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Two-Loop Controller for Maximizing Performance of a
Grid-Connected Photovoltaic-Fuel Cell Hybrid Power Plant

                                                              Kyoungsoo Ro

                                                              (ABSTRACT)

The study started with the requirement that a photovoltaic (PV) power source should be
integrated with other supplementary power sources whether it operates in a stand-alone or grid-
connected mode.  First, fuel cells for a backup of varying PV power were compared in detail
with batteries and were found to have more operational benefits.  Next, maximizing performance
of a grid-connected PV-fuel cell hybrid system by use of a two-loop controller was discussed.
One loop is a neural network controller for maximum power point tracking, which extracts
maximum available solar power from PV arrays under varying conditions of insolation,
temperature, and system load. A real/reactive power controller (RRPC) is the other loop.  The
RRPC meets the system’s requirement for real and reactive powers by controlling incoming fuel
to fuel cell stacks as well as switching control signals to a power conditioning subsystem.  The
RRPC is able to achieve more versatile control of real/reactive powers than the conventional
power sources since the hybrid power plant does not contain any rotating mass.  Results of time-
domain simulations prove not only effectiveness of the proposed computer models of the two-
loop controller, but also their applicability for use in transient stability analysis of the hybrid
power plant.  Finally, environmental evaluation of the proposed hybrid plant was made in terms
of plant’s land requirement and lifetime CO2 emissions, and then compared with that of the
conventional fossil-fuel power generating forms.
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                                                          CHAPTER  1

                                                    INTRODUCTION

1.1  Purpose

As conventional fossil-fuel energy sources diminish and the world’s environmental
concern about acid deposition and global warming increases, renewable energy sources (solar,
wind, tidal, and geothermal, etc.) are attracting more attention as alternative energy sources.
Among the renewable energy sources solar photovoltaic (PV) energy has been widely utilized in
small-size applications.  It is also the most promising candidate for research and development for
large-scale uses as the fabrication of less-costly photovoltaic devices becomes a reality.

PV power generation, which directly converts solar radiation into electricity, contains a
lot of significant advantages such as inexhaustible and pollution-free, silent and with no rotating
parts, and size-independent electricity conversion efficiency.  Positive environmental effect of
photovoltaics is replacing electricity generated in more polluting way or providing electricity
where none was available before.  With increasing penetration of solar photovoltaic devices,
various anti-pollution apparatuses can be operated by solar PV power; for example, water
purification by electrochemical processing or stopping desert expansion by photovoltaic water
pumping with tree implantation [17].

From an operational point of view, a photovoltaic array experiences large variations of
its output power under intermittent weather conditions.  Those phenomena may cause
operational problems at a central control center in a power utility, such as excessive frequency
deviations, spinning reserve increase, etc.  Figure 1.1 illustrates two samples of PV power
variations for one day.  The data was measured at a time interval of 10 minutes from the PV test
facility in the Virginia Tech campus on July 10 and July 18, 1993.  When photovoltaic power
penetration approaches about 10% of the system load, it is difficult for the conventional power
generation system to keep track of the rapid PV power output changes [10].
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           Figure 1.1  Samples of PV power output variations.

One method to overcome the above problem is to integrate the PV power plant with other
power sources such as diesel backup [20], fuel cell backup [1,2], battery backup [7,13,18], and
superconductive magnetic energy storage (SMES) backup [15].  The diesel backup for PV
power is able to make a continuous 24-hour power supply be possible.  However, it has a couple
of severe drawbacks.  Its electricity efficiency decreases significantly at a low level of power
output, and the diesel power generation is environmentally detrimental as well.  The SMES
technology is many years from commercialization, and there is a significant potential health risk
associated with the technology because of its strong magnetic field generation.  Both the battery
backup and the fuel cell backup are the most likely technologies to provide backup power for the
PV power system in the near future.  Thus, a detailed comparison between those two backup
powers will be made later in Chapter 3.
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A fuel cell power is a very attractive option being used with an intermittent power
generation source like the PV power because the fuel cell power system contains lots of great
features such as high efficiency, fast load-response, modular production and fuel flexibility.  Its
feasibility in coordination with a photovoltaic power system has been successfully demonstrated
for both grid-connected and stand-alone applications [1].  Due to the fast ramping capability of
the fuel cell power system, a PV-fuel cell hybrid system may be able to solve the PV’s inherent
problem of intermittent power generation.  Unlike a storage battery, which also contains
attractive attributes such as fast response rate, modular construction and flexibility for site
selection, the fuel cell power can produce electricity continuously to support the PV power.
Therefore, the quality of overall power generated from the PV-fuel cell hybrid power plant may
be improved.  The combination of the photovoltaic and fuel cell power plants is now a viable
technology to commercial applications.

Environmental impacts of the fuel cell power generation are relatively small in contrast
to other fossil-fuel power sources.  Since chemical reactions inside the fuel cell stack are
accomplished by catalysts, it must require a low sulfur-content fuel.  Since the fuel cell stack
operates electrochemically at lower temperature than other thermomechanical power plants, it
generates very little amount of NOx.  NOx forms mainly from nitrogen contained in the
combustion air if fuels used have low nitrogen content.  Low-emission characteristics of the fuel
cell power plant may allow some utilities to offset the costs of installing additional emission
control equipment.  Moreover, their high efficiency is able to result in lower fossil-fuel CO2

emissions, which will help reduce the rate of global warming.  Therefore, the fuel cell power
system has a great potential for being coordinated with the PV array to smooth out the PV
power’s fluctuations.

One purpose of this study is to prove that the fuel cell power has the best potential for the
PV power backup.  Designing an efficient controller for a PV-fuel cell hybrid power plant is
another purpose.  The controller consists of two loops; one loop is a neural network controller
for MPPT (Maximum Power Point Tracking) and the other is a real/reactive power controller.
The two-loop controller is able not only to achieve maximum utilization of the available solar
power but also to satisfy the hybrid power  plant’s operational requirement for real and reactive
power control.  Thus, such a hybrid power plant can be used as a reliable power generation
source either on a stand-alone or a grid-interactive mode.  The other purpose is to establish
simplified computer models of the two-loop controller.  Those computer models might be useful
for use in transient stability analysis of a power system that includes the PV-fuel cell hybrid
system.

1.2  Problem Statement
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It has been well-proven that a photovoltaic power source should be integrated with other
power sources, whether used in either a stand-alone or grid-connected mode.  This study starts
with a comparison between batteries and fuel cells for PV power backup since these two power
sources are the most likely technologies for PV power supplement.  Then it will be proven that
fuel cells have more benefits when they are applied to support a PV power varying severely on
inclement weather days.

A technique for maximizing performance of a grid-connected PV-fuel cell hybrid power
plant by using a two-loop controller is discussed.  One loop is the neural network controller for
maximum power point tracking (MPPT) in the PV array, which extracts maximum available
solar power at varying weather conditions.  A centralized PV power plant requires much larger
initial capital investment compared to other power generation sources.  Thus, it is imperative to
extract as much available solar energy as possible from the PV array; if not, the photovoltaic
power system might lose some of the valuable solar energy.  Nonlinear current-voltage (I-V)
characteristics of a PV module match well to a neural network application.  In order that the PV
array keep track of its maximum power points, the outputs of the neural network controller
should generate optimal switching signals to the power conditioning subsystem (PCS) of the PV
array.  The PCS usually consists of a full-bridge dc to ac inverter.

A real/reactive power controller (RRPC) installed at the fuel cell power plant is the other
loop.  The RRPC is going to achieve the utility grid’s requirement for real and reactive powers
by controlling the fuel cell stacks and the PCS.  Real power control is made by regulating both
the incoming fuel (mostly natural gas) to the fuel cell stacks and the switching control signals to
the PCS of the fuel cell power plant.  Reactive power is controlled only by generating
appropriate switching scheme to the PCS.  Simplified computer models of the two-loop
controller are developed.  Time-domain simulations prove an applicability of the two-loop
controller for use in a transient stability analysis of the hybrid power plant.

I continue to discuss an environmental evaluation of the proposed PV-fuel cell hybrid
power plant compared with the conventional power generation forms.  Two categories through
which the evaluation is accomplished are land area requirement for the hybrid power plant
construction and its lifetime CO2 emissions.  The CO2 emissions of the hybrid power plant are
caused by fuel consumption during its life-long period, and construction, operation and
maintenance (O&M) of the hybrid power plant.

The major contributions that are made in this dissertation are summarized below:

(i) Compare batteries with fuel cells for a backup of a PV power that fluctuates on
inclement weather days, and verify that the fuel cells have more benefits for that
purpose.  It will be discussed in Chapter 3.

(ii) Apply a neural network controller to always extract maximum available solar
power from the PV array under changing conditions of solar insolation, cell
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temperature and utility system load.  Chapter 5 will describe the neural network
controller for the PV array.

(iii) Design a real/reactive power controller for the fuel cell power plant so that the
PV-fuel cell hybrid system satisfies the utility system’s requirement for real and
reactive powers.  Real power control is achieved by effectively controlling both
the fuel injected to the fuel cell stacks and the switching scheme of the full-
bridge dc-ac inverter.  Reactive power is controlled by generating appropriate
switching signals to the inverter.  Chapter 6 will give the method to design the
RRPC.

(iv) Present simplified computer models of the neural network controller for MPPT
and the RRPC system in the grid-connected PV-fuel cell hybrid power plant.
Chapter 5 and 6 explain these computer models.  Then Chapter 7 verifies the
performance of the computer models by time-domain computer simulations.

(v) Evaluate environmental impacts of the proposed PV-fuel cell hybrid system in
terms of land requirement for the plant construction and its lifetime CO2

emissions.  They will be discussed in Chapter 8.

The other chapters will support to better-understand this dissertation.  Chapter 2 covers a broad
range of background information on photovoltaics, batteries, fuel cells, neural networks and
power conditioning subsystems.  Chapter 4 describes the PV-fuel cell hybrid power plant in the
overall view and detailed view.  Conclusions and Recommendations will be given in Chapter 9,
which is followed by Nomenclature and References.  Appendix A gives calculations of CO2

emissions from conventional fossil fuel power plants.  CO2 emissions from PV power plants and
fuel cell power plants are computed in Appendix B and Appendix C, respectively.
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                                                          CHAPTER  2

                                             LITERATURE REVIEW

A comprehensive literature search has been made in the areas that would get together to
constitute the proposed PV-fuel cell hybrid power plant and control systems.  This chapter
consists of five sections and discusses photovoltaic systems, batteries, fuel cells, neural networks
and power conditioning subsystems in that order.  The objective of this discussion is to make it
easy to understand this dissertation.

2.1  Photovoltaic (PV) Systems

2.1.1  Background Information

Figure 2.1 illustrates typical current-voltage (I-V) curves of an ARCO M55 solar cell
module according to the variations of insolation level and cell temperature.  The figure also
includes the loci of maximum power points and equivalent resistive load lines.  Open-circuit
voltage of the solar cell module, a crosspoint of the curve to the vertical axis, varies little with
insolation changes.  It is inversely proportional to temperature, or a rise in temperature produces
a decrease in voltage.  Short-circuit current, a crosspoint of the curve to the horizontal axis, is
directly proportional to insolation and is relatively steady in changing temperature.

The solar cell module acts like a constant current source for most part of its I-V curve.  It
can provide a constant current from zero to around 15V despite a changing resistive load.  As the
resistance continues to increase, the curve reaches a breakdown point and starts to drop to zero.

As demonstrated in Figure 2.1, an increase in solar insolation causes the output current to
increase and the vertical part of the curve to move rightward.  An increase in cell temperature
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causes the voltage to drop, while decreasing temperature produces the opposite effect.  Thus the
I-V curves display how a solar cell responds to all possible loads under a certain set of insolation
and cell temperature conditions.

An operating point of a solar cell will move by varying insolation, cell temperature, and
load values.  For a given insolation and operating temperature, the output power depends on the
value of a load resistance.  As the load increases (or the resistance decreases), the operating point
moves along the curve forward the right.  So only one load value makes the PV generator
produce maximum power.  A maximum power point trajectory, which is positioned at the knee
of the I-V curve, represents the nearly constant output voltage of the PV generator at varying
solar insolation condition.  When the temperature varies, the maximum power points are
generated in such a manner that the output current stays approximately constant.

A solar cell usually uses a p-n junction diode in a physical configuration to produce
photovoltaic electricity.  As the I-V curve demonstrates, a solar cell acts like a constant current
source under low load conditions and the current drops to zero at high loads.  Thus it can be
represented as an ideal current source.  Its equivalent circuit shown in Figure 2.2 precisely
explains what occurs in a solar cell [11].  The circuit consists of a light-dependent current source
and a group of resistances, including internal shunt resistance, Rsh, and series resistance, Rs.  The
series resistance should be as low as possible and its shunt resistance should be very high, so that
most of the available current can be delivered to the load.  Considering this assumption, the
characteristics of a solar cell can be expressed by the following equations [3].

V AKT
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I I I
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IRph o
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− +
−ln( )                                                      (2.1)
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                                  Figure 2.2  Equivalent circuit for a solar cell [11].



9

or

I I I
q V IR

AKTph o
s= −

+
−[exp{

( )
} ]1                                                 (2.2)

where

I I K Tph scr i= + −[ ( )]298 100
λ                                            (2.3)

I I
T
T

qE
BK T To or

r

G

r

= −( ) exp[ ( )]3 0 1 1
                                        (2.4)

From the above equations, we can conclude that the output current and voltage of a PV module
are affected by solar insolation and operating cell temperature.

The fill factor of a silicon solar cell is defined as the ratio of peak power to the power
computed by multiplying the open-circuit voltage by the short-circuit current.  That reflects how
much series resistance and how little shunt resistance there is in the solar cell.  A good fill factor
ranges from 0.6 to 0.8.  As the solar cell degrades with age, its series resistance tends to increase
resulting in a lower fill factor.

2.1.2  State of The Art in PV Power Generation

As solar cell manufacturing technologies improve steadily, commercial applications of
PV power generation have increased from stand-alone to utility-connected generating systems.
Interconnection and operation of a PV power unit are not same as electric utilities have been
doing for the conventional power plants.  It requires specific PV interface, protection schemes,
storage devices, and control mechanisms.  Especially because the PV power output is directly
affected by the changes of weather (solar intensity, temperature, etc.), it becomes considerably
complicated to efficiently control the PV power plant.

Kalaitzakis and Vachtsevanos [7] proposed a methodology for the effective integration of
photovoltaic devices into the electric utility distribution network operations.  They focused on
the storage requirements for control and stability purposes, power flow control, and power
modulating device contributing to the improvement of system stability.  System stability can be
improved by monitoring the variations in system frequency, utility grid bus voltage, and the real
power at the inverter output bus.  Finally, their simulation studies indicate that an application of
the proposed control approach may result in reduced load following requirements for
conventional power generating units, and better power quality and stability of the interconnected
system.
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Khallat and Rahman [49] presented the concept of adding fuel cells to provide
operational support to a PV system.  They determined the capacity credit of the PV system when
these are included in the utility generation mix.  The study indicated that the capacity credit of
the PV system continues to rise with increasing penetration up to 16.8% and then it decreases.
By the comparison of the capacity credit available and the fuel cell requirements, their net
difference increases from 4.2% to 16.8% penetration.  It was concluded that there is an upper
limit for PV penetration with fuel cell support for a power system.

Rahman and Kroposki [52] discussed a performance evaluation of crystalline and
amorphous silicon PV modules in the light of their capability to operate as a demand side
management (DSM) tool.  The analysis of collected data showed a significant difference in the
cell efficiency, which is 10% for the single crystalline cells and around 3% for the amorphous
cells.  The authors compared the plane-of-array insolations under different tilt conditions; the
largest gain in insolation due to 2-axis tracking over a semi-annual tilt change is 12.2% while the
smallest gain is 4.9%.

Hiyama et al. [21, 22] presented a neural network application to the identification of the
optimal operating point of PV modules and designed a PI-type controller for real-time maximum
power tracking.  Optimal operating voltages are identified through the proposed neural network
by using the open-circuit voltages measured from monitoring cells and optimal operating
currents are calculated from the measured short-circuit currents.  The output of the neural
network goes through the PI controller to the voltage control loop of the inverter to change the
terminal voltage of the PV system to the identified optimal one.

Ohnishi et al. [17] described applications of solar cells especially to residential areas such
as solar-powered air conditioners and grid-connected PV power generating systems.  Concerned
about the disadvantages of solar cells, namely that they cannot generate power at night and their
output fluctuates dramatically depending on solar intensities, they proposed a Global Energy
Network Equipped with Solar cells and International Superconductor grids (GENESIS) for
resolving these problems.  They forecasted that in the year 2000 the world energy demand will
be the equivalent of 14 billion kilo-liter of crude oil per year.  To meet that requirements,
800km2  of solar cells would be needed, assuming a conversion efficiency of 10%.  The study
concluded that that plan is quite feasible because about 4% of the world’s desert area would
suffice for that purpose.

Schaefer and Hagedorn [16] compared PV power generation with the conventional
power generation forms in terms of some environmental characteristics.  Solar power is the most
surface intensive power generation form due to its low efficiency and low energy density of
solar radiation.  They calculated the accumulated energy consumption in the fabrication of solar
cells and the construction of PV power plants, and, for single-crystalline solar cells, those values
are 11,000kWh/kWp and 12,200kWh/kWp, respectively.  The accumulated energy consumption
in the solar cell fabrication and PV power plant construction involves CO2 emissions, which can
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be estimated using emission factors within a given energy supply structure.  In the case of
Germany, equivalent CO2 emissions of PV power plants for a lifetime of 20 years are 70
gCO2/kWh for single-crystalline solar cells.

