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Abstract

Along with the increasing concerns on environmental issues, the penetration level of
renewable energy is growing fast, e.g. wind, tide and solar energy. However the
impact of renewable energy on the conventional power grid is increasing due to their
intermittent characteristic of power supply. As a result conventional approaches of
energy storage need to be improved or reconsidered. One way to increase the value
of intermittent renewable energy is to use high efficiency reversible solid oxide fuel
cell (RSOFC) system as an energy storage device.

A development of solid oxide fuel cell is being carried out at University of St.
Andrews with focusses mainly on material selection and coating technology, etc.
This RSOFC system aims to provide effective and flexible power delivery through
advances in materials and fuel processing technology. The University of Strathclyde
is also a partner of this collaborative research, and this thesis offers comprehensive
modelling of this RSOFC system and optimisations proven by simulations to the
original design proposed by the Fuel Cell group at University of St. Andrews.

The utilization of RSOFC systems within AC power networks requires power
electronic inverters with appropriate controls to convert variable DC power into AC
power. However it is commonly recognized that power electronic inverters have
major impacts on the dynamic behaviour of the fuel cell system, and these effects are
highly dependent on the inverter control algorithms. To investigate the performance
and stability of the RSOFC system as an energy storage device within the AC power
network this thesis also presents the modelling of the integrated system, along with
three competing inverter control algorithms developed at the University of
Strathclyde.

Conclusions include the fidelity of the RSOFC concept and the proposed design
improvements proven by simulations. An overheating issue is discovered and solved

by an innovative application of a phase-change heat store. This heat store is critical



in stabilizing the fuel cell system temperature and increasing the cycle efficiency.
This thesis demonstrates that the direct deployment of certain control algorithms may
not be appropriate under certain grid scenarios due to excess fuel cell current ripples.
Simulations show that appropriate DC bus capacitors effectively reduce the ratio of
fuel cell current ripple although potential system cost is implied. Finally it is found
that the state of charge (SOC) can in fact have a more negative impact on system
efficiency and safety operation than current ripple. The nominal operation range of
state of charge is suggested to be constrained according to the ratings of the fuel cell

system.
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Chapter 1 Introduction

1 Introduction

1.1 Background

Conventional electric power generation systems in the world are based on fossil fuels
(coal, oil and natural gas), nuclear power and hydropower. The demand for electrical
energy is increasing and the growth is likely to rise by 76% by 2030 as reported in [1]
[2]. However the whole world is facing the gradual exhaustion of fossil fuel supplies,
and the volatility of fossil-fuel prices in a global market. Even nuclear power lacks
the capability for a long-term solution [3]. In combination with recent trends in
increasing energy consumption the questions about sustainability rise. It is predicted
that the common large centralised generators with the tendency discussed above will
become less dominant, in addition to that their poor efficiency due to large
unrecovered heat losses. The renewable energies are achievable solutions to

overcome this.

A sustainable energy source is one that is continually replenished, such as wind,
wave, tidal and solar power. The UK has set a target of a 34% reduction in
greenhouse gas emissions by 2020, from a 1990 baseline, and an 80% reduction
target by 2050 [4]. Data collected in [5] shows that the share of renewable electricity
almost matches renewable electricity generation growth as a percentage of the total

consumption and the largest increase in generation is from wind and wave sources.

However, most of the renewable sources are highly intermittent and hard to predict,
especially the wind power [6]. Besides, the power demand varies with time as well
[8]. One example shown in Figure 1.1 demonstrates the imbalance between the grid
power demand and wind power generation [9]. Therefore if the renewable sources
are becoming a large part of the electricity network then it is inevitable that a great
number of energy storage systems are required, for compensating the imbalances
between the renewable power supply and customer demands. The pumped hydro

storage is mainly used in the UK. However the entire capacity can provide up to
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2788MW for only 5 hours then it drops to 1060MW, and finally runs out of water
after 22 hours [10].
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Figure 1.1 Wind generation and total power demand from January to February 2011
in south Australian [9]

Reversible solid oxide fuel cell (RSOFC) systems have high potential to be used as
an energy storage device. This technology has high efficiency, low/zero emissions
and is almost noiselessness (due to nonexistence of moving parts). The power levels
can range from 2 kW to 50 MW [7]. Groups of cells can be interconnected within
stacks in series/parallel to provide the desired voltage level. RSOFCs also produce
extensive heat as a by-product of the exothermic electro-chemical reaction at high
operating temperature; therefore they can be promising candidates in a combined
heat and power (CHP) system. While recharging the RSOFCs in electrolysis mode
the exceeded heat can be used to reduce the electricity input, if it is stored properly
from the fuel cell - electrolyser cycle operation. In a reversible SOFC system, the
available energy capacity is partially related to the power rating of the system

because of the varying heat loss due to fuel cell ohmic components.
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Table 1.1 Electrical energy storage methodologies under development

Storage Cycle efficiency (%) Benefits Draw-backs

Compressed air 50-70 [8] Large scale Geology restraint

High maintenance;

Pb-acid battery 70-80 [11] Well developed |
limited global supply
Pumped hydro 70-80 [12] Large scale Geology restraint
Redox flow cells 65-75 [11] Reliability Toxic chemicals
High part load '
RSOFC 30-40 [13] _ Cost and degradation
efficiency

There are also other different types of energy storage systems currently available or
under development, such as pumped hydro and compressed air which are compared
in Error! Reference source not found.. The electrical cycle efficiency of reversible
solid oxide fuel cell (RSOFC) is assumed with minimum of 30% - 40% under normal
operating condition, without considering the heat storage, where the energy is stored
as hydrogen only [13]. However, at the start of this research there was the hypothesis
that much more efficiency can be obtained if the heat produced during power
generating operation could be stored and re-absorbed during the electrolysis mode.
However, work presented in this thesis shows that this benefit can be compromised
when the cell is operated towards the higher end of its current rating, as more heat

will be wasted into surroundings than can be recovered to generate electrical energy.

In conventional generations the generators operate at a fixed speed and grid
frequency. However the voltage generated by fuel cells cannot be directly connected
to the grid. Therefore power electronic inverters are normally required for the
integration of fuel cell power to supply electricity to the grid, which converts DC to

AC or vice versa. Power electronic technology therefore plays a vital role in
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matching the requirements of fuel cell units to the grid connections, including
frequency, voltage, control of active and reactive power, harmonic minimization etc.
Power inverters are often used to provide optimum power quality to local sensitive
loads within certain grid environments. However, it is commonly recognized that the
power electronic inverters have major impacts on the dynamic behaviour of the fuel
cell system, and the effects are highly dependent on the inverter control algorithms. It
IS inevitable that low frequency current ripples occur when implementing inverters,
which can be serious to fuel cell performance and life span if not being carefully
limited. In order to investigate the reliability of such operation, the development of
the RSOFC system model will be described. After that, the investigations and
analyses of the performance and stability of the RSOFC system to be used as an
energy storage device within AC power system will be carried out, with comparisons

of different effects on fuel cell from inverter control algorithms.
1.2 Research Motivations and Aims

The reversible solid oxide fuel cell system can be a valuable candidate as an energy
storage solution to meet the intermittent renewable energy sources which is

considered as a promising technology and attractive for research.

Although fuel cell systems provide promising benefits, a number of technical barriers
still have to be considered and overcome, such as material durability, commercial
viability, reliable interfacing with conventional utility grids and microgrids, etc.
Therefore, the aims of the research in this thesis include designing and developing
comprehensive and dynamic models of the RSOFC system which represents the fuel
cell under development in St. Andrews University to be as realistic and practical as
possible. The investigation is firstly to identify the performance and restraint of such
RSOFC concept, and secondly provides valuable feedbacks and inferred
improvements according to the simulations, e.g. stack geometry, dynamic
temperature, cycle efficiency. A power conditioning unit is designed in accordance
with the observed RSOFC characteristics. Therefore, three competing and effective
inverter control strategies developed at University of Strathclyde for the integrated
power system aiming to achieve high efficiency and reduced losses are to be

examined and investigated under different grid conditions, e.g., stiff grid, weak grid,
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microgrid, at varying disturbance. Dedicated case studies are conducted to identify
the impacts on the fuel cell system and to estimate the validity of control algorithms

under certain challenging scenarios.
1.3 Principle Contributions

A significantly comprehensive and dynamic model of the reversible solid oxide fuel
cell (RSOFC) has been developed in Simulink/Matlab software. High fidelity has
been obtained due to the dynamic sub-models of heat/temperature system, low and
high activation polarisation, and the diffusion polarisation which is partly
contributing to the Randles circuit (a well-known electrical equivalent circuit to

represent fuel cell characteristics) [13].

The performance of the prototype RSOFC system design has been improved due to
the feedbacks and inferred suggestions from simulations during the development of
the fuel cell model. These include: a copper-tin compound of heat store which
prevents over-heating and stabilise the system temperature, also restores the excess
energy for cycle efficiency enhancement; the improved stack/vessel design
considering both energy/hydrogen storage capability and heat transferring effects;
fuel cell geometry and material are altered aiming at reducing the ohmic loss.

Some key parameters and cell geometry material selections are obtained according to
the sensitivity analysis tests during the simulation, with the collaboration of the
University of St. Andrews. A complete new derivation of the electron transfer
coefficient which is crucial for the modelling of low and high activation polarisation

for this specific RSOFC system is explained.

An AC power system model integrated with RSOFC system as an energy storage
device has been developed and used for case studies. Three inverter control
algorithms have been adapted within different grid conditions and disturbances to
demonstrate their effects on both AC power quality and RSOFC system. Those case
studies clarify the possibilities of certain control mode to be appropriately used for

fuel cell system under different scenarios, and their trade-offs are discussed.
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The analysis of effects on fuel cell current ripple induced at three control modes with
the variations of AC voltage unbalance, THD, power factor and DC bus capacitance
has been discussed. The RSOFC system is designed to have fuel cells connected both
in parallel and series within a sealed stack vessel. The rated voltage of RSOFC
system is proposed to be 450V. This is designed for allowing cell voltage drop due to
the varying fuel cell state of charge (a percentage of remaining hydrogen partial
pressure), and to connect to a 230V (+10%) AC busbar via an inverter. The benefits
of adapting DC bus capacitance with different value to minimize the fuel cell current
ripple has been described, and the conclusion suggests that at least 10 mF capacitor is
required to provide a safe operation for RSOFC system (100kVVA RSOFC rating with
450V at DC bus). The analysis of effects on fuel cell efficiency due to current ripple

and state of charge (SOC) has been described as well.
1.4 Outline of Thesis

The research thesis constitutes of six chapters:

Chapter 1 briefly introduces the current energy issue world widely, and the (in
growth displacement solutions of) renewable energies. The RSOFC is discussed as
an promising energy stores for renewable generations and compared with other

candidates. Also the aims and contributions delivered by this research are discussed.

Chapter 2 gives an overview and the literature review of the current scenarios of
fuel celllRSOFC technologies in different approaches and modelling profiles. This

chapter also covers the backgrounds of power electronic inverter control algorithms.

Chapter 3 describes the significant mathematical modelling of a reversible solid
oxide fuel cell system based on electro-chemical equations developed by the author
in collaboration with Stephen Gamble at the University of St. Andrews. Nernst
voltage and polarisations for a single cell are discussed and the derivations of certain
sensitive parameters for this particular design are described. The important feedbacks
from stack simulations are introduced which improves the original stack design to be
more practical. This chapter also describes the impedance spectroscopy (1S) derived

from the model of Randles circuit, which represents an equivalent electrical circuit of
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RSOFC. Then the discussion is extended to a stack system with the modelling and
simulations of temperature, partial pressure, state of charge (SOC) and thermal

dynamic.

Chapter 4 demonstrates the simulations and investigations of the RSOFC system
performance, including the effects of the state of charge, pressure and certain
parameters on the fuel cell performance. Simulation results in this chapter also prove
the design optimisations made in pressure, stack size, cell geometry and pre-
exponential coefficient. The case studies examining the performance of the copper-

tin heat store is finally described.

Chapter 5 describes three inverter control algorithms developed in Strathclyde
University with an alternative PID power control approach for two of these control
modes. Case studies of implementing these control algorithms on RSOFC system
connected to stiff grid, weak grid and microgrid are described, including discussions
of their effects on the DC/RSOFC side, e.g. DC bus voltage/current variation, power
loss of ripple, RSOFC fuel consumption and efficiency. The suggestions of the
inverter control applications, values of DC bus capacitance and an updated safe
operation range for the state of charge are proposed based on the simulation results.

Chapter 6 concludes this research and also presents a future scope for the possible

values of continuing the development of the RSOFC powered energy storage.
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2 Background and Literature Review

In this Chapter, the conventional perspectives and backgrounds of the fuel cells and
power converters/inverters will be described. High temperature reversible solid oxide
fuel cell (RSOFC) principle and operation are introduced upon a hydrogen based
design with the superiorities highlighted. However the variations in SOFC design can
lead to great performance diversities. Therefore, the existing designs and modelling
of the solid oxide fuel cell system will be reviewed in this chapter, and the
shortcomings that are exposed in these conventional approaches to the analysis and

investigation of a RSOFC system will be discussed.

When utilizing the RSOFC system as an energy storage within a power network, the
power electronic converter/inverters are required to convert the DC power source of
RSOFC into AC power or vice versa. Two common types of power converter and
output voltage modulation technologies will be described in this chapter, along with
the fundamentals of inverter control algorithm. In addition the input current ripples
which are induced from the implementation of inverter is discussed. Moreover, the
key definitions, concepts and modelling of power electronic inverters used

throughout this thesis are presented.
2.1 Solid Oxide Fuel Cell
2.1.1 SOFC Design and Operation Principles

The basic components of a typical fuel cell include two electrodes, an anode and a
cathode where the reactions take place. An electrolyte is sandwiched between the
anode and cathode which allows the oxygen ions to pass through from cathode to
anode while blocking the electrons. It happens due to the tendency of charged
particles migrating to regions of lower electrochemical energy. Meanwhile the
electrical energy is produced when the electrons travel the external circuit. Heat is
also one of the by-products, which makes fuel cells suitable for CHP (Combined
Heat and Power) applications. The most commonly used fuel is hydrogen, and the

oxidant is usually oxygen. The most common product of chemical reaction is water

-10-



Chapter 2 Background and Literature Review

which is produced either at the cathode or at the anode, depending on the type of fuel

cell.

Polymer electrolyte membrane fuel cells (PEM) and solid oxide fuel cells (SOFC)
are mostly studied for energy storage applications by reversible operation. PEM and
SOFC produce electricity in fuel cell mode and store energy in hydrogen by
electrolysis operation. SOFC is based on the concept of oxide ion migration through
an oxygen ion conducting electrolyte from the oxidant electrode (cathode) to fuel
electrode (anode) side. It operates at temperatures in the range of 600 — 1000 <€ [1],
which makes them highly efficient as well as fuel flexible. The electrolyte of SOFC
is a dense solid that involves ceramic materials like Yttrium-stabilized Zircon (YSZ)
dioxide whose function is to prevent electrons from crossing over while allowing
passage to the charged oxygen ions. However, the reversible SOFC in this study are
operated upon the hydrogen gas only, as it allows Ni-YSZ electrodes to be used.
Figure 2.1 shows an operating SOFC and solid oxide electrolysis cell (SOEC).

& |’ =
4 T
Anode
Electrolyte o .,
Cathode e =
H., :H :-
g B
e I 0;
%0, + 2e” — H,0 — 2H" + e Coll 0F - %0, +
0* 2e’ B S 2e”
(a) (b)
Figure 2.1 Principles of SOFC operation in (a) fuel cell mode and (b) electrolysis
mode [1]

The electrochemical reaction carried out at the cathode is molecular oxygen reacts
with the electrons supplied from external circuit to produce oxide ions in the SOFC
system that only hydrogen and oxygen are used. The oxygen ions migrate through
the solid electrolyte to the anode where they combine with the hydrogen molecule to

produce water. The electrons flow through the externally connected circuit to reach

-11 -
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the cathode, doing electrical work and producing electrical energy in this process.
Water is produced at the anode on recombination of oxygen ions and electrons with
hydrogen, as opposed to the PEM where water is produced at the cathode. The high
temperature of the SOFC enables the capability of using hydrogen as the fuel as well
as hydrocarbon-based gases. In addition, The SOFC shows a high tolerance to fuel
impurities such as natural gas. The SOFC permits internal reforming, and also uses
less expensive catalysts for the dissociation of the oxidant.

The reversible SOFC is more suitable for energy storage than the PEM fuel cell. First
of all a voltage step occurs in the PEM-FC when switching from fuel cell mode to
electrolysis mode [2], however this does not appear in the reversible SOFC Secondly
the heat produced from the reversible SOFC can be massive. The chemical reactions
which are involved in the production of electricity inside typical hydrogen fuelled
SOFC are as follows [3] [4]:
At anode (fuel electrode):

2H, + 20%~ - 2H,0 + 4e” (2.1)
At cathode (oxygen/air electrode):

0, + 4e~ - 20% (2.2)

Overall cell reaction:
1
H, + 502 — H,0 + heat (2.3)

Equation (2.4) is the overall reaction in electrolysis mode.

2H,0 + heat - 2H, + 0, (2.4)

-12 -
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While each fuel cell has advantages and fields of application, the main reasons why

the SOFC has been given precedence over other fuel cells are as follows:

e The SOFC technology is best suited for Distributed Generation application
because they provide higher system efficiency and higher power density.

e SOFCs are suitable for stationary power applications with step load changes.

e The design of SOFCs is simpler than a fuel cell based on liquid electrolytes.

e The exhaust heat in case of SOFCs can be utilized for co-generation application
in industries.

e Since an SOFC operates at a high temperature (600 <€ to 1000 <€), it has high
reactant activities which helps in reduction of activation polarisation (a fuel cell
voltage drop mainly occurs at low fuel cell current), thus increasing the cell
efficiency.

e SOFCs are flexible in the choice of fuel such as carbon-based fuels, like natural

gas.

2.1.2 Concepts of Gibbs Free Energy and Reversible Energy Storage

The reversible SOFC can store energy by reserving the heat produced by the
exothermic fuel cell reaction of Equation (2.3) in the system and then recycling to the
endothermic electrolysis reaction of Equation (2.4). This is a major improvement
compared to only storing the energy in the chemical form of hydrogen. The cycle

efficiency can only be around 30% if the heat is discarded.

It is very important to understand the concept of Gibbs free energy while developing
the RSOFC model. The Gibbs free energy can be defined as the energy available to
do the external work, e.g. the electrical power output, etc., neglecting any work done
by changes in the pressure and/or volume of the reactants and products of the fuel
cell. The external work is also referred to as the electrical work done. Therefore if
considering fuel cells operating as a electrolyser, then more efficiency can be
obtained if less extra heat is supplied by other means of sources for the endothermic
reaction of Equation (2.4), and this can be achieved by storing the heat which is
generated from the exothermic reaction of Equation (2.3).They are related according
to Equation (2.5).

-13-
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AH = AG + TAS (2.5)

TAS is the heat absorbed by the reaction, AG is the standard free energy of reaction -
the amount of energy available in electrical work, and AH is the standard enthalpy of
reaction, which is the total energy change of the reaction. The standard voltage of the
reaction is related to the standard free energy of reaction by Equation (2.6). Where E
is the fuel cell voltage (volt), F is the Faraday’s constant (96487 C/mol) and n is
normally given the value of 2 (as 2 electrons are transferred for one molecular of

hydrogen reacted).

AG = —nFE (2.6)

Therefore, as the temperature of the fuel cell reaction increases, more heat is
produced but less electricity. However, the electrolysis reaction requires less
electricity to produce hydrogen, and more heat, at higher temperatures. By defining
the fuel cell efficiency as the ratio of electrical power to the heat enthalpy
released/stored in hydrogen, then this means that the electrical to chemical
conversion efficiency can exceed 100% in electrolysis mode (where heat is
disregarded in the efficiency calculation), if a massive amount of heat is not provided

by input electric power but from a heat store.
2.1.3 SOFC Geometries

There are two main SOFC geometries of planar and tubular generally being used for
reversible SOFCs, as shown in Figure 2.2. The planar geometry is harder to seal, but
provides a high volumetric power density. In the design shown in Figure 2.2 (a),
several cells are connected in series, which increases the voltage obtained from a

single substrate.

The tubular design shown in Figure 2.2 (b) is used by Siemens-Westinghouse, and
has an interconnect running along the cell. Although the tubular geometry is easier to
seal, it generally has longer current paths than the planar cell, which cause more

ohmic losses in the cell. However sealing is more serious for the planar cell when the
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pressure increases. This is because any leaks cause hydrogen and oxygen to mix and
combust and producing heat rapidly in tandem. This enlarges the hole and causes a
bigger leak, so this process will be faster if the pressure is higher [5]. Therefore, it is

the tubular geometry chosen by the University of St. Andrews for this research.

Primary Interconnect Air Cathode

In-plane current collector

Porous substrate

Fuel

(a)

W Oxygen electrode
Electrolyte

M Fuel electrode

B Interconnect

(b)

Figure 2.2 SOFC geometries: a) planar geometry of a Rolls-Royce Fuel Cell Systems
cell. ©2009 Rolls-Royce Fuel Cell Systems (US) inc. and is used by permission. All
rights reserved. [6], and b) Tubular SOFC geometry, designed by Siemens
Westinghouse [7].

For both designs the air flow rate and pressure ratio are the most important
parameters to the system performance, but these parameters have less impact on the
tubular system than the planar design. The research in Ref. [8] compares the
performances of these two common SOFC geometries, in a gas turbine hybrid cycle.
The main difference between the planar and the tubular system for the gas turbine
cycle is the internal pre-heating of the air in the tubular system, permitting a lower
air inlet temperature. The reduced amount of high-temperature heat in the pre-
heating section allows for a higher-pressure ratio at acceptable turbine inlet
temperatures. The tubular system’s ability to be operated at lower air excess ratio

lowers the exhaust gas losses and increases the afterburner temperature, improving
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the effectiveness of the cycle. These effects compensate for the lower efficiency of
the tubular fuel cell stack, which is caused by its higher ohmic resistivity. Also, for
planar cells the double layer capacitance can be much bigger in the equivalent
Randles circuit [9] , while for tubular cells the capacitance is dominated by the

surface diffusion capacitance which can be much smaller. [9] [10] [11].

Other fuel cell geometry features involve the material/component selection for
supporting the cell within the stack system. A SOFC consists of a cathode, an
electrolyte, and an anode as the main component as shown in Figure 2.2 (a) and (b).
In order to install the cell then two basic designs have been explored in conventional
developments; the electrolyte-supported and the electrode-supported geometries [12].
The selection of the support/substrate can be a determining factor in developing a
high-performance SOFC. In electrolyte-supported cells the ohmic contribution is
large due to high electrolyte resistivity. For this reason, such cells are being
developed for operation at ~1000€ where the electrolyte resistivity is low, typically
~20 Qcm [13]. In cathode-supported cells an additional layer of YSZ is deposited on
a porous LSM cathode [13]. The same applies for the anode-supported cells. Ref [14]
concludes the better way for enhancing the cell performance is to apply the
electrode-supported geometry rather than electrolyte supported. Ref [15] has made a
much more detailed sensitivity test based on the thickness of fuel cell components.
The study shows that the performance of an anode-supported cell is superior to that
of an electrolyte-supported cell or a cathode-supported cell for the same materials
used, having the same electrode kinetics with the same operational constraints. The
study in [15] also reveals that a cathode-supported cell is no better than an anode-
supported cell for high performance fuel cell design even under elevated pressure
conditions at the cathode compartment to compensate for the serious cathode
concentration over potential loss. Results from literature show the sensitivity of cell
voltage due to the change of electrolyte thickness is the highest, compared with that
due to cathode and anode. Reducing all three component thicknesses causes, in
general, reduced sensitivity strength with an improved operating current density
range. However improvements in performance can be obtained if none of the
electrodes or electrolyte is designed to be a support component, as described in [16],
which shows the diffusion polarisation can be much smaller than that due to the great

reduction of electrode thicknesses.
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2.1.4 SOFC Modelling

A detailed SOFC model can be made from a huge numbers of equations and sub-
models integrated together, especially for a stack system model which represents the
specific features of the partial pressure and heat transfer calculations. To overcome
the extreme complexity of modelling, some researchers choose to make
simplifications by developing the model into individual sections and sequencing the
models as a multi-dimension system, as demonstrated in Ref. [16] and [17]. This
approach of simplicity can be useful under certain considerations because it helps
speed up simulations and avoids unnecessary calculations. Therefore it explains why
in Ref. [17] the separated models between the electrochemical equations and the
thermal dynamic equations are not simulated at the same time. However the results
can be very limited because a huge amount of variables can be affecting the fuel cell
performance at the same time, e.g. the stack temperature, pressure, reactant
concentration, etc. This results in the simulation data of thermal behaviour in [17]
has to be obtained before being applied to the next dimension of electrochemical

model.

It is also possible to simplify the detailed model by applying an electrical equivalent
circuit to represent all the polarisations of activation, diffusion and ohmic resistance.
The researchers normally build the model this way when a prototype of fuel cell is
available and accessible in the research, Ref. [14] and [18]. The equivalent circuit
can be obtained by having impedance spectrum (IS) test on the real cell at a
preliminary temperature and pressure condition, or by frequency response analysis
(FRA) technique. The benefit of IS leads to a simplified fuel cell model with an
acceptable accuracy. However, without the appropriate modelling of multi-parameter
dependent electrochemical behaviours and the heat transfer/balance modelling of the
system, the IS based simplified model is very limited to the same temperature, gas

flow rate and pressure at which the real fuel cell is examined.

It is normally inevitable that particular assumptions are needed to be made for the
development of fuel cell system model. Researchers apply the assumptions according
to their specific focuses on simulations. Some are due to the limitations of available

devices/techniques or valuable data which is classified as commercially sensitive.
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The assumptions are normally catalogued in fuel cell geometry [15] [19] [20], Nernst
voltage and polarisations [17], heat transfer and balance [8] [9], etc. Some
assumptions can be treated as minor when neglecting some of the least affecting
factors. However making a tricky assumption can be terrible on representing the
performance of a real fuel cell, which has to be carefully acknowledged. One bad
example can be found in [21] that a demo model of a fuel cell from
Matlab/Simulink® is applied but neglecting the physical geometries of the fuel cell
system. The approach in [21] can be very risky because the performance of the fuel
cell is highly dependent on the cell geometry, which is a determining factor in both

ohmic resistance and diffusion polarisation.

2.1.4.1 SOFC Time Response / Time Constant

The response time, or the relaxation time of the fuel cell to any operating condition
or load change is always one of the research topics. Many factors influencing the fuel
cell performance can be attributed to the time constant due to step change, like
temperature, gas flow, activation and diffusion polarisations. Therefore, it is difficult
to model all aspects but ignoring some. In a SOFC model, it is typical to ignore the
response time of activation polarisation since high operating temperatures experience
little activation polarisation [22]. According to Ref [23] the activation polarisation
actually responses fast to the current step change. Therefore for a high temperature
SOFC it is rational to neglect the time constant of activation polarisation for

simplicity.

