM is used in this study.

2. Square wave inverters : In these inverters the input DC voltage is controlled
to control the magnitude of the inverter AC output, hence the inverter controls only the
frequency of the AC output. These inveters can produce only square wave AC output.

In general inverters should be a four quadrant inverter, able to operate in both
inverter mode and rectifier mode of operations. The inverter current may lead or lag the
output voltage depending on the nature of the load. Hence in such cases the power flow
may be either from DC to AC or AC to DC. Single phase full bridge inverters as shown

in figure 25 are capable of operating in all four quadrants.
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Figure 25 Single phase full bridge inverter

Pulse Width Modulation Techniques

PWM techniques are used in the inverters to produce sinusoidal AC output, with
controlled magnitude and frequency. The sinusoidal wave generated is much closer to
an ideal sine wave. To produce such control signals, a sinusoidal control signal at the
desired frequency is compared with a triangular signal. The desired frequency of the

control signal is the fundamental frequency and the frequency of the triangular wave is
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the switching frequency of the switches in the inverter. The magnitude of the triangular
wave is kept constant.
Definitions of the terms used in PWM technique:

1. vy : Triangular waveform often called as the carrier signal.

2. fsw @ Frequency of the triangular waveform, called as carrier frequency or
switching frequency. 7

Veontrol + Sinusoidal control signal, often called as modulating signal whose
amplitude controls the amplitude of the output voltage.

3. /1 : Frequency of the sinusoidal signal, often called as modulating frequency
,which is the desired fundamental output frequency.

4. m, ; Amplitude modulation ratio is the ratio between the magnitude of the

modulating signal and the magnitude of carrier signal which is given by

A

Vconim[
L = o

tri
whete V,,mroi 18 the peak magnitude of the control signal and V,,; is the amplitude of the
triangular signal. The amplitude V},; is generally kept constant.
5. my : Frequency modulation ratio is the ratio between frequency of the
triangular signal and the sinusoidal signal. It is given by
mp= Al
Si
Bipolar PWM switching technique
In the case of bipolar switching techniques diagonally opposite switch pairs
(85,56°) and (55°,S6) are switched alternately. In such case of switching, when the
pair ($5,56%) is turned ON the output of the inverter v = V. whereas when the pair
of switches (56,55%) is turned ON the v; = -V4.. To generate such a switching pattern,
a triangular wave v;,; with the selected switching frequency fo, is compared with a
sinusoidal wave v.onror Of fundamental frequency fi. When vegnror > Viri the (85,56%)
pair is turned ON, and when the vi,; > Veomrer the pair (S6,55’) is turned ON. This gives
a non sinusoidal alternating voltage v; = V. which contains voltage components at the

harmonic frequencies of fi. This can be filtered out to be a waveform much closer to a
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sine wave with proper filtering techniques. The generation of a bipclar PWM switching

pattern and corresponding output vy waveform are shown in the figure 26.

V control Vi

Vs

_________

Figure 26 Bipolar PWM switching and corresponding output

Unipolar PWM switching technique

In unipolar PWM the switches in the legs of the full bridge are controlled sepa-
rately. A single triangular carrier signal is compared with two sinusoidal control signals
which are mutually out of phase to each other. The leg A is controlled by comparing with
Veontror and leg B is controlled by comparing with —veguror. The generation of untpolar
PWM signal are shown in figure 27. The following are the states of the switches, and the
corresponding output voltages.

1. When switches S5 and 86 are ON : vay = Vge.vany =0, v = Vg

2. When switches S5’ and S6 are ON : vay = 0,vpy = Vo, Vs = -V4c

3. When switches S5 and S6 are ON : vay = Ve, Vany = Ve, Vs =0

4. When switches S5” and S6’ are ON : vay = 0,vpy =0, vy =0

‘When both the upper switches are ON, the output voltage is zero, the current
circulates through one of the upper switches and the antiparallel diode across the other

switch depending on the direction of the current. In such condition the input current
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from the fuel cell is zero as there is only the circulating current. Similarly, when both
the lower switches are ON, output voltage is zero and the similar conditions exist. It
can be observed that the pulsating AC output voltage changes between zero and +Vg4,
or zero and -Vg.. Hence this scheme of PWM is called as unipolar where as in bipolar
scheme the the output voltage changes between +Vg4. and -Vy.. This scheme changes

the output voltage cither between zero and +V g or zero and -Vy; twice in the same time
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Figure 27 Unipolar PWM switching and corresponding output



40

period when bipolar scheme changes the output once between +Vg and -V or -V and
+V4c- Hence the unipolar scheme has the advantage of effectively doubling the switching
frequency in the context of the harmonics content where as in bipolar scheme no such
phenomenon occurs. It can be observed from the harmonic spectrum, that the voltage
harmonics at the switching frequency is zero when the frequency modulation ratio is
chosen to be even. The DC side current of the inverter with unipolar PWM has reduced
ripples compared with bipolar PWM scheme. In unipolar scheme the output voltage
switches between zero and £V, which is Vg whereas in bipolar scheme the voltage
switches between +Vyg. and -Vg. which is 2Vg4.. This reduced voltage jump in each
switching reduces the current ripples at the DC side of the inverter. Hence an unipolar
PWM scheme is implemented in this study to have reduced current ripples at the fuel cell

side.

Grid connected inverters

Electrical grids are critical dynamic systems which are affected by loading and
unloading of the system, harmonics in the currents, faults, mishandling of electrical
equipment etc., The grid is also getting affected significantly by the frequent variations
in the grid connected renewable energy sources due to their intermittent and fluctuating
nature. Hence the grid variables are not constant all the times and need to be monitored
and controlled continuously in order to have stability in the system. The grid connected
inverters should be having interactive relationship with the grid to support the grid
frequency and voltage. This implies that the grid stability and safety are seriously
affected with the use of power converters, especially in the distributed energy systems
based on renewable energy sources. Since this study focuses on such a fuel cell based
renewable power system, the design of the inverter followed the standards (28) devised
for single phase grid integration.

Grid synchronization using Phase-Locked Loop

There are different methods available to synchronize the inverter to the grid.
PLL based synchronization is fast and precise compared to the others, hence in this study
PLIL based synchronization has been chosen. A PLL is a closed-loop system in which

an internal oscillator is controlled to keep the time of some external periodical signal
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by using the feedback loop. If a synchronous controller rotating at the fundamental grid
frequency is observed from a stationary reference, a relative difference is not expected
to exist between the frequency of both the internal variables of the controller and the
fundamental grid variables the effect of harmonics is neglected here. Therefore, the AC
grid variables look like DC variables for a properly tuned synchronous controller. As a
result, well-known DC controllers can be used to regulate AC magnitudes oscillating at
the fundamental grid frequency, which makes the tuning process easier. Moreover, delays
introduced by elements acting as the modulator of the power converter and sensors can be
compensated by just advancing the phase-angle detected by the PLL. In addition, the PLL
provide§ continuous information about the phase-angle and amplitude of the magnitude
of interest, generally the fundamental grid voltage, which allows space vector based
controllers and modulators to be implemented, even when working with single-phase
signals. A basic PLL diagram is shown in the figure 28. .

It contains

1. A phase detector (PD): This block generates an output signal proportional to
the phase difference between the input signal, v, and the signal generated by the internal
oscillator of the PLL, v'. Depending on the type of PD, high-frequency AC components
appear together with the DC phase-angle difference signal.

2. A loop filter (LF): This block presents a low-pass filtering characteristic to
attenuate the high-frequency AC components from the PD output. Typically, this block 1s
constituted by a first-order Jow-pass filter or a PI controller.

3. A voltage-controlled oscillator (VCO): This block generates at its output an
AC signal whose frequency is shifted with respect to a given central frequency, @;, as a

function of the input voltage provided by the LI

PD LEF vCO

Figure 28 Basic structure of PLL
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Basic equations of PLL

As shown in the figure 28, the phase detector is a simple multiplier, loop filter is
a PI controller and VCO is a sinusoidal function supplied by a linear integrator.

If the input to the system is given by

v=Vsin(0) = Vsin{ot + ¢)
and the signal generated by the VCO is given by

V' = cos(0") = cos{@'t + ¢")
then the output of the phase detector can be return as

epd = Vkpgsin{ot + ¢)cos(w't + ¢”)

= VZ‘M [sin((©— ")t + (¢ — ¢')) +sin((© + @)t + (9 +¢"))]

Since the output of the phase detector being a multiplier, contains both low
frequency and high frequency components. But the loop filter being a low pass filter
cancels out the high frequency components,

Hence

epa = TS fsin((@— o)+ (6~ 9'))

If the VCO is well tuned to the input frequency so that =@’ then the error term

contains only DC quantity and is given by,

Vkpa .
epd = 2‘” sin(p — ¢')

The epq is a non linear quantity due to the sine function. But if the phase error
is very small (¢ = ¢') it can be linearized at that point. Hence at the localized operating
point 8, sin{¢p — ¢’} =sin(6 — 0"} =~ (8 — 0').