2.2  Batteries

2.2.1  Introduction (Lead-Acid Battery)

A storage battery is a chemical device reversible in its action, which stores chemical
energy for use later as electrical energy.  The chemical energy stored in electrodes of a battery
cell is converted to electrical energy when the cell is discharging.  Electrical energy is applied to
the battery during the operation of charging, so the electric current produces chemical changes in
the battery.

The most commonly used storage battery for utility applications is the lead-acid type.
The fundamental parts of a lead-acid battery cell are two dissimilar electrodes immersed in an
electrolyte, namely

Anode(-)   :  Spongy lead (Pb)
Cathode(+) : Lead dioxide (PbO2)
Electrolyte  : Dilute solution of sulfuric acid (H2SO4)

When a battery cell is connected to a circuit, it allows charge to flow around the circuit.
In its external part, the charge flow is electrons resulting in electrical current.  Within the cell,
the charge flows in the form of ions that are transported from one electrode to the other.  The
cathode, highly oxidized lead dioxide, receives electrons from the external circuit on discharge.
These electrons react with the cathode material, which leaves some lead free to combine with
sulphate ions to form lead sulphate.  Hydrogen ions move in to the cathode and combine with
oxygen to form water.  At the anode, reactions between the anode material and the sulphate ions
result in excessive electrons that can be donated to the external circuit.  In this way the chemical
energy stored in the battery is converted to electrical energy.

The chemical reaction occurred at the anode is

Pb + SO4
2- PbSO4 + 2e- 

Discharge

Charge
                                   (2.5)

and that at the cathode is
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PbO2 + SO4
2- + 4H+ + 2e- PbSO4 + 2H2O 

Discharge

Charge
        (2.6)

Therefore, the net reaction can be expressed as follows

PbO2 + Pb + 2H2SO4 2PbSO4 + 2H2O  

Discharge

Charge
              (2.7)

A battery system is a group of battery cells that supply dc power at a nominal voltage to
an electrical load.  The number of cells connected in series determines the nominal voltage of the
battery system, and the capacity of the battery system is the basic factor in determining the
discharge rate.  The voltage is the force enforcing each of the electrons coming out of the battery
and the capacity is the number of electrons that can be obtained from the battery.  While the
voltage is fixed by cell chemistry, the capacity is variable depending on the quantity of active
materials.  The discharge rate of a battery is given in terms of ampere-hours (Ah) to a particular
discharge voltage level.  For the lead-acid battery, its nominal cell voltage is 2V and the nominal
discharge voltage level is 1.75V/cell, or approximately 87.5% of the nominal cell voltage rating.

The equivalent circuit for a battery is shown in Figure 2.3.  The internal resistance is due
to the resistance of electrolyte and electrode.  Self-discharge resistance is a result of electrolysis
of water at high voltages and slow leakage across the battery terminals at low voltages.  The
overvoltage is modeled as an RC circuit with a time constant in the order of minutes [36, 37].

Lead-acid battery systems are a near-term solution to power regulation needs for electric
utilities. However, the technology has suffered from a slow acceptance into power markets due
to such factors as uncertain return on investment and difficulty in quantifying benefits.
Recently, there is worldwide interest to develop alternatives to lead-acid batteries that are able to
produce high performance at low cost.  Advanced batteries such as nickel-cadmium, sodium-
sulfur and zinc-bromine are likely to emerge in the next decade.

2.2.2  Nickel-Cadmium Battery

As the nickel-cadmium battery promoters claim its superiority over the lead-acid
batteries in spite of the high capital cost, there are several tries to adopt the nickel-cadmium
batteries for use in PV applications.  One major reason for that is its longer life and operational
reliability.  It is undamaged by complete discharge and overcharge.

The active material of the cathode is nickel hydrate with graphite and that of the anode is
cadmium sponge, with additives to aid conductivity.  The electrolyte is a solution of potassium
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             Figure 2.3  Equivalent circuit for a battery [36].

hydroxide (KOH), including a small amount of lithium hydroxide (LiOH) to improve capacity.
The charge-discharge reaction may be written as

2Ni(OH)3 + Cd 2Ni(OH)2 + Cd(OH)2
Discharge

Charge
              (2.8)

The nominal voltage of a nickel-cadmium battery on discharge is 1.2V.  When the
battery is connected to an external load, its voltage falls to a value depending on discharge rate
and state of charge.  The normal final discharge voltage is 1.05V/cell.  The battery is
characterized by a low self-discharge rate; its capacity drops to about 80% in a year under open
circuit conditions.  Its operating temperature range is between -50 to 60oC and the battery
capacity drops to half of the nominal capacity at -50oC.

Nickel-cadmium battery system contains its significant features for PV applications.
With respect to charging conditions, the nickel-cadmium battery offers more than 80% charging
efficiency, as high as a lead-acid battery does.  It does not suffer from complete discharge or
overcharge in contrast to the lead-acid battery and its annual maintenance is less costly that that
of the lead-acid battery.  At low temperatures there is a need for the lead-acid battery to be kept
in a high state of charge to avoid freezing, which would make it less cost effective over the
nickel-cadmium battery.
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A disadvantage associated with the nickel-cadmium battery is its memory effect and high
capital cost.  Repeated use in the same way causes the battery to adjust itself to a certain capacity
in relation to its load.  Its cost per ampere-hour of capacity is considered as another disadvantage
for wide use although the battery is promoted as an alternative to the lead-acid battery in PV
applications.

2.2.3  Sodium-Sulfur Battery

The sodium-sulfur battery operates at relatively high temperature ranging from 300oC to
380oC in order to maintain the sodium, sulfur and reaction products in liquid forms and to
obtain adequate electrolyte conductivity.  Unlike conventional battery systems that consist of
solid electrodes and liquid electrolytes for the reaction medium, the sodium-sulfur battery is
based on liquid electrodes and a β -alumina (Al O2 3) solid electrolyte.  The battery uses molten
sodium and molten sulfur as active materials for the anode and the cathode, respectively.  Its
operation relies on the property of β -alumina, which combines very low electronic conductivity
with an unusually high ionic conductivity, specially to sodium ions.  The overall chemical
reaction can be written as

2Na + 3S Na2S3

Discharge

Charge
                                              (2.9)

The operating discharge voltage characteristics are somewhat lower than those of lead-acid
batteries.  The sodium-sulfur battery would start at around 1.9V and finish at about 1.4V.

The sodium-sulfur battery possesses several potential advantages for energy storage
applications.  It is capable of quick responses to sudden changes from charge to discharge
conditions and vice versa, as well as sudden changes in load demand.  Its capital cost is projected
to be low compared to other advanced battery systems because the battery component materials
are relatively abundant and inexpensive.  A projected installation cost of $100/kWh is believed
achievable [34].  Energy efficiency of the sodium-sulfur battery is high at approximately 80%
and it does not self-discharge.  It possesses high volumetric energy density.  The projected
energy density of the battery is about 200Wh/kg compared to 35Wh/kg for lead-acid batteries.

There are a number of technical issues including cell reliability that must be addressed
before the technology is ready for commercial introduction.  Because sodium and sulfur are
hazardous materials, safety and environmental concerns must be considered in its fabrication,
operation and disposal.
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2.2.4  Zinc-Bromine Battery

The zinc-bromine battery is another promising system for PV power applications due to
inherent chemical simplicity, good electrochemical reversibility of the electrodes and low-cost
material.  It is a near-ambient temperature, flowing electrolyte system.  Its active materials are
stored externally in anolyte and catholyte reservoirs.  Upon charging the battery, an electrolyte
solution of zinc bromine ( ZnBr2 ) is passed through the battery with the aid of a circulator.  As
dc electricity is passed through the battery, zinc metal is deposited on the anode, and bromine
gas is generated at the cathode and then is carried away with the circulating electrolyte stream.
Upon discharge, circulation of the aqueous zinc bromine electrolyte carries bromine to the
cathode of the stack and current may be withdrawn from the battery.  Microporous polyethylene
separators are used to slow the direct reaction of the bromine-rich stream with zinc.  The overall
cell reaction is written as

Zn (s) + Br2 (g) ZnBr2 (aq)
Discharge

Charge
                                 (2.10)

where  s, g, and aq denote solid-, gas-, and aqueous-states, respectively.

There are several attributes of the zinc-bromine battery for applications of future energy
storage.  The majority of the battery’s components are made of low-cost, plastic materials.
Inexpensive construction materials coupled with low fabrication expenses result in favorable
capital cost projections.  It can be assembled in modular fashion using standard cell stacks,
allowing the user to increase capacity to meet future requirements.  The near-ambient
temperature operation does not require the complex thermal management necessary in some
high-temperature systems.  It can be repeatedly deep discharged without performance
deterioration.  Its energy efficiency is not as high as that of the competitors, roughly 60-70%.

However, there are a number of key technical issues related to the reliability and
performance of the battery.  The efficiency of the battery system is somewhat lower than other
systems, due to resistive losses in the separators, electrolyte, and electrodes.  The system’s
mechanical complexity creates a good deal of maintenance requirements including pump repair
and stack replacement.  Additionally, the safe handling, storage and disposal of zinc-bromine
batteries must be considered because bromine is a toxic material.

2.2.5  Battery Applications to Power Systems

The future electric power system is estimated to be uncertain and potential capacity
shortages, competitive power markets and increasing environmental regulations will create
further stresses on the interconnected power network.  The roles of storage facilities, especially a
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battery energy storage (BES) system as power regulation and energy management are being
recognized as a practical solution to future operating uncertainty.

BES systems have been interesting power utilities as an option to supply power at peak-
time to achieve load leveling.  For example, Southern California Edison’s Chino battery plant
has demonstrated the capability of lead-acid batteries to satisfy the utility’s operational and
performance requirements for load leveling.  Recently, other dynamic benefits of BES have been
identified, such as load following, spinning reserve, power factor correction, long line
stabilization, and voltage and frequency regulation, etc. [34, 38].  The BES system is predicted
to become an economically attractive option for utilities in the future due to those benefits
coupled with the ability to provide peak power.

Abraham et al. [32] presented the major types of batteries being developed for load
leveling and a generic description of the balance of plant (BOP).  It is used to define the
components needed to integrate the battery facility with an electric system.  Four different
battery types considered are lead-acid, zinc-bromine, zinc-chloride and sodium-sulfur.  The
major BOP subsystems for load-leveling batteries include dc-ac interface equipment, converter,
battery enclosures, control and safety systems.  The technical considerations are protection
against faults on the ac and dc side of converter, selection of the proper size and type of
converter, and master site controller to safely monitor and control the battery facility, etc.

Ball et al. [39] developed and tested a prototype 250kVA modular BES system for utility
peak shaving applications.  The modules contain forty-eight 12V Delco-Remy 2000 batteries,
which are lead-calcium batteries constructed for deep cycling.  The battery system was
demonstrated for four quadrant, full real and reactive power control in either charge or discharge
mode, and energy capacity grew when discharging at lower power levels.  Batteries and
electronic power converters inherently respond quickly to changes in power command, so full
power is reached from standby power within four 60Hz cycles.  Thus the transition time lag
(from pressing a key on the PC keyboard to the transition ended) was typically about 2 seconds.

Jung et al. [86] proposed a method of determining the installation site and optimal
capacity of the BES system for load leveling by comparing the load pattern of the main
transformer in a distribution subsystem with the load pattern of the power system.  If the load
factor improves, the location is considered to be a BES installation site.  Then its optimal
capacity is determined by the given operation pattern, the charging and discharging
characteristics, and efficiency.  They estimate that the load shifting amount be 300-400MW and
the improvement of daily load factor be 5%.

Kottick et al. [38] demonstrated the impact of a 30MW BES facility on the frequency
regulation in the Israeli isolated power system by utilizing its quick response time.  The
operation of the BES unit is modeled as a first order transfer function.  The BES facility is
designed to operate at an average energy level of 70% of its energy capacity.  It should not be
discharged to a level below 40% of its capacity and should be able to supply 30MW for a period
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of 15 minutes.  This requires the BES with an energy capacity of 25MWh.  The simulation
conditions are that the maximum load disturbance is 30MW, its power gradient is 10MW/sec,
and the time constant of the BES facility is 0.5 seconds.  The computer simulation indicated that
the BES facility reduces drastically the frequency deviations resulting from sudden demand
variations.

Lu et al. [40] proposed an incremental model of BES system for investigation of its
application to load-frequency control.  A computer model of a two-area interconnected power
system including governor deadband and generation rate restraint is employed for a realistic
response.  Taking as the feedback signals the frequency deviations and area control errors, the
BES system is effective in damping the oscillations caused by load disturbances.  The analysis
illustrated that, for an area of 2000MW capacity, a 5MW/20MWh BES is sufficient if the
maximum load disturbance is 0.005 p.u.

Salameh et al. [36, 37] presented a mathematical model of a lead-acid battery, which take
into account self-discharge, battery storage capacity, internal resistance, overvoltage and ambient
temperature, and evaluated the ampere-hour capacity of a lead-acid battery using that
mathematical model.  Change in end voltages, rates of charge and discharge, and temperature all
do not affect the battery model to represent the behavior of a lead-acid battery.  They also found
that the capacity decreases with a decrease in temperature, and an increase in rate of charge and
discharge.

Kunisch et al. [31] presented an interesting paper, saying that load leveling operation of
BES plants is not economical in Europe but it can show operational and economical advantages
for load-frequency control and instantaneous reserve operation.  The economy of a load leveling
BES is largely depending on the prevailing load curve characteristics.  Relying on the shape of
the load peaks reasonable load reductions range from 5% to 15% of the peak load for peaking
periods shorter than 3 hours.  For most European utilities, the system load exceeds 90% of the
daily peak load for at least 8 hours.  Under these conditions, it was said that gas-turbines with or
without compressed air storage and pumped hydro plants are more economical for peaking load
than BES units.

2.3  Fuel Cells

2.3.1  Background Information

It looks exceptional that fuel cells have not been widely commercialized for power utility
applications since sulfuric acid fuel cells were invented 150 years ago by an Englishman,
William Grove.  The great promise of fuel cells as a means for efficient production of electricity
from the oxidation of a fuel has been recognized again due to the growing interest in
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environmental concern about global warming and decreasing conventional power generating
sources.

The fuel cell is an electrochemical device that converts the free-energy change of an
electrochemical reaction into electrical energy.  The simplest overall fuel cell reaction is

H O H O electricity2
1
2 2 2+ → +                                                     (2.11)

The free-energy change of this reaction under standard conditions of temperature and pressure
(25oC, 1 atm) is 56.32kCal/mole.  The number of electrons transferred in this reaction is 2 and
the reversible potential is 1.229V.  Even if there were no efficiency losses in H O2 2−  fuel cells,
heat would still be rejected from a fuel cell.  Thus, the theoretical efficiency of the fuel cells at
25oC is 83%.

The performance of a fuel cell that operates at low and intermediate temperatures of 25-
200 oC is illustrated in Figure 2.4 [19].  That figure, a typical cell voltage versus current density
plot, explains the important role of electrode kinetics on its performance.  The following relation
may represent the performance equations when the current density varies from zero to the end of
the linear region.

E E b I RIf f f f= − −0 log                                                            (2.12)

where
E E b If r f0 0= + log                                                          (2.13)
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    Figure 2.4  Typical plot of cell voltage vs. current density for a fuel cell [19].
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The low electrocatalytic activity of most electrode materials for the oxygen electrode reaction
causes the difficulties in attaining high energy efficiencies and high power densities in low- to
medium-temperature fuel cells.  Fuel cell performance can be increased by increasing cell
temperature and reactant pressure.

The equivalent circuit for a fuel cell is depicted in Figure 2.5 [24].  The equivalent steady
state dc resistance is high but the transient impedance is low.  The low transient impedance will
make fuel cell response much faster than any conventional generating system.

It should be remembered that fuel cells will use the same primary fuels as conventional
power generation forms, and fuel cells must be economically competitive with these
conventional systems.  Therefore, fuel cells do not offer a real energy alternative but contribute
to energy savings because of their intrinsic high efficiency.

The reliability of fuel cells for steady power generation has been proven in the U.S.
aerospace program.  Design reliability (mean time to failure) greater than 95% has been
achieved consistently under the stringent conditions of space flight.  The design reliability
required for most terrestrial uses is lower than those needed for aerospace applications.
However, terrestrial units require reliability during much longer total operating periods.  It is
expected that the first generation of commercial fuel cell power generation systems will have an
on-stream availability of 90%.  Ultimately, fuel cell power plants can have on-stream availability
of 98-99%.
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                                    Figure 2.5  Equivalent circuit of a fuel cell [24].
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The high reliability of a fuel cell system will largely result not only from the modularity
of the stacks and stack components, but from their lack of highly stressed moving parts operating
under extreme conditions.  It operates under relatively benign conditions, so it can be designed
such that maintenance is required only at infrequent intervals.  A plant could be operated at full
power during periods of routine maintenance by replacing spare modules.  Without spare parts,
plants could be designed so that only partial shutdown will be necessary in the event of failure.

Any low-temperature fuel cell system must take several fuel-processing steps to produce
hydrogen that will be consumed inside the fuel cell stacks.  The most effective way to produce
the hydrogen is by steam-reforming of hydrocarbon fuels.  First, fuel purification to avoid
poisoning of the steam-reforming catalyst is required, which is done by hydrodesulfurization.
This is followed by reforming and carbon monoxide (CO) shift reaction to reduce any residual
CO values to acceptable levels.  The above reactions are endothermic, so they need a net heat
input from the fuel used or from any available heat.  High-temperature heat is required for the
reforming, typically 750 - 800oC.  Unless this heat can be given directly by the waste heat from a
high-temperature fuel cell, it must be provided by burning excess fuel.