Another contribution to the fuel cell response time is the moisture issue. Ref [25]
examines the effects on PEM to load changes and one of the reasons for the slow
response is the water management issue. The PEM fuel cell system reported in [24]
operates at low temperature of about 150 € and is controlled by the rate at which the
fuel is fed to it, and has a starting up time constant of 90 seconds. The reported
response time to load changes in [24] is as high as 60 seconds. This is because PEM
fuel cells produce liquid water instead of steam due to the low temperature operation,
and in fact water is required to hydrate the anode in order to help the fuel cell
function properly. However step changes in load can cause a dehydration of the
anode, which takes about a minute to come back to normal performance. Solid oxide
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fuel cells have a different design on materials therefore none of this particular

problem exists, which makes SOFCs relative fast response power sources.

The computational fluid dynamic (CFD) code is highly useful in determining the
response of the reactants to the load and operating condition changes. The researches
which applied CFD code modelling in [19] [20] [25] show that the time constant of
the output voltage to step-load changes is highly related to the effect of the
temperature dynamics, which is also described in [10] as strongly related to the solid
cell structure, the design parameters of the cell (such as the solid material properties:
the thermal conductivity, heat capacity and the density). This relaxation process is
closely related to the transient temperature distribution within the fuel cell system,
since the internal cell resistances are greatly temperature dependent. This arises
because the load change in the system changes the amount of resistive losses in the
fuel cell, which causes temperature fluctuations in the system. The time taken for the
system to reach a thermal equilibrium is the cause of the time constants seen in
system performance. However this effect will not be seen if isothermal system is
assumed as in [8] [9] and in this research, where all heat produced is assumed to be
distributed throughout the system immediately, therefore no time effect due to heat
convection and temperature fluctuations is counted for. The only way to see these
transient effects would be to use a heat transfer model, or do the computational fluid
dynamic (CFD) code modelling of the system, which would greatly increase its
complexity. So without this extra modelling it is difficult to predict how long or how
significant the transient effects would be. Without the help of a CFD model the
relaxation frequency is found higher in the simulated data compared to the
experimental data as reported in [23], which means the electrode process is faster in

simulations than it is found in the experiments.

Ref [19] [20] also found that the temperature and species dynamics (atoms,
molecules or ions subjected to a chemical process) are important for slow transients.
Their proposed models confirm that these dynamics can be neglected for fast
transients. Results from [22] indicate two time-scale behaviours in the voltage and
current. The immediate change is a consequence of the direct dependence of the

voltage and current on the cell resistance. The cell-tube temperature response is
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significantly slower and has a time constant of about 35s, as the cell tube has a high

heat capacity and mass.

2.1.4.2 Heat Transfer and Temperature Modelling

The modelling of heat transfer and temperature dynamic can be difficult and
complex, especially for the gas flow involved system with pre-heated inlet gases at
none-uniformed temperature. As discussed above, the CFD code modelling can be
critical in the heat transfer simulation because both solid components and gas fluids
determine the heat convection and radiation behaviours within the stack system.
However it is not common in the literature that both influences were considered or
simulated, but being made according to the authors’ own emphasis and assumptions.
Examples in [16] [19] [20] all have an assumption of uniform gas distribution among
cells, since there is a small deviation of the gas distribution among the cells. There is
no heat transfer among cells and each cell has the same temperature based on the
uniform gas distribution assumption. Campanari [16] also made an assumption of
uniformed heat generation, with which the heat exchange by radiation within the
stack is ignored. Kourosh [19] also presumed a system with the pre-heated inlet gas
at the system temperature. However the benefit from the contribution of [16] can be
from the application of the CFD code modelling. The applied CFD code modelling in
[16] helps to detail the heat exchange model on the inlet flow at different
temperatures and the heat losses to the outside of the system due to exhaust gases,

which provides a more comprehensive simulation of thermodynamics of gases.

The lack of CFD can lead to inaccuracy in the gas dynamics modelling. However the
heat transfer and the radiation effects among cell components still can be modelled as
described in [8]. The main contribution from [8] is the heat transfer modelling to
both planar and tubular geometries, with the assumptions that the respective
temperatures in the anode, electrolyte and cathode layer are regarded as uniform in
each specific control volume and the effect of interconnect and circumferential heat
conduction is not considered. The modelling of the heat transfer within the fuel cell
system can be done by treating the cell components as thermal resistances as thermal
lumped parameter which has been successfully used in motors and generators. In [8],

the heat conduction is calculated in two dimensions in the planar model, and the heat
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flow in the stacking direction is neglected. The tubular model features heat
conduction in axial direction as well as radiation between the concentric tubes, and
even the radiation between the solid and the injector tube is modelled. Ref [8] shows
that the tubular geometry has higher temperature differences than planar between the

solid and the injector tube.

2.1.4.3 Calculation of the Efficiency

The efficiency of a fuel cell system is a determining factor. It is inevitable that the
pre-heat process for the inlet flow will lower the total cycle efficiency. To enhance
the cycle efficiency therefore the concept of combined heat and power (CHP) can be
applied to fuel cells and this is traditionally improved either by increasing the
steam/gas temperature at the inlet of the steam/gas turbine, or by reducing the
discharge temperature at the steam/gas turbine exit [15].

However with different fuel cell designs or concepts, the calculation of efficiency
can be altered. Almost all authors in literature consider the fuel cell efficiency as a
ratio of the external work (electrical power work) versus the energy enthalpy of the
inlet fuel gas. In [26] a different definition is given by only considering the efficiency
of the fuel cell as being based on the amount of electrical work that can be extracted
from Gibb’s free energy AG in Equation (2.5). However, AG is less than the total
fuel energy content AH because of the existence of heat energy. Therefore by
applying the calculation methodology in [26] the fuel cell efficiency is higher and the
electrolysis efficiency is lower. However the overall cycle efficiency can still be the

same if considering a recycle operation with the heat T AS is reserved.

Another important concept that has to be carefully considered is related to the fuel
utilization (FU). In [11] the efficiency is examined by introducing a variation of
current ripple. In this concept the highest efficiency can be obtained only when the
excess fuel (the wasted fuel that being exhausted) is zero. However this may cause a
decrease in the fuel gas partial pressure and lowers the Nernst voltage and the
resultant power output. So a trade-off has to be considered, as [17] pointed out that
none-zero excess fuel is necessary for an optimal fuel cell operation. It is also found

in [11] that a higher magnitude of ripple current forces fuel cells to decrease the
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operating fuel utilization (FU), hence, lowers the stack efficiency. And it is
highlighted in [18] the power loss caused by ripple currents can be as high as 10%,
especially at the frequency twice of the fundamental of electrical power system.

2.2 Requirements of the Integration of Fuel cell and AC Power System

Visions of future power systems contain a high penetration of power electronic
inverters that are used to convert power from DC to AC or vice versa. Simple
examples are generators interface where the power flow is unidirectional, such as
those required to connect a DC source of fuel cell to an AC power distribution
network. More complex bi-directional examples are required to connect DC
electrical storage devices to the AC distribution network, as in the case of

supercapacitor, reversible fuel cell, or vehicle-to-grid storage systems.

Power electronic converters can be catalogued into voltage source converters and
current source converters. For fuel cell applications, VSCs are mostly being used. In
this section, the background of converter topologies and the relative control
fundamentals will be described. Finally the aggregation of VSC induced input

current ripple on fuel cell will be described.
2.2.1 Power Electronic Converters

A voltage source converter uses self-commutated devices such as the insulated gate
bipolar transistor (IGBT) as its main switching device. It normally uses IGBTs at
switching frequency around 2kHz. The adoption of IGBTSs in fuel cells for grid
integration normally uses the high frequency Pulse Width Modulation (PWM). This
results in fast dynamics response and the independent control of active and reactive
power. Furthermore, the use of a 1kHz ~ 2kHz switching frequency is sufficient to
separate the harmonics from the power frequency, therefore only small size ac filters
are needed to mitigated the high order harmonics. Two main inverter topologies
currently used for grid integrating of fuel cell. These are two-level inverter and H-

bridge with isolated DC source inverter [27].
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2.2.1.1 Conventional Two-level Inverter

. e Y
Sal Sb1 Scl
_K} _ _
Ia
a > (YY\L_
I
—_ Vdc b > fm—o
Ic
cCo—p Y Y|
Sa» Sh2 Sc2
_ _| _
Vao Vo Veo

Figure 2.3 Two-level inverter circuit [28]

This type of inverter has been widely used in the power electronic industry and
renewable energy applications over decades, the two series switches in each leg (e.g.
Sa; and Sp,) are complementary switch pairs, when one switch is turned on /off, the
other switch must be off/on. Each phase can produce two voltage output level +V,,

or —Vy., and line-to-line output voltage will have three-levels.

2.2.1.2 Cascaded H-bridge Inverter

The cascaded H-bridge inverter is based on the series connection of H-bridge cells to
achieve multi-level output of voltage. The cascaded H-bridge multi-level inverter
requires a number of isolated dc sources to support each H-bridge cell which is
suitable for fuel cell application as shown in Figure 2.4 [28]. Each power modular is
capable of producing an output voltage of +Vy., 0, or —V,. by connecting the dc
source to the output terminals in different combinations of the four switches. The two
series switches in each leg and module (e.g. S; and S3) are complementary switch

pairs, means when one switch is turned on /off, and the other switch must be off/on.
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Figure 2.4 cascaded H-bridge with electrical isolated DC sources converter [29]

Table 2.1 Switching states combinations of one cell of Cascaded H-bridge Inverter.

Switching Device switching status (Phase A) Terminal
state S1 Sz S3 Sy voltage Vi
1 On Off Off On +Vyc
Off Off On On
0 0
On On Off Off
-1 Off On On Off -Vie

The operating status of the switches can be represented by switching states shown in
Error! Reference source not found.. Switching state ‘1’ denotes that the two
switches S; and S, are on and the inverter terminal voltage V. is +V,., whereas ‘-1’
indicates that the two switches S, and S3 conduct, leading to V. = V,;.. Switching
state ‘0’ determines that either the upper two switches S; and S, or the lower two

switches Sz and S, are on or off.
The cascaded H-bridge converter has been proposed for photovoltaic grid integration

[30]. Also, it is suitable for fuel cell grid integration applications due to the fact that

each H-bridge module can be supplied by a series connection of fuel cells and can
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generate the multi-level output voltage with high voltage qualities and current with

lower THD, compared to the conventional Two-level inverter.
2.2.2 Pulse Width Modulation (PWM)

For any pulse width modulation (PWM) scheme, a primary objective is to calculate
the duty cycles for the converter switches to output the desired voltage and current.
Secondly, it is used to determine the most effective way of arranging the switching
processes to minimize undesired THD and switching losses, etc. [31]. The mostly
used PWM schemes for VSC are the carrier-based Sinusoidal Pulse Width
Modulation (SPWM) and the Space Vector Pulse Width Modulation (SV-PWM).

2.2.2.1 Carrier-based SPWM

The carrier-based SPWM technique controls each phase leg of the converter
individually. Comparisons between one or more carrier signals and the modulating
signal determine the on/off action for the switches, and the width of each pulse
generated is in proportion to the amplitude of a reference wave evaluated at the pulse
centre [32], as shown in Figure 2.5. Figure 2.6 shows the line-to-line voltage, three-
phase current and the frequency spectrums of a conventional two-level inverter based
on 400kV DC voltage, 0.85 modulation index and 1500Hz modulation frequency
using SPWM.

o
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Figure 2.5 Two cycles of PWM signals generation for two-level converter (M=0.85,
f.=1500Hz).
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Figure 2.6 Line-to-line voltage, three phase current and their spectrum of a two-level
inverter (M=0.85, V4.=400V.f.=1500Hz).
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2.2.2.2 Space Vector PWM (SV-PWM)

The SV-PWM is normally applied within a three-phase system. Compared to the
carrier-based PWM, the SV-PWM treats the three inverter phases as a single unit.
The SV-PWM is a digital modulating technique with the objective to generate PWM
based voltages equal to a reference voltage vector on average [33]. The diagram of
space vectors for a two-level inverter is shown in Figure 2.7. The vertex of each
triangle represents a space vector. To explain the space vectors, an example of vector
V* =100 indicates the three phase voltage as: V, = V.V, = 0and V. = 0, etc,

(where V,, V,, and V, are the phase voltages), and V* can be derived as: V* =V, +

2T

2T
V,e’s + V.e /5, with the coordinates described in Appendix A, the magnitude and

phase angle are V.. = /Vaz + Vﬁ2 and 8 = arctan ‘;—B, respectively:
a

A

Vg

010 110

000
011 111 100

A
A
\ /

<v

001 101

Figure 2.7 Space vector diagram for a two-level inverter.
Figure 2.8 shows the line-to-line voltage, three-phase current and their spectrum

simulation results of a conventional two-level inverter based on 400V DC voltage,

0.85 modulation index and 1500Hz modulation frequency using SV-PWM.
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Figure 2.8 Line-to-line voltage, three phase current and their spectrum of a two-level
inverter (M=0.85, V4.=400V.f;=1500Hz).
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Compared to the SPWM, the SV-PWM offers dc-link efficiency as high as 15.47%,
thus higher fundamental component of three-phase current. The total harmonic
distortion (THD) of the three-phase output current using SV-PWM is lower
compared to what due to SPWM (2.96% with SPWM, 2.41% with SVPWM).
Moreover, the SV-PWM has advantages in digital implementation, thus is employed
in this research.

2.2.3 Effects of the Fuel Cell Input Current Ripple Induced by Power

Converters/Inverters

An inverter load applied to a fuel cell has several transient features [8]. There is a
current ripples related to the frequency of the fundamental output waveform e.g., 100
Hz ripple for a 50 Hz single-phase output for certain inverter topologies. In addition,
there may be a high frequency ripples related to a DC/AC VSC switching frequency
and the carrier frequency at a PWM output stage [17]. Such ripple currents may
shorten fuel cell life span and worsen the fuel efficiency due to the hysteresis effect
[34]. The hysteresis effect is experienced in Ref [35] on a PEM cell system and it
does not occur around 1Hz because the double layer capacitance has enough time to
fully charge and discharge. And it has no effect around 10kHz either because the
capacitor does not have enough time to charge or discharge. However, a “hysteresis”

appears around 100Hz due to the double layer impedance dipole.

The most obvious impact of high ratio of ripples is its tendency to reduce the fuel
cell output capacity. The fuel cell controller also may trip under instantaneous over-
current condition [34]. However short-term studies in [17] with negligible diffusion
limits and at fuel and air utilizations below 70% and 20% respectively show that a
PEM fuel cell can withstand significant load changes without noticeable degradation.
Even so, to ensure a minimal impact on performance of the fuel cell, as well as its
durability, fuel cell developers would prefer to specify as little ripple as possible, e.g.,
below 2% of the theoretical fuel cell current [36]. Since the reactant utilization is
known to impact the mechanical nature of a fuel cell, it is suggested in [18] that the

varying reactant conditions surrounding the cell (due to ripple current) govern, at
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least in part, the life time of the cells. Both the magnitude and frequency of the ripple

current is important.

Fuel cells have an internal impedance that is variant to the current frequency. The
internal impedance has a larger magnitude at low frequencies ( < 1 kHz). The
presence of low frequency current ripple has side effects as additional heating, and
more importantly, a reduction in the output power, thus diminishing the power

availability and power conversion efficiency of the system [37].
2.2.3.1 Generation and Propagation of Low Frequency Current Ripples

The generation and propagation of the 100Hz low frequency ripple in case of the
single phase inverter can be explained by using energy conservation law. The voltage
and current of the inverter are given in Equation (2.7) and (2.8) respectively.

v, (t) = Vy,cos(wt + 6) (2.7)
i,(t) = Lycos(wt + @) (2.8)

where 8 and ¢ represent phase angles of voltage and current. The frequencies of the
output voltage and current are the same as w, so that the output power has double the

frequency (i.e. 2w) This can be derived as in Equation (2.9).

Vinlm
cos(2wt + 6 +
5 {cos( ®) 2.9)

— cos(0 — @)}

Pout ) =

The powers at DC link and at output should be identical by means of the energy

conservation law as Equation (2.10), neglecting the inverter loss.

Va(©)15(t) = v, ()io(t) (2.10)

The frequency and shape of the DC link current (I;(t)) has the same as the

counterparts of the output power and it can be calculated as Equation (2.11) [38]
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because that the DC link voltage is regulated by the control of the converter output

voltage.

VoL Vol
I;(t) = =" cosQwt + 8 + ¢) — —"cos(8 — @) (2.11)
2V, 2V,

2.2.3.2 Harmonic Analysis of Converter and Inverter

A fuel cell current of the converter appears as a pulsating waveforms as shown in
Figure 2.9 (a). Generally a film capacitor is used to filter high frequency ripple
components and the output current of the filter becomes more continuous in shape as
shown in Figure 2.9 (b). By Fourier analysis, this continuous waveform can be

expressed as Equation (2.12) [38].

84 > . onm o,
f) =a, +WZ sm7smnw0t (2.12)

n=1

where n=odd numbers, w, is the fundamental frequency, a, is the DC base

magnitude.

The fuel cell current consists of a fundamental frequency component and odd-
multiple components of switching frequency. Therefore, it does not affect the
generation of low frequency ripple components. The Fourier coefficient B,, is derived
as Equation (2.13) and the harmonics in the output current waveform appears as

sidebands, centred around twice the frequency modulation index, 2mgand its

multiple is given as in Equation (2.14) [39].

30m
Z —sm— smn(am +T)

6
—sinn(n+am +Tm)]

(2.13)

where &,, is the width of mt" pulse, and «,,, is the phase angle of the m*" pulse,
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fo = [j@mp) k| x f, (2.14)

where, n (=1,3,5..., my ) is frequency modulation index. Therefore, the high

frequency ripple due to switching frequency does not affect the low frequency ripple.
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Figure 2.9 Fuel cell current of the full bridge converter [38]
It is also proven in the literature that the high frequency current ripple can be totally
ignored. Ref [34] [40] [41] highlighted that the PWM switching noise can be easily

filtered by a high-frequency dc bus capacitor. In [35] it has been shown that even a
fuel cell stack offers possibilities to filter high frequency current harmonics by the
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intermediary of its double layer capacitor. The ageing tests in [42] show only a slight
effect of high frequency current oscillations produced by the electrical interactions of
a DC/DC converter on the reduction of the PEMFC stack performances. Therefore, it
can be concluded that the power converter will be able to impose a high frequency
current ripple on the delivered FC current without altering the lifetime of the stack.
And a National Energy Technology Laboratory (NETL) study [43] reports that the
ripple frequencies above 400 Hz have only minor impact on the fuel cell operation.
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2.3 Conclusions

This chapter has presented a comprehensive literature review on aspects of
determining factors of the system design to the performance of SOFC. The analysis
of previous work provides perspectives on the conventional approaches as a useful
tool for learning and facilitating in the new scopes. However the literature also
provides a huge number of specifications, assumptions and methodologies that lead
to diverse results. Those diversities need to be carefully discussed and revised with
the specific perspective of the investigation of a reversible fuel cell system proposed
in this research, which whose design differs in many aspects to that of conventional
fuel cell systems. This opens an opportunity to reconsider or modify existing

methodologies.

The electrical effect of implementing inverters on RSOFC system, mainly the
induced input current ripple, is introduced using energy conservation law. A strong
background in the fundamental knowledge of power electronic converter design and
output modulation derivations provides is necessary in the investigation of integrated

RSOFC system into power grid.
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3 Development of a Comprehensive Model of the Reversible Solid

Oxide Fuel Cell System as an Innovative Energy Storage

3.1 Introduction

This Chapter describes the computer modelling of the reversible solid oxide fuel cell
(RSOFC) system as shown in Figure 3.1 which is based on the electro-chemical
equations that will be introduced in the following. The RSOFC stack system model
involves the electrical properties of Nernst voltage and cell polarisations in both fuel
cell and electrolysis modes. The stack modelling also features the configuration of
cells connection, as well as the temperature, partial pressure, state of charge (SOC)
and heat capacity based thermal dynamic, as shown in Figure 3.1.
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Figure 3.1 Matlab/Simulink model of a single fuel cell

It is essential that the model developed in this thesis delivers a comprehensive
representation of the RSOFC system proposed by the University of St. Andrews.
Therefore the model is required to be highly detailed with multiple sub-models to be
integrated with the specific settings of geometry for both the cell and stack system. It
has been introduced in Chapter 2 that both tubular and planar cell geometry can be

considered and in this research it is the tubular cell being developed at the University

-39-



Chapter 3 Development of a Comprehensive Model of the Reversible Solid Oxide Fuel Cell System as an
Innovative Energy Storage

of St. Andrews. Therefore it is important that the research at the University of
Strathclyde provides a comprehensive tubular cell modelling to investigate the
performance and accordingly introduce modification for possible improvement.

One unique design of this fuel cell is related to an individual support component
within the cell, rather than the generalised approach which use the electrolyte or
electrodes as the support. This design greatly reduces the thickness of the electrolyte
and electrodes and in tandem lowers the diffusion polarisation. However it leads to
higher cell resistance. Therefore it is essential to analyse the resultant diffusion

polarisation under such a design.

In previous works, most researchers develop fuel cell models as equivalent circuits to
represent the polarisations of activation, diffusion and ohmic resistance, for the
purpose of simplicity. In fact these variations are highly dependent on the cell/stack
geometry which in fact is a determining factor in temperature variation, in turn,
influence the system performance. Therefore it is important that all effects of stack
parameters on fuel cell performance are fully modelled. In addition, critical
shortcomings in the original design proposed by the University of St. Andrews are
discovered by the help of the stack model, which also provides the simulations for

the design enhancements in the purpose of performance improvements.

During the investigation two issues about the stack performance have been found.
One is the inadequate hydrogen storage capacity, and another is the overheating issue.
To overcome the first one, the stack geometry and the pressurisation level are
improved according to the simulations results. In addition, a novel application of a
copper-tin based heat store system is proposed and described in this chapter which is
used to stabilize the system temperature by phase change.

3.1.1 Previous Modelling and Research Works

Many examples of models describing SOFC system can be found in literatures. The
SOFC can use a wide range of fuel, for example both H, and CH, are utilized in [1]
and [2]. However in this research only hydrogen is used. The difference in applied

fuel gases can distinguish many characteristics from one type of fuel cell to others.
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Most importantly the derivation of electron-transfer coefficient can be significant

different, which is a key parameter in determining low and high polarisation, and this

is described in Section 3.3.4.
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Figure 3.2 Generic SOFC system design of fuel utilization: (a) the vertical section, (b)

the space diagram

-41-



Chapter 3 Development of a Comprehensive Model of the Reversible Solid Oxide Fuel Cell System as an
Innovative Energy Storage

Fuel and steam (H,, H,0)

Heat Store 0,

(@)

Hydrogen (H,), Steam (H,0) /x,

‘\}

. e e Oxygen

(02)

Heat Store

(b)
Figure 3.3 The RSOFC stack system fuel utilization: (a) the vertical section, (b) the

space diagram

Most designs of SOFC system found in literatures have controlled reactant inlets as
shown in Figure 3.2. Examples in [1] [2] [3] [4] and [5] use the input fuel flow to
control the cell performance by altering the reactants partial pressures. Higher flow
rate leads to more reactions happening on electrodes, so more power is produced.
However in this generic fuel cell design it is inevitable that some of the input fuel is

not consumed but wasted by exhaust. To implement the fuel cell concept as a
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reversible energy storage, the RSOFC system in this research is designed by the
University of St. Andrews with no fuel gas inlets or exhaust as shown in Figure 3.3.
This is the most distinguished difference compared to the generalized fuel cell
designs. The proposed RSOFC stack system only has oxygen pumped into the inner
tube of the cells which are attached onto a insulation platform. The heat store is used

to partially reserve the heat energy.

For the heat dynamic modelling, in Ref. [3] [6] [7] they proposed SOFC systems
neglecting the heat storage capability of the fuel gases and oxidant gas, so the
fidelities of their models could be limited due to the simplifications on the thermal
behaviours and overestimating the fuel cell heat capacity. In [8] it is interesting to
know that the diffusion over-potential is not counted within the model. In [9] and [10]
it is also suggested that the electrochemical kinetics is mainly limited to the

activation polarisation/over-potential.

The SOFC normally operates at high temperature which may require heat extraction
strategy. However the sealing material tested in [11] can be used in system insulation
to maintain the temperature and minimise the effect of time constant due to step
changes. Ref. [12] indicates the issue of slow time constant during load changes due
to the low operating temperature and the water management issue in PEM cells (cell
surface water prevents reactant exchanging). The PEM system requires hydration of
the anode in order to function properly. However the SOFC does not have this
requirement [13].. Therefore the determination of relaxation time/time constant
normally requires the CFD codes modelling as discussed in Chapter 2 [1]. In [10] the
lumped parameter modeling is applied. By this way the calculation of heat transfer is
determined similarly as using an equivalent electrical circuit. However either the
CFD modeling or lumped parameter modeling is not considered in this thesis due to

the lack of available sources.
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3.2 Summary of the Features of RSOFC System and the Modelling
3.2.1 RSOFC Modelling Protocols

The RSOFC system is a mathematical model developed in the Simulink/Matlab
environment. To achieve the reversible operations some of the structures consist of
several sets of sub-model in parallel representing the electro-chemical characteristics
for both operation modes (fuel cell mode and electrolysis mode). The modelled
monitors are demanded during the development due to the introduction of the
innovative heat store which features different molten stages. The other requirements
of such a model include:

(@) System modelling which enables fast responses in dynamic simulations.

(b) Justifications of the thermal balance.

(©) Capability of connecting to AC power network models in Matlab/Simulink

(from SimPower package).

3.2.2 RSOFC Material and Geometry

The RSOFC requires materials to be heat resistant and stable in oxidizing and these
can be the ceramic ionic conductor of Yttrium stabilized Zirconia (YSZ). YSZ has
been very deeply studied, and is known to be stable, fairly unreactive with other
perovskites. The thickness of the active layers is always a challenging topic in cell
design. Thin active layers could minimize gas diffusion polarisation losses [14] but
are inevitably weak in mechanical stress. Therefore the SOFC is usually supported
by a thick layer, which can be one of the active layers, usually the fuel electrode,
electrolyte, or oxygen electrode. It may also be an inactive porous ceramic support
e.g. the Rolls-Royce Fuel Cell Systems planar cell, or a metallic interconnect support
[15]. From the survey of literature, a design for a reversible SOFC is proposed from
University of St. Andrews. The geometry of an individual cell is a tube, and the
illustration in Figure 3.4 [16] It is formed of a ceramic support tube which is the

individual cell shown in Figure 3.3, with a interconnect on top, then anode,
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electrolyte, and cathode layers (in fuel cell mode). Hydrogen constantly presents at
the anode side and reacts with oxygen ions which pass through the cathode,
electrolyte and anode to form water (steam). Error! Reference source not found.
shows the different manufacturing methods proposed for each of the components.
The detailed geometry and dimension are proposed by the University of St. Andrews

in Error! Reference source not found..
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Figure 3.4 A schematic of the proposed tubular reversible SOFC (not to scale) [16]
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Table 3.1 Proposed materials and manufacturing methods for the tubular reversible

SOFC [16]
) Manufacturing
Component Material
method
Support (LaggS192)0.95MNn05_5 extrusion

Oxygen electrode

(Lao_ssrolz)0.95Mn03_8/8YSZ

painting/Y SZ dip-coat

Electrolyte 8YSZ dip-coat/painting ink
Fuel electrode NiO-8YSZ painting ink
Electrode current collector Ni mesh/Ag paste mesh wound/painting

Seal/interconnect

Cu-Ag braze or ceramic paste

brazing or painting

Table 3.2 RSOFC geometry [16]

Inner radius | Outer radius | Current path length | Current path area
(m) (m) (m) (m?)
Support 0. 007 0.01 0.075 0.00016022
Cathode 0.01 0.01002 2x107° 0.006283
Electrolyte 0.01002 0.01004 2x107° 0.006283
Anode 0.01004 0.01006 2x107° 0.006283
Interconnect | 0.01006 0.01036 0.05 0.19132x 1075

3.2.3 ROSFC Stack Geometry, Isolation and the Heat Assumptions

The RSOFC stack vessel is assumed to be a cube shape as shown in Figure 3.3. The

total system volume is 4 m3. A high-performance micro-porous insulation is used to

insulate the vessel e.g. products from Microtherm®. The thickness of the isolation is

proposed to be 0.15 m around all the vessel walls. VValues of thermal conductivity are
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taken from the Microtherm® official documents [11]. As shown in Figure 3.3 the
cells are connected and sealed in a pressured vessel and the gases are always present
at a stabilized pressure. Advantages of this design include:

(@) The issues of sulphur poisoning are entirely avoided, (sulphur reacts with nickel
in the anode is a problem with a constant fuel input, and an exhaust). As there is
no constant flow of fuel into the system.