Hence once the PLL is locked, the linearized phase error is given by,

Vkpa

(0 0)

epd =
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Phase detection based on in-quadrature signals
Figure 29 shows a PD based on a of in-quadrature signals. The quadrature signal
generator (QSG) is ideal, able to extract a set of in-quadrature signals without any delay

at any frequency from a given distorted input signal.

V sin(wt + @)
+

—
>V, sin(kat + ¢,)
k

Figure 29 PLL with an ideal in-quadrature PD

The phase error with ideal in-quadrature PD is given by,
epa = Vsin(@t + ¢)cos(0't + ¢V eos(wr + ¢ )sin(a't + ¢")

epd = Vsin{(0— o)+ (¢ —¢"))
epa = Vsin(6 — 0')

This shows, when the PLL is well synchronized, i.c. with @ = @', the in-
quadrature PD does not generate any steady-state oscillatory term. Irom this expression,
based on Park transformation figure 29 can be represented as in figure 30. Here the
standard VCO is replaced with frequency/phase angle generator to generate phase angle
for sinusoidal functions of Park transformation. This makes the phase detector as syn-

chronized one.
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Figure 30 PD with the Park transformation

where the a8 to dg transformation block is defined by the following matrix.

7 cos(6"}y  sin(8') | |ve
Vg ~sin(8’) cos(0")| |vp

If the input of the PLL is given by v = Visin(0) = Vsin(wf 4 ¢ ), the output of
the QSG is given by

Va sin(0)

vg —cos(0)

Substituting this will give

V4 sin(6— @)
Vg —cos{0 —8')

This shows that the voltage in dg is free from oscillations. The vector interpreta-
tion of a single-phase system makes it possible the virtual current vectors to interact with
the virtual grid voltage vector to control the active and reactive power delivered into a
single-phase grid by a power converter. The loop filter LF can be connected to the v,
output as shown in the figure 31. Since the output 8’ is 90° lagging the sinusoidal input

voltage, it can be used for reactive power control.
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Quadrature signal generation

The implementation of PLL in grid connected systems needs a Quadrature
Signal Generator. There are different ways to generate quadrature signal, which are based
on,

1. T/4 Transport delay : In this technique the input signal is time delayed by
1/4 of fundamental time period. If the grid voltage frequency changes, the QSG can’t
generate pure orthogonal signals, which will result with errors during synchronization.
Due this reason this method of QSG is not used in this study,

2. Hilbert ransform : Here a mathematical tool called Hilbert transform is used,
which is basically a quadrature filter, which shifts only the phase angle of the input signal
by £90° leaving the magnitude unaffected. This transform will generate the output as

given below.

HO

H Hi
sin{or) Sth. —cos(wt) — sin{mt) cos(wt) 20, sin(wt)

3. Inverse Park transform : This method of QSG uses both direct Park and
inverse Park transformations as shown in the figure 32. In this case even if the PLL is
well tuned with the input signal frequency, vy and v}’B are not in perfect quadrature, hence
the resultant signal will not have constant amplitude and frequency, hence v4 and v, will
have oscillations. These oscillations are attenuated by low pass filters (LPF) resulting
with vz and 7,. This makes v, and ",!B from the inverse Park transformation of ¥4 and v,
to be in quadrature even if vy and v/, are not in phase. When the PLL is locked vg will

be in phase with v}, and in quadrature with vb. Hence Park based PLL is used in this
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study for grid synchronization.

Line filter

The high frequency switching of PWM inverter results with a non sinusoidal
voltage at the output with high frequency distortions. These non sinusoidal voltages
cause the current to be highly distorted when connected to the load or the grid. These
harmonics are to be controlled within certain limits pertaining to the standards (28) in
case of grid integration. Common filters used in inverters are listed as under.

1. L filter : It is a simple inductor connected between the inverter output and the
load or grid as shown in figure 33a. This simple filter topology avoids the resonance of
the system with grid impedance in case of grid connected systems, as grid impedance
is inductive below few kHz. A large value of inductance is needed to attenuate the high
frequency ripples, resulting a bulky expensive filter. The voltage drop across the inductor
and the higher cost make these filters to be used in high power applications such as
several kW systems. These L filter systems provide 20dB/decade attenuation as they are
first order systems.

2. LC filter : 1t is a combination of inductor and capacitor as shown in figure
33b in low pass configuration which results in a second order filter. These filters provide

more attenuation than L filters with 40dB/decade. But still larger value of inductors
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are required for attenvation. Moreover, the resonance frequency of the LC filter system
depends on the grid impedance, making it less suitable for grid connected inverters.

3. LCL filter : Its a low pass T-network of LCL combination as in figure 33c,
which forms a third order filter with an attenuation factor of 60dB/decade, which is higher
than L and LC filters. It also provides a better decoupling between the filter and the grid
impedance, making the resonance frequency of the system almost independent of the
grid impedance with the lowest possible ripples at the grid side. The LCL filters have
inherent resonance property, which are required to be damped to have stable interaction
between the load and source impedances. These natural resonance phenomenon in LCL
filters increases the risk of harmonic amplification at point of common coupling. These
resonance can be damped either by active or passive damping methods.

There are different methods available on active and passive damping techniques.

1. Passive damping : Passive damping uses physical resistors either in series
or in parallel to the inductors or capacitor of the filter. This method of damping is very
simple and widely used. However, in high power applications of few hundred kW, the
power loss in the damping resistor is higher, which reduces the efficiency of the system
to a greater extent. Different configurations of passive damping techniques have been
proposed in literature to minimize the losses in the passive damping methods.

2. Active damping : Active damping uses no physical resistor, instead control
algorithms are used to minimize the effect of damping. These control techniques place
the pole of the system in the optimum stable region to have stable dynamic performance.
Capacitor current feedback control is also a kind of active damping, which can damp
similar to resistor passive damping, which is a “virtual resistance”. Capacitor voltage
feedback control with a lead-lag netwoik is another active damping method. Its a
deformation of the capacitor current control. Active damping is also done by additional
delay control. The main reason for instability of a third order LCL filter is the phase of
-270° at resonance. This can be controlied by adding one-beat delay in current feedback,
which is also a kind of active damping. Due to the higher ripple attenuation factor, the
LCL filter has been designed for the study of grid connected fuel cell power generation
system. The IEEE 1547 standard standardizes the interconnection of distributed resources

with Electric Power Systems. According to (28) the allowable grid side current THD
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Figure 33 Filter topologies

is 5% to integrate the renewable power generation with the existing grid. The grid
connected VSI with four different control control strategies such as direct grid side
inductor current control and inverter side inductor current control, cascade inverter side
inductor current control and capacitor current control are studied in (29). The simulation
results have shown that the THD; of grid injected current is the lowest in cascade control
of inverter side current as inner loop when compared with the other control strategies. In
(30) multi-variable control of paralleled grid connected inverters is presented with the
description of coupling effect when more than one single phase inverters are paralleled to
the grid. The behavior of single phase inverter is not the same when paralleled due to the
coupling effect. It also deals with the actively damped LCL filter with capacitor current
feedback control, In (31) a sensor less Kalman filter based grid connected VST with
LCL filter is discussed. It has becn shown that the Kalman filter effectively restrains the
effect of resonance in LCL filter by ‘eStimating the filter capacitdr ‘current. Thié eﬁsures
that the Kalman filter estimates the variables even in the noisy environment and with
model uncertainties. The paper (32) gives an overview of various topologies for single
phase inverters for distributed power generation. Single stage DC-AC conversion is of
low cost but has limited input range, whereas multistage converters have wide input
range and of high cost. Multistage inverters reduce the system size, boost the DC link
voltage with DC-DC converters or high frequency transformers. In (33) a single phase
grid connected inverter for PV power system has been studied with active power injection,
reactive power compensation and harmonic suppression. An SRF based current control
technique is employed in the full bridge DC-AC inverter system and the system was