Since the energy crisis of 1973, which was instrumental in the renaissance of fuel cells, it
has been customary to classify fuel cells by the types of electrolyte: alkaline, phosphoric acid,
molten carbonate, solid oxide, and solid polymer.  The alkaline fuel cell system being used in
space shuttle flights is a strong contender for NASA’s lunar and Mars missions, and the solid
polymer fuel cells are being developed for applications to transportation.  Table 2.1 summarizes
the characteristics of three major fuel cell systems that contain great potentials for power utility
applications.

2.3.2  Phosphoric Acid Fuel Cell (PAFC)

Phosphoric acid technology has moved from the laboratory research and development to
commercial application.  The principal obstacle against widespread commercial acceptance is
cost.  Capital costs of about $2500 - $4000/kW must be reduced to $1000 - $1500/kW if the
technology is to be accepted in the electric power markets.

The basic cell structure is similar to that of a battery.  It consists of an anode, a cathode
and an electrolyte.  The anode and cathode are made of a porous graphite substrate treated with a
platinum catalyst, having the surface adjacent to the electrolyte.  The electrolyte matrix retains
the concentrated phosphoric acid and its thickness is in the range between 0.01 and 0.03 cm.
The electrolyte matrix has minimum ionic resistance while separating the fuel and oxidant gas
streams.

The PAFC system operates at 180 to 210oC.  At lower temperatures, phosphoric acid is a
poor ionic conductor.  At higher temperatures, material (carbon and platinum) stability becomes
limiting.  The chemical reactions occurred at two electrodes are written as follows:
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                                   Table 2.1  Comparison of three types of fuel cells.

   

Electrolyte Phosphoric acid
      ( )H PO3 4

Lithium carbonate 
Potassium carbonate 

( )Li CO2 3

( )K CO2 3

Yttria-stabilized zirconia
( )ZrO2

Working temp.

Efficiency

Current density

Cell voltage

Advantages

Disadvantages

180 - 210 600 - 700 900 - 1000

PAFC MCFC SOFC

40 - 45 %   50 - 60 % >60 % (projected)

150 - 350 100 - 250

0.6 - 0.7 V     0.7 - 0.85 V

- Tolerant to
- Most advanced 

CO2 - No noble catalysts required
- CO is usable fuel
- Internal reforming in cells
   is feasible
- High-grade heat is available

- No noble catalysts 
   required
- CO is usable fuel
- Internal reforming in
   cells is feasible
-         recycling not 
   required 

CO2

- Catalysts require
   noble metals
- CO is an anode 
   poison
- Low conductivity
   electrolyte

-         source required for
   cathode

- Relatively high 
   electrolyte resistivity

CO2

mA cm/ 2 mA cm/ 2

oC oC
oC

100 - 300 mA cm/ 2

0.6 - 0.7 V

Fuel H2 H2 and CO H2 and CO

Fuel cell

Characteristics First generation              Second generation                  Third generation 

At anode:      2 4 42H H e→ ++ −                                                                 (2.14)

At cathode:   O H e H O2 24 4 2+ + →+ −                                                       (2.15)

    Overall:      2 22 2 2H O H O+ →                                                              (2.16)

PAFCs can today meet the environmental, efficiency and endurance characteristics that
are required for utility service.  Projected costs for building PAFC systems appear marginal
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when compared with costs for alternative power plants.  The first utility application would be as
a dispersed power generator fueled by a natural gas.  However, PAFCs may find applications in
coal-fired central-station power plants with coal gasifiers.  With the current emphasis on
cogeneration, it is also possible that the PAFC’s unique environmental character will lead to its
early use in applications where its electric and thermal energy can be employed.

2.3.3  Molten Carbonate Fuel Cell (MCFC)

Molten carbonate technology is attractive because it offers several potential advantages
over PAFCs.  Carbon monoxide, which poisons the PAFCs, is indirectly used as a fuel in
MCFCs.  The higher operating temperature of approximately 650oC  makes the MCFCs a better
candidate for combined cycle applications.  This technology is on the stage of prototype
commercial demonstrations and main development efforts are focused on large multi-MW
central-station power plants with a coal gasifier.  This is partially due to their high operating
temperature and the problems inherent in starting (heating) and stopping (cooling) MCFC power
plants.  Their capital costs are expected to be lower than those of PAFCs.

The MCFC structure is geometrically very similar to that of the PAFC, but the materials
used are very different from those used in the PAFC.  The anode consists of a porous nickel
treated with an insoluble oxide to reduce sintering.  The cathode is similar to the anode except
that it uses nickel oxide doped with lithium to give electronic conductivity.  MCFCs use an
alkali metal (lithium or potassium) carbonate as the electrolyte.  Since these carbonates can
function as electrolytes only when in the liquid form, the operating temperature should be
maintained above the melting points of the carbonates.  The following equations illustrate the
chemical reactions that take place inside the cell.

At anode:      2 2 2 2 42 3
2

2 2H CO H O CO e+ → + +− −                                   (2.17)

         and      2 2 4 43
2

2CO CO CO e+ → +− −                                                (2.18)

At cathode:   O CO e CO2 2 3
22 4 2+ + →− −                                                   (2.19)

    Overall:    2 22 2 2H O H O+ →                                                                (2.20)

                     2 22 2CO O CO+ →                                                               (2.21)

A consequence of these reactions is that CO2 must be recycled from the anode to cathode.  Waste
heat from the fuel cell can be available at a relatively high temperature (greater than 500oC),
which enables its use in bottoming or industrial heating cycles.
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A fuel cell system must include fuel conversion process by external or internal reforming
from sulfur-free hydrocarbon gas to hydrogen-rich gas.  For large central MCFC power plants,
efficient external reforming may be recommended because of the effects of scale and high-
energy efficiency.  However, for smaller dispersed units, internal reforming has the advantages
of simplicity and direct use of part of heat generated in the cells.

2.3.4  Solid Oxide Fuel Cell (SOFC)

Solid oxide technology requires very significant changes in the structure of the cell.
SOFCs employ a tubular stack configuration.  As the name implies, SOFCs use a solid,
nonporous metal oxide electrolyte such as stabilized zirconia, so the electrolyte does not need to
be replenished during the operational life of the cells. This simplifies design, operation and
maintenance as well as having the potential to reduce costs.  This offers the stability and
reliability of all solid-state construction and allows higher temperature operation.  The ceramic
make-up of the cell lends itself to cost-effective fabrication techniques.

The anode is typically a porous nickel-zirconia cermet that serves as the electrocatalyst,
which can be electronically conductive, allow fuel gas to reach the electrolyte interface, and
catalyze the fuel oxidation reaction.  The cathode consists of a discontinuous catalyst layer
coated with a porous, doped indium oxide.  The cathode must conduct electrons, allow oxygen
to reach the electrolyte interface, and catalyze the reduction of oxygen to oxide ions.  The
chemical reactions inside the cell may be written as follows:

At anode:      2 2 2 42
2

2H O H O e+ → +− −                                                   (2.22)

          and     2 2 2 42
2CO O CO e+ → +− −                                                    (2.23)

At cathode:   O e O2
24 2+ →− −                                                                   (2.24)

    Overall:    2 22 2 2H O H O+ →                                                                (2.25)

                     2 22 2CO O CO+ →                                                               (2.26)

SOFCs offer advantages similar to those of MCFCs, such as good performance on fuels
containing hydrogen and carbon monoxide, no need of noble-metal catalysts, and the availability
of high-grade waste heat.  The tolerance to impure fuel streams makes SOFC systems especially
attractive for utilizing H2 and CO from natural gas steam-reforming and coal gasfication plants.
Additionally, they do not suffer the constraint of MCFCs that require a carbon dioxide recycle to
the cathode.
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2.3.5  Fuel Cell Power Systems

Fuel cells are known to possess a great number of attributes that make them attractive for
the purpose of power generation.  The inherent modularity in their production contains the
feature less sensitive to size.  It enables them to be added successively.  Fuel cells have high
efficiency and relatively flat efficiency characteristics that make them useful for part-load
operation.  Fuel cells can utilize a variety of fuels such as natural gas, coal-derived gas, biogas
and methanol, and they are able to respond very fast to load changes.  Their low noise and
emissions and negligible water requirements allow them much more flexibility in siting.
Because of those benefits, fuel cells have continuously been under research and development
despite their high initial cost right now.

Bell and Hayman [26] reviewed the electric utilities’ efforts to develop fuel cell
technology including the siting and construction of the 4.5MW phosphoric-acid fuel cell (PAFC)
demonstrator in New York City.  The study suggested that if PAFCs were available with a cost
of about $400/kW and a heat rate of 9300Btu/kWh, they would be attractive for intermediate
duty generation.  These fuel cell units would capture about 27% of capacity additions competing
against nuclear, oil-fired intermediate, and gas turbine units.

Rahman and Tam [1] presented to use fuel cells in coordination with PV systems.
Through simulation using actual data from a PV test facility, it was shown that it is feasible to
use the PV-fuel cell hybrid system to meet variable loads for either utility or stand-alone
applications.  Operation of the hybrid system overcomes the intermittence problem inherent in
PV and makes photovoltaic electric power generation more attractive.

Tam and Rahman [2] proposed an augmented power conditioning subsystem (APCS)
applied at central station photovoltaic-fuel cell power plant in order to improve the power
system performance.  By using phase shift control, real and reactive power can be controlled
independently and a variety of operation and control modes are developed for different system
situations.

Matsumoto et al. [28] discussed a performance model of a molten carbonate fuel cell
(MCFC) for any cathode gas composition by single-cell experimental data.  The study
investigated three different systems (that is, external reforming (ER), direct internal reforming
(DIR), and indirect internal reforming (IIR) system) and compared their performances.  A DIR
system can achieve about 6% higher electric power generation efficiency than an ER system, and
about 5% higher than a IIR system.

Hsu et al. [79] is proceeding on development of a hybrid system of a SOFC with a gas
turbine, which utilizes the high temperature exhaust gas from the fuel cell system.  The hybrid
system is potentially capable of reaching electrical efficiencies around 70% assuming the fuel
cell efficiencies from 50 to 55%.  They plan to provide the products to customers at a system
price below $1000/kW.
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Ruhl et al. [80] have completed preliminary designs and tests for 20 kW SOFC modules
for stationary distributed generation applications using pipeline natural gas.  The system’s NOx

emission level is less than 3 lb/GWh while its efficiencies range from 45 to 50%.  Its dynamic
response capability is less than 4 sec at a load increase from 1 to 100% output, and less than 2
msec at a load decrease from 100 to 1%.

2.4  Neural Networks (NNs)

2.4.1  Neural Network Background

Artificial neural networks (ANNs) are information processing systems.  Neural networks
can generally be thought of as “ black box” devices that accept inputs and produce outputs.
Some of the characteristics that NNs perform include

(i)    Classification
(ii)   Pattern matching
(iii)  Pattern completion
(iv)  Noise removal
(v)   Optimization
(vi)  Control

Figure 2.6 shows a typical neural network that consists of processing elements (PEs or
neurons) and weighted connections.  The connection weights which store the information are
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                                            Figure 2.6  A typical neural network.
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often determined by a NN learning procedure.  The neural network illustrates several important
features such as (i) each PE acts independently of all others, (ii) each PE relies only on local
information, and (iii) the large number of connections provides a large amount of redundancy
and facilitates a distributed representation of information.  The first two features allow NNs to
operate efficiently in parallel.  The last feature provides NNs with inherent fault-tolerance and
generalization qualities that are very difficult to obtain from typical computing systems.  In
addition to these features, NNs are able to learn arbitrary nonlinear mappings through
introduction of nonlinearity in PEs.

PE activation functions map a processing element’s infinite domain to a prespecified
range.  Although abundant activation functions are possible, the following five functions are
usually employed by the majority of NNs:

                  (i)   Linear function
                  (ii)  Step function
                  (iii) Ramp function
                  (iv) Sigmoid function
                  (v)  Gaussian function

Except for the linear function, all of the functions introduce a nonlinearity in the network
dynamics by limiting the output values within a fixed range.

NNs consist of layer(s) of processing elements interconnected by weighted connections.
The arrangement of the PEs, connections, and patterns into a NN is referred to as a topology.
Four common NN topologies may be written as

                  (i)   Instars, outstars, and the ADALINE
                  (ii)  Single-layer networks
                  (iii) Two-layer networks
                  (iv) Multilayer networks

The instar is the minimal pattern encoding network.  The outstar is the dual of the instar and is
the minimal pattern recall NN.  The ADALINE (ADAptive LInear NEuron) has the same
topology as the instar, but the weights are adjusted by using the least-mean-square algorithm.
One-layer NNs are used to perform pattern processing tasks such as pattern completion, noise
removal, and optimization and two-layer NNs are used for pattern matching and pattern
classification.  Application fields of multilayer NNs are pattern classification, pattern matching,
and function approximation.  For the question of how many layers are enough for a given
problem, it was proven that three layers (one hidden layer) are sufficient to perform any
nonlinear mapping to any desired degree of accuracy.  Although this is a very important result, it
still does not indicate the proper number of PEs in hidden layers.
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The most appealing quality of NNs is their ability to learn.  Learning is defined as a
change in connection weight values that results in capture of information.  All learning methods
can be classified into two categories: supervised and unsupervised learning.  Supervised learning
is a process that requires an external teacher whereas unsupervised learning is a process that
incorporates no external teacher and relies upon only local information during the entire learning
process.  The six most famous learning methods are listed as

                  (i)   Hebbian learning
                  (ii)  Differential Hebbian learning
                  (iii) Competitive learning
                  (iv) Two-layer error correction learning
                  (v)  Multilayer error backpropagation learning
                  (vi) Stochastic learning
Table 2.2 describes five key attributes of the neural network learning algorithms mentioned
above.

2.4.2  NN Applications to Power Systems

Applications of artificial neural networks to power systems have advanced rapidly in
recent years.  NNs have been widely applied for solving various power system problems
including security assessment [60, 63, 68], stability analysis [61, 64, 67], tuning of power system
stabilizers [62, 72], generator shedding problem [65], fault identification [66, 71], unit
commitment [69], subsynchronous resonance oscillation [70], VAR control [73], load
forecasting [74], economic/

                      Table 2.2  Key attributes of the principal learning procedures [59].

   

Hebbian learning

Differential Hebbian learning

Competitive learning

Two-layer error correction

Error backpropagation

Stochastic learning

Fast                    On-line     Unsupervised    Linear         Structural

Fast                    On-line     Unsupervised    Linear         Structural

Slow                   On-line     Unsupervised    Linear          Structural

Slow                   Off-line     Supervised        Linear          Both

Very slow            Off-line     Supervised       Nonlinear     Both

Extremely slow   Off-line     Supervised       Nonlinear     Structural

Learning algorithm

Learning            On-line/     Supervised/       Linear/        Structural/

Time                  Off-line      Unsupervised    Nonlinear    Temporal
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environmental dispatch [75], and voltage stability assessment [76].  The success of these works
results from the fact that NNs are capable of solving a complicated problem in an efficient way
by performing parallel processing on the information distributed over a number of neurons
(processing elements).

Chen and Hsu [61] developed a new learning method of multilayer NNs (one hidden
layer) for the steady-state stability analysis of a synchronous generator.  The inputs of the NN
are the real power output and power factor of the generator and power system stabilizer (PSS)
parameters.  The output of the network provides the information on steady-state stability.  Their
learning algorithm is that the outputs of hidden layer neurons are binary-valued (0 or 1)
depending upon the inputs, and then the value of the output neuron is decided as the “ Boolean
AND” operation of the binary hidden-layer outputs.  By the computer simulation, it is found that
the proposed learning method converges faster and its misclassification rate is lower than the
error backpropagation method.  The misclassification rate of the proposed method is 3.5% on 10
minutes of learning time.

Ikenono and Iwamoto [64] presented a generalized online technique for transient stability
analysis using the backpropagation algorithm.  The NN consists of one input layer, one hidden
layer and one output layer.  The numbers of neurons in the input, hidden and output layers are
32, 15, and 1 respectively.  The output neuron denotes the critical breaker clearing time and the
input neurons include magnitude of bus voltage, angle of bus voltage, generator output power,
load power, inertia constant of generator and existence of alteration in system configuration.
Simulation results indicate that the proposed technique gives desirable solution if critical
clearing time is short, but when critical clearing time is rather long, the proposed method gives
some results requiring a longer time.

Hsu and Chen [62] proposed a new approach using an ANN for adapting PSS
parameters.  It is desirable to adapt the PSS parameters in real time based on generator loading
conditions in order to have good damping characteristics over a wide range of operating
conditions.  They used a multilayer feedforward NN (two hidden layers) with the error
backpropagation learning rule.  The inputs to the NN contain generator real power output and
power factor, which characterize generator operating conditions.  The outputs of the network are
the desired PSS parameters.  It is concluded from the simulation results that the generator can
maintain good damping features over a wide range of operating conditions when the PSS
parameters are adapted by the ANN.  The generator with fixed PSS parameters does not yield
satisfactory dynamic responses when the operating condition is severely perturbed.

El-Keib and Ma [76] investigated voltage stability problem resulting from system heavy
loading and proposed a multilayer feedforward ANN with error backpropagation learning for
calculation of voltage stability margins.  The proposed method uses an energy function, derived
from a vector integration of the real and reactive power mismatch equations between a stable
equilibrium point and an unstable equilibrium point, to provide a quantitative measure of system
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vulnerability to voltage instability.  Sensitivity of the energy margin with respect to system
variables provides information regarding the most effective direction to steer the system to
maximize voltage stability.  As input candidates to the NN, real and reactive powers at all buses
as well as real and reactive power outputs of all generators are applied.  Then a reasonable
number of inputs are selected by the sensitivity method.  The analysis reveals that the system
exhibits quite different response scenarios as system loading conditions vary.  Moreover, the
sensitivity method causes the NN to produce less accurate estimation of voltage stability margin
when operating states are near the collapse point.