(b) Pre-heated gases need to be pumped into the system in the ordinary fuel cell
concepts. In this RSOFC system the gases (mostly the hydrogen and steam) are
always present in the vessel and already at the cell operation temperature, which
saves energy. The required excess fuel which is necessary on enhancing the fuel
cell performance is not a concern any more either according to the literature

review from Chapter 2.

(c) The stack is not influenced by a thermal gradient as it is the case in a constant
flow system with fuel cooled by incoming gases (if the pre-heating process is not
implemented or not equalized), which reduces performance. The thermal
gradients across the stack also cause stresses in it.

The heat balance modelling of the fuel cell stack considers several parts, such as the
enthalpy of the electrochemical reactions, heat generated by resistance components
and heat losses to surroundings, versus the heat capacitance of the fuel cell stack
system. As mentioned before, this SOFC design does not involve a fuel gas inlet
controlled system, so pre-heat or heat loss due to the gas flow is not considered.
Therefore the heat transfer between cells and the surrounding by inlet/exhaust gases
are neglected. For simplicity the following assumptions were made.

(@) The system operate at uniform temperature: i.e. any heat produced is
instantaneously distributed through the system, and any heat consumed cools the

whole system.

(b) The external walls of the system are evenly insulated
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(c) There is no leakage of gas in the system across the reversible cell electrolytes, so
all heat generated comes from the electrochemical oxidation of hydrogen rather
than combustion. This is also fairly accurate for the proposed pressurized system.

The RSOFC would not be used in a real system if they were leaky.

In a real system, the cells will be hotter than surroundings while operating in fuel cell
mode, and will lose heat by conduction, convection and radiation. Therefore with the
assumptions above the model may underestimate the temperature variation and hence
poorly model the performance of the cells. However there is a way to make the
distribution of the heat around the system insignificant by pressurizing the system
with a relative high value. Therefore the density of the gases is significantly higher

and this could improve the thermal conductivity of reactants.

The model may also underestimate the effect of current step changes due to load
variation. It has been demonstrated for a dynamic model of a planar SOFC that load
changes cause an overshoot or undershoot of the cell voltage, which takes time to
come back to the new steady-state value [17]. This may be due to fuel
depletion/enrichment at the electrode interface or the time required reaching a new
equilibrium temperature. With the assumptions above, the transit/instantaneous heat
gradient leads to a uniformed temperature being shared within the whole system.
Therefore the temperature increased at reaction sites/electrodes might be small. In
addition, if the current is stepped up, the real cell would heat up faster than the
modeled cell because the stack would not dissipate heat instantaneously to its
surroundings. Furthermore, different parts of the cell would be at different
temperatures, the parts with most electrical resistance would be the hottest. This
leads to variations in cell performance over its surface. In addition, the external walls
of the system would also not be at an even temperature, so heat loss would vary from
one part of the wall to another. It has been shown for a tubular fuel cell stack that a
simple model of convective and radiative heat transfer is sufficient to predict the
performance of the whole cell, but if the local variations are taken into account, a
more complex model is necessary with the computational fluid dynamic (CFD) code
[17]. However in this model it is assumed with instantaneous heat transfer, so these
mechanisms are not modeled at all. If the model were to be developed further then

great improvements can be achieved from using a CFD model of the system, or
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lumped parameter modelling.

3.2.4 Fuel Cell Stack Pressure and State of Charge (SOC)

In this research a different parameter of state of charge (SOC) is discussed due to the
specific design of a pressurized and sealed vessel, rather than the gas flow rate or
fuel utilization (FU). The SOC is the mole percentage of hydrogen in the hydrogen-
steam mixture within the stack volume (outside the cell tubes in Figure 3.3) as
calculated by Equation (3.1). The gases on the anode side (fuel cell mode) are
hydrogen and steam. For every molecule of hydrogen consumed/produced in
operation, a molecule of steam is exchanged. Therefore, the total number of moles of
gases on the fuel side is independent of the state of charge, which means the pressure
at anode ( Ppyarogen + Psteam ) holds a constant value. To simplify the modelling
simplified it is rational to assume that the pressure of oxygen is always the same at
the anode. However in a real RSOFC system, there would have to be a mechanism to
balance the oxygen pressure against the pressure of the fuel gases, by pumping or

removing oxygen to the system, otherwise the cells could be damaged.

P
State of Charge (%) = hydrogen

x 100 3.1
Phydrogen + Psteam ( )

There are maximum and minimum operation limits of the state of charge. The fuel
electrode could become oxidized and expand to damage at very low hydrogen
concentrations. This has been observed to cause cracking and mechanical failure in
the cell during electrolysis [3]. At very high concentrations of hydrogen (nearly 100%
of SOC) there will be very little steam in the system, which will reduce the
performance in the electrolysis mode. It will also cause greater diffusion polarisation
and lower exchange current density, hence greater activation polarisation. Therefore,
the safe operating range of the state of charge is first assumed by the University of St.
Andrews, that the lower limit is 5% and the upper limit is 95%. However a new SOC

safety range is updated and suggested in Chapter 5 during this research.
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3.3 RSOFC Modelling

3.3.1 Key Novelties and Contributions from RSOFC Modelling to the Original
Design

This research involved many cycles of design proposal, simulation tests, re-design
and verifications, for the purpose of improving the fuel cell stack with a more
practical capability and realistic performance. Some of these key values are outlined

as following.

e Derivation of Key Parameters

The sub-models of activation and concentration loss are fully comprehensive and
described in Section 3.3.4. As a result it is found that the electro-transfer coefficient
S cannot be simply assumed with a generic value used by most literatures. This
coefficient is realized as being critical in the activation loss model to check whether
the polarisation is in a low or high condition. Thus an appropriate value of f has to
be determined otherwise the simulation will be highly unstable. It is also found that g
is only related to the involved electro-chemical reactions and should not be given a
generic value for all fuel cell designs. In this Chapter an entirely new derivation

methodology of g for simulations of activation polarisation is proposed.

Similar to g, the pre-exponential coefficient is also found to be uncertain according
to Ref. [1]. Therefore a sensitivity test is processed for determining a proper value as

well.

e Copper-tin Bronze Based Internal Heat Storage System

In order to store the fuel gas and increase the cycle efficiency then the proposed stack
is designed as a pressurized vessel by University of St. Andrews. However with this
feature, the simulations show that the system temperature can increase rapidly
without the help of gas inlet and exhaust which in tandem cool the system down by

exchanging heat with the surrounding environment, especially when fuel cells are at
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high power density. To prevent overheating firstly the stack dimension is improved
but the result is still far from satisfactory. A suggestion of adding a heat storage
equipment was requested from the author according to the simulations, then the best
solution so far is an extra copper-tin based internal heat storage system from St.
Andrews which can prevent overheating to the original system design. This heat
store starts to melt when the temperature reaches 1010 °C, the temperature will not
go up again until the heat store is totally molten [18] [19]. This protects the system
from rapid overheating and also reserves energy of heat in the form of the bronze

phase change.

e Improvements of Stack Geometry due to Simulation Feedbacks

The pressure of the stack system was set to 5 bar and the volume was 2 m3 in the
original design. These are improved to 70 bar and 4m3 according to the simulation
feedbacks in two purposes. The first one is to compensate the issue of rapid
temperature increase as discussed above. This is because higher volume and pressure
massively increase the heat capability of gases. The second benefit comes from the
increased hydrogen/energy capability of a stack system which is proven by
simulation results, this enables greatly extended operation terms for the proposed

RSOFC system as a high power density energy storage.
3.3.2 RSOFC Output Voltage (Ve11)

The enthalpy of the chemical reaction in fuel cell mode is exothermic and the fuel
cell outputs power. The endothermic electrolysis reaction absorbs heat and current
flows into fuel cell. Therefore the proposed RSOFC system stores electrical energy
and heat into fuel gas (hydrogen) by running in electrolysis mode, and then converts
the hydrogen back to electrical energy and heat when needed, by running in fuel cell
mode. The terminal voltage V,.; of a single fuel cell is a combination of Nernst
potential and other polarisations/losses, and it is different between fuel cell mode and
electrolysis mode. V,,;; equals to the Nernst potential minus all the other losses in
fuel cell mode and this is described in Equation (3.2). However in electrolysis mode

V.. €quals to the sum of them as shown in Equation (3.3)
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Figure 3.5 Nernst voltage block in Simulink

Vcell,fuel cell = Vnernst - Vohmic - Vactivation - Vconcentration (3.2)

Vcell,electrolysis

(3.3)

= Vnernst + Vohmic + Vactivation + Vconcentration

The fuel cell current is monitored all the time to help to switch the operation between
two modes in simulations. A positive current in the model means the fuel cell is
outputting power and operating in fuel cell mode, otherwise in electrolysis mode. An
example of such logic monitoring block is shown in Figure 3.5. Similar designs are
widely used in the rest of the modelling, e.g. the activation polarisation block which
monitors the activation status and switches polarisations between either high or low

condition.
3.3.3 The Nernst Voltage (Vernst)

The Nernst potential or the open circuit voltage is the cell potential without
considering any losses within the cell. The electrochemical reaction involved in fuel
cell is shown in Equation (3.4). In order to calculate the Nernst potential in fuel cell
mode then Equation (3.5) is used. Where P; (bar) is the partial pressure of the gases,
and also the temperature of the system (K), the molar gas constant R which has a
value of 8.314472Jmol 'K~ ; Faraday’s constant F which has a value of

96485.339 Cmol~1; n, the number of electrons per molecule of reactant, which in
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this case is equal to 2 because of hydrogen is the only fuel.

1
Hag) 5 O2(9) = H20(g) 34)
. y RT  Puyo
tfuel cell = Vstandard — oM —— 1, 35
nerns uelt ce stanaar TLF PHZ POZ 1/2 ( )

Vstanaara 1S the standard potential for the electro-chemical reaction and it depends on
the concentration of reactants (hydrogen and oxygen) and product (steam) and also
the temperature (T) at which the reaction takes place. Where T is the system
temperature in Kelvin (K). In some of the literature like [7], [20], [21] the standard
potential Vg;anaara 1S S€t t0 a fixed value. Ref. [1], [8] and [22] propose an equation
to determine Viqnaara a@nd this approach is applied in this research. It can be
calculated by considering the free energy of reaction, AG° (Gibbs free energy) using
Equation (3.6).

AG° = —2FVstandara (3.6)

Values for AG°at different temperatures can be obtained from the literature e.g.
[23][24]. As AG? is positive for the electrolysis reaction which is non-spontaneous,
Viernse and Vsranaara @re therefore negative for the electrolysis reaction. However,
for the ease of calculation in this model, they are converted to positive values, and
the equations in the model reflect this. Therefore, when values of AG? are inserted
into Equation (3.5), then Equation (3.7) [16] can be generated and it is valid for both
fuel cell mode and electrolysis mode (which is shown here after being multiplied by -

1 to give positive Vgandara Values).

Vetangara = (—0.0002809002T + 1.2770578798) (3.7)

In electrolysis mode, the reaction equation is given by Equation (3.8), and the

electrolysis Nernst VVoltage is determined by Equation (3.9).
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1
H0(5) = Hag) + 5 02() (3.8)

L RT, PuPo, 2
standard nF

(3.9)

Vnernst,electrolysis P
H,0

3.3.4 Activation Polarisation (V)

The electrochemical reactions requires overcoming an energy barrier called the
“activation energy” and results in activation or charge-transfer polarisation, which is
due to the transfer of charges between the electronic and the ionic conductors. The
activation polarisation may be regarded as the extra potential necessary to overcome
the energy barrier of the rate-determining step of the reaction to a value such that the
electrode reaction proceeds at a desired rate. The Butler-Volmer Equation (3.10) can
accurately represent the relationship between activation polarisation and current
density at high and low polarisation conditions, and is assumed to be the same for

fuel cell and electrolysis mode [1] [10]. The approach taken here is from [1].

(3.10)

nFVact]}

nFv,
idensity =1, {exp (ﬁ aCt> — exp [_(1 - B) RT

RT
where S is the transfer coefficient and its value is usually set to 0.5 [10]. However it
is found in this research that the simulation is difficult if g is set to this generic value.
The appropriate value of is derived as 0.3465 for this specific RSOFC design and its
derivation is presented in section 3.4.3.1. The exchange current density i, can be
calculated by using Equation (3.11) and (3.12) for both anode and cathode
respectively [1]. It is the forward and reverse electrode reaction rate at the
equilibrium potential [25]. A high exchange current density means that a high

electrochemical reaction rate and good fuel cell performance can be expected.

foan = Yan (P (H}: (f 213(20)) (P(II;Z(I:II—ZIO-I)ZO))m ex E(‘ Ec;gtr'an) (3.11)
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P(Oz)) exp (_ Eact,cat)

P(0) RT (3-12)

lo,cat = Ycat (

where y,,, and y.,; are the pre-exponential coefficient. The sensitivity analysis in [1]
and [26] were performed by varying the pre-exponential coefficient in a relatively
wide range from 1 x 108 to 1 x 101° Am=2. Similar sensitivity test can also be
found in Ref. [27] [28]. Due to the particularly wide dispersion of values found for
these parameters, it is important to consider the effect of different assumptions on
their values. In this case the pre-exponential coefficients y,, and y.,: both have a
value of 7 x 1084m~2, for the cathode (oxygen electrode) and the anode (fuel
electrode), respectively. These values were chosen as they were within the range of
values reported, determined by experiment on fuel cells [29]. E ;. 4 IS the activation
energy of the fuel electrode, which is 110000 jmol™?t, and E,; cqc IS the activation
energy of the oxygen electrode, which is 120000 Jmol~* [30][31]. P; stands for the
partial pressure of component i (Pa). The dimensionless coefficient m has a value of
1.

The Butler-Volmer Equation (3.10) can be approximated in low polarisation and

high polarisation conditions. The term ﬁ% in Equation (3.10) could be much

smaller in low polarisation so the exponential term in Equation (3.11) can be
expanded as a Taylor series and yields the linear Equation (3.13) [1]; and at high
polarisation, the first exponential term in Equation (3.10) will be much greater than
the second term and vyields the well-known Tafel equation as Equation (3.14) [1].
Very often, the Tafel equation or the linear current versus voltage relationship is used
to replace the Butler-Volmer equation in the calculation of activation over-potential.

In these equations ig.,is, Stands for the fuel cell current density.

RTigensit
act,low = % (3-13)
)
RT Ldensit
Vact,high = nFp ln( e?Sl y) (3.14)
0
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To determine whether the polarisation is low or high in simulations then Equation
(3.15) is used. If the term % is less than 1 then Equation (3.13) is applied in

simulations for deriving activation polarisation; and if greater than 1, Equation (3.14)
is used. The blocks of activation polarisations on anode and cathode are built
separately in the model. As mentioned with Figure 3.5 before, in Figure 3.6 (which is
also very similar for the block of activation loss on cathode) the polarisation status
check block features the function of Equation (3.15) and monitors the status of
activation polarisation on anode and helps the model to output the specific results

from the streams of “Low activation” or “High activation”.

FV,
<1 (3.15)
nRT
| R/nF I %
D, > x
T
@ ol 5 Low act
Idensity
3 »l .
foan Low polarisation » :\

Vact_loss_anode

:

If more {and equal) than 1,
R/nFB > high polarisation passes
x High act
Pl 2
+  In

High polarisation

Y

-
el

M

Wactan

Y

Polarisation Check

T

Polarisation status check

Figure 3.6 Block diagram for calculating the Activation loss on anode

3.3.4.1 The Derivation of Electron Transfer Coefficient and the Effects if Being
Set Inappropriately

The settings of the electron transfer coefficient and pre-exponential coefficient are

crucial to this fuel cell modelling because the activation variation is highly dependent
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on them, in tandem the RSOFC performance. The value of f is chosen to keep the
continuity of Equations (3.13) and (3.14) according to [10]. In simulations there is a
“status switching point” on the curve of activation polarization. (at which the linear
dependence of activation polarisation on current at low currents, changes to non-

linear, Tafel type one at higher currents as shown in Figure 3.7.)

While building the sub-model of activation polarisation two approaches were taken
to monitor the activation status. In the first approach the polarisation status check
block in Figure 3.6 was used to monitor both Equation (3.13) and (3.14). However
adapting an inappropriate setting of electron transfer coefficient will cause a
sawtooth or stepped waveform region on the V,., curve around the “status switching
point”. Figure 3.7 below shows these effects. In this way the only method to find an
appropriate value of S is by trial and error through repeated estimation using
simulation and refinements. Error! Reference source not found. and Figure 3.8 are
showing the trends of variations of electron transfer coefficient . However it is not
practical in a long term simulation because Error! Reference source not found. and
Figure 3.8 show the appropriate value of g varies with temperature, pressure and
state of charge at this approach. It is very complicated to be mapped corresponding to
the model’s statuses, not to mention that this approach has not been proved correct

yet,

The second approach is to monitor Equation (3.13) and check if Equation (3.15) is
satisfied equalling or to be lower than 1. In this approach it has been found that g is
independent of everything but the natural of electrochemical reactions. At the
switching point, Equation (3.15) becomes 1. Therefore V,, at the switching point
can be calculated as a function of temperature. This value is then substituted into
Equation (3.13) to find the value of iz.png e, at the switching point. Below the
switching point, Equation (3.13) is used to calculate V.. The values of i;epsit, and
Nact at the switching point are substituted into Equation (3.13) to find . This
process can be visualised as plotting V,.; below the switching point, and then the
value of g is set such that the high polarisation curve of n,. maps onto the low
polarisation values smoothly with no step at the switching point. The derivation

methodology of S is shown below.

-57-



Chapter 3 Development of a Comprehensive Model of the Reversible Solid Oxide Fuel Cell System as an
Innovative Energy Storage

When Equation (3.15) equals to 1,

nRT
Vact = F (3.16)

then both values of low and high activation polarisation are equalling to each other at
this “status switching point”, therefore Equations (3.13) and (3.14) share the same

value of V., substituting Equation (3.16) into (3.13) yields

i .
_density _ 4 (3.17)

Lo

Then B can be found by substituting Equation (3.17) into (3.14)

1 igensi
B = —n( de;“‘ty) (3.18)

o

where n is the number of electrons in the reaction and in this specific design n is 2,
therefore the value of S is 0.3465.

Table 3.3 Appropriate Values of Electron Transfer Coefficient in the first switch

monitoring approach

SOC (%)/ B at 1073K (5bar) B at 1173K (5bar) B at 1273K (5bar)

10 0.2535 0.2385 0.2280
20 0.3145 0.3055 0.3

30 0.3340 0.3290 0.3235
40 0.3400 0.3365 0.3320
50 0.3423 0.3383 0.3343
60 0.3400 0.3360 0.3320
70 0.3340 0.3280 0.3225
80 0.3145 0.3055 0.2970
90 0.2435 0.2285 0.2165
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It is interesting to know that in [1] the reported fuel cell design involves the
reforming reactions shown in Equation (3.19) which generate H, and CO from the
methane and steam contained in the fuel flow. The value of g is set to —0.35 for the
model used in [1]. However it is a shame that they didn’t show the derivation of this
coefficient. Finally a conclusion is drawn that the electron-transfer coefficient should

be carefully derived corresponding to the specific reactions involved within the fuel

cells.
CH, + H,0 = 3H, + CO (3.19)

0.22,
>
5 0.21} it i
©
2
o
=
5]
= 0.19] I i »
©
<

0.18 ; : N : -

B setting large p setting appropriate B setting small

Figure 3.7 Activation polarisation waveforms using appropriate (middle), low (right)

and large (left) values of g at the “status changing point”
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Figure 3.8 Appropriate Values of Electron Transfer Coefficient in the first switch

monitoring approach

3.3.4.2 Effects of the Pre-exponential Coefficient

It was also found that the pre-exponential coefficient, which is an empirical value
used in the equations to calculate the exchange current density, can be strongly
affecting to the cell performance in simulation. The pre-exponential coefficient has
been described as depending on cell temperature, reactants (hydrogen and oxygen)
and product (steam) concentrations [32]. Figure 3.9 shows the effect on V. of

varying the pre-exponential coefficients, y,,, and y.,. by simulation.

It can be seen the pre-exponential coefficient has a major impact on the activation
energy as previously observed in [1]. When it is increased from 7 x 108 Am™~2 to
1 x 10° Am~2, the simulation data shows cell power increases by 19 % (at 900 °C,
95% state of charge, with a cell current of 40.8 A). It also affects the position of the

“status switching point” between the low and high activation polarisation as shown
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in Figure 3.9 and pointed by the red arrows. At low y values the switch to a high

polarisation regime occurs at a lower current, and vice versa.. It is expected that at

high currents, the potential of the cell is quite different to the standard potential, so
the cell should be in the high polarisation region where it displays Tafel type

behavior [10]. In this research the pre-exponential coefficient is setto 7 x 108 Am~2

according to the predictions from the University of St. Andrews for both anode and

cathode.

Activation Polarisation (V)

0.7

o
o))

o
(&

o
>

o
w

o
N

o
=

pre-exp 4e8 /

\ === pre-exp 7e8 /
See N pre-exp 1e9 / Pid

-100 -80 -60 -40 -20 0 20 40 60 80 100

Cell Current (A)

Figure 3.9 Activation energy in the RSOFC, at 1283K (900 °C), 70 bar pressure, 95%

state of charge, for three values of pre-exponential coefficient for both y,,, and y.4::

4x1084Am=2,7 x 108Am=2%and 1 X 10°Am=2
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3.3.5 Diffusion Polarisation (V 4;ff)

As the fuel cell operates the gases have to diffuse through the gas-filled pores of the
electrode in order to reach the reaction sites. At the anode the hydrogen is consumed
in the fuel cell mode so the concentration of hydrogen at the reactive surface of the
anode decreases, leading to a diffusion gradient from the bulk concentration to the
reactive surface of the anode, so as the partial pressure of hydrogen. This is vice-
versa to the steam concentration at the anode. Figure 3.10 shows the diffusions of
hydrogen and steam in the anode from the bulk concentrations to their concentrations
at the reactive surface (provided by University of St. Andrews). In electrolysis mode,
at the state of charge < 50%, the two curves would be swapped around. Area 1 shows
the diffusion gradient within the anode pores (molecular diffusion), area 2 shows a
diffusion gradient above the anode (bulk diffusion), and area 3 shows the bulk
concentrations of hydrogen and steam. Differences in gas concentration with respect

to distance from the electrolyte have been exaggerated for clarity.

Diffusion through the porous material is typically described by either Fickian
diffusion or Knudsen diffusion, which are two possible types of diffusion mechanism.
The Fickian (or called molecular) diffusion occurs when the pore diameter of the
material is large in comparison to the mean free path of the gas molecules, which is
also referred as the ordinary modelling method. Knudsen diffusion uses the
assumption that the mean free path of the molecules (i.e. the average distance
between intermolecular collisions in the gas) is greater than the pore diameter. This
means that the molecules are more likely to hit the pore walls and this diffusion
model is valid for very small pores and at low gas pressure. However in this research
the ordinary model is used by the University of St. Andrews with a molecular
diffusion coefficient as shown in Equation (3.20) and (3.21) for both fuel cell and
electrolysis modes [1]. The superscript b represents the bulk gas, and r the gas at
the anode reactive sites [1] [33]. To calculate the parameters of specie concentrations
of the hydrogen and steam at the reactive surface and bulks, the equations in

Appendix B are required.
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Figure 3.10 Concentration of hydrogen and steam within and above the anode during
operation in fuel cell mode, for a state of charge > 50% [16]

RT (X5 XL o\ RT (X5
Vd' : lcell = = ln <# + — ln 2 (320)
iff,fuelce 2F XI?IZOXISZ 4F ng

RT (X5 X% RT (X}
Vd'ff, lectrolysis — —In (A +—In —= (321)
l eLectroLysis ZF XII_}ZX}:IZO 4F ng

The first and second terms of Equation (3.20) and (3.21) particularly represents the

diffusion losses contributed by anode and cathode as shown in Equation (3.22).

Nairf = Naiff.an + Naiff cat (3.22)
Figure 3.11 shows the block diagram of diffusion polarisation according to Equation

(3.20) and (3.21). The modelling of diffusion polarisation also involves two sets of

blocks for both fuel cell mode and electrolysis mode. The diffusion on cathode
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Naifr.cae 1S replaced by a surface diffusion resistance Rgy;ff e and this will be

described in the follow.

Raiffsurface { ohm cm2 }
Rdiff, surface
led * [oathose surface aiffusion
> % cm*2 convert to m"2
(m2)
o— i
T 1 =
rh2 * XBH20 B anode diffusion
o | X
Current Fuel-Cell Mode {1=0)
[ 1XbH2 * XrH20 / XbH20 * XrH2
Constant
Electrolysis Mode (1<0)
GO+ x| xoH2 e xrh20 XbH20 * XrH2 / XbH2 * XrH20
sSoc
T
>

wlcoc XrH20 RrH20

0.00001

change unit fram
P to Bar

Figure 3.11 Block diagram of diffusion polarisation

3.3.5.1 Diffusion at the Cathode and the Cathode Surface Resistance Ry ceir

As it has been previously introduced there is only oxygen on the cathode side,
therefore, the concentration of oxygen in the bulk is the same as the concentration at
the surface and also the reactive sites of the cathode. As the molar fraction of the
oxygen is 1, hence the logarithm terms in Equation (3.20) and (3.21) for the cathode
are zero ( In(1) = 0). Therefore a zero bulk diffusion polarisation for the oxygen can

be assumed in this model.