capable of injecting active power into the grid with low current THD, In (34) the DC
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current injection of the grid connected inverters is studied and a compensation method
has been proposed. As compensation with current controllers are subjected to errors
due to nonlinearity, active filter based compensation is proposed and the simulation
results have shown the complete compensation of the DC components. The paper (35)
investigates multi level multi-functional grid connected inverters and control techniques
in photovoltaic systems. In (36) the grid connected inverter topologies with different
control structures are discussed. The harmonic reduction in grid connected inverters is
mainly due to the control structure implemented. PI controllers with dg control are widely
used, whereas the controller with Proportional Resonance (PR) + Harmonic Compensator
(HC) is found to be reliable and has the lowest harmonics with zero steady state error.
The paper (37) presents a pseudodroop control structure in distributed generation, a
critical case where PV power generation is more than the load demand overcharges
the battery bank is controlled by an algorithm with frequency generator function. A
regenerative PWM rectifier which gives back the power to the AC supply is studied in
(38) to reduce the input harmonics and to improve the power factor. Different PWM
techniques have been discussed in detail. In (39) a grid interactive inverter with fuzzy
logic tuned PI controller is presented. This adaptive PI controiler has resulted with low
THD in inverter current even with different operating conditions and grid disturbances.
A selection criterion of resonance frequency based on the control frequency in grid
connected PWM rectifier with LCL filter is presented in (40) without passive damping for
stable operation. The paper (41) gives the step by step proceduce to design an LCL filter
to reduce the switching frequency current ripples for a grid connected active rectifier with
good dynamic response and reasonable stability margin. In (42), design procedure of LCL
filters for grid connected inverters to mitigate the harmonics is described along with effect
of deita and wye connected capacitors on possible grounding. The paper (43) presents a
SRF current control for single phase grid connected VSC. The results have shown that the
double line frequency components which were present in transient state are effectively
eliminated in the steady state. Tn (44) a review on different current control techniques
such as dq, a3 and abc used in three phase grid interconnection of renewable power
generation is presented. Though PI controller in dg frame is widely used, PR controller

is found to be with high dynamic performance and selective harmonic compensation.
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Dead beat (DB) controllers have shown superior performance during single phase grid
fault. In (45), an unified structure of unbalanced SRF current control scheme is proposed
and zero steady state error in line current is achieved. The paper (46) presented a new
current feedback with PR controller where weighted average of two inductor currents
of LCL filter is used as the feedback in current PR controller. This allows to choose a
farger proportional gain to increase the control loop bandwidth to reduce the current
harmonics within stability. The paper (47) investiga'ted different control structures for
grid connected distributed power generation system. The complexity of control structure
becomes simpler if PR controller is‘impleme.nted in stationary reference frame for current
control than the structure in dg frame. In (48), the operation of PLL in distorted utility
conditions is described along with the possible utility distortions. The PLL is completely
implemented in software without any hardware filters. The paper (49), investigated the
implementation of robust PLL circuit based on active and reactive (PQ) power theory.
The system’s stability during subharmonic, harmonic and negative sequence unbalance
conditions are also investigated with the implemented control technique. In (50) different
PLL algorithms for SRF control with different quadrature signal generation methods for
grid connected single phase system are investigated. The algorithm based on inverse Park
based PLL was found to be least sensitive to harmonic distortion whereas the algorithm
with Hilbert transformation was most sensitive to the harmonics in the input signal. In
(51) a passive damping with parallel resistor is investigated in grid connected inverters
with LCL filters with ultra minimum extra losses and increased stability.

In (52), a new éontrol structure with Proportional+Resonant and Harmonic
Compensator has been studied, which made PR to act as a notch filter to track high
frequency sinusoidal reference without increasing the gain as in classical PI controllet.
In (53), active damping method for grid connected voltage source converters with grid
current controlled LCL filter is studied. It is shown that active damping with grid current
feedback is equivalent to add virtual impedance in parallel with the grid side inductance
which reduced the effect of transportation delay in digital systems. This study has also
shows that the active damping has direct influence in the location of system poles. In
(54), a comprehensive study of switching ripple filters has been made. There has been

a constant increase in the use of LCL filters over two decades. The resonance of LCL



51

filters have been controlled with different active and passive damping methods. Different
improved passive damping methods were introduced to minimize the power loss in
passive damping. Algorithms for lossless active damping were also developed. Though
LCL filters are currently dominant in usage, the research on LLCL filters is substantially
increasing over years and in future the usage of LLCL will be more than that of LCL.
The paper (55) gives the design procedure for LCL filter for grid connected inverters
with capacitor current feedback. Tt concludes that the active damping method with
capacitor current feedback is effective in damping but affects the phase margin of the
system. A design procedure has been proposed to meet the required frequency domain
specifications such as phase margin, gain margin and steady state error to optimize the
controller parameters. In (56), a grid current regulated three phase VST wiht LCL filter
is presented. An outer loop for grid current and an inner loop for capacitor current
control was studied. The expressions of harmonic impedance have been derived to study
the effect of supply distortion on harmonics. The paper (57) investigated the effect of
inevitable delay on stability of a system in case of digital control implementations. A
delay time control method has been proposed and proven that adjusting the delay time
improves the stability of the system. In (58), the two current loop control of an LCL filter
based grid connected inverter system is studied. The results have shown that the adoption
of filter capacitor current control can effectively damp the resonance in the LCL system.
In (59), a method to increase the reactive power capacity in a PV-Grid system to improve
the PV penetration level is proposed. The proposed system consists of an inverter, a
reactive power bank along with a PV-Grid system. This enabled the local PV distributed
system to provide necessary reactive power support. It has been shown that the proposed
system eliminates the switching transients and provides full range for reactive power
control. In (60), reactive power control of a grid connected PV system to support the grid
voltage is studied. It has been shown that the inverter can be controlled with pure active,
pure reactive and mix of active and reactive powers with the help of independent control

to support the grid.
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Summary

To summarize, the substantial growth in every field such as automotive, elec-
tronics and medical etc., the power demand is of prime concern. Due to the green house
effect and global warming, the investors are reluctant to invest in the conventional power
plants and in turn on the transmission and distribution infrastructures, On the other
hand, Distributed Generation has become as an attractive alternate solution, which has
several benefits, like mitigating global warming, preserving fossil fuels from depletion
and other such environment friendly nature. The rapid growth in the developments of
the PV technology, Fuel Cell technology (3), Wind Energy technology and other such
renewable energy technologies has proven that the renewable clean green energy sources
are the future power sources. The development of Distributed Generation has always been
aided with the recent advancements in battery, ultracapacitor, fuel cell and semiconductor
technologies. The study has aimed at fuel cell based power generation system with gird
integration. The basic theory related to all components of the proposed system has been
reviewed in detail. The research articles related to DC-DC converter topologies, DC-AC
inverter topologies, switching ripple filters, control techniques have been reviewed. The
IEERE 1547 standard related to the grid connected distributed power generation system
has been reviewed.

Due to the above mentioned advantages Dual Active Bridge topologies has been
identified as one of the best suited DC-DC converter topology for fuel cell applications.
Park based PLL synchronized full bridge inverier with unipolar PWM control under
unbalanced SRF has been found to be a suitable system to have independent control on
active and reactive power of the system. An LCL filter with grid current feedback coutrol
without damping is to be used as grid interface sysiem due (o 1is high ripple atienuation
factor. Hence the system under the study should have lowest double line ripples (< 15%)
injected in to the fuel cell system and to have lowest THD (< 5%) on the grid side current

as per the standards given by US Department of Energy and IEEE 1547 respectively.



CHAPTER 11X

RESEARCH METHODOLOGY

Introduction

The fuel cell systems’ construction, operation and characteristics are studied for
better understanding the behavior of the system under no load and full load conditions.
Based on the literature review the converter suitable to convert the low output DC voltage
of the fuel cell in to a high voltage DC for its further conversion into AC is chosen. The
Dual Active Bridge (DAB) has been identified as the suitable boost converter due to
its high efficiency, high power density, Zero Voltage Switching (ZVS) capability and
bidirectional power flow fécility with galvanic isolation (5). Being a DC-DC converter,
the DAB is designed as a boost converter to convert the low output DC voltégc from
the fuel cell to a bare minimum value of required AC voltage’s peak value. A phase
shift modulation is implemented to control the direction and amount of power flow
and a high frequency transformer is designed for stepping up the voltage level to a
minimum required value. The boosted DC voltage is further converted to a single phase
AC for grid connection by a PWM controlled single phase inverter. An LCL filter is
designed to have high ripple attenuation. The entire system is implemented as shown
in the figure 34. Necessary control circuits are designed and implemented to meet the
varying grid requirements. The entire system is tested with grid integration. The overall
methodology followed is as shown in the figure 35.