Sidhu and Ao [77] proposed an adaptive loss evaluation algorithm based on NN using
backpropagation for power transmission systems.  A three-layer feedforward network is
employed because it can model complex mapping functions reasonably well.  Real and reactive
powers of generators and loads, as well as voltage magnitudes at voltage-controlled buses are
chosen as inputs to the NN, and total system losses are the output.  The computed capacity losses
from the NN are as close as those obtained by load flow studies; the maximum error is 1.8%.
The proposed network can be used to predict capacity and energy losses as a part of off-line load
forecasting.  For on-line applications, it can be used to monitor the actual capacity losses in the
system.

King et al. [75] applied the Hopfield neural network to optimal economic/environmental
dispatch of thermal generating units in an electric power system.  A multi-objective function is
adopted to minimize both the total fuel cost and NOx/SO2 emissions of thermal units.  They
introduced an energy function of state variables that maps the economic/environmental dispatch
problem to the Hopfield domain.  The Hopfield model, a single layer recursive NN, is created
with N neurons, one for each generating unit.  The output value of each neuron represents the
generation value of each unit.  Computation results indicated that the cost of generation increases
as emission levels decrease and including transmission losses in the dispatch problem
complicates obtaining the optimal solution.

2.5  Power Conditioning Subsystems (PCSs)

2.5.1  Background Information

Photovoltaic or fuel cell power systems, which generate power as dc electricity, require
power conversion devices from dc to ac in order to provide power to the transmission and
distribution network of a utility grid.  There are other applications, where it is necessary to be
able to control power flow in both directions between the ac and dc sides.  Examples of such
applications are converters in battery and supermagnetic energy storage or high-voltage dc
power transmission.
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The dc to ac power conversion is accomplished in phase-controlled (uncontrollable
frequency) converters by means of thyristors (sometimes termed SCRs).  This device is one
member of controllable switches.  SCRs have the following distinct characteristics.

* Turning on an SCR requires applying a positive signal to its gate while its anode-
cathode voltage is positive.

* Once the SCR is on, it remains on independent of a signal at its gate until its anode
current goes to zero.  That means that once the SCR is on, it behaves like a diode.

* When the anode current goes to zero, a small amount of time, called turn-off time,
must elapse before a positive anode-cathode voltage can be reapplied to the SCR.

A phase-controlled converter requires that the external ac system be a voltage source,
typically ac utility line.  This condition is necessary because the phase-controlled converter uses
the reversal of the ac voltage to drive the commutation process.  Therefore the ac frequency in
the converter is constrained to be that of the ac source.

In the past these phase-controlled converters were used for controlling the flow of
electric power in a number of applications such as high voltage dc transmission, even though
they contain a major drawback that they cannot be turned off by a gate signal.  Owing to the
availability of controllable switches such as bipolar junction transistors (BJTs), metal-oxide-
semiconductor field effect transistors (MOSFETs), gate-turn-off thyristors (GTOs), etc., usage
of the early thyristors is nowadays restricted to a specific application.  This is because these
controllable switches can control both the ac voltage and frequency, and these circuits are called
variable-frequency dc-ac converters.  The progress in semiconductor technology will
undoubtedly lead to higher power ratings, faster switching speeds, and low costs.  Of the many
controllable switches, GTOs show a great capability for high voltages and large currents.

Figure 2.7  shows a basic single-phase variable-frequency full bridge inverter [87].  If
L/R is greater than π ω/ , the third harmonic component of ia is on the order of 10% of its
fundamental and the current is written as
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     Figure 2.7  (a) A variable-frequency full bridge inverter.  (b) Waveforms of the ac voltage
           and current [87].
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From this analysis the power depends on δ , and therefore the power can be controlled
only by varying δ or Vdc.  This is because the power factor is fixed in the passive load of Figure
2.7 (a).  If the resistive load in Figure 2.7 is replaced with an ac voltage source, θ  in addition to
δ  can be used as a control variable.

2.5.2  PCU Applications to Renewable Power Sources

Large scale grid-connected photovoltaic or fuel cell power plants require power
conversion from the dc generated from the power plants to the ac of a three-phase power utility
network.  Efficient control of dc to ac power conversion devices, design of a new inverter circuit
for photovoltaic energy feedback into a utility grid, and modeling of an inverter with different
types of commutation are discussed.  Michaels et al. [55] presented simulation techniques for
line-commutated and self-commutated three-phase bridge inverters.  They represented the
system by different sets of differential equations depending upon the states of the switches in the
circuit.  As a result, they have found that the self-commutated inverter is more suitable for the
application to a fuel cell system than the line-commutated inverter.  They, finally, proposed that
this kind of inversion device should have features such as high conversion efficiency, low capital
and operating costs, compatibility with utility system interface, and operating flexibility for
control of voltage and real/reactive power.

Dugan et al. [44] studied harmonic distortions in voltage and reactive power correction
from 6.6kW line-commutated inverters in 100 photovoltaic house subdivision, which is
equivalent to approximately 7% penetration on the 10MVA distribution feeder.  Under common
conditions the total harmonic distortion (THD) caused by the inverters is around 2-3%, and
under the worst conditions it reaches 6.2% on one feeder and 4.8% on the other.  The study
indicated that the THD levels are strongly influenced by the power factor correction capacitors
on the distribution feeder, and each line-commutated inverter consumes up to 4kVar of reactive
power at peak output.

Boegli and Ulmi [8] realized a new regulated utility interactive inverter for direct
residential photovoltaic energy feedback to a public utility grid.  A modulated buck converter
converts the photovoltaic dc current to a rectified 50-Hz sine wave current and the following
self-commutated half-bridge inverter generates a 50-Hz sine wave current.  It is, then, fed into
one phase of the public utility grid.  The new inverter needs only three power transistor switches
and a transformer for isolation between the PV array and the grid.  The yearly overall efficiency
of the 1-kW prototype is 88% and the total harmonic distortion is 1% at 1kW.

Wasynczuk [5, 6] described simplified computer models of three-phase line-commutated
and self-commutated utility interactive photovoltaic inverter systems for applications to transient
stability analysis.  The computer simulation indicated that the simplified models are reasonably
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accurate when used to predict the PV system response following step changes in the inverter
delay angle, rapid decreases or increases in solar insolation and step changes in ac voltage
magnitude or phase.

R. Naik [89] presented a new topology for interfacing of PV, wind-electric and fuel-cell
systems with a utility grid.  The interface consists of a 3-phase dc-ac line-commutated inverter
and dc-dc converter.  The firing angle of the 3-phase inverter is kept at a constant value and the
power flow from the dc source to the utility is controlled by the dc-dc converter.  A constant-
extinction angle control scheme is used, which is common in converters for the HVDC
transmission systems.  The total harmonic distortion (THD) in line currents is 3.9% at simulation
and that is 5.9% at experiment results.

W. Shireen and M.S. Arefeen [90] proposed a modified inverter switching technique for
the interface with a utility grid such that the ac output of the 3-phase pulse-width modulation
(PWM) inverter becomes immune to fluctuations in the unregulated dc input, such as battery,
fuel cells, PV cells, etc.  The proposed method is a feedforward approach to suitably alter the
modulating function for inverter switching control to counter the fluctuation in the input dc
voltage.  If the input voltage increases, the width of the PWM pulses decrease and if the input
voltage decreases, the width of the PWM pulses increase.  The response time for accommodating
input voltage variation is limited by the delay of the control circuit.  The experiment results
reveal that the lower order harmonics of the output voltage are effectively canceled.
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                                                           CHAPTER  3

       BATTERIES OR FUEL CELLS FOR PV POWER BACKUP

As energy storage devices, batteries continue to be applied to electric power utilities for
drawing benefits of peak shaving and load leveling.  Battery energy storage facilities provide the
utilities additional dynamic benefits such as voltage and frequency regulation, load following,
spinning reserve, and power factor correction [34, 38].  Applications of the storage batteries to
power systems are predicted to grow in the future due to those benefits coupled with the ability
to provide peak power.

Fuel cell power generation is another attractive option for providing power for electric
utilities and commercial buildings because of its high efficiency and environmentally benign
feature.  This type of power production is especially economical (i) where potential users are
faced with high cost in electric power generation from coal or oil, (ii) where environmental
constraints are stringent, or (iii) where load constraints of transmission and distribution systems
are so tight that their new installations are not possible.

Both batteries and fuel cells have their own unique contributions to electric power
systems as discussed above.  Those two power sources also contain a great potential to back up
severe PV power fluctuations under inclement weather conditions.  In this chapter comparison
between batteries and fuel cells is carried out in detail only for their PV power backup options,
so their common attributes and different attributes will be discussed.

3.1  Common Attributes

Photovoltaic power outputs vary depending mainly upon solar insolation and cell
temperature.  Since control of the ambient weather conditions is beyond human beings’
capability, it is almost impossible for human operators to control the PV power itself.  Thus, a
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PV power generator may sometimes experience sharp output power fluctuations owing to
intermittent weather conditions, which causes control problems such as load frequency control,
generator voltage control and even system stability analysis.

There is, therefore, a need for backup power facilities in the PV power generation.  As
mentioned in Chapter 1, batteries and fuel cells are the most likely technologies to provide the
PV system with backup power because these two backup power sources contain some distinct
features in common.  Those characteristics are listed below.

- Fast load-response capability:  Fuel cells and batteries are able to respond very fast to load
changes because their electricity is generated by chemical reactions.  A 14.4kW lead-
acid battery running at 600A has maximum load gradient of 300 A/sec [31].  A
phosphoric-acid fuel cell system can match a demand that varies by more than half its
rated output within 0.1 second [78].  The dynamic response time of a 20kW solid-oxide
fuel cell power plant is less than 4 second when a load increases from 1 to 100%, and it
is less than 2 msec when a load decreases from 100 to 1% [80].

- Modularity in production:  Factory assembly of standard cell units provides fuel cell and
battery power plants with short lead-time from planning to installation.  This modular
production enables them to be added in discrete increments of capacity, which allows
better matching  of the power plant capacity to expected load growth.  In contrast, the
installation of a single large conventional power plant may produce excess capacity for
several years, especially if the load growth rate is low.

- Highly reliable sources:  Due to their multiple parallel modular units and absence of
electromechanical rotating masses, fuel cell and battery power plants are more reliable
than any other forms of power generation.  Fuel cells are expected to attain a
performance reliability near 85% [91].  Consequently, a utility that installs a number of
fuel cell or battery power plants is able to reduce its reserve margin capacity while
maintaining a constant level of the system reliability.

- Flexibility in site selection (Environmental acceptability):  The electrochemical conversion
processes of fuel cells and batteries are very quiet because they do not have any major
rotating masses.  External water requirement for their operation is, if any, very little
while conventional power plants require massive amount of water for system cooling.
Therefore, they can reduce or eliminate water quality problems created by the
conventional plants’ thermal discharges.  Air pollutant emission levels of fuel cells and
batteries are none or very little.  Emissions of SO2 and NOx in the fuel cell power plant
are 0.003 lb/MWh and 0.0004 lb/MWh respectively.  Those values are projected to be
about 1,000 times smaller than those of fossil-fuel power plants since fuel cells do not
rely on a fuel-burning process [91].  These environmentally benign characteristics
make it possible for those power plants to be located close to load centers in urban and
suburban area.  It can also reduce energy losses and costs associated with transmission
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and distribution equipment.  These siting near load centers may also reduce the
likelihood of system blackouts.

3.2  Different Attributes

Electric current is produced in a storage battery by chemical reactions.  The same
chemical reactions take place in a fuel cell, but there is a difference between them with respect to
fuel storage.  In storage batteries chemical energy is stored in the positive/negative electrodes of
the batteries.  In fuel cells, however, the fuels are stored outside the cells and need to be fed into
the electrodes continuously when the fuel cells are required to generate electricity.  Other
detailed comparison between battery backup and fuel cell backup for PV power supplement is
made in the following sections.

3.2.1  Efficiency

Power generation in fuel cells is not limited by the Carnot Cycle in the view that they
directly convert available chemical free energy to electrical energy rather than going through
heat exchange processes.  Thus, it can be said that fuel cells are a more efficient power
conversion technology than the conventional steam-applying power generations.  Figure 3.1
illustrates energy conversion processes for a conventional power generator and a fuel cell.
Whereas the fuel cell is a one-step process to generate electricity, the conventional power
generator has several steps for electricity generation and each step requires a certain amount of
energy loss.

Fuel cell power systems have around 40-60% efficiencies depending on the type of
electrolytes.  For example, the efficiencies of phosphoric-acid fuel cells and molten-carbonate
fuel cells are 40-45% and 50-60%, respectively.  Furthermore, the fuel cell efficiency is usually
independent of size; small power plants operate as efficiently as large ones.

Battery power systems themselves have high energy efficiencies of nearly 80%, but their
overall system efficiencies from raw fuel (mostly coal or nuclear) through the batteries to
converted ac power are reduced to below 30%.  This is because energy losses take place
whenever one energy form is converted to another.  For this calculation, a 35% of efficiency was
assumed for electricity generation from coal or nuclear power stations.

3.2.2  Capacity Variation

The capacity of a fuel cell is expressed in watts (W), whilst that of a storage battery is
represented in ampere-hours (Ah) or watt-hours (Wh).  A battery with a rated capacity of 100Ah
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                          Figure 3.1  Comparison of energy conversion processes [78].

at a 10-hr discharge rate can supply 10A for 10 hours.  At discharge rates in excess of 10A, the
battery will provide less than 100 Ah.  At less than 10A of discharge rates, the battery will
provide more that 100 Ah.  Thus, in specifying the capacity of a battery, it is necessary to note
the time rate of discharge.

As the battery discharges, its terminal voltage, the product of the load current and the
battery internal resistance (Rbat), gradually decreases.  The fall of the terminal voltage on
discharge is due to its internal resistance.  When Rbat is constant at given cell temperature and
state of discharge, the terminal voltage drop is directly proportional to the load current.
However, the internal resistance of a battery varies with its cell temperature and state of
discharge.  The resistance increases with both fall in cell temperature and depth of discharge.
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The decrease in battery voltages with increasing discharge currents is clearly seen in
Figure 3.2 [14].  There is also a reduction in battery capacity with increasing rate of discharge.
At 1-hr discharge rate, the available capacity is only 55% of that obtained at 20-hr rate.  This is
because there is insufficient time for the stronger acid to replace the weak acid inside the battery
as the discharge proceeds.  Capacity variations at different rates of discharge can be calculated
from the curves in Figure 3.2, and is shown in Table 3.1 [14].

For fuel cell power systems, they have equally high efficiency at both partial and full
loads as can be seen in Figure 3.3 [78].  The customer’s demand for electrical energy is not
always constant.  So for a power utility to keep adjustment to this changing demand, either large
base-load power plants must sometimes operate at part load, or smaller peaking units must be
used during periods of high demand.  Either way, efficiency suffers and pollution increases.
Fuel cell systems have a greater efficiency at full load and this high efficiency is retained as load
diminishes, so inefficient peaking generators may not be needed.

3.2.3  Flexibility in Operation

Fuel cells have an advantage over storage batteries in the respect of operational
flexibility.  Batteries need several hours to be taken for recharging after they are fully
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             Figure 3.2  Voltage characteristics of a battery at various discharge rates [14].
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    Table 3.1.  Capacity variations of a battery at various discharge rates [14].

        

Discharge
rate

Mean
voltage(V)

Wh
capacity

% Wh
capacity

20 hr

10 hr
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  Figure 3.3  Equally high efficiency of fuel cells at partial and full loads [78].

discharged.  During discharge the batteries’ electrode materials are lost to the electrolyte, and the
electrode materials can be recovered during the recharging process.  Over time there is a net loss
of such materials, which may be permanently lost when the battery goes through a deep
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discharge.  The limited storage capacity of the batteries implies that it is impossible for them to
run beyond several hours.

Fuel cells, on the other hand, do not undergo such material changes.  The fuel stored
outside the cells can quickly be replenished, so they do not run down as long as the fuel can be
supplied.  Figure 3.4 illustrates the energy density of fuel cells compared with lead-acid batteries
[14].  The fuel cells show higher energy density than the batteries when they operate for more
than 2 hours.  It means that fuel cell power systems with relatively small weight and volume can
produce large energy outputs.  That will provide the operators in central control centers for the
flexibility needed for more efficient utilization of the capital-intensive fuel cell power plants.
The fuel cell power plants can also be operated as intermediate power generation units during
months when coal-fired or nuclear units are under forced outage or on maintenance.

Fuel cells use a hydrogen-rich gas to produce electricity.  They can employ any fuel that
can supply this gas, which includes petroleum, naphtha, natural gas, methanol and biomass.
Medium-Btu (British thermal unit) gas from coal gasfication or other synthetic fuels may also
become an acceptable fuel.  In addition, where hydrogen storage is feasible, renewable power
sources can drive an electrolysis process to produce hydrogen gas during off-peak periods that
will be used to operate the fuel cells during peak demands.

The usage of storage batteries in an electric utility industry is expected to increase for the
purposes of load leveling at peak loads, real-time frequency control, and stabilizing transmission
lines.  When integrated with photovoltaic systems, the batteries are required to do another duty.
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It is to suppress the PV power fluctuations due to the changes of solar intensity and cell
temperature.  The fact that the PV power outputs change sharply under inclement weather
conditions makes it hard to decide the capacity of the battery power plants since their
discharging rates are not constant.  For a lead-acid battery, the most applicable battery
technology for photovoltaic applications to date, the depth of discharge should not exceed 80%
because the deep discharge cycle reduces its effective lifetime.  In order to prevent the deep
discharge and to supplement varying the PV powers generated on inclement weather days, the
battery capacity must be large.  From Figure 3.5, that shows two different PV power variations,
the dotted curve requires a larger battery capacity than the other curve.  Moreover, the large
battery capacity is usually not fully utilized, but for only several days.