There exists another diffusion polarisation from the surface diffusion of the oxygen
species on the electrodes which is normally neglected by most literatures. This can
be considered as part of the cathode diffusion resistance as described in Ref. [38].
Since the diffusion polarisation on cathode is ignored in this proposed RSOFC
system, the diffusion resistance contributed from the surface diffusion of the oxygen

is considered as dominant in ng;rrcqc- S€mMi-empirical equations for the oxygen

surface diffusion were obtained by analyzing the data from studies of symmetrical
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half cells of the LSM-YSZ oxygen electrode in the University of St. Andrews [19].
The results showed that the dominant process was a surface diffusion process, rather
than mass transport of oxygen gas through the electrode microstructure. The area
specific diffusion resistance of the oxygen electrode surface Rg ;s surface (Qcm?)
can be modelled by Equation (3.23), this applies to both electrolysis and fuel cell
mode. Equation (3.23) was plotted as a function of temperature and pressure by using
the software program Mathematica (Wolfram) [16]. AS Ruiffsurface Nas units
of Qcm?, and the current density has units of Am™2, a conversion factor of 1 x
10~* is also used to ensure the area units are the same. The equation is valid in the
approximate range 1 bar - 70 bar pressure, and 750 °C - 1050 °C. The value of
Raiff,surface VErsus system temperature and pressure is simulated and plotted in
Figure 3.12 and it is obvious that its dependence on both temperature and pressure is
more significant at lower ranges. Studies have also shown that the trend of
decreasing resistance with increasing pressure continues to nearly 100 bar for LSM-

Y SZ composite electrodes [39].

8.85338 x 103
Raiff surface = 245311 X 10 Sexp( T )p~0:532569 (3.23)

Resistance (Q cm?)

Figure 3.12 Ryiff surface @S @ function of temperature and pressure.

In order to calculate the diffusion resistance for a whole cell Ry;ff coi; (©2), the value
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of Ryiff surface (lcm?) calculated in Equation (3.23) must be converted to (Qm?),

and normalised by the cell area A (m?). This is accomplished with Equation (3.24).

1 x 107*Ry;
Raigy cen = ip s foce (3.24)

The summit frequency F,,,,(Hz) (at which the cell impedance response the largest
value) of the diffusion resistance arc Rgifs surface (£2cm?) can be modeled by
Equation (3.25). The data for this equation was obtained by experiment at the
University of St. Andrews, and was then plotted to give a three-dimension surface of
temperature, pressure and area-specific polarisation resistance. The surface was
modeled using Mathematica software (Wolfram) and an empirical equation for F,,

calculated as a function of system pressure and temperature.

—.1.98253 x 10*
T

Epax = 1.5809 x 10%%xp( )p0-807662 (3.25)

As the diffusion resistance Ry s surrace @nd the summit frequency F,,, are known,
the area specific capacitance Cpreq surface (Fem™2) of the process as a function of

temperature and pressure can be calculated using Equation (3.26) [16].

1

Rdiff,surfaceanmax

(3.26)

Carea,sur face =

In order to calculate the diffusion capacitance for a whole cell C..; (F), then
Equation (3.27) [16] is used.

Ceen =1X 104Carea,specific (3.27)

Now the surface diffusion polarisation and the capacitance can be calculated for a
cell at any temperature and pressure in the range of 1 bar - 70 bar pressure, and
750 °C - 1050 °C, the polarisation behavior can be partly determined using a

Randles cell - a resistor and capacitor in parallel, as shown in Figure 3.13 [31].
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A\~
Rgiff cel

—

Ccell

Figure 3.13 Randles cell for modelling the surface diffusion polarisation resistance

Raiff ceur» In parallel with a capacitor Cy;.

Therefore the total diffusion polarisation at both operation modes which are given in
Equation (3.20) and (3.21) can be simplified to Equation (3.28) and (3.29) by replace

the cathode diffusion polarisation by the surface diffusion resistance.

RT (X};ZX,TIZO
— n ——

Vdiff,fuelcell = 2Fl Xg OXZI ) +1X 10_4Rdiff,cellidensity (3.28)
2 2

v _RT <X£,20X;,2
diff.electrolysis — 5 —
2F \Xp X[,

) + 1 X 10™*Ry;ff cenldensity (3.29)
Hjo

Under constant DC current, the capacitance for Ry;ffco; in Randles circuit will
charge up in a short period of time and remain fully charged. Then, the circuit
behaves as a pure ohmic resistor. Figure 3.14 shows the simulation results of the
voltage drops associated with Rg;¢ ¢ c.i;, as a function of cell temperature and current
density. It can be seen that temperature is a more significant factor than the current

density.
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Figure 3.14 Voltage drop from Rg; ¢ ¢ c.y; at 70 bar pressure, 50% state of charge as a
function of cell current and current density at 800 °C, 900 °C and 1000 °C.

3.3.6 RSOFC Resistance (R.eq1)

The total ohmic resistance of a fuel cell R is the sum of the component
resistances, namely the anode, electrolyte, cathode, and interconnect [40]. Ref [14]
demonstrates the resistance sensitivity tests for both electrolyte-supported and anode-
supported geometries and proved that the anode-supported design is superior to the
electrolyte-supported design as that the main contribution to the ohmic polarisation is
from the electrolyte. The derivation of the resistance of each involved component
requires a clear understanding of the current flow path, which is related to the
geometry of a single cell as demonstrated in Figure 3.15, which is drawn by the
author. Current flows along the support first which is 0.1m long. However, it is
assumed that the average current path of the support is 0.075 m, because the path
starts to go horizontally when current reaches and enters the oxygen electrode. The
current then flows through the thicknesses of oxygen electrode, electrolyte and fuel
electrode which are 2 x 107> m, and then on average, halfway along the length of
the interconnect, 0.05 m. The current path area for the support tube is the cross
sectional area, which is calculated from Equation (3.30) according to Figure 3.15 and

using the dimensions in table 1. To minimize the resistance of the support then the
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material of LSC (Lay gSry,C005_g) is chosen according to simulations and Ref [8].
The current path area of interconnect is calculated by the Equation (3.31), which can
be determined by Figure 3.15. It is assumed that each strand of the mesh is square,
and has thickness and width of 3x10~* m, and that they are spaced 6x10~* m apart,
surrounding the tube. Therefore, it can be assumed that the current path area of the

mesh is 1/3 of the area of a solid layer of the same thickness.

A= T[(rozuter - ri%mer (3.30)
A= n(rozuter - ri%mer (3.31)
3
Support

Cathode
Electrolyte
Anode
Interconnect

f——  —

e—— e —

Figure 3.15 Geometry of a single RSOFC (not to scale)
The cathode, electrolyte and anode current path area is the surface area of each on
the tube, which is calculated from Equation (3.32) where r is the inner radius in m,

and | is the length of the tube, 0.1 m.

A = 2nrl (3.32)
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The cell connection is a single nickel wire, the same material as the interconnect, and

its area is calculated using the Equation (3.33):

o
Il
N

nr (3.33)
For each component, the ohmic resistance may be calculated using Equation (3.34).

_ pib;
A;

R (3.34)

where R; is the ohmic resistance of the ith component, p; is the temperature
dependent resistivity of the ith component in Qm, §; is the current path length (m)
and A; is the area of the section where the current flows. The resistivity p; is
temperature dependent, according to Equation (3.35) and (3.36) for the anode and

cathode.

—1392
600
Pcathode = 8.11 X 10_5€XPT (3.36)

Similar equations for the support tube can also be written. The supporting material
can either be LSM or LSC, where LSC is LaggSry,C005_s. If the support is LSM,
Equation (3.37) may be used, and if LSC, Equation (3.38) should be used. These
equations were calculated by fitting a linear trend line to literature data [10]. The
conductivity of LSC is slightly less than 10 times that of LSM, and it is a metallic

conductor, so the conductivity should decrease slowly with increasing temperature.

600
psupport_LSM = 4.055 x 10_53xpT (337)
—316.1
_ exp( T~ 2.8719) (3.38)
psupport—LSC 100
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The resistivity of the electrolyte in Qm can be calculated from Equation (3.39). This

equation was calculated by fitting data from [36].

Xp(40?12'9 — 2.2.4332)

Pelectrolyte = 100

(3.39)

The resistivity of the interconnect, which is assumed to be nickel metal increases
directly proportionally with temperature, according to the Equation (3.40). The same
Equation (3.40) can be used to model the resistivity of the cell connection.

Pinterconnect = 6 X 1071 X T =1 x 1077 (3.40)

Equation (3.41) represents the total ohmic resistance for one single cell. The total
resistance of a stack system is determined according to the numbers of cells

connected in series and parallel within a stack.

Rcell = (Rsupport + Rcathode + Ranode + Relectrolyte (3 41)

+ Rcellconnection + Rinterconnect)

Figure 3.16 shows a logarithmic plot of the ohmic resistance of each component of a
single RSOFC cell, from the simulation in this research. The cell resistance is
dominated by the resistance of the support. This is because it acts as a distributor for
the current over the electrode surface, and has lower conductivity than the nickel
interconnect, which distributes current on the fuel electrode side. The next highest
resistance comes from the interconnect and cell connection. The electrolyte
resistance is also large at lower temperatures. The anode and cathode resistances are
both very small because they are very thin and the current path is determined by their
thickness.
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Figure 3.16 Fuel cell resistance of each component of a single RSOFC, on a
logarithmic scale, at 800 °C, 900 °C and 1000 °C.

3.4 Randles Circuit and AC Impedance Spectroscopy Modelling

Model selection using electrochemical impedance spectroscopy is an empirical
process and the model should correspond to the best possible fit or representation of
the system. The Randles cell is one of the simplest models represented in electrical
impedance spectroscopy (IS) tests [41]. In this model the impedance of a single
RSOFC is simulated by the electrical equivalent circuit shown in Figure 3.17. The
model takes part of the performance of a single cell, and allows the prediction of the
performance of a stack system. The polarisations due to activation and diffusion are
treated as voltage drops on resistance.
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Figure 3.17 Randles electrical equivalent circuit for modelling a single RSOFC and

impedance spectroscopy

The following impedance spectroscopy simulations are on a single cell based on 90
frequencies at the range from 0.05 Hz to 1 MHz, with the settings of 50% state of
charge. The Randles cell model is a separate part within the RSOFC model as shown
in Figure 3.18 and Figure 3.19. The impedance spectroscopy simulation requires the
values of Nernst voltage, the total ohmic losses, Rg;f,cenr, and Ceey; to be supplied by
the RSOFC model as shown in Figure 3.17. To generate the impedance spectroscopy
simulation, the RSOFC model and the Randles cell model are executed at the same
time, which is carried out by a dedicated routine. The whole system is subjected to a
simulated current waveform consisting a larger DC bias (20 A) and a smaller AC
current (10 mA) which is swept across the frequency range mentioned earlier. In the
model this is achieved by using the state space functions as shown in Appendix C
rather than using electrical components in SimPower (a Matlab/Simulink package)

for the simplicity and fast simulation.

Figure 3.18 shows the mathematical model which represents the circuit diagram
shown in Figure 3.17 based on the state-space equations in Appendix C. It is noticed
that this model is simulated in discrete-time based settings and tested in the steady-
state condition, therefore the initial voltage V. of C.,;; is set to an estimated value of

Raifr cen times bridge current in the cycle delay block. Figure 3.19 is showing the

part of the Fourier analysis blocks which is linked to the model in Figure 3.18. The
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discrete Fourier blocks is the key to measure the magnitude and phase of the fuel cell
terminal voltage and current, and then followed by phase operators to derive the
value of impedance. Due to the use of the discrete Fourier analysis, the sample time
T, and simulation length are critical for optimizing both the speed and fidelity of the
simulations. Ty is defined and coordinated at each spectrum frequency to ensure at
least 20 samples can be captured per cycle. So the minimum sampling time Ty is set
to 1/F/20 (where F is the frequency) and can be calculated by Equation (3.42).

I X Ryiff cetrCeent

I < i = Ryifr ceCeett (3.42)

& »le

Vnernst l_

(3) > Vmiddie (V) P+

Ibridge x N

@ a VRcell (V) : b -‘ml
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4’@ Jbridge p< [Neglbndge]l
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V> ]
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Figure 3.18 Block diagram of mathematically represented state-space functions
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Figure 3.19 Block diagram of Discrete Fourier analysis of SOFC impedance

The impedance spectrums in Figure 3.20 are simulated at four selected scenarios
with different temperature and pressure (all at 50% state-of-charge). In the Randles
circuit in Figure 3.17 R,pm;c Is temperature dependent, meanwhile Rg;ff ce; and
C.e;; are pressure dependent, thus the effects of temperature and pressure on the
impedance are demonstrated in Figure 3.20 (with arcs demonstrating impedance
spectrums from high to low as left to right). The surface diffusion resistance
Raiff.cen 1S the part under the impedance arc. The real part of the impedance is
greater at higher temperature. This is because it is dominated by the resistive
contribution of R..; . Figure 3.20 also shows a quite significant effect of
pressurisation. Higher system pressure leads to a large decrease in surface diffusion
resistance Rgyifr e, @S seen between 5 bar and 70 bar of pressure. The impedance
spectroscopy tests again prove the performance enhancement (by higher
pressurisation) by lowering the total cell impedance as shown in Figure 3.20.

However the impedance spectrum shown here does not take into account of the time
constant from activation polarisation impedance which can be treated as other
equivalent capacitances. Therefore, Rgirrcen and its associated capacitance
dominates the polarisation resistance and capacitances in these simulation. One way
of improving the IS simulations in the future is by taking experimental measurements
on a reversible SOFC to compare and validate the predicted impedance spectra. By

doing this, the arcs of impedance may contain more than one convex curve. Another
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way of improving this can be a CFD code modelling to find the response time due to

any ripples, as discussed in Chapter 2.

Impedance spectrum
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Figure 3.20 Impedance Spectroscopy Simulation of a single reversible SOFC
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3.5 RSOFC Stack Modelling
3.5.1 Gas Partial Pressure and Fuel Storage

The derivation of the partial pressure of hydrogen and steam is based on their total
moles of gas N; in the system. It can be calculated from the classic ideal gas law (the
equation of state) Equation (3.43) [42], where P is the pressure in Pascal, v is volume

in m3, R the molar gas constant and T the temperature.

Pv

== (3.43)

N;

For subsequent changes in temperature, Equation (3.43) can be rearranged to
Equation (3.44) in order to calculate the system pressure. This equation only applies
to the combined hydrogen and steam pressure, and does not apply to the oxygen

pressure which is assumed equal to the pressure on the anode side (fuel cell mode).

N;RT
P =
v

(3.44)

In the model, the real time partial pressures of hydrogen and steam are determined by
using a discrete time integrator with an initial pressure value and the determined
pressure changing rate which is dependent on the current density and number of cells
in the stack. The volume of the cell v.,; can be calculated from the cell dimensions
given in Table (3.2). Using the Equation (3.45) where 7, i the inner radius of the
tubular cell, and ;. is the outer radius of the tubular cell, and | is the cell length,
then v,,;; can be calculated. A diagram of a single cell geometry is shown in Figure
3.15.

Veell = n(rozuter - ri%mer)l (3.45)

The volume of the solid parts of the system v, is assumed to be the sum of volume of
the total fuel cells and the total interconnect volume (v;,:.,-) according to Equation
(3.46) (Vineer is decided to be 0.00001 m3 by the University of St. Andrews), and

N_.;; is the number of cells in a stack. Figure 3.3 and Figure 3.15 shows the volume
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relationships between cell components and the stack system.

Ve = cell(vcell + vinter) (3.46)

The volume of the heat store vy, ¢ Is separated from the system volume, and can be
calculated from Equation (3.47), where the mass of the heat store is divided by its
density py, 5, Which is 7890 kgm 3. [18].

_ Mh.s
Ph.s

Vhs (3.47)

Then the volume of hydrogen and steam in the system is calculated by Equation
(3.48).

VH, H,0 = VUstack — Ve — Vns (3.48)

Therefore to derive the partial pressure changing rate dependent on current then the

gas consume rate is required. For a single cell the charge transferred is
Q =it (3.49)

where i is the current in a single cell. and F is the Faraday’s constant [1].

N, = — 3.50
‘Y 2F (3:50)

Where N; is the mole number of gas species, so the gas consumption rate

(mol4~1s~1) equals

_ b (3.51)

Then substitute Equation (3.51) into (3.44) yields:
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dP i RT
dt N 2F UHZFHZO

(3.52)

For a whole stack, the total partial pressure changing rate is multiplied by the number
of cells N.;;. According to Equation (3.1) and (3.43), the fuel storage can be
determined when both SOC and partial pressure are known, hence the total

electrochemical energy capacity too.
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Figure 3.21 SOC from 95% to 5% and cell voltage versus time at 40.8A and 1283K,

5bar and 2m3

The energy storage capacity of the system is obviously limited by the amount of
hydrogen that can be stored in the system. Figure 3.21 shows that in the original
design with pressure of 5 bar and volume of 2 m3 the fuel hydrogen can be run out in
less than 9 min at 40.8A (rated power output at 1283K). In order to overcome this
limitation, the system pressure could be increased with high volumetric storage
density. Also the system volume could be increased. However, in the first case, a
higher pressure would need a stronger and more expensive vessel. In the second case,
a larger surface area means more heat would be lost through the walls which

potentially reduces the electrical efficiency of the system.
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According to the literature research by University of St. Andrews, the LSM-YSZ
electrodes used in this research are able to stand for the variation of pressure from 1
bar to 100 bar, as shown in ref [43]. Therefore the enhanced stack geometry is
updated to 70 bar of pressure and 4 m3of volume. This proposal will be discussed
with simulation demonstration in Chapter 4, as the operation time being extended to
3.75 hours at the rated power. Also, in this way the entropy of the gases in the system
can be reduced, so every mole of hydrogen that is consumed produces less heat, and
more energy is available to be converted into electricity, which boosts the electrical

conversion efficiency.
3.5.2 Heat Balances and Capacities

It is introduced that this RSOFC model assumes an isothermal system in which all
the heat produced is immediately distributed throughout the stack. In this way the
transient response of the fuel cell at rapid current change due to the thermal
capacitance is ignored. Because the fuel cell system has a large thermal mass,
changes in temperature will not be as great or fast as current because it takes time to
heat up and cool down. The only way to see these transient effects would be using a
heat transfer model, which may conducted using a CFD modelling of the system. The
relaxation time in the RSOFC system greatly depends on the geometry of the system,
so without this extra modelling, it is difficult to predict how significant it would be.
As a result the following modelling of the heat balance of such isothermal system
mainly counts for the relationships among heat generation/absorption, heat loss, heat

capacity of components and species and heat storage function.

The rate of transient temperature variation can be determined by dividing the heat
output by the stack heat capacity. This is shown by Equation (3.53) for both fuel-cell
mode and electrolysis mode and it is only valid if the bronze is in a solid state
(M5 CPsotia.pronze)- EQuation (8) in [12] is referred and modified by adding the heat
capacity of the heat store My, CPsoiiapronze at the denominator, which vyields
Equation (3.53).

d_T _ de t Gonm — 4i
dt Mstack CPstack + Mh.s.CPsolid.bronze + MgasesCPgases

(3.53)
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As can be seen from Equation (3.53) both the stack and the gases are part of the heat
capacity. Mg ..k CPsrack Tepresents the heat capacity of the whole stack including
every single cell and other connecting materials; and Mgqse5CFygses IS for the gases
within the vessels. Figure 3.22 shows the heat balance block diagram for both
operation modes, at where the block of g, is the heat generated by the
electrochemical reaction per second in fuel cell mode. It is noticed that g, is negative
in electrolysis mode which is due to the endothermic property of electrochemical
reaction. The block of g, is the heat produced by the ohmic losses per second, and

q; 1s the heat loss through the insulation per second.
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Figure 3.22 Block diagram of fuel cell stack heat balance

3.5.2.1 Heat Capacity of the Heat Store

According to the simulation tests the original RSOFC stack system requires a great
amount of thermal mass in order to store heat and increase the operation time of the
system as introduced in Section Error! Reference source not found.. The
maximum reversible energy storage capability of the system depends on two factors:
the amount of heat that can be stored and the amount of chemical energy that can be
stored in the form of hydrogen (which is described in Section 3.5.1). A test in the
fuel cell mode with the starting parameters of 95% SOC, 1073K (800 °C), 70 bar of
pressure is presented here. The system temperature and electrical power output are
recorded as a function of time, at a constant current of 40.8 A per cell, or a current

density of 6494 Am~2 as shown in Figure 3.23 and Figure 3.25.
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Figure 3.23 Electrical power output and system temperature over time, at a current of
40.8 A per cell, starting conditions 95% state of charge, 1073K (800 °C), showing

the time until the system temperature reaches 1283K (1010 °C), with no heat store

The proposed system is designed with the maximum temperature of 1283K (1010 °C)
by the University of St. Andrews to avoid any damage to the RSOFC. It can be seen
from Figure 3.23 that without a heat store device the system temperature increases
fast and reaches 1283K (1010 °C) after ~37 min (~2200 seconds). Therefore the
system is quickly overheated and no longer able to produce electrical energy but shut
down, or must be switched to electrolysis mode to be cool down. The rapid rise in
temperature is due to the low heat capacity of the system. Figure 3.24 shows the heat
capacities of different system components. The gases provide 73.4% of the total heat
capacity, with the stack contributes 26.6%. Although the gases have a low heat
capacity at atmospheric pressure, their volumetric heat capacity at 70 bar is
considerably greater.

During this research it has always been found that the temperature/heat control is a

big challenge for a high performance RSOFC system. According to the results from
Figure 3.23 it is a fact that the heat capacity of the system has to be increased and
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must be able to reversibly store more energy for a longer operation period. One way
to achieve this would be to increase the pressure and the volume of the system, as the
same solution for the lack of fuel cell storage capacity discussed in Section 3.5.1.
However, increasing the system volume will result in higher heat losses to
surroundings, and increasing the pressure of the stack would add costs. However
after all overheating is still inevitable. At the University of Strathclyde a design
improvement was requested: a heat absorption/dispatching device which is actually
able to hold the temperature. At the University of St. Andrews a proposal of adding a

solid mass to the system was eventually considered.

10
1x10” F I ‘
1x10° I

Steam Stack Hydrogen Oxygen
System component

Energy stored (J)

Figure 3.24 Logarithmic plot of heat stored by each system component (The stack

includes the cells and bases)

A much greater volumetric density of heat storage is obtained by the use of a suitable
phase change material, in which a phase transformation between solid to liquid
occurs at a particular temperature. As shown in Equation (3.53), My, sCPsotid bronze
represents the heat capacity of the solid heat store which is made of a type of bronze,
a copper-tin alloy, 11% tin by mass or 6.21 mole% tin [18] [19]. The heat store is
described in three stages: below, at and above the melting point. It melts at 1283.15K
(1010.15 °C). The bronze acts as a thermal mass, storing heat as the temperature
increases. When it melts, it stores heat equivalent to the enthalpy of fusion (latent
heat of melting). It still acts as a thermal mass above the melting point. The heat is
stored when it heats up, and will be released in electrolysis mode.
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Firstly, for temperatures below the melting temperature, i.e. <1010 °C (1283 K), as
the bronze is mostly copper then the heat capacity of copper is used as a function of
temperature to model the bronze heat capacity. The mass of the heat store is M,
(kg). Equation (3.54) calculates the heat capacity of the bronze below the melting
point, CPsjia bronze Jkg 2K ™1, as a function of temperature (K) [18] [19]. This
equation is valid only at T < 1010 °C (1283K).

CPsotia.pronze = 0.1594T + 293.09 (3.54)

Secondly, if the system temperature rises up to 1010 °C the bronze begins to melt
with the heat store state of charge ® (%) starting to increase from zero (where @ is
the proportion of bronze which is molten), then Equation (3.55) should be used to
calculate the addition energy (J) stored by the heat store when it completely melts,

where Heys pronze 1S the enthalpy of fusion for the bronze, which is 3.4 x 1057kg~1.

Ens = Hfus.bronzth.s. (3.55)

Thirdly, when all the metal has melted (® =100%) then the temperature of the
system begins to rise again. At temperatures > 1010 °C, the heat capacity of the
molten bronze, CPpeitonbronze 1S CONStant with temperature because the bronze is a
liquid, and it has a value of 490 Jkg=1K 1.

Figure 3.25 shows the same simulation as in Figure 3.23 but with 500kg heat store.
The obvious difference is that it takes more than 98 min (~5880 seconds) for the
temperature to reach the limit. Furthermore the significant benefit will be keeping the
temperature steady for a reasonably long time and further case studies are
demonstrated in Chapter 4. To avoid a total melt down of the heat store as well as the
system, it is suggested to apply the mass of heat store according to the fuel gas
storage and power output strategy. For example, the fuel gas consumption should be

no faster than melting down rate of heat store or vice versa.

Figure 3.26 shows the amount of energy stored by each system component. The heat
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stored by the phase change of the heat store represents 31.3% of the total stored heat
which can be used in electrolysis mode at 1010 <€€. Therefore, by adding a 500 kg
heat store, the heat storage capacity of the system has significantly increased. The
remaining heat is mostly stored by the system gases. The modelling of the heat store

as being logically designed with 3 molten stages is described in Appendix D.

23000 1300
|
_ 21000 > _
s - 4 1250 ¥
- rd -
@ 17000 -~ =]
3 yd - 1 1200 ®
& 15000 - g
S 13000 P 3
a y 1 1150 @
e P — Stack Power S
2 9000 /o -~ g
) /, 1 1100 2
7000 7 = = System Temperature _|
5000 f f f f f f f f f {1050
0 1172 2344 3516 4688 5860
Time (s)

Figure 3.25 Electrical power output and system temperature over time, at a current of
40.8 A per cell, starting conditions 95% state of charge, 1073K (800 °C), showing
the time until the system temperature reaches 1283K (1010 °C) with 500kg heat

store
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Figure 3.26 Logarithmic plot of heat stored by each system component including the
amount can be stored by the copper-tin heat store and its phase change (The stack

includes the cells and bases)

3.5.2.2 Heat Capacity of the RSOFC Stack

The heat capacities, volumes and masses of various parts of the system are calculated
in order to determine the heat capacity of the system. CPq;,qi 1S the specific heat
capacity of the stack and equals 400 Jkg~1K 1 [1]. The total stack mass is calculated
from Equation (3.56) where Mg, IS the mass of the stack in kg, and p..; is the
density of a cell, which is 6000 kgm™~3. There is also a solid ceramic interconnect
plate connecting the cells, of density 6000 kgm ™3 [1] as well, and volume 0.00001

m?3 per cell, which are represented bY pinrer and vjrer respectively in Equation
(3.56).

Mstack = Ncell(pcellvcell + pintervinter) (3-56)

Where v, is represented by Equation (3.45) and v;,,;., takes the same value as in
Equation (3.46).

-87 -



Chapter 3 Development of a Comprehensive Model of the Reversible Solid Oxide Fuel Cell System as an
Innovative Energy Storage

3.5.2.3 Heat Capacity of the System Gases

The heat capacity of the gases in the system makes a significant contribution to the
heat capacity of the system. Error! Reference source not found. shows the molar
heat capacities of the gases used in the reversible cell system. Hydrogen stands out as
having a very high gravimetric heat capacity. However, the heat capacity per mole is

similar to the other gases.

Table 3.4 Heat capacities of the gases in the reversible cell system, at 400 K and 1

bar pressure [18].