This chapter describes,

1. Modeling and controlling of dual active bridge.

2. Modeling and controlling of grid connected inverter.

3. Design and construction of high frequency transformer.

4. Design and construction of leakage inductor (L) filter.

5. Design and construction of LCL filter.
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Start
A
Get the Electrical Specifications of
/ the 1kW Proton Exchange /
Membrane Fuel Cell
P No fre the power flow, voltage levels and ZV8
v are oblained as per design

MATLAB/Simulink Modeling of Dual Active Bridge
as per the PEMFC specifications

MATLAB/Simulink modeling of 1.5kVA single

4
phase PWM inverter with L.CL filter 6

Select the inped voltage, ouiput voltage, operaling
frequency, power level, maximum phase shift,
leakage inductance and duty cycle of DAB

Te the voltage and frequency of the outpd
voltage as per need?

te the power flow, voltage levels and Z
are obtained as per need

Construct the single phase full bridge Inverter as per
the design

Calculate the rms current values in the primary and |,
secondary windings of the transformer at full load

Connect the output of the DAB to the single phase
inverter with LCL filter

Y

A 4

Design the transformer by selecting the suitable core
material, wire type, wire size and number of tums

Test the PLL synchronized grid connected inverter
with grid side inductor current control with reactive
power injection

4

Construct the DAB with proper switching devices
and the transformer as per the design

Is the grid current THD, is <5%7?

y

Test the DAB for the required boosted output voltage

at full load with closed loap control scheme Export the power from fue! cell to
the Grid
h 4

@ End

Figure 35 Flow Chart for the Methodology
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Modeling and controlling

Modeling - Dual Active Bridge

The dual active bridge is modeled in MATLAB®/ Simulink using power system
block sets. The input and output full bridges are constructed with the help of MOSEETS.
A linear two winding transformer with 20kHz operating frequency is connected between
the bridges with a series external leakage inductor Ly needed for the required power
transfer. The gate signals are generated with 50% duty cycle and with phase shift
modulation between the input and output bridge. As the power will be transferred from
the bridge with leading gate signal to the bridge with lagging gate Signa]s, the input
bridge at the fuel cell side is given with leading gate signals. The average power transfer

from the fuel cell is given by,

T

1 .
Fre = ;L,'/Vp(e)’p(e)de

0
i
=-£/ (6)d6
T
0

i VF‘CIave

where

L Vecdt(n—9)
ave "Ly

which gives

Vicdo(n—9)

P A ==
ke FEWLy

(3.19)

The average current I, is used to model the DAB, which is a non linear function

of the phase shift ¢ between the gate signals of the two bridges as given in 3.20

_ Vecdd %

Tove = 2
e =or (3.20)

where Ky = (in ?) and hence 9Ky = ¢p-—= (= ¢) . The average current model of DAB is

as shown in the figure 36 in which the figure 36b gives the open loop transfer function of
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Figure 36 DAB average current model

the system as below,

K¢l

Gpap(s) = &
o

Controller design - Dual Active Bridge

The output of the dual active bridge is connected to a single phase inverter. The
output of the inverter contains double line frequency signal. This double line frequency
is reflected back to the dual active bridge and further to the fuel cell system as shown in
the figure 37. As fuel cell current ripples are limited to be within 15% (61) to safe guard
the life of the fuel cell, the controller of dual active bridge should limit the ripples which
are injected to the fuel cell system within the permissible limits, The dual active bridge
voltage control foop is implemented as shown in the figure 38 with a PI controller. From

the voltage control loop, the open loop transfer function of the system is given by,

KK (1+Tes)
G = DPTEA T AER)
ors) $%(1 4+ Tgs)
ek Ko - - - _(z=9) .
where K, = o which shows the plant is of variable gain nature as Ky = e where
o

¢ is a variable. Hence the symmetrical optimum method (62) of tuning the controller
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Figure 38 DC link voltage control loop

is used to calculate the controller parameters. This gives the values of X, and 7 at the
median of Ky so that maximwmn phase margin is ensured at the gain cross over frequency
w, even if Ky is varied which is shown in figure 39. According to Symmetrical Optimum
method, the values of K, and T are given by,
KK, = 1
BB}
Tc= By

The B is a parameter in SO method, which takes the value between 4 and 16
and decides the phase margin of the system. Hence by adjusting 3, the phase margin
of the system can be adjusted. If the B < 4, the phase margin is < 36° and if § > 16,

the phase margin is >> 60°, which are not desirable for a stable system. In this study, the
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Figure 39 Frequency response of a SO funed system

B = 6 was chosen for a required phase margin of 45°.

The optimal closed transfer function of the DAB system is given by,
14 BTrs

By/BT2s3 4 B/BTEs> 4 BTrs+ 1

The cut frequency @, of the DC bus voltage control loop is selected by,

Geyr(s) =

a = !

VBIr

The open loop and closed loop Bode diagrams of the DAB system is shown in figure 40
Modeling - Grid comnnected VSC with LCL filter
The grid connected VSC with LCL filter is shown in the figure 41. The differen-

tial equations governing the system with the state variables, such as the voltage across

the capacitors and current through the inductors are written to represent the system.

dcdvf;t(t) = iaverage(t) — mic () (3.21)
L 4 R0y = mvact) — ves0) (3.22)
Cy dvg;(t) = i (1) — is(1) (3.23)

dl“( ) + Ryis{t) = vep(t) —vs(2) (3.24)

dt
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IFigure 40 Bode diagram of DAB system

From these differential equations, the state variables can be extracted as,

vaelt) = é f (iaverage(?) — mic(t))dt

iof) = % Jomactty—veya

60
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)= [ae) - i)
is(t) = %/(ch(f) — vs(f))dt

These sets of equations are used and the VSI with LCL is modeled using
MATLAB®/ Simulink.

Controller design - Grid connected VSC

The inverter in this study is a PWM controlled Voltage Source Inverter (VSI). A
synchronous reference frame current control is implemented to limit the current ripples
within the standards. o |

Let vy(t) = V;cosayt be the grid voltage, then the line current which is to be

controlled is given by,

is(t) = Licos(ot -+ ¢)

=1 pCOSt — fQSin Wt

where
Ipcosmst - the active power current

stina)sr - the reactive power current.
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By controlling these currents, the active and reactive powers in the inverter can
be controlled. The set of differential equations described in 3.21 to 3.24 are considered
in the controller design (45). The actual current components ic(¢) and is{¢) through the

converter side inductor (L. ) and inverter side inductor (L) can be represented in oof axis
i

- . - . Y

by a vector X* = x4 (t) + jxg(t). This is done by letting xo = x5(t) and xg = xs{t)e "2

which gives,
d’c ( ) a5 __T5(y S
L. 7 +Reip (1) = S (tac(t) Viop(t) = Ve(t) — ()
dis (t s &
L O iy =0 =0)

where the s’ denotes stationary reference frame. By neglecting the eifect of Cy in the
current control design as its influence is less, it can be considered as a simple L filter
design in which L — L. + I,; with winding resistance R = R, -+ R; and i; = i; = i. Hence
the inverter system equations in stationary reference frame get reduced to,

di (t)

a

- RI5() = i (Ovaelt) — 955(0)
which can then be transformed to rotational reference frame by Park transformation as
given under,

Llag ) + Rig(t) = my(t)vac(t) -+ wsLig(t)

L' ( ) + Rig(t) = mg(t)vac(t) — wsLig(r)

The inverse park transformation of above dg frame gives the current ig(t) in
of frame as i (f) = ig{t)coswst — ig(t)sinwg(t). This indicates that the dg currents ig(¢)
and i4(t) controls the real and reactive powers. The f axis current can be obtained by
phase shifting the measured current or else by a fictive axis emulator as given by,

B (£)

i +Rlﬁ( ) mﬁ,,.ef(f)Vdc,ref~Vssina)st

The real and reactive powers can be independently controlled by controlling
dq axis currents iz(r) and i (t). The d-axis reference current iy r.¢(f) is obtained from

the DC bus voltage and g-axis reference curent ig ¢ (f) is obtained from the required
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reactive power to be injected whenever needed.

The general structure of VST under synchronous reference frame (SRF) control
is as shown in the figure 42. ‘The modulating signal mg ,e; controls the inverter output
voltage v (¢} in accordance with the required real (P) and reactive () powers. The Park
based PLL. is used to extract the magnitude (V;) and the phase (axt) of the grid voltage.
The structure shown in figure 42 is under unbalanced SRFE. In this structure, the iq (1)
and 7, () obtained based on the required real and reactive power control is transformed
into respective o¢f3 axis quantities by inverse Park transformation resulting with ie e (t)
and ig (7). This i e #(t) is considered as required i, ¢ (f) as command signal and the
actual measured gﬁd side current ig(t) is fed as a feedback signal for the calculation of .
current error in dg axis, The Park transformation is used to transform the of3 to dg before

the error calculation, During Park transformation an arbitrary f§ axis current i}'; is used.