Fuel cells integrated with photovoltaic systems can provide smoother operation.  The fuel
cell system is capable of responding quickly enough to level the combined power output of the
hybrid PV-fuel cell system in case of severe changes in PV power output.  Such a fast time-
response capability allows a utility to lower its need for on-line spinning reserve.  The flexibility
of longer daily operation also makes it possible for the fuel cells to perform more than the roles
of gas-fired power plants.  Gas turbines are not economical for a purpose of load following
because their efficiencies become lower and operating costs get higher at less than full load
conditions.
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3.2.4  Cost

The history of fuel cell equipment costs has shown that the price of fuel cells has dropped
significantly as the commercial market grows and the manufacturing technology becomes
mature.  Initial cost of phosphoric acid fuel cell power plants was $5,500/kW and the current
system cost is about $3,000/kW [84].  This cost is expected to decrease further to around
$1,500/kW by the turn of the century.

The cost of electricity to a utility customer who purchases a fuel cell power system at
$1,500/kW is 9-10cents/kWh until the short-term loan is retired, and then it falls to about
5cents/kWh.  Under longer-term financing that is typical of utility industries, the $1,500/kW
electricity production cost of fuel cell power plants is approximately 7cents/kWh [85].

Batteries have a different cost notation since their capacity is represented in watt-hours.
A lead-acid battery power plant has currently the lowest battery cost at around $150/kWh
because it has been the longest and most fully developed battery technology.  The battery cost is
projected to reduce to $100/kWh in the future.  Nickel-cadmium (NiCd) batteries are 4 to 5
times more expensive than the lead-acid types.  Once the NiCd batteries are fully mature, their
price will drop but they will not be as low as the lead-acid ones because of the raw material cost.

3.2.5  Environmental Externality

During their life cycle operation, fuel cell power plants produce environmental
externalities in the process of fuel reforming.  However, storage batteries themselves do not
contain any environmental impacts even though the battery charging sources produce various
emissions and solid wastes.  A fuel cell power system emits by far less SO2, NOx and other
particulates in the fuel reforming process compared to conventional fossil fuel power plants.
The amount of CO2 emissions from the fuel cell system is similar to that from conventional
fossil-fuel power plants, but the fuel cell system’s high efficiency ranging from 40% to 60%
results in lower CO2 emissions.

Batteries themselves do not produce any emissions during their operation period even if
the power sources providing the batteries with charging power usually at off-peak time generate
several chemical emissions and solid wastes.  The batteries displace power generation rather than
replace it.  Therefore, the batteries’ environmental impacts should be computed based on the
baseload fuel mix used to charge the batteries.

For instance, the CO2 emissions from fuel cell power plants were calculated as 376.43
kgCO2/MWh in Appendix C, where the efficiencies of the fuel reformer and the power plant are
assumed to be 95% and 45% respectively.  For batteries, the CO2 emissions of the power sources
that charge the batteries at off-peak should be computed.  When the fuel mix during a charging
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period of the batteries is supposed to be 40% of nuclear power and 60% of coal power, then the
batteries’ CO2 emission rate would be 714.3 kgCO2/MWh.  The results in Appendix A are used
in this calculation.

When fuel cell power plants are to be dismantled at the end of their commission, they do
not exhibit any detrimental impacts on environment and no specific hazards are encountered.
Component recovery rather than waste disposal is likely to be the issue.  In phosphoric-acid fuel
cells, nickel from the fuel reformer catalyst and platinum from the anode and cathode will
require recovery.  For molten-carbonate fuel cells, nickel from both the electrodes and the
reforming catalysts can be recovered.  In solid-oxide fuel cells, nickel and zirconium-containing
ceramic components are likely to be recovered.

However, for battery power plants a significant amount of care is required to be taken of
their disposal to prevent toxic materials from spreading around.  All batteries that are
commercially viable or under development for power system applications contain hazardous and
toxic materials such as lead, cadmium, sodium, sulfur, bromine, etc.  Since the batteries have no
apparent salvage value and must be treated as hazardous wastes, disposal of spent batteries is an
issue.  Recycling batteries is encouraged rather than placing them in a landfill.  One method
favoring recycling of spent batteries is regulation.  Thermal treatment for the lead-acid and
cadmium-containing batteries is needed to recover lead and cadmium.  Sodium-sulfur and zinc-
bromine batteries are also required to be treated before disposal.

3.3  Summary

Both batteries and fuel cells are able to respond very fast to system load changes because
they produce electricity by chemical reactions inside them.  Their fast load-response capability
can nicely support the sharp PV power variations resulted from ambient weather changes.  These
two PV power backup technologies also contain some excellent attributes in common, such as
modular production, high reliability and flexibility in site selection.

However, there are subtle different attributes between batteries and fuel cells when they
are applied to a PV power backup option.  Power generation in fuel cell power plants is not
limited by the Carnot Cycle, so they can achieve high power conversion efficiency. (Their
theoretical maximum efficiency is 83%.)  Even taking into account the losses due to activation
overpotential and ohmic losses, the fuel cells still have high efficiencies from 40% to 60%.  For
example, efficiencies of PAFCs and MCFCs are 40-45% and 50-60% respectively.  Battery
power plants, on the other hand, themselves have high energy efficiency of nearly 80%, but the
overall system efficiency from raw fuel through the batteries to the converted ac power is
reduced to about 30%.
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A battery’s terminal voltage gradually decreases as the battery discharges due to a
proportional decrease of its current.  A battery capacity reduces with increasing rate of
discharge, so its full capacity cannot be utilized when it discharges at high rates.  On the other
hand, fuel cell power plants have equally high efficiency at both partial and full loads.  This
feature allows the fuel cells to be able to follow a changing demand without losing efficiency.

The limited storage capacity of batteries indicates that it is impossible for them to run
beyond several hours.  The batteries when fully discharged need several hours to be recharged.
For its use in PV power connections, it is as hard as forecasting the weather to compute the exact
capacity of the batteries.  In order to prevent the batteries’ deep discharge and to supplement the
varying PV powers on some inclement weather days, the battery capacity should be large, but
that large capacity is not fully utilized on shiny days.  For fuel cells, they do not contain such an
operational time restriction as long as the fuel can be supplied.  Thus, the fuel cell power plants
can provide operational flexibility with the operators in central control centers by utilizing them
efficiently.  As intermediate power generation sources, fuel cell power plants may replace coal-
fired or nuclear units under forced outage or on maintenance.

Storage batteries possess several benefits in peak shaving and load leveling for a power
system operation.  For those objectives, the batteries’ discharge rate is nearly constant at rated
value and their capacity can be fully utilized when designed optimally.  The battery operation
seems to be periodical every day; that is, it charges at system’s off-peak and discharges at peak
time.  Therefore, the batteries can do a great job for those purposes.   For the PV power backup
the batteries’ discharge rate is irregular and their full capacity may usually not be consumed.  So,
it is difficult to design an optimal capacity of the battery systems for support of the PV power
variations and to economically operate them.  Instead of batteries fuel cell power plants exhibit
diverse operational flexibility for either a PV power backup or a support of power system
operation.
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                                                           CHAPTER  4

         DESCRIPTION OF PV-FUEL CELL HYBRID SYSTEM

4.1  Overall View of the PV-Fuel Cell Power Plant

Figure 4.1 illustrates a simplified diagram of a grid-connected PV-fuel cell hybrid power
plant including two loops of controllers; that is, a neural network controller for MPPT and a
real/reactive power controller.  The hybrid system consists of a photovoltaic array, a fuel cell
plant and fuel reformer, and power conditioning subsystems (PCSs).  The photovoltaic generator
operates independently and is controlled to produce maximum available solar power.  Power
inverters in the PCS fulfill dc-ac power conversion by turning on and off switches according to a
certain switching scheme.  The neural network controller generates optimal switching signals to
the power inverters for the PV array to always track the maximum power points.

The PV array, composed of a set of series-parallel connected solar cells, generates a dc
power that is then converted to a useful ac power by the PCS.  It acts as the interface between
the photovoltaic power system and the ac utility grid.  The output ac power of the PCS is
provided to the utility grid through the transformer and interconnecting reactance.  The neural
network controller for MPPT receives as inputs the available insolation level and cell
temperature.  Then it sends out output switching signals to the inverters connected to the PVs,
and therefore the photovoltaic generator always generates the maximum available solar power.

The fuel cell power generator is used as a supplement to the PV power plant.  The fast
ramping capability of the fuel cell power generation makes it be able to smooth out the PV
power fluctuations owing to intermittent insolation changes.  The other duty of the fuel cell
power generator is to meet required real and reactive power demands of a power utility.  That
duty is performed in this study by the real/reactive power controller (RRPC), which consists of
PI-type controllers.  The fuel cell’s capability for fast dynamic response is able to control real
and reactive powers efficiently so that it would enhance power system stability.
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                 Figure 4.1.  Simplified overall diagram of the PV-fuel cell hybrid system.

The fuel reformer of the fuel cell power plant processes a raw natural gas fuel through
desulfurization, steam reforming and the CO shift process to produce a hydrogen-rich fuel.
About 80% H2, 20% CO2 and a small amount of residuals are supplied to the fuel cell stacks.
The reformed fuel and oxidant or O2 provoke the electrochemical reaction inside the stacks to
generate the dc power.  The inputs to the RRPC are real and reactive power commands, output
powers of the PV power and the fuel cell power plant.

In order to control real and reactive powers, the RRPC outputs are used as control signals
to both the fuel cell stacks and the inverters.  Real power control is performed by throttling the
valve regulating the fuel fed into the fuel cell stacks and by adjusting the switching control
scheme of the inverters connected to the fuel cell system.  Reactive power is controlled by
modulating the switching signals to the inverters.  Effective control of reactive power in power
system operation is important because it is strongly related to the transmission losses, voltage
stability and control.

4.2  Detailed Descriptions of the Grid-Connected Hybrid System

A typical interconnection of the grid-connected PV power plant including two dc-ac
inverters and transformers is shown in Figure 4.2.  The PV array consists of ARCO solar M55 PV
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                             Figure 4.2.  Diagram of the grid-connected PV system.

modules with 80 in series-connected and 480 in parallel-connected.  It can produce 1.4MW at
700V when solar insolation is 100 mW/cm2 and cell temperature is 25oC.  One M55 module
composed of single-crystalline solar cells is capable of producing a maximum power of 53W at
over 3A.  Table 4.1 shows the power specifications of the PV module.  The capacitor in parallel
with the PV array operates to limit the change of the PV voltage, Vpv, supplied to the dc-ac
inverters.  The inverters comprise of two 6-switch 3-phase bridge converters.  Switching signals
for the inverters are generated by the neural network controller for MPPT in the PV array.  The
transformer setup shown in Figure 4.2 incurs the voltages behind the primary transformers
phase-shifted each other by 30o.  The objective of that transformer setup is to reduce harmonics
involved in the inverter output ac voltage.

A 2-MW grid-connected fuel cell power plant should accompany the PV power plant
discussed above in order to satisfy the utility system’s demands for real and reactive powers.
Detailed diagram of the fuel cell power plant is illustrated in Figure 4.3.  The fuel cell power
plant consists of 8 sets (2 in series, 4 in parallel) of a 260-kW phosphoric acid fuel cell (PAFC)
stack, which was developed by the Fuji and Mitsubishi companies in Japan.  Each fuel cell stack
is composed of 516 single cells connected in series.  Key specifications of the single PAFC stack
are listed in Table 4.2.  The inverters, converting the fuel cell dc power to a useful ac power,
have the same configuration as those in the PV system.  Switching control scheme to the
inverters is produced by the RRPC in the fuel cell power plant.  Same as in the PV system, the
phases of the voltage behind one primary transformer are shifted by 30o from those behind the
other primary transformer.

By adjusting the phases of the inverter ac voltage relative to the grid voltage, the fuel cell
real power supplied to the utility grid can be controlled.  In order to control the fuel cell reactive
power, the magnitude of the inverter ac voltage should be manipulated.
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                          Table 4.1  Power specifications of the single M55 PV module.*

      

Rated (Maximum) power                     53.0 W

Optimal current                                     3.05 A

Optimal voltage                                    17.4 V

Short circuit current                              3.27 A

Open circuit voltage                             21.8 V

Normal operating cell                            47 oC

temperature (NOCT)

             *
 Whole values are at standard test conditions of:

                                              100 mW/cm2 insolation and 25oC cell temperature.
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    Figure 4.3  Diagram of the grid-connected fuel cell system.

When Figure 4.3 is connected with Figure 4.2 in the way shown in Figure 4.1, it will be
the complete PV-fuel cell hybrid power plant.  The neural network controller for MPPT will be
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    Table 4.2  Specifications of the single 260-kW PAFC stack.

    

DC output                                         260 kW

Rated current                                200 mA/cm2

Rated voltage                                     0.7 V

Operating temperature                     190 oC

Operating pressure                          4 kg/cm2g

Cell size                                          3600 cm2

applied to the PV power plant to produce its maximum available solar power and will be
explained in detail in Chapter 5.  To satisfy the utility system’s demands for real and reactive
powers, the real/reactive power controller is applied to the fuel cell power plant and will be
explained in Chapter 6.
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                                                           CHAPTER  5

              NEURAL NETWORK CONTROLLER FOR MPPT

5.1  Neural Network (NN) Controller of the PV Power Plant

Photovoltaic power generation requires so much larger initial cost compared to other
power generation sources that it is imperative to extract as much available solar energy as
possible from the PV array.  Otherwise, the system would lose valuable solar energy.  Maximum
power output of the PV array changes when solar insolation, temperature, and (or) load levels
vary.  Control is, therefore, needed for the PV generator to always keep track of the maximum
power points.  Trajectory of those maximum power points has been drawn in Figure 2.2 in
Chapter 2. By controlling the switching scheme of the inverters connected to the PVs the
maximum power points of the PV array can always be tracked.

Such a controller is implemented by a neural network approach in this study.  Nonlinear
I-V characteristics of a PV module match very well to a neural network application.  In Figure
5.1, a multilayer feedforward perceptron-type NN is proposed for the MPPT control.  The
network consists of an input layer, one hidden layer and an output layer.  The numbers of
neurons in the input, hidden and output layers are two, four and two, respectively.  The number
of neurons in the hidden layer would be determined by trial and error.  The neurons in the input
layer of the neural network get the input signals from the measurement of insolation and cell
temperature.  The neurons in the hidden layer receive data from the input layer, calculate their
outputs using the sigmoid activation function, and then pass them to the neurons in the output
layer.  The sigmoid function is written as

f x
e x( ) =

+ −
1

1
                                                                                 (5.1)

The neural network outputs are the data values of the neurons in the output layer.
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          Figure 5.1.  Neural network controller for MPPT in the PV array.

The neural network, using solar insolation and cell temperature as the inputs, generates
switching control signals to the dc-ac inverters. The network outputs are used to adjust the
inverters’ switching scheme.  Thus, the PV system not only provides its maximum available
power to the utility grid but also maintains its reactive power transferred to the utility to be
constant.  In this study that reactive power reference value is set to be zero.

In the training process of the neural network, a set of input-output training data is
needed.  These training data can be obtained from the characteristics of the solar cells and the
interconnected system values.  The set of input-output training data consists of 595 patterns.
Insolation values range from 10 mW/cm2 to 112 mW/cm2 by an increase of 3 mW/cm2 and cell
temperatures range from -20 oC to 60 oC by 5 oC.

Following are the derivations for the equations of the output training values (Vδ1  and

Vφ1 ), which are the switching control signals to the inverters.  From the condition that the PV

reactive power supplied to the utility grid is zero and from Equation (5.22),

V Vs pn pn= cosφ                                                                                (5.2)

And from Equation (5.19), the magnitude of the line current injected into the grid is written as

I
X

V V V Vps pn s pn s pn= + −1
3

22 2 cosφ                                           (5.3)
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Substituting Equation (5.2) into Equation (5.3),

I
X

V Vps pn s= −1
3

2 2                                                                    (5.4)

From the condition that the power generated in the PV array, Ppv, is the same as the power
behind the secondary transformer, and substituting Equation (5.4) into the following power
equation,

P V Ipv pn ps= 3

      = −1 2 2

X
V V Vpn pn s                                                                  (5.5)

When the equation for Vpn is derived from the above equation,

V
V V X P

pn
s s pv=

+ +
{ }

2 4 2 2 1
2

4

2
                                                      (5.6)

From Equation (5.15), one control variable, Vδ1 , to the inverters is calculated as

V
V

NV
pn

pv
oδ δ

π
1 1 4 2 15

= =cos
cos

                                            (5.7)

and from Equation (5.2), the other control variable, Vφ1 , to the inverters can be written as

V V
Vpn

s

pn
φ φ1 = =cos                                                                        (5.8)

Updating the weights of the neural network is performed using the error backpropagation
algorithm with the steepest descent method.  That algorithm tries to minimize the sum of the
mean squared errors represented in the following equation.

e v i o i
i

T
= −

=
∑1

2
2

1
( ( ) ( ))                                                                    (5.9)

where  v(i) : the i-th target output for the network.
o(i) : the computed output in the output layer.
T    : the total number of training patterns.
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5.2  Computer Model of the MPPT Control System

Overall dynamics of the grid-connected PV power plant are investigated via an
appropriate computer model of the PV array and the MPPT control system, which is illustrated
in Figure 5.2.  The characteristic equations of a solar cell were expressed in Equation (2.1) -
(2.4) in Chapter 2.  The equations said that the voltage and current of the PV module are
influenced by the changes of insolation, λ , and cell temperature, Tc.  According to Figure 4.2,
the variations of the PV voltage, Vpv, across the capacitor, Cd, depend mainly on the difference
between the PV current, Ipv, and the dc inverter current, Id.  That relationship can be denoted as
the following differential equation,

d
dt

V
C

I Ipv
d

pv d= −
1

( )                                                                    (5.10)

The NN, which stores two sets of weighting values and thresholds, creates appropriate switching
signals to the inverters so that the PV array can always generate the maximum available solar
power.