Heat Capacity Heat Capacity

Oas (Jkg K1) (Jmol™1K™1)
Hydrogen 14380 29.05
Steam 1990 35.85
Oxygen 1249 39.97

The heat capacity (Jkg~1K~1) of the gases in the system at 70 bar, as a function of
temperature is calculated by the following equations. The gravimetric heat capacity
of the gases increases slightly with pressure, but their volumetric heat capacity
significantly increases as they become denser with increasing pressure. The data for

these equations was taken from the NIST standard reference database [44].

CPy, = 1.50216T + 13491 (3.57)
CP,, = 0.144437T + 951.593 (3.58)
CPy,o = 0.182118T + 2207.90 (3.59)

The volume of hydrogen and steam in the system Vy, 4.0 (m3) is calculated by

Equation (3.48), where the total system volume is 4 m3. The total moles of hydrogen
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and steam in the system Ny, 4,0 can then be calculated by Equation (3.43). The
moles of hydrogen may be calculated from Ny, 4., Using Equation (3.60) by

multiplying the state of charge, and it is similar for determining oxygen as Equation

(3.61), where @ is the state of charge.

Ny, = Ny, 1,0 P (3.60)

NHZO = NHZ,HZO 1-o) (3.61)

The total mass (kg) of hydrogen is calculated by Equation (3.62), and the total mass
of steam (kg) by Equation (3.63) [45] [46].

My, = 0.00202Nj,, (3.62)
MHZO == 001801NH20 (363)

The number of moles of oxygen in the system can be calculated using Equation
(3.43), except the volume is replaced by the volume of oxygen in the system vy, .
This is calculated from the internal volume of each cell, multiplied by the number of
cells, according to Equation (3.64). Then, the mass of oxygen (kg) in the system is

calculated from Equation (3.65).

1702 = O-lnrczellNcell (364)

Mo, = 0.0320N,, (3.65)
The total heat capacity (JK~') of the gases in the system H, ;45,5 May be calculated
from Equation (3.66), where the heat capacity of each gas is multiplied by the mass
of the gas (kg), and these heat capacities are added together. For instance, at 1000 °C,

the total heat capacity of the system gases is 1324 kJK 1.

Hc,gases = MgasesCPgases = MHZ CPHZ + MHZOCPHZO + M02 CPOZ (3.66)
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3.5.2.4 Heat Generated/Absorbed from Electrochemical Reaction

In the fuel cell mode, the system produces heat and electricity and consumes
hydrogen. In electrolysis mode, the system consumes heat and electricity, storing the
energy in the form of hydrogen. This heat input due to the reaction enthalpy change
is p. (Watts); in fuel cell mode, the reaction is exothermic, whereas in the
electrolysis mode the reaction is endothermic. Besides the energy stored in chemical
form, there is also energy existing in the form of heat within the stack, and this heat
energy changes dynamically with time. The heat produced by the fuel cell reaction
can be calculated from the current density and area of the reversible cell stack by
using the following equations. The cell current can be related to the charge flowing
per unit time (Equation (3.49)) and converted into moles of hydrogen consumed per
second My, using the Equation (3.51) [46]. These equations are suitable for both

fuel-cell mode and electrolysis mode.

Pe = NeeyMy,(42.3241T — 4473.97) (3.67)

The rate of moles of hydrogen consumed to heat generated per unit time p, (W) for
the whole system by the reaction depends on the fuel cell temperature and number of
cells according to the Equation (3.67) [49].

3.5.2.5 Ohmic Heat Production

The resistance of the fuel cell components produces heat at a rate p,p,, (Watts) in

both fuel cell mode and electrolysis mode.

Pornm = cellizRohmic (3.68)

3.5.2.6 Heat Losses to Surroundings

The heat loss rate p; (to surroundings) depends on the temperature difference
between the stack and the surroundings, and the thermal conductivity and surface

area of the vessel. This heat loss g; could be ignored only if the vessel was assumed
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to be perfectly insulated. therefore the dimensions of the vessel L, may be calculated
from Equation (3.69) where the volume v is 4 m3, and the surface area A, in m?
from Equation (3.70).

L,=3%v (3.69)
Ay =612 (3.70)

The thermal conductivity of the insulation changes with temperature according to
Equation (3.71), where a = 2.54132 x 1078, b = 1.93343 x 107>, ¢ = 0.0257471
[11].

A=aT?—-bT +¢ (3.71)

The temperature of the cold face of the insulation T, on the outside of the system, is
calculated from the semi-empirical Equation (3.72) [11], as a function of the
temperature of the hot face of the insulation. The hot face temperature is assumed to
be the same as the system temperature, therefore in this equation it is represented as
T.

T, = 0.0225455T + 279.627 (3.72)

The heat flow through the walls g; (Watts) may then be calculated from Equation
(3.73) [11].

a

b c
T = TF + 7TC)] (3.73)

=4 [(aT3 bT2+CT>
Pi=4v\3 21

21 l

3.6 RSOFC System Efficiency
3.6.1 Efficiency in Fuel Cell Mode

In order to calculate the electrical conversion efficiency in fuel cell mode, the energy

content or enthalpy of the fuel, Wy, (W) must be determined by using Equation

(3.74) [44]. In this equation Ny, is the moles of hydrogen consumed per second per
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cell, from Equation (3.51), the enthalpy of the fuel W, is calculated based on the

hydrogen lower heating value (LHV), i.e. when the steam is not condensed, because
this is the case within the RSOFC system [45]. Equation (3.75) shows the total

electrical power output from the stack when running in fuel cell mode.
quel = NcellNHz (4‘76042T + 243825) (374)

Wstack = VstackIstack (3.75)

Then the percentage electrical conversion efficiency E.iecerical,fuet cen May be

calculated from Equation (3.76).

Wstack

Eetectrical, fuel cett = W X 100% (3.76)
ue
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3.6.2 Efficiency in Electrolysis Mode

In electrolysis mode, Equation (3.74) can be used to calculate the energy stored in
the fuel. The percentage electrical conversion efficiency of the system over one
second in electrolysis mode Ejectricaletectrotysis 1S defined in Equation (3.77) as the
energy in the fuel created by electrolysis, Wy, divided by the energy input, which
is the electrical energy Wy .cr Used for electrolysis. By defining the fuel cell
efficiency as the ratio of electrical power to the heat enthalpy released/stored in
hydrogen, then this means that at low currents the electrical to chemical conversion
efficiency can exceed 100% in electrolysis mode (where heat is disregarded in the
efficiency calculation), if a massive amount of heat is not provided by input electric
power but from a heat store , because some of the energy demand comes from heat in
the system which is absorbed during the electrolysis. However, it does not exceed
100% at moderate or large cell currents, because of the ohmic losses in the cell

increase faster with increasing current than the heat absorbed.

quel

x 100% (3.77)

Eelectrical,electrolysis =
stack

-03-



Chapter 3 Development of a Comprehensive Model of the Reversible Solid Oxide Fuel Cell System as an
Innovative Energy Storage

3.7 Conclusions

In this Chapter, the electro-chemical equations based modelling of a reversible solid
oxide fuel cell system (RSOFC) are described. From literature survey and previous
works it is realised that most models used for predicting the performance of the
SOFC system are not appropriate to be directly applied for this research. This is
because the RSOFC system proposed in this thesis has a pressurised vessel which
stores fuel gas (hydrogen) within the sealed stack and no gas inlet or exhaust is
involved. Therefore a unique model is required to represent the performances of
Nernst voltage and cell polarisations which are highly distinctive to this specific
stack geometry and the relative operating conditions, e.g. thermal dynamics, species
partial pressures and the state of charge (SOC). It was decided to create a complete
polarisation model in University of Strathclyde rather than applying a generalized
SOFC model, e.g. demos can be from the Matlab/Simulink model library.

In this Chapter, the RSOFC electrical properties of Nernst voltage and polarisations
are discussed first, and then the dimension of the modelling is extended to a stack
with the considerations of the cell connection topology. Other influencing variables
such as temperature, partial pressure, state of charge (SOC) and thermal dynamic
(heat store status) are described as part of stack modelling. Simulations of the
performance of a stack system are studied and discussed to provide important
feedbacks to the proposed design, in turn, improving the fuel cell stack with an
enhanced practical capability and realistic performance. A Randles circuit which
represents an equivalent electrical circuit of RSOFC is derived and implemented for

impedance spectroscopy (IS) simulation.

It is found that the temperature can increase rapidly in s the original design proposed
by the University of St. Andrews, especially at high density power outputs.
Overheating will lead to irreversible mechanical damage to cell and this is hard to
avoid due to the specific design of the sealed and pressurised vessel from which the
massive heat exchange between gas fluids and external environment is not possible.

To prevent overheating firstly the stack geometry and pressurization were improved
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which helps with a slight gain of enhancement. Another suggestion of adding a heat
storage equipment was proposed by the author, and then a novel application of a
copper-tin based internal heat storage device is proposed by the University of St.
Andrews. This heat store prevents overheating by phase change. It starts to melt
when the temperature reaches 1010 °C and the system temperature remains constant
until the heat store is totally melt down. It is suggested that the heat store should be
calibrated with the fuel storage to avoid being totally molten, to prevent further

damage.

Multiple positive feedbacks can be obtained by improving pressurisation and system
volume from 5 bar and 2 m3 as for the original design, to the updated settings of 70
bar and 4m3. First of all, the entropy of the gases in the system is reduced, so every
mole of hydrogen that is consumed produces less heat. Secondly, it is obvious that
the hydrogen/energy stock capability of the system can be increased. Therefore more
energy stored in hydrogen is available to be converted into electricity, which
significantly enhances the operation time at the rated power. Higher volume and
pressure level also increase the heat capability of gases massively according to the
simulations, which can partly compensate the overheating issue, and boost the

electrical conversion efficiency.

In activation polarisation modelling it is found that the electro-transfer coefficient
cannot be simply assumed with a generic value used by most authors reported in
literature, but to be derived for this specific RSOFC design. This coefficient is
critical in activation loss model to check whether the polarisation is in low or high
condition so £ has to be found with an appropriate value, otherwise simulation will
be highly unstable. It is also found during this research that g is only related to the
involved electro-chemical reactions, and it is not suggested to be the same value for
all fuel cell designs. In this thesis a new derivation methodology of S is proposed and
this mostly cannot be found from literatures, which is highly possible to name this

work a high valued contribution.
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4 Investigation into the Dynamic Performance of RSOFC System

4.1 Introduction

In this chapter the dynamic performance of the RSOFC system will be investigated
in detail. Simulations which support the updated system design for performance
improvements are demonstrated. Case studies of discharge - recharge cycle
operations are fully discussed to examine the fidelity of the copper-tin heat store
proposed in this research. The cycle efficiencies at different operating current
magnitudes are also listed and discussed.

4.2 Effects of Temperature, Pressurization and State of Charge on RSOFC

Performance
4.2.1 Nernst Voltage

The Nernst voltage is dependent on three factors: temperature, species (gas) partial
pressure and SOC according to Equation (3.5) and (3.9) in Chapter 3, whose
variation as a function of these variables is shown in Figure 4.1. The Nernst voltage
is greater at higher system pressure and SOC, but decreases with the increase of the
system temperature. Among all three parameters the SOC causes the highest impact,
as about 25% of deviation exists in Vy.,»s: between 5% to 95% of SOC. It can be
seen that the voltage drop due to lower SOC leads to less power output. Therefore to
maintain a high power output it is suggested for the RSOFC system not to be

operated at particularly low SOCs.

Higher temperature leads to a reduction in Vy.,ns: a@s Well; however this deviation is
much smaller. In fact the kinetics of the other electro-chemical reactions of activation
and diffusion can be improved with higher temperature and pressurisation, and these
are shown in Section 4.2.2 and 4.2.3. Therefore the enhancement from higher
temperature on overall cell performance is possible and this is demonstrated in
Section 4.2.5.
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4.2.2 Activation Polarisation

The activation polarisation is dependent on temperature and the magnitude of current
according to both Equation (3.13) and (3.14) in Chapter 3, and it is obvious as shown
in Figure 4.2 in both fuel cell (positive current in figures) and electrolysis (negative

o
N

current in figures) modes.
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Figure 4.3 shows higher temperature significantly lowers the activation polarisation
and this is because the charges are more active during the transport between the ionic
conductors, which lowers the “energy barrier” in electrochemical reactions. It is also
interesting to know that even both Equation (3.13) and (3.14) do not show the
relationship between the activation polarisation and SOC, however it increases
greatly at extremely low and high SOC. This is because both low hydrogen and high
steam concentration require a higher energy boost to overcome the extra potential for
electrode reactions. At low or high SOCs where the concentration of hydrogen and
steam is more imbalanced in the system, the exchange current density is lower,

increasing activation losses.
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Figure 4.3 Activation polarisation VS temperature of a single RSOFC (70 bar, 20.4A)

4.2.3 Diffusion Polarisation

The diffusion polarisation increases with the magnitude of current and this is shown
in Figure 4.4. Figure 4.5 shows the effects on the diffusion polarisation by varying
the system pressure and temperature. It is obvious that higher pressurisation and
temperature lower the diffusion polarisation and these can be significant. At 1 bar of
system pressure the diffusion varies greatly with temperature. However at 70 bar the
diffusion loss is significantly reduced and the temperature affects much less. This
again proves the significant improvement that can be obtained at 70 bar compared to
the original design of 5 bar of system pressure. This is because at higher pressure the
concentrations of gases are higher, then the reactants can more easily pass through
the pores of the electrode. Higher temperature also plays a role in enhancing the
overall performance as discussed before. In fact diffusion polarisation is also

dependent on SOC, but the variation is extremely small so it is not discussed here.
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Figure 4.4 Diffusion losses at the fuel electrode as a function of RSOFC current, at
1173K (900 °C), 70 bar pressure, and 50% state of charge. Negative currents

represent electrolysis mode, and positive currents fuel cell mode.
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4.2.4 Voltage Drop on Electrical Resistance

At high system pressure and temperature the activation and diffusion polarisation
decease significantly, however the overall fuel cell performance can still be
compromised by the ohmic losses, especially at high current density and which is
even worse at high temperature as shown in Figure 4.6. The resistance depends on
the materials used, e.g. the electrolyte has a lower electrical conductivity than other
ceramic materials as the nickel metal on the fuel electrode side of the cell. The ohmic
losses are also a function of the length of the current paths in the cell design. If these
were shortened by redesigning the cell geometry, the ohmic losses would be reduced.
In addition it is suggested that cells should be connected in parallel with reasonable

designing considerations to lower the overall resistance of a stack system.
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Figure 4.6 Resistance of a single cell against temperature
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4.2.5 Effects of Temperature, Pressurization and State of Charge on Fuel Cell

Terminal Voltage

Figure 4.7 shows the simulated terminal voltage of a single RSOFC with varying
currents. The fuel cell operates in electrolysis mode when the current is negative,
which means the current is flowing into the fuel cell. In fuel cell mode the current is
positive and the SOFC outputs power to the network. According to Equation (3.3) in
Chapter 3, the cell voltage is the Nernst potential plus all of the voltages drops in
electrolysis mode, therefore as the current density increases the cell voltage is
increased as well as the power input (recharging rate), which can be much more than
the power output in fuel cell mode. Temperature has a large impact on the maximum
power which can be enhanced from 11.7W at 1073K (800 °C), to 21 W at 1173K
(900 °C), to ~29.3 W at 1283K (1010 °C) in fuel cell mode as shown in Figure 4.7
(b). However the temperature has a negative impact in electrolysis mode by reducing
the recharging power input from 265 W at 1073K (800 °C) to ~190 W at 1283K
(1010 °C) at -100 A of current.

Figure 4.8 shows the performances under three different pressure conditions. An
increase in output power is achieved at higher pressure due to greater Nernst voltage
and reduced diffusion loss (18.3W at 1bar, 23.1 W at 5bar), ~29.3 W at 70 bar and
1283K (1010 °C) 50% of SOC). Figure 4.9 also shows the RSOFC performance at
three SOC values at 1283K (1010 °C). Normally as the state of charge increases, the
Nernst voltage of the cell increases as shown in Figure 4.1, and so the cell
performance improves. The worst performance in fuel cell mode happens at the
lowest state of charge, and the worst performance in electrolysis mode is at the
highest state of charge.
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Figure 4.7 RSOFC voltage at 1073K, 1173K and 1283K (800 °C, 900 °C and
1010 °C) for a single reversible SOFC, at 50% SOC, 70 bar pressure: a) V-l curves,

b) P-I curves
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Figure 4.8 RSOFC performance at 1 bar, 5 bar, and 70 bar, at 50% state of charge
and 1283K (1010 °C): a) V-I curves, b) P-1 curves, for a single reversible SOFC.
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reversible SOFC.
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The traditionally normalized VI curve of RSOFC is much like the one at 1073K in
Figure 4.7 (a) and the one at 5% of SOC in Figure 4.9 (a). Both curves have the
concave area at high current density and convex area at low current density. This is
because at low current density the VI shape is dominated by activation loss and at
high current the diffusion loss shapes it with more effort. The nominal fuel cells with
fuel inlet (with low pump pressure at which the partial pressure of fuel gas can be
treated as low SOC) and lower system temperature always observe a VI curve with
the convex and concave sections. However in this research the system is at high
system pressure and mostly does not operate at low SOC such as 5% therefore the VI
curve is close to a straight line. This RSOFC design also involves more resistance
components than is simplified in some literatures, such as the independent support,
interconnect and cell connections. The benefit of designing the cell geometry this
way is to minimise the thickness of the electrode layers in order to lower activation
and concentration losses. Figure 4.8 shows the simulation results under 1283K of
temperature, at which although the activation and diffusion polarisations are
decreased significantly but the resistance is even higher, according to the discussions
in Section 4.2.2, 4.2.3 and 4.2.4. Therefore the resistance components dominate the
voltage drop as shown in Figure 4.8 (a). So this is another reason that the V-1 curve is
more like a straight line rather than curved with obvious activation and concentration

polarisation contributions.
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4.3 RSOFC Stack System Performance
4.3.1 Heat Performance and System Efficiency

Figure 4.10 shows the net heat production/consumption by a single RSOFC as a
function of current as described in Section 3.6 in Chapter 3. In fuel cell mode, heat is
produced from both the ohmic resistance and exothermic electro-chemical reactions,
so the temperature can rise rapidly with current. In electrolysis mode, the
endothermic electro-chemical reactions contribute heat reduction and this offsets the
resistance heat production. Therefore, at low currents where the ohmic losses are low,
there is a range of current within which the negative net heat production occurs. This

can be seen where the heat balance curve is below the x-axis.

The electrical efficiency is directly determined by the fuel cell current density as
shown in Figure 4.10. Higher current leads to higher resistance heat production so
the efficiency is decreasing in fuel cell mode with increasing current. Therefore, the
best way to maximize electrical storage efficiency is to run the system at relatively
lower currents. It can also be influenced by other operating parameter/conditions, e.g.
system temperature and pressure. The point of maximum electrical efficiency will
not correspond to the point of maximum output power in both modes, as discussed in
the previous chapters. The electrical conversion efficiencies in both modes are
defined by Equation (3.76) and (3.77) in Chapter 3. It is suggested that the cells
should be connected in parallel as much possible within the stack to make the system

current being shared by several paths of cells, which increases the efficiency.

Figure 4.11 shows the heat loss through the walls of the system as a function of
system temperature. The heat loss from the system increases by 40% when the
system temperature increases from 1073K (800 °C) to 1283K (1010 °C). However
this part of heat loss is small compared to the maximum electrical power output of
the RSOFC system in fuel cell mode, e.g. at 1283K (1010 °C) the heat loss is 2.1 kW,

and the maximum electrical power output is 23.6 kW (800 cells).
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4.3.2 Case Studies of Discharge-Recharge Cycles
4.3.2.1 Heat Performance of RSOFC System during Cycle Operations

Energy is stored in the RSOFC system into two forms: chemical energy in hydrogen,
and the heat energy in the thermal mass of the stack, system gases and the heat store.
This Section shows case studies of a complete cycle operations which focus on
discharging and recharging the ROSFC system towards to its limits, to verify the
proposed copper-tin heat store introduced in Chapter 3 (within the RSOFC stack
having 800 cells). The protocol is to start the operation in fuel cell mode first from 95%
of SOC and 1073K (800 °C) at a constant current density until 5% SOC is reached,
then reverse the operation in electrolysis mode until the SOC raises back to 95% at
the same recharging current density. The mass of heat store is set to 500 kg in the

following case studies.

Figure 4.12 (a) shows a cycle operation running at 20.4 A/-20.4 A per cell (half rated
current at 1283K) and Figure 4.12 (b) is at 40.8 A/-40.8 A (rated current at 1283K)
per cell. The graphs show the heat produced/consumed by the electro-chemical
reactions, ohmic losses, the heat lost to the surrounding, and the net heat balance
which actually is the energy being stored in heat store at the steady state temperature
of 1283K. In electrolysis mode the net heat can be negative which indicates a heat

energy release from the heat store.
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Figure 4.12 Stacked heat flows and heat balance in the reversible. The cycle in graph :
a) 20.4 A per cell, or 3247 Am~2 in fuel cell mode, and -20.4 A, or -3247 Am™2 in
electrolysis mode, b) 40.8 A per cell, or 6494 Am~2 for fuel cell mode, and -40.8 A

per cell, or -6494 Am™=2 in electrolysis mode.
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It can be seen from Figure 4.12 that the heat production is much greater at the rated
current (40.8 A per cell) than at the half rated current (20.4 A). At the half rated
current the heat production from ohmic components nearly equals to the heat loss to
surroundings during the cycle operation, which results in that the magnitudes of
positive and negative net heats are very close between the fuel cell mode and
electrolysis mode. Therefore the SOC and heat store can almost be recovered during
a cycle operation with same operation periods in both modes.

At the rated current much more heat is generated from both the ohmic resistance and
the exothermic reactions in fuel cell mode, therefore the temperature raises rapidly.
During the electrolysis mode the heat produced by ohmic components and the heat
absorbed by electrolysis almost cancel each other. Under this situation the net heat
only counts for the heat loss to surroundings. Therefore the net heats between both
modes are very unbalanced and there exists an excess energy not being recycled,
which leads to a hidden risk of overheating. The safest operation current is found to
be 8.3A at which the RSOFC system reaches a thermal-neutral state that the system
temperature is constant because of zero net heat. Actually in cycle operations at low
rated current (less than half rated current) the system temperature can cool down
below the optimised range and the heat store is not even necessary.

With the features and results discovered above, it is difficult to allocate an optimised
amount of heat store to satisfy all possible conditions. Figure 4.13 shows the system
temperature, state of charge and heat store molten ratio during the same cases. In
both cycles, the system temperature rapidly increases to 1283K (1010 °C) then
remains constant as the heat store starts to melt down (phase change of the copper-tin
compound). Figure 4.13 shows that in the half rated and the rated current operations,
more than 80% and 30% of heat store amount (500kg) is considered as wasted as the
none-molten segments until the fuel is nearly exhausted. To guarantee an overheating
protection in a fully discharged operation, the amount of heat store has to be
coordinated with the operating power rating, as well as the fuel cell hydrogen storage
capability. In this proposed design of the vessel with 70 bar and 4 m3 geometry, it is
suggested that at least 390 kg of heat store is required for the rated power output
operation, and at least 200 kg for the operation at half rated fuel cell current.
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Figure 4.13 System temperature, state of charge and heat store molten ratio over the
RSOFC cycles: a) at 20.4 A per cell, or 3247 Am~2 in fuel cell mode, then -20.4 A
per cell, or -3247 Am~2 in electrolysis mode, b) at 40.8 A per cell, or 6490 Am~2 in

fuel cell mode, then -40.8 A per cell, or -6490 Am~2 in electrolysis mode
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However, this RSOFC system is proposed as an energy storage integrated within the
power system to buffer the imbalances between the system demand and renewable
power generation as introduced in Chapter 1. Therefore it is not required to be a
complete fuel exhaustion operation all the time, the ROSFC system may be operated
in cycles without approaching to the SOC limits. It can be seen from Figure 4.13 (a)
that in the cycle operation at 20.4 A, the system temperature almost returns to the
starting value. Therefore, multiple cycles could be run at this current without
overheating or cooling the system, as long as the operation time in both fuel cell
mode and electrolysis mode are equal. However, for the rated current cycle shown in
Figure 4.13 (b) ~50% of the heat store is still molten at the end, therefore this means
an excess energy remains as unreleased heat in the heat store. This is because not all
of the heat reserved by heat store is absorbed by the endothermic electrolysis reaction
during the electrolysis operation, as illustrated by the net heat shown in Figure 4.12
(b). It is the fact that at the rated current the heat store melts 7.9 times faster than it
turns back into solid, so as long as the cycle operations are being taken equally then
the overall heat store molten ratio will be gradually increasing. Therefore the concern
of overheating remains at high rated power cycle operations even with relatively big

amount of heat store.

In respect of continuous cycle operations without further CHP schemes to remove
the excess heat then the half rated fuel cell current is recommended and the heat store
can be of 200kg to guarantee an overheating protection. In regard to the operation at
rated fuel cell current, the amount of heat store has to be increased and this depends
on the length of operation required. However it is suggested that in this research at
least 500 kg of heat store is required. During the simulation tests it is also found that
the lowest net heat occurs at -20 A of fuel cell current. However even for the most
effective cooling operation the time is still required to be 3 times longer or even more
to reset the system temperature back to the start of the cycle. Therefore if high rated
current operation is required for a certain period of time then the ROSFC system is
suggested to be recovered in electrolysis mode at current of -20 A combined with

non-operation periods off to cool the RSOFC system down before it is back online.
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4.3.2.2 RSOFC System Efficiencies

The electrical conversion efficiencies are also recorded and plotted in Figure 4.14,
during the same case studies discussed in the previous section. The system efficiency
is greater in electrolysis mode than in fuel cell mode. It also demonstrates that it is
possible to recover heat energy stored in the system from the fuel cell cycle, and
convert it to chemical energy in hydrogen by electrolysis. It shows the electrical
efficiency reaches a maximum of 112% at about 8 hours during the cycle at 20.4 A
per cell in electrolysis mode. This is possible because part of the heat energy
generated in fuel cell mode is reserved and being absorbed during the production of
hydrogen in electrolysis mode, e.g. 1 W of electrical energy, and 0.12 W of heat
energy are required to produce an amount of hydrogen gas with an enthalpy of 1.12
W.

When the system is at 40.8 A per cell as shown in Figure 4.12 (b), the heat generated
in the system exceeds the heat absorbed by the endothermic electrochemical reaction
in electrolysis mode. Therefore more energy produced into hydrogen comes from the
electric power, and some is even wasted on ohmic losses. In such a situation the
system cannot recover all of the heat generated in the fuel cell cycle, so the electrical

conversion efficiency never exceeds 100% in electrolysis mode.

The electrical cycle efficiency for a cycle operation is different from the definition of
electrical conversion efficiency as described in Chapter 3. The cycle efficiency is
calculated from Equation (4.1), by dividing the total electrical energy in fuel cell

mode Estack,fuelcell (‘]) by the total energy Consumption Estack,electrolysis in

electrolysis mode.