-l Inverter LCL Filter

en n ke
+

LA

® Ly,

[rwm } o
PWM Control = iy
______________ el l s S e————

Pl Contmlla? " . PI Controilers N
tdref ™ tdref

Figure 42 VST under unbalanced synchronous reference frame current control
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These signals are obtained as given under,

i::!,re f coswst  sinegt | i ref
- (3.25)
i;’m . —sinwgt  cos@gt i;;
and
i coswyt  sinogt | |ig
- (3.26)
A —sinWst  cost i:é

£493)

The notation “’” is given for unbalanced reference frame. The currents in 3.26

are subtracted from 3.25 to get their respective error signals as given under,

€, cosdst cosst
= (laref — lar) = ejn (3.27)
e \ —-sin@gt —Sinest

Since iE is given as a common signal in both Park transformations, the related
error signal ¢;3 =0, which is making unbalance in the dg axis error components. By

inverse Park transformation, the grid current error e is given by
| €ig = e;gCOSWsl — ejgsintst (3.28)

where €;4 and e;g are the current error components in balanced SRE. Substituting 3.28 in

3.27 gives,
ey | |{1+cos2 ot} —sin24t eid
-3 (3.29)
e‘tfq —sin2@gt (1 —cos2os | | ey

Though the orthogonal signal if, (¢} can be arbitrary, its generation should be a
controlled one. In the structure shown in figure 42 the dq axis reference currents i .7 (¢)
and iy . ¢(t) are directly given to the error detector, and an inverse Park transformation is
done to obtain the required ig o (¢). This ig . 7(¢} further undergoes Park transformation

to get unbalanced SRF current components if,(t) and i, (¢) for error calculations ej,(t)
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and e} (¢). The orthogonal reference current can also be written as,

iﬁ,ref(t) =g (1) + i (¥)

where ig(t) and e;g(f) are virtual orthogonal current and current error in the balanced

SRE From this the unbalanced dg currents are given by,

-

iy iy stn,t
_ +eip (3.30)

iq cOS Wt

et
Yy

By replacing ¢;g = e;qsin@st + ejgcos05¢ in 3.30 we get,

(1 —cosayt) sin2agt €id
=" +3 (3.31)

sin2og  (1+cos204) | |eig

ot
=
a

R
r.
oy

The error signals can be obtained subtracting the unbalanced dg currents from
balanced dg reference currents, we get the same expression for the error signals as in 3.29.
These unbalanced dg current components which are obtained from reference current
signals are used to control the real and reactive powers in the inverter system.

The transfer function of an LLCL filter connected to the inverter is given by,
i. W\ 1

— = 3.32
ve  $M(LeLsCr)+5(Le+1Ls) (3.32)

The LCL filter is apprdxi'mated as L filter for the controller design by neglecting
the effects of Cy. Hence the transfer function gets deduced to,

i 1 1

L S 3.33
ve s(Le+Ls) sL (3.33)

Considering the winding resistances R, and Ry of the inductors 7, and L, the

transfer function becomes

i 1 i

is _ 334
ve (RetR)+5et L)  RisL (3.34)

where the inductors L., L; and R, , R; are taken as lumped parameters I, and R. The grid

current control loop is as shown in the figure 43. A PI controller is introduced in the loop
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Figure 43 Grid current control loop in SRF

with a delay time of 7; considering the delay in the digital implementation of the control
loop. Normally 7 is assumed to be 1.57;, where T; is the switching time. Hence the

open loop transfer function of the grid current control loop is given by,

A 4 Kii 1 Kr
6o = (K+ ) () (5 ) 339

L
where K = % and Tp = 7 This gives the closed loop transfer function as,

K,iKps + KK
TRTd.S‘3 + Tps? + KpiKRS + K Kr

Gepi = (3.36)

The extended Symmetrical Optimum method is chosen for tuning of the PI

controller. Which gives the K, and K of the controller as,

Tk
K=
P OKRTy
Tr
Kij= 15
8Ky T

The block diagram of the DC bus voltage control loop for single-phase grid-
connected VSI is as depicted in figure 44. A first order low pass filter (LI7) is added
in series with the PI regulator for the voltage control loop. The PI is tuned by the
extended SO method in selecting the LF time constant Ty as well as parameters of the PI
controller. The DC bus ripples are mainly due to the grid oscillating power p;(f) . The
LF helps in attenuating the ripple power further down to -40 dB/Decade. The bandwidth
of the voltage loop is selected as 10 Hz to attenuate the double line frequency ripple
components in the DC link voltage, while the high bandwidth of the line current loop

Gy,; is approximated to be unity gain.
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Figure 44 DC bus voltage control loop

Design and construction of High Frequency Transformer

This section describes the step by step procedure to design a high frequency
transformer for the desired specifications.

Design Specifications

The transformer is designed to meet the specifications of Horizon - H1000 :

PEMFC as given below.

Rated power 1000w
Rated performance  :28.8V@35A
Output voltage range :30V-45V

Hence in designing the transformer, Vi, = 38V, Vyp =400V, f; =20kHz, P, =
1kW were chosen as the values of various required parameters. The switching frequency
is assumed to be 20k z due to the limitation on the magnetic core materials and the value
of V. was chosen based on the AC voltage required during inversion. The DC input of
an inverter should be at least the peak value of the AC voltage required.

Design Procedure

1. Calculation of the Primary Volt-Seconds (Ay): The primary volt-sec is

calculated using the relation 3.37.
Al = dTVin (3.37)

where
d - Duty cycle

T, - Switching time
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Vin - Input voltage.

2. Calculation of primary RMS current (I1): The primary RMS current can
be calculated graphically from the waveform obtained by MATLAB®modeling. The
generalized expression for the primary RMS current has been deduced as in ?2.

3. Calculation of secondary RMS current (). The secondary RMS current can

be calculated from the calculated primary RMS current from
L =nlA
where n is the turns ratio given by

Vin
VO tf

n=

4. Calculation of total RMS current referred to primary (I ): The total current in
the DAB refearred to primary winding is calculated from the primary RMS and secondary

RMS currents as given below.
1)
Loy =11 +—
n
5. Calculation of core size (K, s.): From the required electrical quantities the
K, fecieq is calculated from

2
X \ }0(;Ll)2(1'rar)2(fr<fe)}T
8feelec {B+2)

AKy(Bor) B

108 (3.38)

where

p is the wire effective resistivity in (£ -~ cm)

K. is the core loss coefficient in (W /cm”T By

K, is the winding fill factor

P is the allowed total power dissipation in (W)

B is the core loss exponent

The value of Ky, is calculated from Ky, = @fmﬁ;. The values of Byqx and Py,
are obtained from the graph from N87 ferrite material data sheet as shown in the figure

45. Substituting these values in the expression (3.38) we get,K, e, The ferrite core can
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Figure 45 Relative core lIosses versus frequency of N87 ferrite material

be chosen from the core geometry by calculating K, ¢, of the core to meet the required
specifications as given by K, s, , . The core whose K, . is just greater than Kgp,, is
chosen. To calculate Ky, of the core, the following expfcssion is used.

~(&%

i
_WA(AC)Z(ﬁ"l)/ﬁ B*(m) E(B%) (339)

K =
gfecore MLT(lm )2/‘3 n + )

where

Wy is core window area in cm”
MIT is Mean Length per Turn in cm
A, is Core cross sectional area in cm?
l,, is Magnetic path length in cm

By substituting the required parameters from the data sheet of E65 core, we get
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the value of k.. Since the required K, .. is approximately equal to Ky ... of E65,
this core is chosen for the design.

6. Calculation of peak flux density (AB): The peak flux density is calculated
based on the core geometry from the expression (3.40).

_ {1p8Pth Y2 (Lot 2(MLT) pis

ABgep = 3.40
# ZKrcWAAgImﬁKfe ( )

7. Calculation of primary turns (n;): The number of turns in the primary

winding is calculated from the expression (3.41)

Al

=7 10} 3.41
2AB00Ac (3.41)

Hi

If 1y is found to be a fractional value, it can be rounded to the nearest integer.
8. Calculation of secondary turns (ny): The number of turns in the secondary is

calculated by,
m=— ! (3.42)

If n5 is found to be a fractional value, it can be rounded to a nearest integer.

9. Calculation of window area for primary and secondary winding (0, 0p):

The window areas are calculated from the expressions (3.43) and (3.44).

I
. \'§ (3.43)
Iiof
I
oy = 22 (3.44)
Mot

10. Calculation of wire sizes for primary and secondary winding(Aw1,Aw2):

The wire size calculations are given by the relations,

o KW,

Ayt < ‘n’[‘ 4 (3.45)
KW,

A < % (3.46)

From these the diameters of the wires are calculated from

4A
Dyl — 10 wl

{(rmm)
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11. Peak ac flux density after turn adjustment: The peak AC flux density after

turns adjustment is given by,

~ M10t
adj — 2m1 A,

It should to be less than the maximum flux density of the selected core (in this design
E65).