The dc-ac inverters receive those NN outputs, and provide the utility grid with a certain
amount of real and reactive powers.  The following derivations will explain the calculations of
those powers.  The ac line-to-line voltage ahead the primary Y-connected transformer, Vpo,A, and
that ahead the primary ∆ -connected transformer, Vpo,B, in Figure 4.2 can be calculated
respectively as
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          Figure 5.2  Computer model of the PV and MPPT control system.
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V Vpo A pv p, cos= ∠φ4
2 1 1π

δ                                                           (5.11)

V Vpo B pv p, cos= ∠φ
4
2 1 1π

δ                                                           (5.12)

where the angle δ 1  is able to control the magnitude of the above voltage and the angle φ p1

determines the phase between the above voltage and the grid reference voltage.  Then, the ac
line-to-line voltage behind the secondary transformer, Vpn, is derived as

V Vpn pn pn= ∠φ                                                                               (5.13)

where

V NVpn pv
o=

4 2
151π

δcos cos                                             (5.14)

φ φpn p
o= +1 15                                                (5.15)

N : turn ratio of the transformers

The angles of δ1  and φ pn  are the control variables to the inverters behind the PV array and they

are generated from the neural network controller for MPPT.  The outputs of the NN are defined
as

Vδ δ1 1= cos                                                                                    (5.16)

V pnφ φ1 = cos                                                                                  (5.17)

Next, the line current, Ips, injected into the utility grid is calculated as

I
V V

jXps
pn s=

−
                                                                              (5.18)

     =
− +

−
− −V V

X
j
V V

X
pn pn

o
s

o
pn pn

o
s

osin( ) sin cos( ) cosφ φ30 30
3

30 30
3

(5.19)

From the following complex power equation, the real and reactive powers supplied to the utility
grid from the PV power plant can be derived as

P jQ V Iac ac s ps, ,
*

1 1 3+ =                                                                   (5.20)

P
X
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1

1
1

= −
φ                                                    (5.21)
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Q
X

V V V Vac s pn s, [ ( ) ]1 1
21

= −φ                                                           (5.22)

Since no real power loss is assumed, the real power supplied to the grid is same as that ahead the
interconnecting reactance.  Taking into account the reactive power loss in the reactance, the
reactive power behind the secondary transformer is calculated as

Q
X

V V V Vpn pn pn s= −
1 2

1[( ) ]φ                                                           (5.23)

Then the inverter dc current, Id, can be found by equating the dc PV power and ac power behind
the secondary transformer same, from which

I
V

P Qd
pv

ac pn= +
1

1
2 2 1

2[( ) ( ) ],                                                           (5.24)

The computer model of the MPPT control system developed in this section will be
evaluated in Chapter 7 through a variety of simulations, which will cover every possible weather
condition.
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                                                          CHAPTER  6

               REAL/REACTIVE POWER CONTROLLER (RRPC)

6.1  Real/Reactive Power Controller of the PV-Fuel Cell Hybrid System

Figure 6.1 shows voltage descriptions for the PV-fuel cell hybrid power plant connected
to the power utility grid through interconnecting reactors.  The currents injected into the utility
grid from the PV power and the fuel cell power plants are Ips and Ifs  respectively.

Ips = −
−V

X
j
V V

X
pn pn

p

pn pn s

p

sin cosφ φ
                                                 (6.1)

Ifs  = −
−V

X
j
V V

X
fn fn

f

fn fn s

f

sin cosφ φ
                                                    (6.2)

The total real power supplied to the grid is the summation of the power from the PV array and
that from the fuel cells.

P
V V

X
V V

Xac
pn s pn

p

fn s fn

f

= +
sin sinφ φ

                                                      (6.3)

Similarly the total reactive power supplied to the grid is given as

Q
V V V

X
V V V

Xac
pn s pn s

p

fn s fn s

f

=
−

+
−cos cosφ φ2 2

                                     (6.4)

If the interconnecting reactors, X p  and X f , are assumed to be equal, the equations of (6.3) and

(6.4) will be written as



57

     

jXp

jX f

V Vpn pn pn= ∠φ

V Vfn fn fn= ∠φ

Ips

Ifs

V Vs s
o= ∠0

Is

PV
array

Fuel
cells

                      Figure 6.1.  Voltage notations for the PV-fuel cell hybrid system.
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                                         (6.6)

Since the phase angle difference between the utility grid voltage and the inverter output voltage
is small,

sin φ φpn pn≈                                                                                   (6.7)

sinφ φfn fn≈                                                                                    (6.8)

Therefore, the real power is generally controlled by variations of the phase angles.  The reactive
power control can be made by changes of the voltage magnitudes because the variation of
cosφ fn  is small.

Vpn and φ pn  were control variables in the PV power plant.  The neural network controller

for MPPT could change those control variables for maximum power point tracking of the PV
array.  So, those variables are regarded as non-controllable in this chapter for real and reactive
power control.  It is Vfn and φ fn  that remain the control variables in this situation.

A diagram of the real/reactive power controller in the fuel cell power plant is shown in
Figure 6.2.  If the RRPC operates in the reactive power control mode, the reactive power output
of the PV generator, Qac,1, is added to Qac,2.  The summation of those reactive power outputs is
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                Figure 6.2  Real/reactive power control system of the fuel cell power plant.

compared to the reactive power command and the error is sent to the angle controller to generate
appropriate control signals to the inverters.

If the RRPC operates in the real power control mode, the summation of Pac,1 and Pac,2 is
compared to the real power command.  Then, the error goes to the phase controller for
generating the switching control signals to the inverters.  The real power error is also supplied to
the valve controller to control the fuel flow into the fuel cell stacks.

6.2  Computer Model of the RRPC System

Figure 6.3 illustrates a computer model of the fuel cell power and the RRPC system.  The
characteristic equations of a fuel cell were represented in Equation (2.12)-(2.13) in Chapter 2,
which explains the important role of its electrode kinetics.  Appropriate control signals for the
inverters of the fuel cell power plant are generated through PI control loops to meet the system’s
demands for real and reactive powers.  The real and reactive powers supplied to the utility grid
can be calculated in the inverters using the control signals and the fuel cell voltage.
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       Figure 6.3  Computer model of the fuel cell plant and RRPC system.

The derivation of the power equations is mostly similar to that performed for the PV
power plant in the previous chapter.  The dc-ac inverters receive switching control signals from
the angle controller and the phase controller, and provides the utility grid with a certain amount
of real and reactive powers.  The ac line-to-line voltage ahead the primary Y-connected
transformer, Vfo,A, and that ahead the primary ∆ -connected transformer, Vfo,B, in Figure 4.3 can be
calculated as

V Vfo A fc f, cos= ∠φ4
2 2 1π

δ                                                            (6.9)

V Vfo B fc f, cos= ∠φ
4
2 2 1π

δ                                                           (6.10)

where the angle δ 2  is able to control the magnitude of the above voltage and the angle φ f 1

determines the phase between the above voltage and the grid reference voltage.  Then, the ac
line-to-line voltage behind the secondary transformer, Vfn, can be derived as

V Vfn fn fn= ∠φ                                                                                (6.11)
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where

V NVfn fc
o=

4 2
152π

δcos cos                                            (6.12)

φ φfn f
o= +1 15                                               (6.13)

The angles of δ2  and φ fn  are the control variables to the inverters behind the fuel cell stacks,

and the control variables are generated from the angle controller and the phase controller.  The
outputs of the angle controller and the phase controller are defined, respectively, as

Vδ δ2 2= cos                                                                                   (6.14)

V fnφ φ2 = cos                                                                                   (6.15)

Next, the line current, Ifs, injected into the utility grid is calculated as
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     =
− +

−
− −V V

X
j
V V

X
fn fn

o
s

o
fn fn

o
s

osin( ) sin cos( ) cosφ φ30 30
3

30 30
3

(6.17)

From the following complex power equation, the real and reactive powers supplied to the grid
from the fuel cell power plant can be derived as

P jQ V Iac ac s fs, ,
*

2 2 3+ =                                                                   (6.18)
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Q
X
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21

= −φ                                                           (6.20)

The computer model of the RRPC system developed in this section will be tested in
Chapter 7 through a variety of simulation cases to evaluate the model’s effectiveness.
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                                                          CHAPTER  7

                                                      CASE  STUDIES

In this chapter, the computer models of the MPPT and RRPC systems for the PV-fuel
cell hybrid power plant are tested under various conditions of insolation, cell temperature, and
real and reactive power commands in order to evaluate the accuracy of the models.  The
computer models of the MPPT control and RRPC system have been developed in Chapter 5 and
Chapter 6, respectively.  Computer simulations are performed on a variety of possible
conditions, such as sudden decrease/increase of insolation with constant cell temperature, slow
decrease/increase of insolation with constant cell temperature, variable insolation and cell
temperature, and change of power commands with variable insolation and cell temperature.  The
first five conditions assume that real and reactive power commands are set to be constant as Pcom

= 2.3MW, Qcom = 0.5MVar.  Simulation results show transient response of the following
variables:

Ipv    -  PV array current,
Vpv   -  PV array voltage,
Ppv   -  DC power of the PV array,
Pac,1  -  PV real power supplied to the grid,
Qac,1 -  PV reactive power supplied to the grid,
Vfc    -  fuel cell plant voltage,
Ifc     -  fuel cell plant current,
Pfc    -  DC power of the fuel cell plant,
Pac,2  -  fuel cell real power supplied to the grid,
Qac,2 -  fuel cell reactive power supplied to the grid,
Pac      -  total real power from the PV and fuel cell plants,

     and Qac    -  total reactive power from the PV and fuel cell plants.
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7.1  Sudden Decrease of Insolation with Constant Cell Temperature

This section shows simulation results for the computer models of the MPPT control and
RRPC system under a disturbance that insolation drops suddenly with cell temperature
maintained constant.  Figure 7.1 illustrates that the insolation decreases from 100 mW/cm2 to 30
mW/cm2 in a short time.  Figure 7.2 (a) - (i) show the hybrid system response subject to such a
sudden change of insolation.

As the insolation decreases, the PV array current, Ipv, decreases correspondingly as shown
in Figure 7.2 (b).  Since the inverter current, Id, in Equation (5.3) and Figure 5.2 cannot decrease
instantaneously, the capacitor, Cd, in Figure 4.2 discharges to compensate for the two current
difference (Ipv - Id).  It results in a decrease of the PV array voltage, Vpv.  The neural network
controller for MPPT responds to produce the maximum available solar power under the changed
condition by generating appropriate switching signals to the inverter.  Figure 7.2 (c) illustrates
how well the NN controller controls the inverter for the PV array to track the peak power points.
The switching signals make the ac real power, Pac,1, of the PV plant decrease, which, then,
produces a corresponding decrease of the inverter current, Id.  An equilibrium state is reached
when the inverter current, Id, is equal to the PV array current, Ipv.

When the insolation decreases, the PV array voltage, Vpv, also decreases as discussed
above.  Since the switching signals from the NN controller cannot be generated immediately, the
magnitude of the inverter ac voltage decreases.  This causes a decrease in the reactive power
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              Figure 7.1  Sudden decrease of insolation from 100 mW/cm2 to 30 mW/cm2.
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supplied to the grid from the PV power plant as shown in Figure 7.2 (d).  The NN controller,
then, operates to bring the reactive power back to zero, which is assumed to be the reactive
power reference to the PV power station.  This causes the PV array voltage, Vpv, to settle down
to a new state.  At equilibrium, the reactive power from the PV power plant is nearly equal to
zero.

The changes of real and reactive powers of the PV power plant are inputs to the RRPC
system of the fuel cell power plant.  When the ac real power, Pac,1, of the PV plant decreases as a
result of the sharp insolation decrease, the real power error, errP, increases.  That error signal
goes through the PI compensator to cause not only the fuel cell current, Ifc, to increase but also
the output voltage of the phase controller to increase.  Then the ac real power, Pac,2, of the fuel
cell plant increases to compensate for the down of the PV power.  Since the response time of the
fuel cell stacks is not able to follow such a sharp change of the PV power, the total ac real
power, Pac, from the PV and fuel cell plants experiences a great deal of changes for a short
transient time as shown in Figure 7.2 (i).  On the other hand, as the ac reactive power, Qac,1, of
the PV plant decreases, the reactive power error, errQ, increases.  That error signal causes the
output voltage of the angle controller to decrease so that an increase of the reactive power of the
fuel cell plant can be achieved.  Therefore, variations of the total ac reactive power, Qac, from the
PV and fuel cell plants are small and Qac is well maintained at the reactive power command, Qcom.
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Figure 7.2 (a)  Transient response of the PV array voltage (Vpv) for sudden insolation decrease
from 100mW/cm2 to 30mW/cm2.
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Figure 7.2 (b)  Transient response of the PV array current (Ipv) for sudden insolation decrease
from 100mW/cm2 to 30mW/cm2.
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Figure 7.2 (d)  Transient response of the PV array power (Pac1, Qac1) supplied to the grid for
sudden insolation decrease from 100mW/cm2 to 30mW/cm2.
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Figure 7.2 (e)  Transient response of the fuel cell voltage (Vfc) for sudden insolation decrease
from 100mW/cm2 to 30mW/cm2.



66

           

500

1000

1500

2000

2500

3000

1 1.5 1.53 1.57 1.67 1.89 2.09 2.49 3.15 3.73 4.29 4.86 5.42 6.01 6.57
Time [sec]

Ifc
 [A

]

Figure 7.2 (f)  Transient response of the fuel cell current (Ifc) for sudden insolation decrease
from 100mW/cm2 to 30mW/cm2.
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Figure 7.2 (g)  Transient response of the fuel cell DC power (Pfc) for sudden insolation decrease
from 100mW/cm2 to 30mW/cm2.
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Figure 7.2 (h)  Transient response of the fuel cell power (Pac2, Qac2) supplied to the grid for
sudden insolation decrease from 100mW/cm2 to 30mW/cm2.
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Figure 7.2 (i)  Transient response of the total power (Pac, Qac) supplied to the grid for sudden
insolation decrease from 100mW/cm2 to 30mW/cm2.
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7.2  Slow Decrease of Insolation with Constant Cell Temperature

This section shows simulation results for the developed computer models under a slow
decrease of insolation while cell temperature is maintained constant.  That slow insolation
decrease from 100mW/cm2 to 30mW/cm2 is illustrated in Figure 7.3.  Figure 7.4 (a) - (i) show
the hybrid system response following such a slow change of insolation.  Whole variables
discussed in this section have the same trend of variations when compared with the results of the
previous section, but the changes progress slowly owing to the slowly varying insolation.

As the insolation decreases slowly, the PV array current, Ipv, also decreases steadily.  The
capacitor, Cd, in Figure 4.2 discharges slowly because the difference between the array current,
Ipv, and the PV inverter current, Id, is small.  Therefore, the PV array voltage decreases smoothly,
so it does not shape undershoot while it did in Figure 7.2 (a), where it resulted from the sharp
insolation decrease.  The neural network controller for MPPT responds to produce the maximum
available solar power by generating appropriate switching signals to the inverter.  The switching
signals make the ac real power, Pac,1, of the PV plant decrease slowly, which produces a
corresponding decrease of the inverter current, Id.  An equilibrium state is reached when the
inverter current, Id, is equal to the PV array current, Ipv.
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                 Figure 7.3  Slow decrease of insolation from 100 mW/cm2 to 30 mW/cm2.
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When the insolation decreases slowly, the PV array voltage, Vpv, also decreases as
discussed above.  Since the switching signals from the NN controller can nearly catch up with
the slowly varying insolation, the decrease of the inverter ac voltage is very small.  This causes
the PV reactive power supplied to the grid from the PV power plant to decrease a little as shown
in Figure 7.4 (d) compared with Figure 7.2 (d).  The NN controller operates to bring the reactive
power back to zero, so equilibrium can be achieved.