Estack,fuel cell
Pelectrical,cycle = X 100% 4.1)

Estack,electrolysis
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Figure 4.14 Electrical conversion efficiency and system temperature during the
RSOFC cycle: a) at 20.4 A per cell, or 3247 Am™~2 in fuel cell mode, then -20.4 A
per cell, or -3247 Am~2 in electrolysis mode, b) at 40.8 A per cell, or 6490 Am=2 in

fuel cell mode, then -40.8 A per cell, or -6490 Am™2 in electrolysis mode.
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It is apparent that the system is more efficient at storing and releasing electricity at
lower cell currents as discussed above, as shown inTable 4.1. The best electrical
cycle efficiency of 64.4% is obtained at a current of 20.4 A per cell. This can be
explained by considering Figure 4.12. Furthermore, the RSOFC cycle has a longer
operation time at lower currents due to the low rate of fuel usage/production.
However when more heat is lost to the surrounding (through the isolation) then the
system could cool below its optimal temperature range of 1173K-1283K during the
electrolysis mode, which reduces the efficiency as well. This is why the cycle at a
magnitude of 10.2 A has a much lower efficiency than cycles at higher currents as

shown in Error! Reference source not found..

The electrical cycle efficiency can also be boosted by the additional heat store and
this depends on the operation power rating, for example, at the rated power 1.1%
more of cycle efficiency can be obtained compared to the case of not using the heat
store. However lower power rating leads to less heat energy being stored in the heat
store phase-change for the electrolysis mode, so only 0.2% of cycle efficiency can be
boosted at half rated power operation. However, this benefit from the heat store can
be compromised at high current rating, as more heat is produced through losses than
can be usefully utilised to generate electrical energy, which lead to a greater drop in

cycle efficiency than can be boosted.

The electrical cycle efficiency also depends on other parameters, such as the value of
the pre-exponential coefficient in the activation energy calculation. The choice of the
value of the pre-exponential coefficient also slightly influences the cycle efficiency
in the simulations. Different values of pre-exponential coefficient are used in RSOFC
models. When a coefficient of 1 x 10° Am~2 was used in this model, the electrical
cycle efficiency increased to 67.9% at 20.4 A per cell, showing that the cycle
electrical efficiency is not very sensitive to this parameter. The efficiencies measured
are similar to or slightly lower than the electrical cycle efficiency of redox flow cells,
which ranges from 65% - 75% [1]. Error! Reference source not found. compares

five different cycles, with different parameters for each.
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Table 4.1 Electrical efficiency during a RSOFC cycle at 70 bar, in the range 95% to
5% to 95% state of charge, at two different values of cell current and pre-exponential
coefficients.

Cell current Current density Pre-exponential Electrical cycle
(A) (Am™?) coefficient (Am™2) efficiency (%)
10.2 1623 7 x 108 36.3
20.4 3247 7 x 108 64.4
30.6 4870 7 x 108 53.0
40.8 6494 7 x 108 42.0
20.4 3247 1x10° 67.9

In order to improve the cycle efficiency the cell resistance should be lowered by
optimising the fabrication and geometry of the cell, and the insulation of the system
should be improved, to achieve a lower loss from the resistance and to the

surroundings.

The energy storage capacity could also be potentially limited by the cycle length. If
the system was operating at a lower power level, the cycle time might be longer. In
this case, the total heat lost through the walls would be greater, so in electrolysis
mode, the system might cool below the optimum temperature range of operation and
have to be switched into fuel cell mode to heat it up again, otherwise the efficiency
would be greatly reduced. Therefore from the optimum operation point of view it is
required that an operation current at which the system runs at maximum cycle
efficiency should be determined. And in this research 20.4A of current is such a

suggestion.
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4.4 Conclusions

The investigations and discussions in this Chapter focus on the performances of both
the single cell and stack system. Case studies are interpreted with two scenarios (full
and half rated currents). The simulation results prove the fidelity of the improved
stack design on enhanced volume and pressurization settings. The case studies also
validated the copper-tin heat store system proposed from this research. With this
design the RSOFC system provides both high valued power density and energy

restore functionality.

The pressurization provides a major cell performance improvement. When the
system is pressurized from 1 bar to 70 bar, the Nernst voltage increases by 11.5 %
from 0.924 V to 1.035 V (at 50% state of charge, 900 <€), and the diffusion
polarisation significantly decreases by more than 50%, leading to a significant ~18.6%
boost in cell terminal voltage. Large volume and high pressure both massively
increase the heat capability of gases. It is found in the simulations that steam,
hydrogen and oxygen under 70 bar of pressure and 4 m3 of volume of pressure
contribute a heat capacity equivalent to ~18% of the 500 kg heat store, which partly
compensate the overheating issue as well. It is obvious that the hydrogen/energy
stock capability of the system also can be increased from higher volume and pressure,
which leads to improved operation time. It is proved that the hydrogen/energy
storage capability of the system is significantly increased by 28 times more than the
original design.

The activation and diffusion polarisation could be significantly decreased at high
system pressure and temperature, however the overall fuel cell performance can still
be compromised by the ohmic losses and the large resistance comes from the cell
support. This is because at high power output with high current density the voltage
drop on the components resistance can be much higher than the activation and
diffusion polarisations, which is even worse at high temperature. In addition it is
suggested that cells should be connected in parallel with reasonable designing

considerations to lower the overall resistance of a stack system.

The second biggest voltage drop comes from the activation polarisation. In addition,
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the SOC determines in increase in the activation loss, especially at conditions of
extreme low or high states of charge. This is because when concentrations of
hydrogen and steam are much more unbalanced in the stack then the exchange

current density will be much lower which increases the activation losses.

A heat storage device is proven to be required by the simulation tests because in the
original design the system temperature can rise rapidly especially at high density of
power output. A heat store having a mass of 500 kg increases the operation time by
7.5 times longer (from 1/2 hour to 3 and 3/4 hours) at maximum power output
without overheating, for a stack consisting 800 cells with cubed shape and size of 4
m3and 70 bar of pressure. During the operation this has to be carefully monitored
and controlled because the system temperature will go up again if the copper-tin
compound is completely molten. However it can be difficult to allocate an optimised
amount of heat store. In case studies of fully discharged operations with 500kg of
heat store, that about 30% of heat store are un-molten segments at the rated and half
rated current. It is suggested that at least 390 kg of heat store is required for the rated
power operation, and at least 200 kg for the half rated power operation. Therefore to
guarantee an overheating protection, the amount of heat store needs to be designed in
coordination with the power rating, as well as the fuel cell hydrogen storage

capability.

The proposed RSOFC system in this research is used to buffer the imbalances of the
supply of renewable power generations and demands of the power grids. Therefore
the ROSFC system is not required with fully discharged or recharged cycle
operations at all the time but frequently being operated in cycles without approaching
the SOC limits. It is found that multiple cycles can be achieved at half rated current
without overheating or cooling the system with 200kg of heat store, as long as the
operation periods in both fuel cell mode and electrolysis mode are equal. However at
the rated current the heat store melts 7.9 times faster in fuel cell mode than it cools
into solid in electrolysis mode, so the overall molten heat store is highly possible to
gradually increase. Therefore the concern of overheating remains at cycle operations
at high rated power. Two steps can be considered in regard to the overheating
protection at high rated current. First of all the amount of heat store has to be

designed large enough according to the length and numbers of cycle operation

-125-



Chapter 4 Investigations of the Dynamic Performance of RSOFC System

required. Secondly, the system can be effectively cooled down during the electrolysis
operation and the most efficient condition is found at -20 A of fuel cell current.
Therefore the RSOFC system operates at -20 A is recommended in electrolysis mode

combined with no operation periods for further cooling effect.

The heat store also provides an enhancement on the cycle efficiency by reserving the
energy of heat in phase change and minimizing the net heat loss during a cycle
operation. The additional 500 kg of heat store could reserve up to 31.3% more heat
energy to be used in electrolysis mode, so at the rated power the cycle efficiency can
be increased by 1.1% compared to the case without the heat store (at 1010 <€).
However at half rated power operation only 0.2% of cycle efficiency can be boosted.
It is because this boost depends on the power level, which means lower power rating
leads to less heat energy to be reserved for the electrolysis mode. However this
benefit can also be compromised when the cell is operated towards the higher ends of
its current rating as more heat is produced through losses than can be usefully
utilised to generate electrical energy, which lead to a greater drop in efficiency than

can be boosted.
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5 Analysis of Effects of Electrical Feedbacks and Power Electronic

Inverter Controls on RSOFC system

5.1 Introduction

In order to connect the DC source of the fuel cell to the AC power system, extra help
from the power electronic inverter is required, which is bi-directional in power flow
and flexible in control modes. Some specialized inverter applications are designed to
provide optimum power quality to local sensitive loads which may be limited to
certain grid environments; however the resultant DC ripple may reach an

undesirable level.

An important parameter of the power electronic converter/inverter for fuel cells is the
level of ripple current that can be induced. Ref. [1] [2] [3] [4] reported that ripple
currents may shorten fuel cell life span and worsen the fuel efficiency due to the
hysteresis effect. The reported frequency tests in [5] indicate that the biggest
hysteresis effect occurs at 100Hz on PEM fuel cells, and this effect can be ignored at
frequencies around 1Hz and 10 kHz. Randall [6] shows that the ripple imposed by an
inverter from unsteady loads can have significant impact within fuel cell diffusion
layers. It is also found in [6] that higher ripple ratio and lower ripple frequency both
lead to more decrease in oxygen concentration. It is suggested in [7] that the varying
reactant conditions surrounding the cell due to ripple current decrease the reactant
utilization which is known to impact the mechanical nature of a fuel cell. A more
prospective effect is reported in [6] that if not enough excess fuel is supplied to
support the voltage potential across the entire cell due to ripple current, then internal
damages to the cell can result, such as oxidation of the cell materials. Wahdame [8]
found that low frequency ripple current can speed up the degradation of fuel cell
electrodes, even if the effect is relatively small. Another obviously important impact
is that it tends to reduce the fuel cell output capacity, and the fuel cell controller trips
under instantaneous over-current conditions [3]. It is also inevitable that the presence
of low frequency current ripple has a side effect of additional heating, and more

importantly, diminishing the power availability as shown in Figure 5.1 [9].
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Figure 5.1 Fuel cell output power versus ripple frequency [9] (3183A/m?2, 40% of

ripple current)

Many authors in literature can be found proposing different approaches to minimize
or eliminate the fuel cell input ripple. The ripple cancellation methodologies from [9]
[10] [11] are very similar using the DC-DC boost converter and integrated inner
control loops. It is suggested in [4] [12] [13] that a DC-DC boost converter with the
concept of pulse DC link can reduce the DC capacitance for smoothing the ripples.
Changrong [3] and Chen [12] examined the ripple current reduction capability of
passive energy storage components supported by simulations and experiments.
However most of them only focus on the ripple induced by converter switching and
rectifying operations, therefore these researches are limited to the inverter hardware

specifications.

To minimise the influences of ripples on fuel cell stability and durability there is also
a desire to reduce the power flow ripple and this can be critical when the RSOFC
system plays a role as an energy storage in the case of bi-directional power flow.
Current ripples are affected by the AC power disturbances, such as the voltage
unbalance and harmonics. These lead to different levels of power flow ripples, which
in turn, influence the input current ripples. This is because the response of inverter to
the AC power perturbations are highly dependent on the control algorithm [14] [15],

and this can vary case by case with different approaches and aims. Therefore the
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research of such responses under the variations of integrated grid scenarios and

disturbance needs to be conducted.

In particular, there is a trade-off between DC bus ripple and AC power quality while
implementing the power electronic inverters. Therefore complex algorithms of
inverter control are demanded to balance the benefits on both DC and AC links. In
the University of Strathclyde Department of Electronic and Electrical Engineering
four competing control schemes for inverter are developed and presented in [16].
Three of them are examined in this chapter. In [16] the trade-offs between these
controls are demonstrated in both simulation and laboratory. In this chapter the
research is extended to examine the control algorithms in terms of introducing side
effects on the RSOFC system when it operates as a variable DC voltage source rather
than a constant DC source implemented in [16]. Case studies are followed as the
analysis of the perturbations of inverter outputs at point of common coupling (PCC)
to examine both the behaviours and influences of controls on RSOFC system under

different grid scenarios.

5.2 Effects of Current Ripple on the Performance of the Proposed RSOFC

system
5.2.1 Current Ripple Specifications

To ensure a minimal impact on the performance of fuel cells, as well as the durability,
fuel cell developers would prefer to specify the minimum possible ripple. However
no specification standard for fuel cell ripple tolerance has been agreed. There are
even different suggestions as to the limitation of the ripple ratio for inverters. Randall
and Ozpineci suggest to ensure negligible inverter ripple impacts on fuel cell then the
frequencies of inverter induced ripple need to be above 120 Hz, or have ripple factors
less than 4% [6] [10]. Allen [17] suggests it should be below 2% of the theoretical
fuel cell current without giving a specific frequency range. It is suggested in [18] that
the ripple current needs to be limited to less than 10%. Ballard Nexa specifies a limit
of 24.7% rms (35% peak-to-peak ripple) for 120 Hz ripple current for their
manufactured product [19]. In [20] a ripple limit of 15% of its rated current for all

fuel cells, and a limit of 10% is specified for 60Hz ripple current are proposed, and
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this is agreed with the maximum ripple specification highlighted in [11] as shown in

Figure 5.2.

Current ripple (%)

0 ] ] ]
20 100 1k 10k

Frequency (Hz)

Figure 5.2 Fuel cell maximum input current ripple specification (to the rated current)
[11]

The low frequency current ripple components (e.g. a 100Hz pulsating current in the
UK) are from both the rectification effect through the inverter switches and the
variations in instantaneous power drawn from fuel cell as described in Chapter 2.
However as discussed in Chapter 2 that without an appropriate CFD code (which is
used to determine the relaxation time of the polarisation performances related to the
effect of temperature and reactant fluid dynamics) it is not possible to model the
diffusion response of reactant gases on electrode surface due to low frequency
current ripple [24], therefore it is difficult to visualise the effects of different
specifications in simulations.

Fuel cells may also need to face high frequency ripples drawn from power converter
high frequency switching operations. However this is the least of fuel cell designer’s
concerns. It should be noted that high frequency components at the converter output
can be easily filtered via a small capacitive filter [1] [2] [3]. The output filter
connected to the inverter also helps to generate high quality sinusoidal AC
waveforms suitable for the load. To filter the ripple more effectively, a larger
capacitor might be required [10].
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The time constant/response of fuel cell can be far different from high frequency
ripples [17], therefore the electrochemical performance should not be affected as
much as by the low frequency ripple [21] either. A National Energy Technology
Laboratory (NETL) study in [22] reports that the ripple frequencies above 400 Hz
have a minor impact on the fuel cell operation. Wahdame [8] shows an ageing test
for PEMFC in stationary conditions for more than 1000 hours and only a slight effect
of high frequency current oscillations produced by the electrical interactions of a
DC/DC converter on the reduction of the PEMFC stack performances. Therefore, it
can be concluded that the power converter will be able to impose a high frequency
current ripple on the delivered fuel cell current without altering the lifetime of the
stack. It is also interesting to know that in [23] the fuel cell stack system is proven to
be capable of filtering high frequency current harmonics by the intermediary of its

double layer capacitor.

However most of these specifications are found for PEM and other kinds of fuel cells
and it is not convenient to find test reports/manufacturing specifications of ripple
related damage/degradation on SOFCs. Considering the SOFC is superior in
electrode/electrolyte material and the proposed system in this research does not
suffer the same water management issue as low temperature fuel cells (which leads
to a relaxation time on fuel cell performance to load change), it is rational to refer the

specification in Figure 5.2 for this RSOFC system as a worst case.

5.2.2 Effects of Current Ripple on RSOFC System Temperature, SOC varying

rate and Fuel Consumption

Higher ripple ratio does make difference in temperature and fuel consumption rate
due to higher current RMS value. Figure 5.3, Figure 5.4 and Figure 5.5 below show
the influences brought by current density and ripple ratio on the RSOFC system. It
has been discussed in Chapter 4 that higher current density leads to more
consumption of fuel and more heat generated by electro-chemical reaction and ohmic
resistance. The following results clearly show that although the temperature increases
faster when higher ripple ratio occurs at high current density, however the
dominating factor is still the current density. Similar trends can be observed in SOC

and fuel consumption. The recorded simulation data shows than the maximum
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variations of SOC changing rate and fuel consumption are 1.28% and 5.6% and these

may be major drawbacks if a long-term operation is considered.

Speaking of temperature, if the current ripple is not well limited then the temperature
can increase up to 6.4% faster than none existence of ripple, which in tandem
shortens the time for the fuel cell system to reach the heat store threshold. Under
such condition the RSOFC system has to be switched off or operated in electrolysis
mode in order to cool down. The same issue may happen when the remaining fuel
gas/SOC is low at a certain condition. Therefore even without knowing how current
ripple affects the microstructure or reactant behaviour at reaction site it is clear that
the RSOFC system will be benefited from limiting the current ripple over long

operation times.
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Figure 5.3 RSOFC system temperature changing rate versus power ripple and current

density
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Figure 5.5 SOFC system SOC changing rate versus power ripple and current density
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5.2.3 Effects of SOC and Current Ripple on RSOFC Efficiency

In this section, the effects of fuel cell current ripple and SOC on the efficiency of the
RSOFC stack system are examined. Most applications of the fuel cell system demand
high efficiency. This is always one of the primary goals. It is mentioned in [1] that
ripple currents can contribute up to 10% reduction in the available output power and
this is partly due to the increase in excess fuel (a decrease in fuel utilization). To
make maximum efficiency operation in the traditional fuel cell concepts which have
gas flow and pump controls, the fuel cell operates at zero excess fuel. However, it is
already well understood that a minimal amount of excess fuel is necessary to ensure
a stable output voltage [6]. However because pure hydrogen fuel cells have a
potential for zero or near zero excess fuel, so this concern can be ignored with this
proposed pressurized vessel in this research which keeps constant attendance of fuel
(hydrogen) gas at the reaction site. This feature covers the necessity of excess fuel as
the traditional pumped fuel cells. As a result, with no reactant inlet system the
calculation of fuel cell efficiency only counts the amount of reacted fuel rather than
the fuel utilization. Therefore the decrease in efficiency at 20% of current ripple can
only be as a small drop as ~0.1%, which is shown in Figure 5.6.
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Figure 5.6 Effects of SOC and Current Ripple on RSOFC Efficiency
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The simulation shown in Figure 5.6 is carried out at half RSOFC rated current (at
1283 K). It demonstrates that as long as the fuel cell system is under operation for
long term, the decrease in SOC leads to a significant trend of decline in efficiency.
This is much more of concern than the efficiency loss caused by current ripple which
is actually barely observed from the Figure 5.6. Figure 4.9 in Chapter 4 has shown
that under certain system temperature and pressure, the maximum output power of a
fuel cell varies with state of charge. This is because the fuel cell voltage decreases
with lower SOC, as shown in Figure 4.1 in Chapter 4. Therefore in order to maintain
a constant fundamental power output, the fuel cell has to draw more current to
compensate the drop in the terminal voltage, and this is only possible to happen
before the fuel cell reaches the rated power according to the varying SOC. Higher
current density definitely causes more loss and decreases the efficiency. However the
decline of efficiency is partly contributed by the ohmic loss into heat which can be
reserved by the copper-tin heat store and still can be used in electrolysis mode.
Therefore trade-offs have to be considered from the aspect of cycle efficiency for the

low SOC operation.

It is also found during the simulation that although the SOC limits proposed before
are set to 5%~95% by University of St. Andrews, however it is highly possible that
the fuel cell system will be unstable at the rated power output all of the time. This is
because the decreasing SOC shifts the maximum power output to a lower point,
which means at a lower SOC the fuel cell system is not capable of outputting the
same rated power. In simulations this will cause the fuel cell generating significant
high currents, which may lead to damage in a real fuel cell. Therefore it is
recommended to avoid operating the RSOFC system at the rated power as much as
possible. For the operation limitation of state of charge, 20% as the lower limit is

suggested in this thesis.
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5.3 Implemented Inverter Controls and the Effects of Electrical Feedbacks on
the RSOFC system

In this section, firstly three inverter control algorithms will be briefly described, and
then a case study will be shown in addition. The three control modes are simply
referred as Ripple Minimization, Current Drive and Voltage Drive in the following
texts. However during the simulation a small improvement of adding a power PID
controller has been made to the original Ripple Minimization and Current Drive as in

[16], the diagrams of original control algorithms are shown in Appendix E.

The investigation focuses on the effects on RSOFC system while implementing the
three competing inverter controls for the grid integration at the presence of certain
perturbations and electrical feedbacks. After the descriptions of the control
methodologies, two groups of simulation results will demonstrate how the unbalance,
THD, power factor and DC bus capacitor impact the fuel cell current ripple, followed

by a frequency spectrum analysis.
5.3.1 Introduction of Inverter Controls Algorithms
5.3.1.1 Control A: Ripple Minimization

In this control algorithm the derivations of targeting dg components are under the
basic instantaneous PQ theory which is described in Appendix F. However only the
positive sequence of Vd’z is applied here to allow power-flow ripple minimization
under conditions of unbalance, harmonic content and non-zero Q* (reactive power set
point). High-bandwidth controllers is then required such that control capability is
enough for unfiltered measurements of V7, for the calculation of desired currents I7.
Controllers with bandwidth at least 3 times the fundamental frequency are used [10].

However the use of unfiltered measurements of Vd’; and high-bandwidth controllers
lead to the I};; containing harmonic contents. Note that V, and I, play no part in this

equation, since the zero sequence components of current and voltage are not
physically possible or defined for a 3-wire inverter as introduced in Chapter 2. The

derivation of reference Ig; can be given by Equation 5.1 [16]:
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E e

P* and Q* are the desired (per-unit) power outputs, Vi and V,” are the (positive
sequence) measured voltages from the PLL, [;* & 15’ * are the target (pu) currents,

then:

[?Ii] = 2 I P _ Pl [Q* (5.2)
a1 {whz+ )|V

The choice of reference values of P* and Q* in Equation (5.2) is made from the
conventional droop controllers to account for DC bus voltage requirements [26] [27]

The following relationship describes voltage qu at PCC required to generate the
current 15’;‘ through the primary inductor with assumed per-unit impedance (R; + jX;)

according to Appendix G:

. X dlg
Edq = Vag + R+ jX) g +—= (5.3)

dt
These terms can all be implemented within the PI controller as feed-forward terms,
with a dynamic value of w provided by the PLL. For practical implementation the
conventional form of the high-bandwidth controller is to measure the actual current

and compare them with the target current [ dq, and then apply a high-bandwidth
PID controller to control the inverter bridge drive voltages Efi’q. In this way because

the control system has a finite switching frequency then the PID controllers only
need to make adjustments due to hardware component variations from assumed
values. The diagram of the methodology of Ripple Minimization control is shown in
Figure 5.7.
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Figure 5.7 Diagram of Ripple Minimization control

5.3.1.2 Control B: Current Drive

This control scheme is designed for outputting balanced sinusoidal current regardless
of the minimization of power-flow ripple, although the resultant ripple is found to be
relatively small. Modifying the filtered positive components of V" in Equation (5.2)
into Equation (5.4) then yields the algorithm for desired reference ng* for this control

scheme as follow:

15 _ 1 1 0 *
EiE o —lle] 6o

Compared to Equation (5.2), this scheme uses a similar high-bandwidth controller.
However better performance of balanced, sinusoidal currents on all three phase can
be obtained from simulations by feeding forward the filtered fundamental positive
sequence terms of V! and Vq”l, and replace the unfiltered Vd’; in Equation (5.2).
Therefore the differential feed-forward term in Equation (5.3) is not required since
135 is counted from filtered measurements of positive-sequence fundamental
component qul and will be invariant against unbalance and harmonics on the PCC

voltage in Equation (5.4). The diagram of the methodology of Current Drive control

is shown in Figure 5.8.
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Figure 5.8 Diagram of Current Drive control

5.3.1.3 Control C: Voltage Drive

The inverter can be operated such that the bridge synthesizes a balanced sinusoidal
voltage set by using low-bandwidth P1 controllers to set a relatively constant value of
E},. This is shown in Figure 5.9. The use of the filtered fundamental-only values
means that additional low-bandwidth low-gain controllers are required to control DC
currents. This control mode is intending to mitigate both unbalance and harmonics on
the voltages at the PCC while the power-flow ripple can be significant. However
under the presence of voltage with certain unbalance at PCC this control is limited by
the link inductor (jwL + R) with typical 10% per-unit of X, and it can causes 10

times the power ripple to flow to a perturbed grid.
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Figure 5.9 Diagram of Voltage Drive control

At the point of inverter output voltage, assuming the PLL is locked and the voltage
drive is balanced sinusoidal, and that the resistive impedance of the inductor is small:

cos(wt)

|[ 2
v, =|sin<wt—?) cos( t——)l[
|

. 2m
sin (wt + —) cos (cot + 3 >

1+ QLpu + PRy,
— QRpy

(5.5)

Where L,,, and Ry, are the per-unit reactance and resistance of the inductor, and P &

Q are the per-unit active and reactive power flows.
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5.3.2 Effects of Electrical feedbacks on RSOFC system
5.3.2.1 Introduction of Simulation Setups and Algorithms

The three control schemes described in [16] have been tested in laboratory with a
constant DC source via an inverter and low voltage transformer coupled to an AC
power network. The results clearly show the trade-offs of these controls in aspects of
AC power quality. More interests placed in this research are extended to the field of
DC/RSOFC side at the scenario that RSOFC system connected to power grid via
high voltage (HV) transformer, as to understand the different impacts due to three
control algorithms on the RSOFC system under different grid disturbances. In
particular, this work builds upon [16] by adding models of the RSOFC system and its
associated Randles circuit. In this section, simulations and results are discussed in
three grid connected conditions: stiff grid, weak grid and microgrid at the appearance
of unbalance or with harmonic on voltages at the point of common coupling (PCC).
Figure 5.10 simply shows the topology applied in this section. The RSOFC system
and Randles circuit models in Figure 5.10 have already been discussed in Chapter 3.

RSOFCSystem [~ RandlesCircuit [ Power Inverter Power Grid

Figure 5.10 Block diagram of the SOFC integrated AC power system
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5.3.2.2 Development of the RSOFC Integrated Power System

All the results generated during this study consider a 3-wire grid-connected inverter
using a standard 6-switch IGBT bridge. The bridge is controlled using SV-PWM
(Space Vector Pulse Width Modulation), at 5kHz switching frequency. This
frequency is a compromise between lower switching losses on the one hand, and
high-bandwidth controllability and low switching harmonics on the other. However
in the electrical simulation the switching bridge is simulated in an "averaged" fashion
using controllable voltage sources rather than switched elements. Because the high
frequency current ripple introduced by the inverter switching frequency rarely affects
to fuel cells and can be filtered easily, the PWM (pulse-width modulation)
waveforms do not need to be simulated in detail, which in turn increases the

simulation speed.