12. Power loss calculations; The core loss is calculated from
Pfe = Kfe(ABadj)ﬁAc]m

The copper loss is Calculated from

g/ 1 [p(itl)z(nm)z] {(MLT)} [ 1 r

f* ¥ 4K, Wa(Ac)?| | AB

13. Calculation of wire length: The total wire length required for primary and

secondary winding shall be obtained by,
Loy=nMLT

Lo =mMLT

The calculated transformer design parameters are listed in the table 3.

The high frequency transformer is constructed with the help of two E65 cores
stacked together to meet the required core size. Served Lifz wires of 265% 0.1266¢~3 and
40 % 0.1266e—3 are used to wind the primary and secondary windings respectively with

respective turns.,
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Table 3 High frequency transformer design paramfters

Parameter Values

Duty cycle, d 0.5
Switching time, 7 S50us

Input voltage, Vi, 38V

Primary Volt-Sec, A 9.5¢4
Primary RMS current, I 40.23A
Secondary RMS current, > 3.824
Primary turns, ny 1

Secondary turns, ny 53
Turnsratio, 1 : n 1:10.6
Total RMS current referred to primary, 7o 80.454

Wire effective resistivity, p 1.724e %Qcm
Core power loss, Py, 0.075W/ cm?
Copper power loss, Fey 3.94W
Maximum flux density, By - 0.18T

Peak flux density after turns adjustment, AB,4;  0.0898T

Core loss exponent, f3 2.9
Core loss coefficient, Ky, 7.6882
Winding fill factor, X, 0.4
Total allowable power loss, £ ™
Core size from electrical parameters, Kggp , 0.0964
Core size from E05 geometry, Kere ., 0.1437

Design and construction of Leakage inductor (Z;;)

The following is the step by step procedure to design the leakage inductor
required for the power transfer. The required value of the leakage inductor Ly is found
from the power expression 3.19. The design is considered to connect the leakage inductor
on the high voltage winding of the transformer. The K, method is followed to design the

leakage inductor.
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1. Determination of core size: The required core size of the leakage inductor to

meet the required electrical specifications is calcunlated as given in the equation 3.47.

()
PATPK
Kgfeeled = 10 . (347)

2Ku (Pror) (EEE)

P
where Ky, = tfe

The cg{fgsize K fe.or, Suitable to meet the required K., can be found from
3.39. In this design the Kpge,,,, of ETD49 core has met the required Kg e, .. The core
losses can be minimized by selecting the core with lower value of Ky,

2. Evaluation of AC peak flux density: The AC peak ﬂux‘ density AB is calculated

using the relation 3.48.

1
[, gPA (MLT) 1 } (B +2)
i [IO 2Ky WAAglm ABKfe (3.48)

3. Number of turns: The number of turns required is calculated as under

A

_ 4
= 2ABA, 10 (3.49)

n

The value of n can be rounded off to a nearest integer.

4. Air gap length: The required air gap in the coreis calculated from the equation

3.50.

P’loAcn2 —q
where
A - in cm?*

Ly -inm

The air gap can also be expressed in terms of Ay, in mH /1000 turns as

L

AL=E109 (3.51)

5. Evaluation of wire size: The size of the wire to be wound is found from the
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equation 3.52

_ KHWA
n

Ay (3.52)

6. Power loss: The copper, iron and total losses in the inductor are found by the

following expressions.

MLT
o = PMLT) (3.53)
A\V
Pfe - Kfe(AB)'BAclm (3.54)
Bor = Pcrc+Pfe {3.55)

Table 4 Leakage inductor Ly, design parameters

Parameter Values
Leakage inductance, Ly 890uH
RMS current, 3.36A
The wire effective resistivity, p 1.724¢ 6
Core loss exponent, 8 *
Maximum flux density, By 0.29r
Power loss, Pre 0.2W /em®
Winding fill factor, K, 0.35
Total allowable power loss, F, TW

Core size from electrical parameters, K re,,,., 0.0339
Core size from ETD49 geometry, Kege, . 0.0410
Number of turns, n 118

Air gap length, [, 0.0041m
Wire size, Ay 0.008

Hence the leakage inductor is wound as per the design parameters listed in the

leakage inductor with 118 turns.

table 4. Served Litz wire of 40x0.1266¢72 is used with ETD49 core to construct the
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Design and construction of LCT. filter

To design LCL filter, it is approximated as L filter by neglecting Cy as it behaves
similar to L filter till the resonance frequency. The design of LCL filter depends on the
required level of ripple attenuation, switching frequency, applied PWM technique and
the reactive power requirement. The inverter system is designed to have a rated voltage of
vy = 230V, rated apparent power Sn = 1.5kVA , DC link voltage Vyc = 400V, the grid
frequency fp, = 50Hz with the switching frequency f;, = 10kHz. The base impedance
7, and base capacitance Cy of the system required per unit conversion are calculated as

given in equations 3.56 and 3.57 respectively.

V2
2y = -1 3.56
s (3.56)
I
@ = 51— 3.57
b 025 (3.57)

To design the inverter side inductance L., the maximum allowable ripples at the
inverter side is calculated from the rated current using the relation given in Equation 3.58

and inductance L. is calculated by the Equation 3.59 for unipolar PWM control.

KVAVZ
Alr, nax = %Ripples ( v \/_) (3.58)
Le Ve (3.59)

A 8 (AILC,ma.r)f W

The filter capacitance Cy decides the amount of reactive power absorption and
is given by Cy = xCj, where x is the percentage of reactive power absorbed. The value
of x 1s limited to be less than 5% for unity power factor. For stable operation of the

LCL filter, the resonance frequency f; of the filter 1s chosen from the criterion given by

f.SW f:S'W

ey > fr> T The grid side inductance L is calculated from Equation 3.60.

Le

Ls = (2L Cr)—1

(3.60)

where @, is the resonance frequency. The base impedance Z, and base capacitance Cj,
are calculated from the equations 3.56 and 3.57 respectively. By choosing the switching

frequency f, as 10kH z, the resonance frequency f; as 6kHz, the maximum allowable
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current ripples on inverter side as 16% and the percentage of reactive power absorption x
as 2.5% , the inverter side inductance L., grid side inductance L; and filter capacitance

Cy are calculated as listed in the table 5.

Table 5 LCL parameters
Parameter Value
Grid side inductance, L 0.35mH
Inverter side inductance, L, 3.4mH
Filter capacitance, Cy¢ 2.25uF
Resonance frequency, f, 6kHz

To construct the inductors, proper magnetic core, wire size and number of turns
are chosen as per calculated values of inductors L. and L;. The current factor k;, window
utilization factor k, and temperature rise AT are chosen accordingly. The area product A,
of the required cores for L, and L; helps in the selection of the core sizes. The maximum
flux density B,y is limited by the sataration flux density By, for the core material and is
selected to be 0.35 T as given in (63). The converter side inductor L, was constructed
from a T300-26 iron powder core stacked together with a T300-26D, with 120 turns of a
1.9 mm diameter enameled copper wire. For the grid side inductor Lg, 46 turns of 1.7

mm diameter enameled copper wire were wound on a T184-26 iron powder core.



CHAPTER IV

RESULTS AND DISCUSSION

This chapter describes the simulation and experimental results of dual active

bridge and grid connected single phase inverter with LCL filter.

Simulation results of Dual Active Bridge

The detailed modeling of dual active bridge is done as described in the previous
section with the help of voltage and current waveforms obtained from the MATLAB®/
Simulink modeling. The average current model of the DAB obtained mathematically
from graph is used for the controller design. A DC voltage source with an internal
resistance of 0.3334 is used to emulate the dynamic nature of fuel cell. This 0.333Q
is equivalent to the dynamic resistance of the Horizon®fuel cell, The MOSFETs are
used to construct the bridges of DAB and the inverter. A linear transformer with the
required turns ratio has been connected between the input and output bridges. An external
inductor is connected in series with the primary winding of the transformer as the leakage
inductor (L) required for the proper power transfer. The DAB was connected to a PWM
controlled 1¢ inverter as the load. The resistive load is applied in steps of 100W and
1000W at the output of the inverter. This injected a double line frequency ripples at the
DC side input of the DAB. The bandwidth of the DAB voltage control loop was varied
from 1Hz to 25Hz in steps. This change in the bandwidth had an effect on the amount
of fuel cell voltage and current ripples. The parameters of PI controiler in the DC link
voltage control loop are obtained by extended Symmetrical Optimum method of tuning
to ensure the minimum phase margin of 45° with the parameter 8 of value 6. The PI
controller in the loop generates the required phase shift ¢ between the leading input
bridge and the lagging output bridge under phase shift modulation to regulate the DC
link voltage constant at V. ..y even when the load changes.

The set point tracking and the disturbance rejection can be observed from the

figure 46 where there is an initial load of 100W and a 1000W load is applied at 0.5s.
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The control loop has responded and the DC link voltage is regulated at 400V within 0.1s.
At the 0.7s instant a 900W load was removed and a 100W load was maintained at the
inverter side. Due to the disturbance at (0.7s there is overshoot of 25V in the DC link

voltage and is regulated at 400V in 0.2s.