When the ac real power, Pac,1, of the PV plant decreases as a result of the slow insolation
decrease, the real power error, errP, increases.  That error signal goes through the PI compensator
to cause not only the fuel cell current, Ifc, to increase but also the output voltage of the phase
controller to increase.  Then the ac real power, Pac,2, of the fuel cell plant increases slowly to
compensate for the down of the PV power.  Since the response time of the fuel cell stacks is
short enough to follow such a slow change of the PV power, the fuel cell voltage does not shape
undershoot and the fuel cell current does not shape overshoot.  When the response of Figure 7.4
(i) is compared with that of Figure 7.2 (i), the former does not show a sharp variation of the total
real power because the insolation changes slowly.  Therefore, the fuel cell power plant can
accurately compensate for the PV power variations.  On the other hand, as the ac reactive power,
Qac,1, of the PV plant decreases slowly, the reactive power error, errQ, increases.  That error signal
causes the output voltage of the angle controller to decrease so that an increase of the reactive
power of the fuel cell plant can be achieved.  Therefore, variations of the total ac reactive power,
Qac, from the PV and fuel cell plants are very small and Qac is well-maintained at the reactive
power command, Qcom.
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Figure 7.4 (a)  Transient response of the PV array voltage (Vpv) for slow insolation decrease
from 100mW/cm2 to 30mW/cm2.
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Figure 7.4 (b)  Transient response of the PV array current (Ipv) for slow insolation decrease
from 100mW/cm2 to 30mW/cm2.
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Figure 7.4 (c)  Transient response of the PV array DC power (Ppv) for slow insolation decrease
from 100mW/cm2 to 30mW/cm2.
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Figure 7.4 (d)  Transient response of the PV array power (Pac1, Qac1) supplied to the grid for
slow insolation decrease from 100mW/cm2 to 30mW/cm2.
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Figure 7.4 (e)  Transient response of the fuel cell voltage (Vfc) for slow insolation decrease
from 100mW/cm2 to 30mW/cm2.
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Figure 7.4 (f)  Transient response of the fuel cell current (Ifc) for slow insolation decrease
from 100mW/cm2 to 30mW/cm2.
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Figure 7.4 (g)  Transient response of the fuel cell DC power (Pfc) for slow insolation decrease
from 100mW/cm2 to 30mW/cm2.
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Figure 7.4 (h)  Transient response of the fuel cell power (Pac2, Qac2) supplied to the grid for
slow insolation decrease from 100mW/cm2 to 30mW/cm2.
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Figure 7.4 (i)  Transient response of the total power (Pac, Qac) supplied to the grid for slow
insolation decrease from 100mW/cm2 to 30mW/cm2.



74

7.3  Sudden Increase of Insolation with Constant Cell Temperature

This section shows simulation results for the developed computer models of the MPPT
control and RRPC system under a disturbance that insolation increases suddenly with cell
temperature maintained constant.  Figure 7.5 illustrates the insolation increase from 30mW/cm2

to 100mW/cm2 in a short period.  Figure 7.6 (a) - (i) show the hybrid system response subject to
such a sudden change of insolation.

As the insolation increases, the PV array current, Ipv, increases correspondingly as shown
in Figure 7.6 (b).  Since the inverter current, Id, in Equation (5.3) and Figure 5.2 cannot increase
instantaneously, the capacitor, Cd, in Equation 4.2 discharges to compensate for the two current
difference (Ipv - Id).  It results in an increase of the PV array voltage, Vpv.  The neural network
controller for MPPT responds to produce the maximum available solar power under the changed
condition by generating appropriate switching signals to the inverter.  Figure 7.6 (c) illustrates
how well the NN controller controls the inverter for the PV array to track the peak power points.
The switching signals make the ac real power, Pac,1, of the PV plant increase, which, then,
produces a corresponding increase of the inverter current, Id.  An equilibrium state is reached
when the inverter current, Id, is equal to the PV array current, Ipv.
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              Figure 7.5  Sudden increase of insolation from 30 mW/cm2 to 100 mW/cm2.
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When the insolation increases, the PV array voltage, Vpv, also increases as discussed
above.  Since the switching signals from the NN controller cannot be generated immediately, the
magnitude of the inverter ac voltage increases.  This causes an increase in the reactive power
supplied to the grid from the PV power plant as shown in Figure 7.6 (d).  The NN controller,
then, operates to bring the reactive power back to zero.  This causes the PV array voltage, Vpv, to
settle down to a new state.  At equilibrium, the reactive power from the PV power plant is nearly
equal to zero.

The changes of real and reactive powers of the PV power plant are inputs to the RRPC
system of the fuel cell power plant.  When the ac real power, Pac,1, of the PV plant increases as a
result of the sharp insolation increase, the real power error, errP, decreases.  That error signal
goes through the PI compensator to cause not only the fuel cell current, Ifc, to decrease but also
the output voltage of the phase controller to decrease.  Then the ac real power, Pac,2, of the fuel
cell plant decreases to compensate for the growth of the PV power.  Since the response time of
the fuel cell stacks is not able to follow such a sharp change of the PV power, the total ac real
power, Pac, from the PV and fuel cell plants experiences a great deal of changes for a short
transient time as shown in Figure 7.6 (i).  On the other hand, as the ac reactive power, Qac,1, of
the PV plant increases, the reactive power error, errQ, decreases.  That error signal causes the
output voltage of the angle controller to increase so that a decrease of the reactive power of the
fuel cell plant can be achieved.  Therefore, variations of the total ac reactive power, Qac, from the
PV and fuel cell plants are small and Qac is well-maintained at the reactive power command,
Qcom.
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Figure 7.6 (a)  Transient response of the PV array voltage (Vpv) for sudden insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.6 (b)  Transient response of the PV array current (Ipv) for sudden insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.6 (c)  Transient response of the PV array DC power (Ppv) for sudden insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.6 (d)  Transient response of the PV array power (Pac1, Qac1) supplied to the grid for
sudden insolation increase from 30mW/cm2 to 100mW/cm2.
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Figure 7.6 (e)  Transient response of the fuel cell voltage (Vfc) for sudden insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.6 (f)  Transient response of the fuel cell current (Ifc) for sudden insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.6 (g)  Transient response of the fuel cell DC power (Pfc) for sudden insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.6 (h)  Transient response of the fuel cell power (Pac2, Qac2) supplied to the grid for
sudden insolation increase from 30mW/cm2 to 100mW/cm2.
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Figure 7.6 (i)  Transient response of the total power (Pac, Qac) supplied to the grid for sudden
insolation increase from 30mW/cm2 to 100mW/cm2.
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7.4  Slow Increase of Insolation with Constant Cell Temperature

This section shows simulation results for the developed computer models under a slow
increase of insolation while cell temperature is maintained constant.  That slow insolation
increase from 30mW/cm2 to 100mW/cm2 is illustrated in Figure 7.7.  Figure 7.8 (a) - (i) show
the hybrid system response following such a slow change of insolation. Whole variables
discussed in this section have the same trend of variations when compared with the results of the
previous section, but the changes progress slowly owing to the slowly varying insolation.

As the insolation increases slowly, the PV array current, Ipv, also increases steadily.  The
capacitor, Cd, in Figure 4.2 discharges slowly because the difference between the array current,
Ipv, and the PV inverter current, Id, is small.  Therefore, the PV array voltage increases smoothly,
so it does not shape overshoot while it did in Figure 7.6 (a), where it resulted from the sharp
insolation increase.  The neural network controller for MPPT responds to produce the maximum
available solar power by generating appropriate switching signals to the inverter.  The switching
signals make the ac real power, Pac,1, of the PV plant decrease slowly, which produces a
corresponding decrease of the inverter current, Id.  An equilibrium state is reached when the
inverter current, Id, is equal to the PV array current, Ipv.
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                   Figure 7.7  Slow increase of insolation from 30 mW/cm2 to 100 mW/cm2.



81

When the insolation increases slowly, the PV array voltage, Vpv, also increases as
discussed above.  Since the switching signals from the NN controller can nearly catch up with
the slowly varying insolation, the increase of the inverter ac voltage is very small.  This causes
the PV reactive power supplied to the grid from the PV power plant to increase a little as shown
in Figure 7.8 (d) compared with Figure 7.6 (d).  The NN controller operates to bring the reactive
power back to zero, so equilibrium can be achieved.

When the ac real power, Pac,1, of the PV plant increases as a result of the slow insolation
increase, the real power error, errP, decreases.  That error signal goes through the PI compensator
to cause not only the fuel cell current, Ifc, to decrease but also the output voltage of the phase
controller to decrease.  Then the ac real power, Pac,2, of the fuel cell plant decreases slowly to
compensate for the growth of the PV power.  Since the response time of the fuel cell stacks is
short enough to follow such a slow change of the PV power, the fuel cell voltage does not shape
overshoot and the fuel cell current does not shape undershoot.  When the response of Figure 7.8
(i) is compared with that of Figure 7.6 (i), the former does not show a sharp variation of the total
real power because the insolation changes slowly.  Therefore, the fuel cell power plant can
accurately compensate for the PV power variations.  On the other hand, as the ac reactive power,
Qac,1, of the PV plant increases slowly, the reactive power error, errQ, decreases.  That error signal
causes the output voltage of the angle controller to increase so that a decrease of the reactive
power of the fuel cell plant can be achieved.  Therefore, variations of the total ac reactive power,
Qac, from the PV and fuel cell plants are very small and Qac is well-maintained at the reactive
power command, Qcom.
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Figure 7.8 (a)  Transient response of the PV array voltage (Vpv) for slow insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.8 (b)  Transient response of the PV array current (Ipv) for slow insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.8 (c)  Transient response of the PV array DC power (Ppv) for slow insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.8 (d)  Transient response of the PV array power (Pac1, Qac1) supplied to the grid for
slow insolation increase from 30mW/cm2 to 100mW/cm2.
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Figure 7.8 (e)  Transient response of the fuel cell voltage (Vfc) for slow insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.8 (f)  Transient response of the fuel cell current (Ifc) for slow insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.8 (g)  Transient response of the fuel cell DC power (Pfc) for slow insolation increase
from 30mW/cm2 to 100mW/cm2.
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Figure 7.8 (h)  Transient response of the fuel cell power (Pac2, Qac2) supplied to the grid for
slow insolation increase from 30mW/cm2 to 100mW/cm2.
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Figure 7.8 (i)  Transient response of the total power (Pac, Qac) supplied to the grid for slow
insolation increase from 30mW/cm2 to 100mW/cm2.
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7.5  Variable Insolation and Cell Temperature

This section shows simulation results for the developed computer models under
disturbances that both insolation and cell temperature vary.  Figure 7.9 illustrates actual changes
of the insolation and cell temperature for 42 seconds.  Those data were measured from the
Virginia Tech Solar Test Facility (VTSTF) mounted on the roof of the Whittemore building in
Virginia Tech campus on December 23, 1996.  Figure 7.10 (a) - (i) show the hybrid system
response following those weather changes.

As shown in Figure 7.10 (b), the PV array current, Ipv, exactly takes after the variations of
insolation.  Thus, it can be said that PV array currents rather than PV array voltages carry the
close relationship with insolation changes.  Figure 7.10 (c) indicates that the neural network
controller for MPPT works so well that the PV array dc power accurately resembles the look of
the insolation variations.  As shown in Figure 7.10 (d), the ac reactive power, Qac,1, of the PV
plant is always around zero, but it is a little apart from zero when the insolation varies suddenly.
Figure 7.10 (h) and (i) reveal that the RRPC for the fuel cell power plant responds very well to
the real and reactive power changes in the PV power plant.  The power changes are due to the
instant insolation changes.  Therefore, the proposed two-loop controller for the PV-fuel cell
hybrid system controls very effectively the inverters so that the PV power plant can always
achieve maximum available solar power points.  Moreover, the fuel cell power plant can satisfy
the system-side requirement for real and reactive powers.
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                              Figure 7.9  Variations of insolation and cell temperature.
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Figure 7.10 (a)  Transient response of the PV array voltage (Vpv) for real-time variations of
  insolation and cell temperature.
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Figure 7.10 (b)  Transient response of the PV array current (Ipv) for real-time variations of
  insolation and cell temperature.
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Figure 7.10 (c)  Transient response of the PV array DC power (Ppv) for real-time variations of
  insolation and cell temperature.
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Figure 7.10 (d)  Transient response of the PV array power (Pac1,Qac1) supplied to the grid for real-
  time variations of insolation and cell temperature.
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Figure 7.10 (e)  Transient response of the fuel cell voltage (Vfc) for real-time variations of
  insolation and cell temperature.
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Figure 7.10 (f)  Transient response of the fuel cell current (Ifc) for real-time variations of
  insolation and cell temperature.
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Figure 7.10 (g)  Transient response of the fuel cell DC power (Pfc) for real-time variations of
  insolation and cell temperature.
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Figure 7.10 (h)  Transient response of the fuel cell power (Pac2, Qac2) supplied to the grid for real-
  time variations of insolation and cell temperature.
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Figure 7.10 (i)  Transient response of the total power (Pac, Qac) supplied to the grid for real-time
  variations of insolation and cell temperature.

7.6  Change of Power Commands with Variable Insolation and Cell Temperature

This section shows simulation results for the developed computer models of the MPPT
control and RRPC system under the same weather condition as in the previous section but with a
change of power commands in the middle of time period.  The real and reactive power
commands are changed from 2.3MW, 0.5MVar to 1.5MW, 1.0MVar respectively at the instant
of 20 second in time period.  Figure 7.11 (a) - (i) show the hybrid system response following the
changes of power commands.

As shown in Figure 7.11 (a), (b), (c) and (d), the variables belonging to the PV power
plant such as Vpv, Ipv, Ppv, Pac,1 and Qac,1 show exactly the same shapes as those in the previous
section.  It implies that a change of power commands in the middle of operation does not
influence the operation of the PV power plant.  Instead, the change of power commands is taken
charge on by the fuel cell plant.  The RRPC for the fuel cell power plant responds so well to the
power command changes that the total real and reactive powers, Pac and Qac, supplied to the
utility grid show nice transitions to the new power commands, as shown in Figure 7.11 (i).
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Figure 7.11 (a)  Transient response of the PV array voltage (Vpv) for change of power commands
  with variable insolation and cell temperature.
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Figure 7.11 (b)  Transient response of the PV array current (Ipv) for change of power commands
  with variable insolation and cell temperature.
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Figure 7.11 (c)  Transient response of the PV array power (Ppv) for change of power commands
  with variable insolation and cell temperature.
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Figure 7.11 (d)  Transient response of the PV array power (Pac1, Qac1) supplied to the grid for
  change of power commands with variable insolation and cell temperature.
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Figure 7.11 (e)  Transient response of the fuel cell voltage (Vfc) for change of power commands
  with variable insolation and cell temperature.
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Figure 7.11 (f)  Transient response of the fuel cell current (Ifc) for change of power commands
  with variable insolation and cell temperature.
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Figure 7.11 (g)  Transient response of the fuel cell DC power (Pfc) for change of power
  commands with variable insolation and cell temperature.
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Figure 7.11 (h)  Transient response of the fuel cell power (Pac2, Qac2) supplied to the grid for
  change of power commands with variable insolation and cell temperature.
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Figure 7.11 (i)  Transient response of the total power (Pac, Qac) supplied to the grid for change of
  power commands with variable insolation and cell temperature.
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                                                          CHAPTER  8

                                 ENVIRONMENTAL EVALUATION

8.1  Introduction

Solar photovoltaic and fuel cell power generations are not free from environmental
impacts.  One major disadvantage of PV power plants is that they require an extensive land for
large-scale centralized power plant construction.  Their indirect impacts on environment during
production and disposal of the PV systems cannot be ignored since these materials contain some
toxic elements.  Fuel cell systems produce very little amounts of SO2, NOx and other particulates
in the fuel reforming process and their low CO2 emissions result from high energy conversion
efficiency.

As two major criteria for calculating environmental impacts of the proposed PV-fuel cell
hybrid system, land requirement for the power plant and its lifetime CO2 emissions are
considered.  A requirement of land area would nearly soon be a crucial factor for power station
construction in densely populated regions, particularly such as eastern U.S.A, Europe and East
Asia.  The world’s rising concern about the increasing CO2 concentration in the atmosphere and
its potential impact on global warming gives a suggestion that CO2 emission rates be considered
in selecting electricity generating technologies.

Land area requirement and lifetime CO2 emissions for PV, fuel cell, and conventional
fossil fuel power plants are studied in the first and second part of this chapter, respectively.  The
next part deals with environmental evaluation of the proposed hybrid system.  It is carried out in
terms of land requirement for the plant construction and their lifetime CO2 emissions.

8.2  Land Requirement
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The land area required for each electric power plant varies over a significant range,
depending upon factors such as individual utility design specifications, land costs, and the
installed capacity.  Photovoltaic modules that provide power for remote systems are useful with
small land disturbance, but, when used for a grid-connected central power station, land
requirement is a major consideration.  A PV power plant requires the most extensive land due to
the low energy density of solar radiation and low efficiencies of solar cells.  It ranges from
20,000 to 35,000 m2 /MW [16].

The amount of land needed for the installation of a fuel cell power plant may be
relatively small like 500 - 1,000 m2 /MW owing to the capability of its modular construction
[19].  This feature, together with very low environmental impact, may allow fuel cell power
plants to be located close to the point of use, where its waste heat can be used in cogeneration
applications.  This siting flexibility of the fuel cell power plants may not only permit a reduction
in transmission and distribution loss but also provide for power control close to the load center.
Therefore, it is able to make a utility defer transmission and distribution investments.

Table 8.1 summarizes the standard figures of land use for electricity generating power
plants, including conventional fossil-fuel power sources [82].  For coal plants, land area required

         Table 8.1  Land requirement for electric power plants.

                                          

Power sources
Land use

[ m2/MW ]

Photovoltaics

Fuel cells

Coal

Oil

Natural gas

20,000

700

3,700*

900

800

* Includes land needed for solid 
   waste disposal.
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for ash and flue gas desulfurization (FGD) waste disposal is included.  Since oil and natural gas-
fired power plants do not need ash disposal, the land required for their power plant construction
is much lower than that of coal power plants.

8.3  CO2 Emissions

This section calculates the lifetime CO2 emissions from photovoltaics with
polycrystalline silicon, phosphoric acid fuel cells, and three conventional fossil fuel (coal, oil
and natural gas) power plants.  The 30-year lifetime CO2 emissions for those power plants are
summarized in Table 8.2.  The total CO2 amount generated during a power plant’s lifetime is
calculated by adding the CO2 produced during its construction to the CO2 produced from burning
fuels and from its operation and maintenance (O&M).

                Table 8.2  CO2 emissions for electric power plants with a 30-year lifetime.