0.509mH + 0.032Q JjX +R_(total impedance)
e

G

RSOFC = |= :
: T -
/1 - 400V A XN Grid, 50Hz,
(L-L rms) 11KV Ph-Ph (rms)

Bridge PCC

Cl::,:alsi];zr (6 devices) (point of common coupling)

O

Figure 5.11 Grid connected 100kVA RSOFC power system

A simplified diagram of the inverter represented by the IGBT bridge is shown in
Figure 5.11. The link inductor on 100 kVA base has values as X;=0.10 pu, R;=0.02
pu. This resistance of the link inductor also includes the resistance of the switching
devices. The grid impedance is represented by (jX; + Ry) in Figure 5.11. In the
Matlab/Simulink model the grid impedance is defined within the transformer at PCC
in Figure 5.11 in the following case studies and simulations, the specifications of

these grid scenarios are catalogued in Error! Reference source not found.:
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Table 5.1 Grid conditions and impedance applied in the case studies

Settings/Scenarios Stiff Grid Weak Grid Microgrid
Base Apparent Power
1000 100 100
(kVA)
Grid Reactance (pu) 0.0046 0.128 0.032
Grid Resistance (pu) 0.0005 0.02 0.003

The applied unbalance and harmonic voltages are enabled by using programmable
three-phase voltage sources from Simulink/SimPower package, which represents the
infinite bus as well. In addition, the block of RSOFC system in Figure 5.11
represents a group of four fuel cell stacks connected in parallel operation to match
the requirement of 100kVA rated power output of inverter bridges. The proposed
RSOFC stack has been described in Chapter 4, and in this case study the number of
cells in series is increased to 450. The stack has 2 branches of cells and gives 900
cells in total, this is to provide DC terminal with higher voltage level than what is
mostly proposed in papers like [31][33], therefore no DC-DC push-pull/boost
converters are required or modeled. The proposed system of four stacks is also
designed to be connected in parallel in the purpose to share 1/8 of DC bridge current
for each cell. In this way it is possible to reduce the resistive losses than connecting
stacks in series (refer to the V-l and P-I curve in Chapter 4), so the cell terminal

voltage can be higher.
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Figure 5.12 Diagram of the simplified 4-stack RSOFC system connected to power
grid

It is assumed here that the fuel cell stacks are identical to each other and perform
parallel exactly the same. Therefore a simplified version of the RSOFC system can
be obtained by using controllable DC voltage source and other electric components
provided in SimPower® from Matlab® as shown in Figure 5.12. The fuel cell model
described in Chapter 3 is in charge of calculating the value of the voltage (Vyernst —
Vact — Vpiss) for an integrated Randles circuit which is represented by Rgprc, (0.004
PU) Raifssorc (1.6281x 107* pu) and Csore (0.0042 pu) as the impedance values
and count for the four-stack fuel cell system. Finally it is the V. connecting to the

DC bus and representing the terminal voltage of the whole fuel cell system.
5.3.2.3 Control Time Lags due to Switching Frequency

There are inevitable time lags in control software because the finite switching
frequency defines the sample rate and this brings challenges for all inverter control
algorithms and their stability. These can be contributed by: (a) 50us of analogue filter
delay [16], (b) the effective time between the reading of the ADC channels,
accounting for de-skewing [34] [35] and the beginning of the computational frame is.
37us, (c) The computed SV-PWM drive timings are output to the switches. They

appear as (on average) voltages which are effectively lagged by half a frame, or
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125ps [16].

The control frame time applied to the control algorithms and simulations needs to be
accounted for because it is the inverse of the sample rate [10] [36] [37]. The total
time lag between actual measurements and the effective control of bridge voltage is
approximately 1.8 frames. This lag time can be accounted by an addition of phase
rotation of ¢ = 2mf x 1.8T to the drive voltages during the inverse Park
transformation, and f is the measured frequency from the PLL. Within the simulation
environment, all these loop delays are carefully simulated. However the feed-forward

term Vd’; in Equation (2.1) is directly affected by this 1.8 frame delay. It causes

constraints for the high-bandwidth controllers, which in this case are both power-
flow ripple minimization and sinusoidal-current modes. For both high-bandwidth
control modes, the remaining feed-forward terms and PID controllers also have to
contend with the round-trip delay and this can reduce the performance. In the
simulations, although all loop delays are carefully simulated as previously described,
there are other effects that are not simulated. These include component tolerances,
variable core losses, measurement noise, and EMC (electromagnetic coupling) issues.

5.3.2.4 Simulation Results

The scenarios in Figure 5.13 - Figure 5.15 are all under the condition of: power
factor = 1, P = 0.5 pu, and the y-axis shows the ripple ratio versus the rated fuel cell
current. The DC bus capacitor is not included in the simulations to avoid the filtering
influences on ripples. This helps to determine the effects mainly caused by varying

the voltage unbalance and THD (both magnitude and harmonic order).

As can be seen an increase in the THD as well as the unbalance of the AC voltage
increases the distortion in the output ac current due to the increase in the magnitude
of the harmonic components. This distortion in the AC current also introduces
distortion in the current drawn from the RSOFC stack for in control modes as shown
in Figure 5.13 - Figure 5.15, and this can be explained by the equations in Appendix
H. The results show that the Ripple Minimization does the best job in lowering the

ripple, however the Voltage Drive introduces much higher current ripple than others
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modes and this can be significant at the grid condition with 3% of unbalance and 5%

of THD, which is not acceptable according to the specification in Figure 5.2 [11].

Considering the worst condition of induced current ripple for all the three control
modes which happens at 3% of unbalance and 5% of THD according to Figure 5.13 -
Figure 5.15, then this scenario is adapted to the simulations in Figure 5.16 to
demonstrate the influences can be brought by DC bus capacitor and power factor on
fuel cell current ripple. Because of the non-unity power factor of the load, the ripples
in the stack current increase according to the analysis in Appendix I. Figure 5.16 also
shows the filtering capability of the capacitance connected across the DC bus, which
plays an essential role especially for the Voltage Drive control.

It can be seen that to keep the current ripple within the required range two effective
methods are concluded here. Firstly, power ripple can be minimized by using input
current control—as the Ripple Minimization control does. Second is the simple and
effective DC bus capacitor. A minimum DC bus capacitor of 10mF is suggested
according to the results from Figure 5.16 for the ripple reduction. The ripple ratio can
be decreased from 35% to ~ 4.6% for the worst scenario to satisfy the specification
in Figure 5.2. However a higher value capacitance definitely makes ripple much
smoother as indicated as well with the implications of more cost penalty and power
loss. Finally the “type” of grid also plays a role in affecting the ripple ratio,
especially for the Ripple Minimization and Voltage Drive where better ripple
reduction can be provided at the weak grid than at stiff and microgrid.
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Figure 5.13 Current ripple induced at stiff grid by three control modes at varying
voltage unbalance and THD (5™ harmonic) (pf=1, P=0.5pu)
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5.3.2.5 Current Ripple Frequency Spectrum Analysis

The simulation results in Figure 5.13 - Figure 5.16 are determining the peak values
of fuel cell current ripple. In this section the FFT analysis is applied to investigate the
ripple frequencies in stiff grid only. The suggestion drawn from the previous section
is followed, so that 10 mF of DC bus capacitor is used at the scenario of 3% of

voltage unbalance at selected values of THD at the grid.

Figure 5.17 shows the ripple ratio (to rated current) versus power output. All controls
induce greater ripples at higher power output because of the additional Pl power
controller, but for the Ripple Minimization the ripple is extremely small. In the
Voltage Drive control mode, the ripple ratio is increased by 0.76% from 0.1 pu to 0.5
pu of targeted active power, which is the highest change observed. It is interesting to
know that the magnitude of 300Hz ripple at the Current Drive and Voltage Drive is
less than 100Hz ripple, but at the Ripple Minimization this is opposite. This is due in
part to the finite controller bandwidth, which means that the control loops struggle to
respond to a 5th harmonic voltage by sourcing additional harmonic currents. In
addition, the sourced harmonics excite further voltage harmonics at the PCC. These
in turn produce secondary current harmonics at other frequencies. Figure 5.18 shows
the relationship between ripples and the harmonic orders. Close results are found
between the 5™ and 7™ harmonic (5% of each applied in simulation), while the 3"

harmonic normally does not appear at a three-phase AC system.

Referring to the introduction of this chapter that low frequency ripples (which are
often regarded as the ones below 400Hz) affect the fuel cell most, with the trend that
the lower frequencies give the severest contributions. Figure 5.17 and Figure 5.18
both show that the Ripple Minimization contributes the lowest 100Hz ripple which
again earns its title as the friendliest control for fuel cell. However in the Current
Drive and Voltage Drive the 100Hz ripple domains. Finally it also can be seen that a
DC bus capacitor of 10mF is enough to give an effective filtering for all three

controls, when power demand or harmonic order vary.
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5.4 Case Studies and Simulations of SOFC Integrated Power System

In this section the simulations and investigations are extended to examine the
inverter control related trade-offs at certain cases. Three grid conditions are applied
again with control modes at different scenarios. The simulations examine AC power
qualities and fuel cell efficiency as well as the power loss contributed by ripple, etc.
Most literature as Ref. [33] exams the effects on the fuel utilization (FU) ratio
induced by inverters, however in this research the fuel (H,) consumption/production
rate is more concerning because there is more interest in understanding how the
control modes affect the discharge/recharge process during a cycle operation. The
DC bus capacitance with values of 1 mF and 10 mF are chosen in simulations to

present the comparisons in affecting the fuel cell performance.

These cases are the RSOFC system connected to stiff, weak and microgrid with three
control modes, at 3% unbalance voltage, 5th harmonic with amplitude of 5%, 0.5 pu
active power and 0.3 pu reactive power target, to investigate the overall performance
on AC power quality and the fuel cell at challenging conditions. The simulation
results are all presented in steady state. The fuel cell systems are initialized with 90%
SOC with a fixed 1283K of temperature (at which the bronze-tin heat store starts to
melt and stabilizes the system temperature). The figures below are showing the
results in 1.5 cycle simulation time. The ripple current drawn by the inverter
contributes to a loss which can be interpreted as a reduction in the available output
power from the fuel cell [39]. The proportion of the power loss due to DC bus ripple
twice the fundamental frequency on the Randles circuit is also calculated by
Equation (5.18) in Table (5.2) — (5.4) as a percentage of the total power loss on the
Randles circuit impedance. The tables also show the actual fuel cell power output
(pu), fuel consumption rate (mole/s) and its efficiency.

Pioss = Izipple 100Hz X Rio0mz (5.18)
Finally as mentioned before, the following simulations are using the altered Ripple

Minimization and Current Drive with power PID controller, the original two controls

from [16] are discussed in Appendix E.
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5.4.1 Stiff Grid: 3% unbalance and 5% 5" harmonic P=0.5 pu, Q=0.3 pu

Error! Reference source not found. shows that at the presence of both voltage
unbalance and THD, the Ripple Minimization control mode successfully provides the
best minimization of power-flow ripple however by sourcing currents with relative
high THD (the predicted level can be calculated by equations in Appendix J). This
also explains that the finite controller bandwidth sources additional harmonic current
and excites further voltage THD at the PCC when responds to the 5" harmonic
voltage. The Voltage Drive mode provides slightly better voltage quality than others,
at the expense of highest current THD and significant 49.7% of unbalance. Hence
this is the worst effect from this control which brings higher power ripple than the
other controls as observed. It can be seen that the Voltage Drive also contributes
more power loss and demands more power output from the fuel cell system. As a
result, the fuel cell system will consume the fuel gas faster at lower efficiency,
although the difference is small. A suspicious is that this is partly due to the non-
unity of power factor and can be conducted with the simulations in Figure 5.19
which shows the requested power from fuel cell by inverter versus the varying power
factor (at a constant active power P). The trends show that the Voltage Drive is
keener in demanding higher power output at lower power factor, while Ripple
Minimization and Current Drive behave similarly but less effectively. The results
from Figure 5.19 can be related with the results from Figure 5.16, as both simulations
show that lower power factor causes higher power demand for all control modes with
greater power-flow ripples, which leads to increased fuel cell current ripples. It can
be concluded that only within a specific range must the RSOFC system be used as a
VAR compensator such as in the STATCOM system due to the increased current

ripple drawn from too much reactive power.
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For the Current Drive control, the effects on AC power qualities are between the

Ripple Minimization and the Voltage Drive, and it provides the best result on current
THD. In Ripple Minimization the actual currents tracks the reference zggf with
unfiltered positive sequence voltage feedforward term V,;,. However in the presence
of unbalanced voltages, V, moves in a circular trajectory at twice the fundamental

frequency according to Appendix J which leads to the current reference with a

second harmonic component. The utilization of filtered measurement of Vg, in

positive and negative sequence leads to a nearly constant reference current I;flf , SO

the current THD here is lower than in Ripple Minimization. However in this way the
disturbance in V4, at PCC will increase the active power ripples at the same

frequency, as observed in Error! Reference source not found..

Error! Reference source not found. shows both Ripple Minimization and Current
Drive work similarly to fuel cell in terms of efficiency and fuel consumption rate.
Higher frequency of ripple than 100Hz can be observed from Figure 5.20 due to the
presence of the 5™ harmonic. It is found during the simulation that when the inverter
operates under Voltage Drive control the resultant DC bus ripple can be much larger
than the other modes and the burden is heavy even for 1 mF of DC bus capacitance.
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Simulations and Figure 5.20 (c-e) prove that in terms of ripple filtering and fuel cell
system efficiency, the DC bus capacitor of 10 mF is suggested as a required choice

with reasonable cost as well, as the previous case simulations agree with the same.

Because of the PID power controllers of the power inverter the ROSFC system is
drove to generate slightly more power than requested at PCC to cover the power
losses in inverter bridges and filter impedance, and also the part wasted in ripples
especially when the inverter is operating in VVoltage Drive mode, as shown in Error!
Reference source not found.. In Chapter 4 it has been observed that higher power
output from fuel cell means higher current being drawn, which in turn increasing the
power loss on fuel cell internal impedance into heat as well. Therefore in the
following case studies it can be always observed that the control mode which draws

less power from fuel cell and DC bus ripple provides higher efficiency.

It can be concluded in this case study that both Ripple Minimization and Current
Drive provide acceptable performance and effects on RSOFC system. These two
control modes are considered being much beneficial to fuel cells than the Voltage
Drive. In regards of the voltage quality at PCC, the Voltage Drive only provides
slight improvements and the RSOFC system is less efficient. Also the current quality
is much worse in Voltage Drive than others as both shown inError! Reference
source not found. and Figure 5.20. Therefore it is not worthy to apply the Voltage
Drive control in stiff grids, even at relatively high level of voltage unbalance and
THD.
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Table 5.2 Power control, at Stiff Grid X; = 0.0046, R; = 0.0005, 3% Unbalance and
5% 5" Harmonic, P* = 0.5 pu, Q* = 0.3 pu

Measurements /Drives . Rlp_ple_ Cur_rent Vol'_[age
Minimization Drive Drive
Fuel cell power flows
(fundamental) (pu) 0.507 0.507 0.5165
Power ripple deviation from 0.009 0.045 0.407
average (Pk-average pu) ' ' '
14 tracking errors (Pk-target) 0.025 0.018 19
(pu) ' ' '
1, tracking errors (Pk-target) 0.05 0.036 0.26
(pu) ' ' '
Vpcc unbalance (%) 2.99 2.99 2.98
Vpce THD (%) 5.11 5.11 5.08
Ipcc unbalance (%) 0.025 0.025 49.7
Ipcc THD (%) 5.8 0.21 19.9
Vg ripple (Pk-a)verage %) (1 0.236 196 1358
mE : : :
V. ripple (Pk-average%) (10 0.031 0.214 24
mF) : : :
Proportion of power ripple on
Randle circuit (%) (1 mF) 0.005 0.137 16.8
Proportion of power ripple on —4 _3
Randle circuit (%) (10 mF) 1x10 41x10 0.92
Fuel (H,) consumption rate
(molefs) (1 mF) 0.0669 0.0670 0.0718
Fuel (H,) consumption rate
(molefs) (10 mF) 0.0669 0.0670 0.0686
SOFC stack average efficiency
(%) (1 mF) 75.93 75.93 74.95
SOFC stack average efficiency
(%) (10 mF) 75.93 75.93 75.6
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5.4.2 Weak Grid: 3% unbalance and 5% 5th harmonic P=0.5 pu, Q=0.3 pu

Such a scenario might arise where an inverter is installed via a transformer of
marginally 1pu rating, and/or at the end of a long overhead MV transmission line.
Equally, the situation might arise where many small inverters with similar control

algorithms are connected together so their output is aggregated.

In this case the Ripple Minimization and Current Drive controls again provide
similar effects on power-flow ripple compared to in stiff grid, with slight
improvement on voltage unbalance. The Voltage Drive provides much better effects
on lowering both the power as listed in Error! Reference source not found. and DC
bus ripples as shown in Figure 5.21 (e). Therefore it also draws less power from the
RSOFC system to cover the losses due to ripple. Error! Reference source not
found. also shows that the Voltage Drive provides much better reduction in voltage
unbalance and THD in weak grid, which is also illustrated in Figure 5.21 (a). To
explain this, it is possible to consider the infinite bus presents zero impedance to
unbalance and harmonics. Without the presence of the inverter, the resulting
unbalanced and harmonic voltages at the PCC could be estimated by a V = ZI
approach, accounting for the grid impedance at each harmonic frequency. The
inverter in Voltage Drive control which synthesizes a balanced sinusoidal voltage
source also presents a zero impedance to ground for both unbalanced and harmonic
currents. Therefore, in the Voltage Drive control the effective impedance to ground
for the unbalanced and harmonic currents, from the PCC, is the grid impedance in
parallel with the inverter inductor impedance. Thus it is clear from Error! Reference
source not found. that the Voltage Drive mode is successful in significantly
reducing voltage both unbalance and THD at the PCC to ~1.27% and to 2.1%
respectively. A reduction in either inductor impedance or grid impedance will further
improve the power quality in this scenario. The AC power-quality improvements
achieved by the voltage drive mode in this scenario are again obtained at the expense
of high current unbalance and THD as shown in Figure 5.21 (b), and also with higher

power-flow ripple than the scenarios with no injected harmonics.
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In terms of fuel cell efficiency, all controls perform in the same trends as before,
Ripple Minimization and Current Drive provide similar results as seen with the stiff
grid. However the Voltage Drive makes the fuel cell system generating less
additional power than in stiff grid, this effect and lower DC bus ripple lead to higher
fuel cell efficiency in this mode. Suggestions in conclusion are that in cases of the
AC voltage quality at PCC is being the priority when implementing the RSOFC
system in weak grids, then the Voltage Drive is suggested to be applied with at least
10 mF of DC bus capacitance, even under certain high disturbance circumstances.
And the major drawback in this situation is the slightly low fuel cell efficiency

compared to the Ripple Minimization and Current Drive.
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Table 5.3 Power control, at Weak Grid X; = 0.128, R; = 0.02, 3% Unbalance and 5%
5" Harmonic at Weak Grid, P* = 0.5 pu, Q* =0 3 pu

Measurements /Drives Ripple. Current | Voltage
minimization drive drive
Fuel cell power flows
(fundamental) (pu) 0.5074 0.5066 0.5134
Power ripple deviation from 0.008 0.041 0.184
average (Pk-average pu) ' ' '
1, tracking errors (Pk-target) 0.028 0.017 104
(pu) ' ' '
1, tracking errors (Pk-target) 0.05 0.035 0.12
(pu) ' ' '
Vpcc unbalance (%) 2.85 2.87 1.27
Vpcc THD (%) 5.15 4.72 2.1
Ipcc unbalance (%) 0.516 0.025 22.86
Ipcc THD (%) 5.84 0.20 8.61
V4. ripple (Pk-average %) (1 0.2 1175 6.15
mF) : : :
V. ripple (Pk-a;/erage%) (10 0.028 0.204 108
mE : : :
Proportion of power ripple on
Randle circuit (%) (1 mF) 0.004 0.122 4.19
Proportion of power ripple on _s5 3.75%
Randle circuit (%) (10 mF) 7:5x10 1073 0.197
Fuel (H,) consumption rate
(mole/s) (1 mF) 0.0670 0.0669 0.0686
Fuel (H,) consumption rate
(mole/s) (10 mF) 0.0670 0.0669 0.0680
SOFC stack average efficiency
(%) (1 mF) 75.93 75.94 75.60
SOFC stack average efficiency 75.93 75 95 75.79

(%) (10 mF)
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5.4.3 Microgrid: 3% unbalance and 5% 5th harmonic, P=0.5 pu, Q=0.3 pu

The overall simulation results of the Current Drive and Voltage Drive controls in
microgrid are quite similar to their performances in stiff grid. However the Ripple
Minimization mode provides poorer voltage THD and current unbalance in
microgrid than in stiff grid, this is because the increased impedance of microgrid
leads to higher proportions of secondary harmonics at PCC, as described previously.
As the grid impedance applied in the simulation for microgrid is “between” stiff and
weak grid, the Voltage Drive control also likely to provide effects in all aspects
between the previous two cases, with considerably better voltage THD reduction as
shown in Error! Reference source not found. and Figure 5.22. However, like in
weak grid, only if the requirement of voltage quality at PCC is more strictly limited
then will the Voltage Drive be applied in microgrids.
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Table 5.4 Power control, at Microgrid X; = 0.032, R; = 0.003, 3% Unbalance and 5%
5" Harmonic, P* = 0.5 pu, Q* = 0.3 pu

Measurements /Drives . F_{lp_ple_ Cur_rent Vol_tage
minimization drive drive
Fuel cell power flows 0.5071 0.5070 0.5147
(fundamental) (pu) ' ' '
Power ripple deviation from 0.007 0.044 0.312
average (Pk-average pu) ' ' '
1, tracking errors (Pk-target) 0.025 0.018 117
(pu) ' ' '
1, tracking errors (Pk-target) 0.052 0.036 021
(pu) ' ' '
Vpcc unbalance (%) 2.97 2.97 2.25
Vpce THD (%) 5.08 5.07 3.8
Ipcc unbalance (%) 0.089 0.025 38.48
Ipcc THD (%) 5.82 0.211 15.4
Ve ripple (Pk-a)verage %) (1 0.19 195 10.44
mE : : :
V. ripple (Pk-a;/erage%) (10 0.025 0.214 184
mE : : :
Proportion of power ripple on
Randle circuit (%) (1 mF) 0.003 0.136 10.9
Proportion of power ripple on _5 _3
Randle circuit (%) (10 mF) 6.5x10 4.1x 10 0.56
Fuel (H,) consumption rate
(molefs) (1 mF) 0.0670 0.0670 0.0701
Fuel (H,) consumption rate
(molefs) (10 mF) 0.0670 0.0669 0.0682
SOFC stack average efficiency
(%) (1 mF) 75.93 75.93 75.30
SOFC stack average efficiency
(%) (10 mF) 75.93 75.93 75.67
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5.4.4 RSOFC System Recharging at Stiff Grid

In this section the operation of the RSOFC system is switched to the electrolysis
mode which features a recharging process. The performances of Ripple Minimization
and Current Drive on AC power quality and DC bus ripple are alike as in Section
5.4.1 of stiff grid scenarios. However the Voltage Drive control is introducing even
higher current unbalance and THD in the recharging process. And in this case the
target Q is set to zero when the fuel cell is recharging. It has been described in
Chapter 3 that the fuel cell terminal voltage in electrolysis (recharging) mode is
higher than in fuel cell (discharging) mode due to the fact that it is the Nernst voltage
adding all the voltage polarisations (activation, diffusion polarisation and resistance
voltage drop). This means that at a same power rating during the recharging process,
the current drawn by the fuel cell system is actually lower than in discharge mode.
According to Section 3.3 in Chapter 3 that the fuel (H,) consumption and production
rate is naturally characterized by the current flow within the fuel cell (whenever in
fuel cell mode or electrolysis mode), therefore this finally leads to the fact that fuel
cell recharges slower than it discharges with the same power input/output. Error!
Reference source not found. also shows that the efficiency can be exceeded to more
than 100%, this is due to the definition which is introduced in Section 3.6 Chapter 3
and Section 4.2 in Chapter 4. The Ripple Minimisation control is finally suggested to

be used in electrolysis mode/recharging operation for the RSOFC system.
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Table 5.5 Power control at Stiff Grid X; = 0.0046, R; = 0.0005, 3% Unbalance and 5%
5" Harmonic, P* = 0.5 pu, Q* = 0 pu

_ Ripple Current Voltage
Measurements /Drive S ) )
minimization drive drive
Power ripple deviation from average (Pk)
0.026 0.035 0.37
(pu)
Vpcc unbalance (%) 3 3 2.87
Vpce THD (%) 5.08 5.08 4.85
Ipcc unbalance (%) 0.05 0.07 56.08
Ipcc THD (%) 5.52 0.57 29.5
V4 ripple (PKk) (%) (1 mF) 0.34 0.5 5.8
V4 ripple (PK) (%) (10 mF) 0.045 0.11 1.23
Fuel (H,) production rate (mole/s) (1 mF) 0.0498 0.0495 0.0491
Fuel (H;) production rate (mole/s) (10 mF) 0.0498 0.0495 0.0496
SOFC stack average efficiency (%) (1 mF) 100.56 100.64 100.83
SOFC stack average efficiency (%) (10 mF) 100.56 100.63 100.61
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5.5 Conclusions

In this Chapter the research focuses on the dynamic behaviors of the reversible solid
oxide fuel cell (RSOFC) model utilized within AC power grids, with three competing
inverter control algorithm applied at different scenarios. It is inevitable that low
frequency current ripples occur when implementing power electronic
converters/inverters for fuel cells. The ripple currents can be serious to fuel cell
performance and life span if they are not limited. This chapter first examined the
influences on state of charge, fuel consumption rate and system temperature due to
the existence of ripples, and then the simulation and investigation are extended to
scenarios at different grid conditions and AC qualities. Finally the parametric
analysis and case studies of the effects of electrical feedbacks on fuel cell stack
current ripple, including the effects contributed by voltage unbalance and THD,

power factor, and DC bus capacitor at different grid scenarios are discussed.

The simulation results show that current ripple ratio at 50% (to rated current) leads to
6.5 € more in temperature increase per hour and 1.28% faster in fuel consumption at
current density of 5000 A/m? for the RSOFC system. However these effects are
relatively small and can be reduced if ripples are properly filtered by a DC bus
capacitor. The simulations of current ripple versus power factor conclude that all
control modes tend to demand 0.01 ~ 0.015 pu more active power from the fuel cell
when higher reactive power is requested from the power inverter, this would lead to
an increase in current ripple at the range of 0.3% ~ 2.1%, as shown in Figure 5.16.
Therefore it is suggested that if the RSOFC system is being used as a VAR
compensator such as a part of STATCOM then a specific range of reactive power is

required to be verified due to the increased current ripple.

During the analysis of the influences caused by state of charge, it is found that more
concerns in both efficiency and safety operation can be drawn by low level of SOC,
than high level of ripples. The significant decline in efficiency caused by low SOC is
found to be a more negative impact than the current ripple in this research. An
improved recommendation of the updated safety limit for SOC range is to be 20% to

95% rather than the original proposed range of 5% - 95% by the University of St.
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Andrews. This is also for preventing of drawing more power which may cause over-

current damage when the RSOFC system is operating at a low SOC and rated power.