DC Link Voltage
100W 1900w — _
>o 400 P o
0.5 08 07 0.8 0.9 i

DC Link Current

450

lo [A]
4

05 06 07 08 098 1
Fuel Cell Voltage

Figure 46 DAB simulation results with a step load change of 100 W and 1000 W
~ vice versa. — ) : Sy .

The figure 47 shows the inverter load voltage and current for the step changes
in the load. The DAB with an inverter as a load has experienced double line frequency
ripples as shown in the figure 48. These ripples are introduced into the fuel cell system
due to the AC load connected to the DAB. The ripples shown here are with a controller
bandwidth of 5Hz. When the controller bandwidth is varied and it has been found that
there is a significant increase in the ripple content as there is an increase in bandwidth.
The increase in the ripples as the increase in the controller bandwidth is shown in the

figure 49. The system had the lowest ripples at a bandwidth of 1Az but in such case
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Figure 47 Inverter simulation resutts with a step load change of 100 W and 1000 W
vice versa.

the system was very much sluggish. At a bandwidth of 5Hz it has been found that the
system responded quickly as shown in the figure 46 with lower voltage ripples of 1.74%
and current ripples of 4.29% which are well within the permissible limits. Hence by
adjusting the voltage control loop bandwidth of the PI controller, the ripple content can

be controlled at the fuel cell system.

Simulation results of Grid Connected Inverter

The mathematical model with the differential equations described in the earlier
section is used to simulate the results of a single phase grid tied inverter in MATLAB®/
Simulink platform. A PLL based synchronization is used for grid integration to extract
the grid voltage and phase angle. An unbalanced SRF grid current control is employed to
reduce the amount of current ripples into the system. The LCL filter designed to have
higher ripple attenuation factor has reduced the current ripples within the permissible
limits. An unipolar PWM control is employed to the inverter as it is advantageous over
that of the bipolar PWM. It has lower harmonics and has effective switching frequency
as double that of the actual switching {requency. In this simulation the actual switching
frequency of 10kH z has been used to have an effective switching of 20kHz. The system
parameters used to simulate are as listed in the table 6. The figure 50 illustrates the

related waveforms of voltage source converter, with and without the injection of reactive
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Figure 48 Voltage and current ripples at fuel cell system

power with a 1kW resistive load. At 0.12s the current responsible for reactive power
iqref(t) for a 1kVAR is applied. This made the VSC to absorb the reactive power which is
shown as an increase in the current with a lagging power factor. The figure 50 shows the
grid voltage vs(t), converter current i.(¢) and the grid current ig(¢) along with the reactive
current injection. It has been observed that the current ripples have been increased after
the injection of the reactive power. The ripples in the grid current before the injection of
Q is found to be 1.6% and after the injection it increased to 3.2%. The simulated results
of the VSC with 1kW real power is shown in the figure 51.

It is also observed that the ripples in the converter side current Ai, = 1.5A which

is the 16% of the rated current for which the LCL is designed for. The inverter system
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Figure 50 Simulated VSC waveforms before and after “()”’ injection

with LCL is found to be stable with the required ripple reduction on the grid current.
The grid current ripples of 1.6% without Q injection and 3.6% with Q injection are
well within the permissible standards of 5% (28). Hence the simulated results of VSC
with resistive load and LCL filter behaved as per the design considerations to meet the

standards.
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Table 6 Grid connected inverter system parameters

Parameter Values
RMS line voltage, vy 230V
Nominal grid frequency, f, 50Hz
DC link voltage, V,, 400V
Apparent power, S, ‘ 1.5kVA
Delay time, Ty 100us
Converter side inductance, L, 3.4mH
Grid side inductance, L; 0.35mH

Inductor winding resistance-converter side, R,  0.1118

Inductor winding resistance-grid side, R 0.0290
Filter capacitance, Cr¢ 225uF
LCL resonance frequency, f, 6kHz
DC link capacitance, Cy, 1100pF
Switching frequency, f; 20kHz
Proportional gain, Kp 0.154
Integral gain, K; 109.8
Damping ratio, { 1.4

Experimental results of Dual Active Bridge

A 1kW DAB was constructed with the design specifications as given in the table
7. The output of the DAB was connected to a 1.5kVAR single phase grid connected VSC.
A 1kW PEM fuel cell was connected to the DAB as the renewable energy source. The
grid connected VSC was initially operated to charge the DC link capacitor to 380 — 400V
to avoid the inrush current at the time of starting, from the fuel cell. Once the DC bus is
charged, the fuel cell is started and allowed to reach the open circuit voltage of ~ 45V
which is about 30s. The DAB is applied with the phase shifted control signals with 50%
duty cycle. The low voliage bridge is given with leading gate signals and the high voltage
bridge with lagging signals for the power transfer from the fuel cell to the grid. The sign

and magnitude of the phase difference decide the amount and direction of power transfer.
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Here the low voltage bridge is connected to the low voltage output of the fuel cell and the
high voltage bridge is connected to the DC link capacitor. The AC link between these two
bridges is provided by a 1kW high frequency transformer which provides the stepping up
of high frequency low voltage output to high voltage along with galvanic isolation. An
external inductor Ly; which serves as the leakage inductor for the required power transfer
is connected at the high voltage side of the transformer. Though the DAB is capable of
bidirectional power flow, in this study it is controlled in unidirectional flow as the source
is not bidirectional,

An experimenter kit of C2000 Piccolo 32-bit microcontroller from Texas In-
struments is used to generate the control signals required for the DAB operation. The
phase shift modulation is done in open loop mode by manually adjusting the phase shift
¢. The phase shift ¢ is gradually increased and the power transfer from the fuel cell to
the grid is observed. Figure 52 shows the voltages and currents measured at the primary
and secondary winding of the high frequency transformer with a phase shift of ¢ = 60°.

The transformer is wound with a turns ratio of 1:10.6 for an input voltage of
Vre = 38V to give an output voltage of V. =400V. Due to the dynamic nature of the
fuel cell, the output voltage of the fuel cell Vg is not constant at 38V and decreases as
the load increases. Hence at the operating point for ¢ = 60°, the Vg is 26V. Hence the
DAB works in boost mode and the voltage transfer ratio referred to primary « > 1 and is

1.46.

The ZVS nature of the DAB can be observed from the experimental result shown

EO ¢ ¥s - Ic is
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.15 a.152 Q154 0.156 0,158 0.36 0.162 0164 a.166 G168 017
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Figure 51 Simulated VSC waveform with 14XW resistive load
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Figure 52 DAB experimental waveform with ¢ = 60°

in figure 52 that, the input bridge is turned ON when the current negative(i,(r) < 0) and

the output bridge is turned ON when the current is positive(i,(¢) > 0).

Tahle 7 DAB system parameters

Parameter Values

DAB ratings 1kW

Input voltage,Vrc | 38V

Output voltage, V. 400V
Switching frequency, f;,,,, 20kH z
Primary referred voltage transfer ratio, d 1 at Ve =38V
Tuarns ratio, : n 1:10.6

The figure 53 shows the DAB waveforms with the current drawn from the fuel
cell. The figure 54 shows the transient response of the fuel cell voltage and current when

the grid connected inverter load of the DAB is turned on and a power of 650W is exported
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Figure 53 DAB experimental waveform with the current drawn from the fuel cell
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Figure 54 Fuel cell voltage and current at 650W power export to the grid

to the grid with reactive power injection.
Double layer capacitance effect can be observed from the dynamic nature of the

fuel cell, the delayed change in the fuel cell voltage with respect to change in the current
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is due to charge double layer effect. This is a common phenomenon which occurs when
two different materials such as electrode and electrolyte are made in physicat contact. In
such cases the charge from one material diffuse into the other and making a double layer
of charges on the surface of the materials. In case of fuel cells electrons from electrodes
and H™" ions from electrolyte form a charge donble layer with a potential difference called
“activation overvoltage”, These charges form a capacitive effect between the materials
which takes some time to change the voltage whenever there is a change in current, The
figure 54 shows the time taken for the change in the fuel cell voltage when there is a
change in the current. This is due to the time required for the charge to either dissipate
or to build up. The activation overvoltage does not immediately follow the current as
the ohmic voltage follows. In general this charge double layer effect of this capacitance

gives a smooth dynamic performance when there is a change in the current demand.,

Experimental results of Grid Connected Inverter

The bidirectional VSC is initially operated in rectifier mode to charge the DC
link capacitor to 400V . Once the DC bus is charged to 400V, the fuel cell is turned ON
to reach the open circuit voltage of 45V. When these conditions are met, the DAB is
turned ON with the minimum phase shift ¢ — 18°. After ensuring the stable operation of
fuel cell, DAB and inverter, the power export is increased by phase shift modulation. The
figure 55 shows the measured grid voltage and current with a reactive power injection, A
phase lag in the grid current can be observed due to the reactive power injection.