      

Power sources

CO2 from plant

construction*

 [ kg/MWh ]

CO2 from

O & M

[ kg/MWh ]

CO2 from 

burning fuel

[ kg/MWh ]

Total CO2 

emissions

[ kg/MWh ]

Photovoltaics

Fuel cells

Coal

Oil

Natural gas

 81.8                           9                      -                       90.8

 0.9                           8                   461.4                470.3

 3.5                         28                   987.4              1018.9

 6.4                         16                   738.5                760.9

 2.7                         10                   551.4                564.1

* For the calculation, capacity factors for coal, oil, natural gas and fuel cell 
  power plants are 65%, 25%, 25%, and 25%, respectively.
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More than 95% of CO2 produced from fossil fuel-burning power plants is generated
during their operation as a consequence of fuel combustion.  The CO2 productions from coal, oil,
and natural gas power plants by burning the fuels are calculated in Appendix A in detail.  Those
calculations are made by using carbon content and heating values for each of the fossil fuels, and
electricity conversion efficiency of the power plant.

For a photovoltaic power plant, nearly 90% of CO2 emissions from the PV power plant
result from the CO2 generated during the plant’s construction stage.  The CO2 generated during
the construction of a PV power plant is calculated by multiplying the primary energy consumed
by the CO2 emission factor of the primary energy.  The detailed calculations are illustrated in
Appendix B.

Almost all of CO2 production from a fuel cell power plant occurs during a fuel reforming
process that reforms natural gas into hydrogen-rich gas.  Same as in the calculations of CO2

emissions from the fossil-fuel power plants, the CO2 amount emitted from the fuel cell plant is
calculated using heating value of natural gas and the plant’s electricity conversion efficiency.
The whole calculations are shown in Appendix C.

Significant reduction of CO2 emissions from energy generation could be achieved by
improving the plant’s efficiency or shifting fossil fuel to renewable energy sources.  The PV
system produces considerably less CO2 over a 30-year lifetime than the fossil-fuel power plants.
When natural gas power systems are substituted for coal power plants as a method of CO2

reduction, it could reduce the CO2 production by 45%.  However, this reduction could not
achieve a long-time solution to global warming.  Substituting PV technologies for coal-fired
power plants could reduce CO2 production over time.

8.4  Evaluation of the PV-Fuel Cell Hybrid Power Plant

Environmental impacts of the proposed PV-fuel cell hybrid power plant are going to be
evaluated in terms of land area requirement and life cycle CO2 emissions.  According to the
Table 8.1, the land requirement for photovoltaic power stations is 6-25 times higher compared to
the other forms of power generation.  Fuel cell power plants need the least land area for plant
construction.  When these two power plants are integrated, land requirement for the hybrid plant
would decrease so that the PV power could get an applicable position to be located near highly
populated area.

From the Table 8.2, photovoltaic power plants produce 6-11 times less lifetime CO2 gas
than other power generating sources and the CO2 emissions from fuel cell power plants also very
little.  So, the hybrid power plant has an excellent potential to reduce lifetime CO2 emissions.
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Figure 8.1 shows the comparison result of the proposed hybrid power plant with other power
generation forms in terms of land surface requirement and lifetime CO2 production.

Thus, fuel cell power generation, having the least land use, is able to alleviate the heavy
burden for large surface requirement of the PV power plants.  It also has a fast-ramping
capability to smoothen the fluctuating PV power outputs as discussed in Chapter 3.  Moreover,
the hybrid power plant has a very little potential for lifetime CO2 emissions because the PVs and
fuel cells are the power sources that produce the least lifetime CO2 emissions.
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         Figure 8.1  Land requirement and lifetime CO2 emissions for electric power plants.
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                                                        CHAPTER  9

                   CONCLUSIONS AND RECOMMENDATIONS

This dissertation is contributive to solving control problems of interconnecting a PV-fuel
cell hybrid power plant to a utility grid by using a two-loop controller.  Power generation from a
PV power plant contains a positive aspect that it mostly takes after the utility system’s peak
demand.  However, the PV power generation is less appealing due to the significant feature of its
intermittent power output on a fluctuating weather condition.  Thus, a PV power generation
should be integrated with other power sources.  Combining either a fuel cell or a battery power
with a PV power plant had been proven to be a feasible technology for alleviating such a PV
power’s inherent problem [1, 2, 7, 13, 18].

This study compared in detail the above two technologies for the PV power backup.  It
was found that the fuel cell power has more beneficial effects over the battery power when
operates with a utility-connected PV power station.  Both the fuel cell and the battery power
have nice characteristics in common such as fast load-response capability, modularity in
production, highly reliable power sources and environmental acceptability.  However, the two
PV backup powers exhibit several different attributes with respect to efficiency, capacity
variation, flexibility in operation, cost, and environmental externality.

The next thing to be encountered is to design an efficient controller for maximizing
performance of the PV-fuel cell hybrid power plant and to present simplified computer models
of the controller.  A two-loop controller was proposed for this purpose.  One loop is a neural
network controller for MPPT, which tries to always extract maximum available solar power
from the PV array under varying conditions of insolation, cell temperature and utility system
load.  Since the PV module’s nonlinear I-V characteristics match well to a neural network
application, the neural network approach was adopted in this study to keep track of maximum
power points of the PV array.

A PID type real/reactive power controller (RRPC) in the fuel cell power plant is the other
loop.  The RRPC is going to achieve the utility system’s requirement for real and reactive
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powers by controlling the fuel cell stacks and the PCS.  Real power is controlled by regulating
both the incoming fuel to the fuel cell stacks and the switching signals to the PCS of the fuel cell
power plant.  Reactive power control is made by producing appropriate switching scheme to the
PCS.

Time-domain simulation results showed effectiveness of the developed two-loop
controller and its simplified computer models.  The proposed neural network controller for
MPPT produces accurately the switching signals to the dc-ac inverter for the PV array to keep
track of the peak power points even when the insolation changes rapidly.  The RRPC system
responds well to the PV power changes so that the PV-fuel cell hybrid power plant can maintain
the utility system’s real and reactive power commands.  The satisfactory dynamic responses may
open the door for the two-loop controller to be applicable in transient stability analysis of the
hybrid power plant.  Conversion of dc power to ac in the hybrid power plant is made by
controlling switching scheme of the inverters.  Thus, the hybrid power system can achieve more
versatile real and reactive power control than the conventional power sources because the former
does not contain any rotating masses.

Environmental evaluation of the proposed PV-fuel cell hybrid power plant is made in
terms of land requirement for the plant construction and lifetime CO2 emissions.  The CO2

emissions of the hybrid power plant are caused by fuel consumption during its life-long period,
and its construction and O&M work.  Then, the environmental evaluation of the hybrid power
plant is compared with those of the conventional fossil-fuel power generation forms.  Fuel cell
power and PV power have uniquely excellent characteristics in land requirement and CO2

emissions, respectively.  The PV power, however, requires extensive land for the plant
construction.  The fuel cell power plant emits moderate amount of CO2 gas to the atmosphere
during its operation.  Therefore, the combination of the PV and the fuel cell power utilizes the
merits of the two power sources and alleviates their disadvantages.

This dissertation tried to develop the two-loop controller for the PV-fuel cell hybrid
power plant as a part of assisting renewable energy sources to be utilized more in the future.
The photovoltaic and fuel cell powers are socially acceptable technologies by the people, who
concern about a degradation of environment.  The major impediment to expand photovoltaic
power generation for a stand-alone or a utility-connected application is the high production cost
of the PV modules.  The price of PV modules dropped to less than $6/W in 1983 and is
projected to continue to decrease in the future.

The technology for manufacturing a phosphoric-acid fuel cell is mature today for
commercial applications, but it is not much applied to electric power utilities because of cost.  Its
initial capital cost is a factor of 3 or higher than conventional alternative power sources.  The
research and development of advanced fuel cell technologies are under laboratory conditions.
When the coal gasification technology is feasible economically, the fuel cell usage is projected
to increase a lot.  As the PV power penetration to the electric power utility increases, the demand
for the fuel cell power application will grow as well to be integrated with the PV power.  The
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fuel cell power has a great capability to compensate for the PV power’s inherent problem of
intermittent power generation under inclement weather conditions, as proven in this dissertation.
Then, the proposed two-loop controller would be adopted to maximize the performance of the
PV-fuel cell hybrid power plant.
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  NOMENCLATURE

A =B Ideality factor (1.60)
b  Tafel slope (0.11)
C1 Internal capacitance of a fuel cell
Cd Capacitance in parallel with the PV array
Cov Overvoltage capacitance of a battery cell
Cb Battery capacitance
E0 Open circuit voltage of a fuel cell
Ef Terminal voltage of a fuel cell (V)
EG0 Band gap for silicon (1.10eV)
Er    Reversible potential of the cell (1.0 V)
I PV cell output current (A)
I0 PV cell saturation current (A)
Id Current flowing into the inverter from the PV array (A)
If Cell current density (A/cm2)
Ifc Current from the fuel cell stacks (A)
Ifo Exchange current density for oxygen reduction reaction (0.003)
Ior Saturation current at Tr  in a PV cell (15793 10 6. X − )
I ph light-generated current in a PV cell (A)

Iscr PV cell short-circuit current at 25 o C  and 100 mW cm/ 2  (3.27)

K Boltzmann’s constant (13805 10 23. X −  Nm Ko/ )
Ki Short-circuit current temperature coefficient at Iscr  (0.0017 A Co/ )
LT Internal equivalent inductance of a fuel cell
N Turn ratio of the transformers in the PV and fuel cell power plant
Pac Total real power supplied to the grid (W)
Pac,1 Output real power supplied to the grid from the PV power plant (W)
Pac,2 Output real power supplied to the grid from the fuel cell power plant (W)
Ppv Output power of the PV array (W)
q Electron charge (16 10 19. X −  C)
Qac Total reactive power supplied to the grid (Var)
Qac,1 Output reactive power supplied to the grid from the PV power plant (Var)
Qac,2 Output reactive power supplied to the grid from the fuel cell power plant (Var)
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Qpn Reactive power behind the transformer in the PV power plant (Var)
R External load resistance
R1 Charge transfer resistance of a fuel cell
Rb Self-discharge resistance of a battery cell
Rbat Internal resistance of a battery cell
Rf    Internal resistance of a fuel cell (0.5)
Rov Overvoltage resistance of a battery cell
Rs Series resistance of a PV cell (0.006)
Rsh Internal shunt resistance of a PV cell
RT Electrolyte resistance of a fuel cell
T PV cell temperature ( oK )
Tc PV cell temperature ( oK )
Tr Reference temperature (301.18 oK )
V Terminal voltage for a PV cell, a battery cell, or a fuel cell (V)
Vfc Terminal voltage of the fuel cell stacks (V)
Vfn Voltage hehind the transfomer in the fuel cell power plant (V)
Voc Open circuit voltage of a battery cell
Vpn Voltage hehind the transfomer in the PV power plant (V)
Vpv Terminal voltage of the PV array (V)
Vs Reference utility grid voltage (V)
Vδ1 One control variable to the inverter in the PV power plant (V)

Vδ 2 One control variable to the inverter in the fuel cell power plant (V)

Vφ1 One control variable to the inverter in the PV power plant (V)

Vφ2 One control variable to the inverter in the fuel cell power plant (V)

λ PV cell illumination ( mW cm/ 2 )
φ pn Phase angle of the inverter voltage in the PV power plant

φ fn Phase angle of the inverter voltage in the fuel cell power plant
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                                                        APPENDIX. A

     CO2 EMISSIONS FROM CONVENTIONAL FOSSIL FUEL

                                       POWER PLANTS

CO2 emission rates in terms of kgCO2/MWh for three conventional fossil fuel (coal, oil,
and natural gas) power plants during their operations are computed.  The following reactions
may represent the complete combustion of fossil fuel at power plants.

C O CO+ → +2 2 ∆                                                                              (A.1)

     or   CH O CO H O4 2 2 22 2+ → + + ∆                                                             (A.2)

where ∆  represents heat evolved.  The CO2 emissions shown in Equation (A.1) - (A.2) are
considered as an undesirable side effect of burning fossil fuel to get useful energy.

For the CO2 emission rate of coal combustion, Appalachian bituminous coal with 72%
carbon content and 12,600 Btu/lb (29.347x 109 J/ton) of heating value is taken as a
representative.  The CO2 emission rate for complete combustion of the coal is computed as
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When the power plant has a 34% of electricity conversion efficiency, the CO2 release rate would
be 952.42 kgCO2/MWh.

An emission rate for crude oil can be calculated from its composition, heating value, and
efficiency of a power plant.  The United Nations uses 1.4543 ton of coal equivalent to define a
ton of oil equivalent and average crude oil is characterized as having 85.0 ± 1.0% carbon content.
The CO2 emission rate for complete combustion of crude oil is computed as follows
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Then assuming 37% of electricity conversion efficiency, the CO2 release rate would be 710.46
kgCO2/MWh.

When natural gas is roughly assumed to contain 100% methane (CH4), whose heating
value is 23,861 Btu/lb (55.5756x109 J/ton), the CO2 emission rate for methane is calculated as

075 10
55 5756 10

13 50 10
3

9
9.

.
. /

×
×

=
kgC

J
kgC J

However, the average natural gas used in power plants contains 92.88% methane, 3.91% ethane
(C2H6), a small amount of propane (C3H8) and other non-hydrocarbon gases, for a heating value
of 9103 kcal/m3.  Considering the kinds of variability, the relation between carbon content and
heating value of natural gas is approximated by the following equation

kgC/109J = 13.71 + [(kcal/m3) x 0.1124 - 1000] x 3.083x10-3

For the average natural gas, this value is 13.78 kgC/109J (181.88 kg CO2/MWh).  Taking 39% as
the efficiency of the natural gas power plant, the CO2 emission rate would be 466.36
kgCO2/MWh.

On the other hand, before each fuel is combusted at power plants, it is required to be
processed at a fuel treatment stage.  The fuel treatment processes usually consist of mining,
transportation and refining of fossil fuel.  Taking the CO2 generation from the fuel treatment into
account, Table A.1 summarizes the overall CO2 emissions of the three fossil fuel power plants.
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             Table A.1  CO2 productions from fossil fuel power plants with fuel treatment.

   

Fuel type
Power plant operation

    [ kgCO2/MWh ]

Fuel treatment

[ kgCO2/MWh ]

Overall CO2 production

    [ kgCO2/MWh ]

Coal

Oil

Natural gas

952.42

710.46

466.36

35

28

85

987.42

738.46

551.36
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                                                         APPENDIX. B

                     CO2 EMISSIONS FROM PV POWER PLANTS

This section calculates estimates of the CO2 emissions from both PV module fabrication
and construction of the PV power plant, based on consumed energy analysis.

Accumulated energy requirements for construction of PV power plants are shown in
Table B.1 [16].  The energy consumed for the photovoltaic modules and that for the remaining
components such as supporting structures, cabling, power conditioning system, etc. constitute
the accumulated energy for a PV power plant.  The percentages by which electrical energy and
raw fuel take charge out of the total energy consumption are 68.2% and 28.8%, respectively.

                 Table B.1  Accumulated energy requirements for PV power plants [16].

               

Cell structure

- Size of power station = 1,500 kWp
- Annual production capacity = 25 MWp/yr

η Remaining
components
[kWh/kWp]

Power station
total
[kWh/kWp]

PV Modules

[kWh/kWp][%]

Single-
crystalline

Poly-
crystalline

Amorphous

15.5

13.5

8.0

 11,000                    1,200                  12,200

7,500                     1,500                    9,000

5,500                     2,000                    7,500
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CO2 emissions, involved in the construction process of the PV power plant by the
consumption of electricity and fuels, can be estimated using the specific emission factors within
an energy supply network.  For the United States, 0.5984 kg/kWh for electrical energy and 0.48
kg/kWh for fossil fuels are calculated for their CO2 emission factors.  These calculations are
based on the data that the percentage of electricity generated by coal is 54.6%, by oil 3.9%, and
by natural gas 11.9%.  The emission factors for coal, oil and natural gas power plants are 952.42
kg/MWh, 710.46 kg/MWh, and 466.36 kg/MWh, respectively, as calculated in Appendix A.
Table B.2 shows the amount of CO2 emitted during the construction of the PV power plant and
equivalent CO2 emissions during the system’s working life cycle.

                                     Table B.2.  CO2 emissions of PV power plants.

                   

Cell structure
CO2 emissions 

[ kg CO2/kWp ]

Equivalent 
CO2 emissions
[ kg CO2/MWh ]

Single- 
crystalline

Poly-
crystalline

Amorphous

6,654.5

4,909.1

4090.9

110.9

81.8

68.2

- Working life cycle = 30 yrs
- Annual load duration = 2,000 hrs
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                                                        APPENDIX. C

         CO2 EMISSIONS FROM FUEL CELL POWER PLANTS

This section calculates CO2 emissions during operation of phosphoric acid fuel cell
(PAFC) power plants, which use natural gas as a fuel.  Because the actual fuel of fuel cell stacks
is hydrogen (H2) gas rather than methane (CH4), fuel reforming process is required to process
CH4 into H2.

The fuel reforming system comprises three processes such as desulfurization, steam
reforming, and CO shift.  The reaction formula for those processes are written as

Steam reforming:   CH H O CO H4 2 23+ → +                                        (C.1)

CO shift:                CO H O CO H+ → +2 2 2                                         (C.2)

       CH H O CO H4 2 2 22 4+ → +                                    (C.3)

Therefore, about 80% H2 and 20% CO2 are supplied to the fuel cell stacks, assuming the fuel is
reformed completely.

When the natural gas contains 100% CH4 with a heating value of 23,861 Btu/lb, the CO2

emission rate for fuel cell power plants is calculated as
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assuming that the efficiencies of the reforming process and fuel cell power plant are 95% and
45%, respectively.
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