Figure 55 shows the transient time response of the DC bﬁs voltage aldng with
the grid voltage and current at the time of 650W power export to the grid with reactive
power injection.

The power was exported to the grid in controlling the DAB in open loop mode,
where the phase shift is manually adjusted and the the DC bus voltage was regulated by
the voltage control loop of the gird connected inverter. The figure 56 shows the dynamic
response of the DC bus voltage, grid voltage and current when the power export to the
grid is withdrawn.

The figure 57 is the measured grid voltage and current with reactive power

injection at a load of 650W. The figure 58 shows the ripple content THD; in the grid
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current after the injection of reactive power “Q” which is measured to be 1.7% which
was 5% without the injection of “Q”.

The US Department of Encrgy standardizes the 100Hz ripples of the fuel cell
within 15% and the THD within 5% at the output of the fuel cell inverter (61). The
grid current THD; is limited within 2% which is well below the standards which in turn
reduces the double line frequency ripples injected back to the fuel cell system. This
increases the reliability of the fuel cell system.

The figure 59 shows the efficiency of the overall DAB and inverter system with
and without the injection of the reactive power. The power export to the grid was varied
by varying the phase shift ¢ under phase shift modulation. The figure 59 illustrates
that the efficiency of the system with reactive power injection as in figure 59b is lower
than that of the system without reactive power injection as in figure 59a. Moreover
the efficiency is lower at light loads due to higher switching losses as the DAB system
operates in the boundaries of ZVS. As the power export increases, the cfficiency also
increases, but after certain load conditions again the efficiency decreases due to the higher
voltage transfer ratio d, which makes higher voltage drop across the leakage inductor Ly.

The figure 60 shows variation in THD; at different power transfer with and
without the injection of the reactive power “Q” in figures 60b and 60a respectively.

The injection of the reactive power has reduced the grid current TH D; well within the
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Figure 55 Experimental DC bus voltage, grid voltage and grid current with 1kVAR
injection
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Figure 56 Experimental DC bus voltage, grid voltage and grid current upon the
removal of power export to the grid
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Figure 57 Measured grid side voltage and current

standards of < 5% (28).

The maximum efficiency of the DAB and inverter system is measured to be 86%

with a possible grid current 7HD; of 1.7% as shown in the figures 59 and 60 respectively.

The FFT analysis of the measured fuel cell current has been catried out. The raw
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Figure 58 Measured grid side voltage and current with ripples % after ”Q” injec-
tion

data has been filtered out using a digital Jow pass FIR filter with a pass band of 150Hz
and a stop band of 200/ to filter out the high frequency noises. The figure 61 shows the
FFT of fuel cell current at 225W power export to the grid, which measured a ripple level
< 1% which is well within the allowable < 15% (61)

Results comparison with the commercial products

The table 8 gives a comparison between the system under study and the commer-
cially available single phase grid connected inverters in the similar power range. Most
of the commercial products have higher efficiency due to single stage power conversion
and they need higher DC input voltage range. The system under study has significantly
low DC input voltage range and used multistage topology with two stage conversions.
This enabled the system to be used even in the lower DC input voltage range with lower

efficiency than others with lowest grid current THD;.
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Figure 59 Measured overall efficiency of DAB and grid connected inverter system

The figure 62 shows the experimental setup of the grid connected fuel cell
power generation system. Its an integration of dual active bridge with high frequency
transformer and leakage inductor, single phase grid connected inverter with LCL filter as

shown.
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Table 8 Comparison of system under study with commercial products
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Brand Rated power Rated DC in- Peakefficiency Gnid current
' put voltage THD;

ABB (64) i.2kVA 185V 94.8% <3.5%

Schneider (65) 2.8kW 195-550V 95.2% < 3%

Leonics (66) 1.5kW 200-420V 04.3% < 4%

System under kW 30-38V 86% < 2%

study
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Figure 62 Experimental setup of grid connected fuel cell power generation system



CHAPTER YV

CONCLUSION

This study successfully attempted to model, simulate,design and experiment a
LW grid connected single phase fuel cell power generation system with higher efficiency
and lower grid current THD;. The dual active bridge DC-DC converter topology used in
this study to boost the low voltage output of the fuel cell is better suited from that of the
other topologies available as it has the advantages such as high efficiency, high power
density, ZVS capability, galvanic isolation and simple phase shift modulation control.
The simulation results have shown that the double line frequency ripples injected to the
fuel cell system are reduced by controlling the bandwidth of PI controller of the DAB’s
voltage control loop. The external leakage inductor and the high frequency transformer
designed for the power and voltage transfer could transfer the power with low switching
losses due to ZVS operation with simple phase shift modulation. Usage of Lifz wires
for 20kHz operation reduced the losses in the magnetic components by minimizing the
skin effect. The higher switching frequency has significantly reduced the size of the
leakage inductor and the transformer. The observed shape and value of the currents in
the primary and secondary of the high frequency transformer ensured the ZVS operation
of the dual active bridge. The galvanic isolation by DAB enabled the system to have
higher voltage transfer ratio which is primarily required for low voltage high power fuel
cell systems. The external leakage inductor which is connected in series with the high
frequency transformer is influenced by the leakage inductance of the transformer itself.
This inevitably increases the total leakage inductance there by reduces the power transfer
capability. Hence the transformer leakage inductance should be measured and considered
in the design of external leakage inductor. Due to the simple phase shift modulation the
power from the fuel cell is effectively transferred to single phase inverter.

The output from the DAB ranges from 325V — 400V due to the dynamic nature
of the fuel cell making the it to operate in buck or boost mode depending on the amount
of power transfer to the grid. An 1.5kVAR PWM controlled grid connected inverter

is connected to the output DC bus of the DAB to convert and transfer the AC power
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power to the grid. An LCL filter was designed to have higher ripple attenuation factor
allowing 16% current ripples at the converter side. PLL based grid synchronization with
unbalanced synchronous reference frame grid current control was effective in controlling
the grid current THD;. This enabled the independent control of the real and reactive
powers in the system with their respective current component commands. The measured
THD; has proven that the grid current ripples are reduced with the injection of reactive
power into the system. An injection of 1kVAR has reduced the grid current ripples from
5% to 1.7% for a 650W power transfer to the grid. Extended Symmetrical Optimum
method of tuning of the PI controller with a first order low pass filter in series enabled
to control the bandwidth of the controller for stable operation of the system, An overall
efficiency of the grid connected inverter with Dual Active Bridge DC-DC converter for
fuel cell power generation has been measured to be 86%.

The linear grid current control technique using unbalanced synchronous ref-
erence frame with PI controller has behaved as a PR controller with zero steady state
error. The reduction in grid current THDi can be further achieved by other linear current
control techniques such as Repetitive Controllers like sliding mode, odd-harmonic and
dual mode repetitive controllers which nullify the steady state error by periodic control
of the components there by reducing the harmonics significantly. These controllers
better eliminate the harmonics but with slow dynamic behavior. The non-linear control
techniques such as Predictive Control, Dead-Beat Control and Hysteresis Control reduce
the harmonics with good transient response. The Predictive Controller predicts the next
value of current from the present value and generates the switching states using quality
function based on the error between the present and predicted current values. In such
case it is possible to introduce the system non-linearities in the predictive model. The
Dead-Beat controller is a simple non-linear controller with quick settling time as n+ 1
samples where r is the order of the controller. The Hysteresis Controller forces the
grid current to follow the reference current within the specified Hysteresis band and the
amount of current ripples can be limited by controlling the Hysteresis band.

The efficiency of the system under study can be increased further by minimizing
the switching loss and conduction loss in the system. The switching loss can be reduced

by fast switching devices and by ensuring ZVS operation of the DAB. The conduction
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loss can be reduced by SiC switches with low on-state losses and by minimizing the
voltage drop across the leakage inductor.

Hence the clean green power from the fuel cell can be effectively integrated to
the grid in support of instability due to the integration of other intermittent renewable

resources in the distcibuted generation systems.

Recommendations

For the further research the following factors are being recommended for con-
sideration.

1. The DAB can be controlled in closed loop fo control the DC bus voltage and
the fuel cel current.

2. The switching frequency of DAB can be further increased from 20kHz for
further reduction in the size of reactive components.

3. High efficient, low loss power switches made of Silicon Carbide (SiC) can be
used to improve the efficiency.

4, Other control techniques such as Proportional Resonant (PR) controllers,
Repetitive, Dead-Beat and Hysteresis controtlers can be implemented to further improve

the system performance.
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