It can be concluded that both Ripple Minimization and Current Drive provide
acceptable performance and effects on RSOFC system in all grid conditions, they are
considered much better than what Voltage Drive delivers especially in stiff grids.
And it is concluded that the Ripple Minimization control mode is the friendliest
control for the fuel cell in terms of providing low current ripple (normally < 1.4%),
higher efficiency and lower power loss, compared to the other two modes. However
this control mode tends to introduce a much higher current THD (5.8%) than Current
Drive at PCC. From point of view of current quality, Current Drive does the best job
in lowering the current unbalance (normally < 0.25%) and THD (normally < 0.03%)
and meanwhile providing relatively good reduction in fuel cell current ripple
(normally < 6%). The Current Drive and Ripple Minimization have similar fuel cell
efficiencies at different grid conditions. The challenge is that the Voltage Drive can
be harmful on fuel cell because in certain cases the ripple ratio (35% as maximum)
and current THD (22.86% as maximum as shown in Table 5.3) can be significant. In
addition, although the fuel cell current ripple can be out of the specification in
Voltage Drive control under certain cases, simulations proved that a DC bus
capacitor of at least 10 mF (for 100 kVA RSOFC rating with 450V at DC bus) can be
enough to satisfy the ripple specifications. This helps Voltage Drive to be applicable
by reducing the ripple ratio from 35% to 4.6% in stiff grid as the worst case (shown
in Figure 5.16).

However from the point of view of the voltage quality at PCC, the Voltage Drive
only provides slight improvements in stiff grids. The RSOFC system is also less
efficient and the current quality is much worse in Voltage Drive than others.
Therefore it is not worth applying the Voltage Drive control in stiff grids, especially
at relative high level of voltage unbalance and THD. If the major concern is on
current ripple related performance of RSOFC system then both Ripple Minimization
and Current Drive are recommended in any grid condition, especially at high voltage
unbalance and THD in stiff grids. However the Voltage Drive is providing great
improvements on the voltage quality at PCC (1.27% of unbalance and 2.1% of THD

as minimum as shown in Error! Reference source not found.Table 5.3) in weak
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grids. Therefore in cases that the AC voltage quality at PCC is being the priority then
the Voltage Drive is suggested to be applied with at least 10 mF of DC bus
capacitance, especially under certain high disturbance circumstances.
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6 Conclusions and Future Works

6.1 Conclusions

A reversible solid oxide fuel cell (RSOFC) system has a high potential as a candidate
of an energy storage device for buffering intermittent renewable energies. Such a
RSOFC system is under development at the University of St. Andrews. This thesis
proposes significant comprehensive models developed in University of Strathclyde
who is a collaborative partner of this research. Associated simulations of the
performance of RSOFC system are studied and discussed to identify the
shortcomings of the original design, and to provide feedbacks for optimization, in
turn, improving the fuel cell stack with an enhanced practical capability and realistic
performance. In order to investigate the performance and stability analysis of the
RSOFC system to be used within AC power system, the equivalent Randles-cell
circuit representing the RSOFC is derived and implemented for both impedance
spectroscopy (IS) and integrated power system simulations. The investigation and
analysis of interactions between RSOFC and AC power systems under different
scenarios are discussed, giving suggestions for enabling the operation of RSOFC

system under certain control scheme and grid condition.

The generalized design of fuel cell systems involve controlled fuel/gas inlet and this
is different from the RSOFC system proposed in this research. The RSOFC system
applies a pressurised vessel and stores fuel gas (hydrogen) within the sealed stack
without any fuel inlet or exhaust. Therefore a unique model is required to represent
the performances of the Nernst voltage and cell polarisations which are highly
variant to this specific stack geometry and the relative operating conditions, e.g.
thermal dynamics, species partial pressures and the state of charge (SOC). Therefore
it was decided to create a new complete polarisation model as part of the research

rather than applying a generalized SOFC model.

A heat store device is proven to be required for the RSOFC system from this thesis.

In the original design the stack temperature could rise rapidly especially at high
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density of power outputs which led to an issue of overheating (irreversible
mechanical damage may be caused to cells). However this is hard to avoid due to this
specific design of a sealed vessel, so that the heat exchange between gas fluids and
the external environment is not possible. To overcome this issue an innovative
application of a copper-tin based internal heat storage system is proposed and proven
to be able to prevent overheating by storing heat energy in phase change. The
significant detailed heat store model features three physical stages as solid, partly
molten and liquid with associated heat capacities. When the heat store is designed
with mass of 500kg, it increases the fuel cell operation time by a factor of 7.5 times
without overheating (from 1/2 hour to 3 and 3/4 hours) at rated power output, for a
stack consisting 800 cells with cubed shape and size of 4 m3 at 70 bar of system
pressure. During the operation this has to be carefully monitored and controlled
because the system temperature will go up again if the copper-tin compound is
completely molten.

It can be difficult to allocate an optimised amount of heat store because it needs to be
determined by both the operating power level and the fuel storage capability. The
RSOFC system in this research is proposed to buffer the imbalances between the
demand and power generation (especially for the intermittent renewable energies)
within the power system. Therefore the ROSFC system is not required to be fully
discharged or recharged in all operations but frequently operated in cycles without
approaching the SOC limits. It is found during the case studies that multiple cycles
can be achieved at half rated fuel cell current without overheating or cooling the
system with at least 200kg of heat store, as long as the operation periods in both fuel
cell mode and electrolysis mode are equal. However at the rated current the heat
store melts 7.9 times faster in fuel cell mode than it cools into solid in electrolysis
mode, so the overall molten heat store is highly possible to gradually increase in the
long term. Therefore the concern of overheating remains at cycle operations at high
rated power. Two steps can be considered. First of all the amount of heat store has to
be designed large enough according to the length and numbers of cycle operations
required. Secondly, the system can be effectively cooled down during the electrolysis
operation and the most efficient condition is found to be at -20 A of fuel cell current.
Therefore the RSOFC system operates at -20 A in electrolysis mode is recommended

with no operation periods for further cooling effect.
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The novel application of the heat store proposed in this research provides an
enhancement on the cycle efficiency by minimizing the net heat loss during a cycle
operation. The heat store with amount of 500kg could reserve up to 31.3% more heat
energy to be used in electrolysis mode, so at the rated power the cycle efficiency can
be increased by 1.1% compared to the case without the heat store (at 1010 <€).
However at half rated power operation only 0.2% of cycle efficiency can be boosted.
It is because this boost depends on the power level, which means lower power rating
leads to less heat energy being reserved for the electrolysis mode. However this
benefit can also be compromised when the cell is operated towards the higher end of
its current rating as more heat is produced through losses than can be usefully
utilised to generate electrical energy, which leads to a greater drop in cycle efficiency

than can be boosted.

Another proposal resulting from this research is to increase the system volume and
pressure level within the optimized stack design. The increased pressurisation
provides a major cell performance improvement. When the system is pressurized
from 1 bar to 70 bar, the Nernst voltage increases 11.5 % from 0.924 V to 1.035 V
(at 50% state of charge, 900 <€), and the diffusion polarisation significantly
decreases by more than 50%, leading to a significant ~18.6% boost in cell terminal
voltage. Higher volume and pressure also greatly increase the heat capability of the
gases. It is found in the simulations that steam, hydrogen and oxygen under 70 bar of
pressure contribute a heat capacity equivalent to ~18% of the 500 kg heat store,
which partly compensate the overheating issue as well. Also it is proved that the
hydrogen/energy storage capability of the system is significantly increased by 28

times more than the original design with 2 m3 of volume.

Employing the detailed and comprehensive model in simulations, it is found that the
electro-transfer coefficient g cannot be simply assumed with the generic value as
used by most literature, but needs to be derived for this specific fuel cell design. This
coefficient is shown to be critical in simulations of activation polarisation. It is used
to check whether the polarisation is in low or high condition, so g has to be found
with an appropriate value, otherwise the simulations will be highly unstable. It is also

realized that g is related to the involved electro-chemical reactions. In this thesis an
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entirely new derivation methodology of £ for simulations of activation polarisation is
proposed, with a value of 0.3465 for this specific fuel cell. However the justification
of the theoretically method proposed in this research is indeed necessary in the future
work. It is possible to empirically measure the performance of real fuel cell to

compare with simulation results to determine the value of f.

For the first time, this thesis has conducted investigations and simulation analyses of
the combined system effects of AC power system parameters, grid perturbation and
different inverter controls on the performance of the RSOFC system. In this thesis,
three control algorithms published by researchers at the University of Strathclyde for
power electronic inverters are used, named as Ripple Minimization, Current Drive
and Voltage Drive. The fuel cell current ripple induced by the utilization of power
electronic inverter and the related controls are analysed. The case studies focus on
the differences in the performance of the three control modes, and their effects on the
RSOFC system at grid conditions with the variant target P & Q, unbalance and
harmonic voltages at point of common coupling (PCC). Different simulations were
carried out to provide insight and understanding of the impacts on the RSOFC
system when being implemented as an energy storage device within AC power

system.

The study of the influences brought from stack current ripple to RSOFC system
revealed that current ripple ratio at 50% (to rated current) can result temperature to
increase with an acceleration of 6.5 € per hour and 1.28% faster in fuel consumption.
However these influences are relatively small and can be reduced or mitigated if
ripples are well filtered properly by a DC bus capacitance. The simulations of current
ripple versus power factor conclude that all control modes tend to demand 0.01 ~
0.015 pu more active power from the fuel cell when higher reactive power is
requested from the power inverter, this would lead to an increase in current ripple at
the range of 0.3% ~ 2.1%.

Case studies of interactions between the RSOFC and AC power systems were carried

out using power system conditions containing up to 3% voltage unbalance and 5%

THD at the point of common coupling.
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The case studies conclude that the Ripple Minimization control mode is the
friendliest control for the fuel cell in terms of providing low current ripple (< 1.4%),
higher efficiency and lower power loss, compared to other two modes. From the
point of view of current quality, the Current Drive control mode does the best job in
lowering the current unbalance (< 0.25%) and THD (< 0.03%), meanwhile providing
relatively good reduction in fuel cell current ripples (< 6%). The Voltage Drive
control mode can be harmful to fuel cell because in certain cases the ripple ratio (35%
as maximum) and current unbalance (19.9% as maximum) can be significant.
However, simulations proved that a DC bus capacitance of at least 10 mF (for 100
kVA RSOFC rating with 450V at DC bus) can be enough to satisfy the ripple
specifications. This helps Voltage Drive control to be applicable by reducing the

ripple ratio from 35% to 4.6% in the worst case.

It can be concluded that both Ripple Minimization and Current Drive are acceptable
to the RSOFC system in all grid conditions, especially in stiff grids with the presence
of high voltage unbalance and THD at PCC. The Voltage Drive is not worthy in stiff
grids because in regards of the voltage quality at PCC, the Voltage Drive only
provides slight improvements and the RSOFC system is less efficient. However in
cases of weak grids where the AC voltage quality at PCC is considered as the priority
while implementing the RSOFC system, the Voltage Drive control is therefore
suggested since the voltage can be greatly improved (1.27% of unbalance and 2.1%
of THD). Under such condition, the RSOFC system with 10 mF of DC bus
capacitance is only 0.23% less efficient with 1.06% increase of DC bus ripple,

compared to the Ripple Minimization at the circumstance of high disturbance at PCC.

During the research a significant decline in efficiency caused by low SOC is found to
have a much more negative impact than the current ripple. The efficiency of the
RSOFC system in fuel cell mode can be reduced by 26% when the SOC drops from
90% to 10%, whereas the efficiency drop induced by ripple ratio increasing from
zero to 20% is less than 0.25%. In addition, the voltage of a single fuel cell can be
reduced by 0.25 V when the SOC drops from 90% to 10%, which leads to a
maximum power reduction as well. Therefore, in fact it is found that low SOCs lead
to greater concerns in both efficiency and safety of operation than the magnitude of

the current ripple. An improved recommendation of the safety limits for the SOC is
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20% to 95% rather than the original proposed range of 5% - 95% by the University
of St. Andrews. This updated safety range is also useful for avoiding damages cause
by over-current which may be caused by drawing full power when the RSOFC

system is operating at a low SOC with a correspondingly low terminal voltage.
6.2 Future works

There are several improvements that can be made in the future. A commercial
computational fluid dynamics (CFD) model would give a more accurate
representation of the RSOFC system behavior, by modelling heat transfer via
radiation, convection and conduction, and mass flows through the electrode and
electrolyte, as well as the enhanced impedance spectroscopy tests, due to conditions
of various levels of ripple current. With such information, improved fuel cell
technology will be possible, thereby enabling the necessary stack lifetimes for
achieving commercial success. Protection schemes specified for this RSOFC system
can be another of the future work. The most obvious protection would be a fuel cell
controller trips under instantaneous over-current condition, and this has to be

coordinated with the protection devices/relays from AC power network.

Whilst this research focussed on cell stacks directly connected to a power electronic
converter, future work might analyse the drawbacks and advantages of inserting a
DC-DC buck-boost converter which resolves some issues of variable terminal
voltage (voltage regulation) at different SOCs and operating conditions. As an
alternative to a DC-DC converter (with certain levels of loss), a lower-loss
competing strategy might be to use banks of cell stacks which can be reconfigured in
real-time from series to parallel operation and vice-versa using simple switches,
providing an approximately constant DC voltage to the inverter at all times. This is
interesting because every individual fuel cell has the same SOC due to the common
fuel supply, unlike batteries. However, ageing within the stacks or unequal gas/heat
diffusion/flow might need to be carefully monitored or understood to avoid

recirculating currents for paralleled connection.

Finally if the RSOFC prototype can be available and accessible then a long term

degradation test is highly recommended. Such long term tests would enable the work
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developed in this thesis to be verified and compared, with the aims of increasing the

efficiency and decreases the cost of RSOFC storage devices.
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Appendix A: Three Phase Voltage/Current Transformations

Clarke Transformation

It is very common to use the Clarke transformation or named a0 transformation in
the converter/inverter control for derivations of the reference voltage/current. It
represents a very powerful tool for the analysis and modelling of three-phase
electrical systems. It is used to map instantaneous three-phase voltages V,, V;, and V.

on the aB0 axes as V,, Vp and V. The Clarke transformation and its inverse

transformation of three-phase generic voltages are given by

1 1 1
2 2 2
ol |2 V2 \/—1 \/—1 Va
Val= |=l1 —= == W (A1)
0 V3 V3
| 2 2_
_1 1 0 —_
V. V2 V.
a 211 1 3 1|0
vl= 2= -= = || (A.2)
31v2 2 2 ||y
Ve B
1 1 3
V2 2 2 |

Similarly, three-phase generic instantaneous line currents, I,, I, and I., can be
transformed on the af0 axis in the same way. Supposing that it is physically
meaningful to reduce the order of the mathematical model from three to two
dimensions, the af transformation represents the most commonly used relation to
perform the reduction of order. Another advantage of applying the af0
transformation is to separate zero-sequence components from the three phase

components because of a and S axes make no contribution to zero-sequence
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components,, so that I/, can be eliminated from the above equations, thus resulting in

simplification. The graphical representation of af axis is shown in Figure A 1.

Up

Figure A 1 Graphical representation of af axis
Considering balanced three-phase voltages as:

V, = |V]sin(wt)
) 21
Vp = |V]sin(wt — ?) (A.3)

21
V. = |V|sin(wt + ?)

then it is easy to verify that

v, = \/é |V |sin(wt) (A.4)

Vg = _\]é |V|cos(wt) (A.5)
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While neglecting V, in a0 axis, an instantaneous voltage vector can be defined in o

and g reference frame without loss of information. The vector V4 can be interpreted

as a rotating vector with amplitude of \E |V], the angular rotation speed being equal

to w. The real axis is o while g representing the imaginary axis, as in Equation (A.6).
Vap = Vo +JjVp (A.6)

It should be noted that the vector defined above is a function of time, therefore, it

should not be misinterpreted as a phasor. It is conventionally representing V,z by
.2
using a factor with three phase voltage/current components. Where a = e’3™. From
Equation (A.1) it can be derived that
: 2 4
V, = V,e’% + Real [e’3"] V, + Real [313"] V. (A7)
2 4
Vs = 0+ Img [e13”] V, + Img [613”] V. (A.8)

Hence

Vap = Vo + aVy, + a?V, (A.9)
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Park’s Transformation

Once the three-phase inverter has been proved to be completely equivalent to a
couple of independent single-phase inverters, questions arise that whether the
mapping of the system in the af reference frame could be exploited to improve the
current controller dynamic performance. The answer leads to Park’s transformation
(a rotating reference frame) which allows enhancement in tracking capabilities of the
Pl regulator. Instead of mapping the three-phase electrical system onto fixed
(stationary) reference fame, Park’s transformation maps onto a two-axis synchronous
rotating reference frame (SRF). The SRF defines a new set of reference axes called d
and g, which rotate around the static af reference frame at a constant angular

frequency w. The symbol 6 in Figure A 2 represents wt.

B

Figure A 2 Vector diagrams for Park’s transformation derived from Clarke

transformation

Park’s transformation is widely used in the study of synchronous machine and the
angular speed w depends on the mechanism of the machine. However in the field of
power electronic control the rotating vector angular speed is defined to equal the
angular frequency of the original voltage which can be considered as the

fundamental frequency of the system. One advantage is that the resultant vector
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refers to dq reference frame V,, is not moving at all. From Figure A 2 it implies that
angles 6, and 6, will both increase with angular frequency w, while angle ¢ will be
constant and so will be the lengths of vector V projections on the d and g axes.
Therefore the sinusoidal voltage/current signals with angular frequency « will be
seen as constant signals in the dqg reference frame. Considering the figure above, the

transformation matrix from af to dq reference frame is showing as Equation (A.10).

Val [ cos® sind [Va]
Vq] - [—sine cosB] Vg (A-10)

and this can be simply expressed to vector Vg, as

Vag =Va+ iV = (Vo +jV, )(cos@ — jsinB)
K @ Ne T (A.11)
= aﬁe_]e

So it is possible to realize the vector V,, as the vector V4 rotating in clockwise with
angular speed ot in a balanced three-phase system. Meanwhile V,, is directly
derived from three-phase as shown in Equation (A.12). The transformation is the

same for the case of a three-phase current (in positive sequence).

21 21

v o| cos(wt)  cos(wt ——-)  cos(wt+—) |[Va
al _2 3 37 Iv| (A12
Vq = 3 2T b ( . )

—sin(wt) —sin(wt — ?) —sin(wt + ?) Ve

27 . i(—wt4+2T i(—wt—2T
Vag =Va +jVy = §[e1(‘wt)Va + el Ty, 4 i3 )Vb]

(A.13)

2 —jot e -
=§e [Va+e 3V, t+e 3Vb]

However it is important to mention that the definition of Park’s transformation,
which can be referred as the classic definition is not used in this work. An alternative
transformation in Matlab/Simulink modelling environment is defined differently as
Equation (A.14).
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V7]
P
Vg |
[ 21 21T
2[sin(wt) sin(wt——)  sin(wt + =) vy (A14)
- § 21 T Vp
cos(wt) cos(wt — ?) cos(wt + ?) /A

Equation (A.14) defines the dgq components in positive sequence and can be

decomposed as further:

(A.15)
2 ot JE -
=§]e [Va+e 3Vpte 3Vb]

It can be seen that the matlab/Simulink and classic version of Park’s transformations
to dq are linked by a rotation by 90 degrees, and with wt = 0 then both classic and
Matlab/Simulink version of Park’s transformation give identical result. Same
conclusions can be found for negative sequence of both versions as well. And as long
as V. is being converted via inverse Park’s transformation from dg components
through the same protocol after being controlled by the PI regulator therefore both

resultants would no longer differ.
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Appendix B: Concentrations of Gas Species on Bulk and Reaction Sites

To calculate the concentrations of the hydrogen and steam at the reactive surface, the
following process is used. Equation (A.16) the Fick’s law is the basis for these
calculations, but is not used directly in the RSOFC model. It may be used to calculate
the flux of hydrogen to the fuel electrode, where J, is the flux of hydrogen to the
fuel electrode, in molm=2s~1, D is the mass diffusion coefficient (m2s~1), r is the
radius of the cell (m), and J;,; is the sum of the hydrogen and steam flux, which
always equals zero, as one molecule of steam is created for every molecule of

hydrogen consumed.

_ PpDdXy,
Ju, = RT dr

+ Xu, vt (A.16)

The diffusion coefficients of hydrogen and steam must be calculated before the
concentrations at the bulk and the reactive surface can be determined. The ordinary
diffusion coefficient of hydrogen Dy, ., in a steam-hydrogen mixture can be
calculated using Equation (A.17), where Dy, y,0 is the mutual diffusion coefficient

of hydrogen and steam, and X, is the mole fraction of hydrogen in the system.

Dy,m = (A.17)

The ordinary diffusion coefficient of steam Dy, ¢ ., in a steam-hydrogen mixture can

also be calculated, using Equation (A.18).

1~ Ko (A18)

DHZ om = D
H,0,H,

The mutual diffusion coefficient of hydrogen and steam Dy, 4,0 is calculated from a
modified Fuller Equation (A.19), where P,,, (bar) is the anode gas pressure (the fuel

electrode in fuel cell mode) and v; is the diffusion volume of species i (cm3mol™1).
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The diffusion volume of hydrogen gas is 7.07 cm3mol~! and steam 12.7 cm3mol 1.
My, 1,0 can be calculated from Equation (A.20), where My, is 2 gmol™" and My, is

18 gmol™1, and will be the same for hydrogen and steam. This mutual diffusion
coefficient applies both to electrolysis and fuel cell mode.

b 0.00143T*75
Hz,Hz0 = 1 2 (A.19)
/ 1 1
Pany %o |9 + 0,03
-1
1 1
M 2|—+ (A.20)
Hy,H,0 MH2 MHZOl

When Equation (A.16) is integrated, the following assumptions are made: that the
hydrogen flux is equal and opposite to the steam flux, so the overall flux is zero as in
Equation (A.21), and that the flux of hydrogen is directly proportional to the current,
as in Equation (A.22).

Ju, ¥ Ju,0 =0 (A.21)

i
I, =57 (A22)

When Equation (A.16) is integrated as in Equation (A.23), the limits taken are |,
which is the outer surface of the fuel electrode, and b which is the point above the
fuel electrode at which the concentration of hydrogen reaches the value of the bulk
concentration, which is assumed to be 5 x 103m. This gives Equation (A.24), where
Ly, is the thickness of the diffusion layer between the concentration of gas in the
bulk, and the outer surface of the fuel electrode, which gives the molar concentration
of hydrogen at the fuel electrode outer surface, where P, is the total gas pressure at
the anode side in Pa. When the same process is carried out for steam, it gives
Equation (A.25).
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fﬁﬂm f%l RTLor (A.23)
= —————dr .
XI?,Z 2 0 2FPyn Dy, m
IRTLy,
X, =Xh, —o——
Hy H: " 2FP. Drvom (A.24)
xt =xb 4 M (A.25)
Hz0 H20 2FPanDHZO,m .

For electrolysis mode, the equivalent integral is Equation (A.26), which is evaluated
to Equation (A.27) for hydrogen. Note that the sign of the second term has changed,
because X },2 is now the sum of the bulk concentration of hydrogen, and the hydrogen
produced at the fuel electrode during electrolysis operation. It therefore follows that
for electrolysis mode, the equations will be the same, but have opposite signs, as
hydrogen is being produced, and steam consumed. Therefore the equation for steam
diffusion will be Equation (A.28).

X11120 X bel iRTLb,l 4 (A 26)
= — - dar .
X}_’,zo H20 0 2FpanDHZO,m
iRTL
I _ yb bl

e = Pan Dt A2

2y

iRTLy,

Xio = X0 — 55—

20 20 2FpanDHZO,m (A.28)

Diffusion of gas through the electrode microstructure may be modeled, if the
diffusion mechanism is known. Two possible mechanisms are Knudsen diffusion, or
molecular (Fickian) diffusion. Knudsen diffusion relies on the assumption that the
gas molecule mean free path length is greater than the electrode pore diameter, and
so molecules of hydrogen or steam are more likely to hit the pore walls than each
other, whereas molecular diffusion assumes the opposite. The most appropriate
mechanism for this model is molecular diffusion - the same type that occurs above

the fuel electrode surface. Therefore, the diffusion coefficient of the gases through

-195 -



Appendices

the fuel electrode pores may be determined by scaling the mutual diffusion
coefficients Dy, r, and Dy, o by the porosity e (40%) and tortuosity 7 (3.0) of the
electrode, according to Equation (A.29) for fuel cell mode and Equation (A.30) for

electrolysis mode.

Dityp = Ditym (5) (A29)
DHZO,p = DHZO,m (g) (A.30)

If Equation (A.16), and a similar equation in which steam flux replaces hydrogen
flux, are integrated along the anode length (thickness) L, (fuel electrode in fuel cell
mode), which is 2 x 10~5m, and the hydrogen and steam molar fractions at the fuel
electrode reactive surface may be calculated, for the fuel cell mode, according to
Equation (A.31) and (A.32) respectively. For electrolysis, again the equations take
the same form except the sign of the second term is positive, as Xy, < X},Z o that is,
the mole fraction of steam at the fuel electrode surface | is greater than the mole
fraction of steam at the fuel electrode reaction site r. The hydrogen concentration at
the reactive surface is given by Equation (A.33) and the steam concentration at the
electrode surface is given by Equation (A.34).

Xp, = Xh, — # (A.31)
anVH, p

Xio = Xh,o + % (A.32)

X4, = Xp, + % (A.33)

Xio = Xh,o — % (A.34)
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The total diffusion polarisation at the anode (fuel electrode in fuel cell mode) can
then be calculated by Equation (A.35).

RT <X}_’,2X[,20> (A35)

Vai =—lIn
dif f,an 2F XI?IZOXZIZ
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Appendix C: Randles Circuit State-space Functions:

Vout = Vreew 1 Veeen (A.36)

lLaiff.cen = —RVT& (A.37)
diff,cell

lepoy =1— IRdiff,cell (A.38)

Ie,, = —C % (A.39)

Veeen = Vnernst =1 X Reen (A.40)
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Appendix D: Modelling the Heat Store Characteristic in Simulink

To accomplish bronze molten status of three thermal stages in model, several logic
designs are developed in the Simulink block as shown in Figure A 3, Figure A 4 and
Figure A 5. Figure A 3 shows the total heat capacities of the system. Figure A 4 is to
determine which stage it is by monitoring temperature and the proportion of molten
bronze. Figure A 5 calculates and integrates the changing rate of temperature
corresponding to the state detected by Figure A 4. The integrators in Figure A 5 have
the function of reset so the model of heat store can reverse its states from molten to

solid as releasing the heat to endothermic reaction in electrolysis mode.

[Heat_FC] Heat_FC Changing rate of Percentage of Molten Bronze [dMoltenProp_dt]

Changing rate of the percentage of Molten Bronze

I[Stack_Heat_Capacity] P+

|CPmoIten_bronze= L’_\ lGases_Heat_Capacity it | [HeatCapAIISoIidOrAllMolten]l
] (-
all molten bronze heat capacity
| [AllMolten] - | B N R

—t
-ﬁ. T CPsolid.bronze

CPbronze ( < 1283K ) Mhs

h 4

Figure A 3 Heat store model 1

AND |AliSolid [AlISolid]
NOT |—AlLsoid > AND
| [MoltenProp] - P > 1e-005 —
Part molten
Part molten o AND »| OR Fartbioken [PartMolten]
< 0.99999
NOT All molten E AND J_’
<1283 L>| NOT |—
o JAND. | Aldoken [AllMolten]

Figure A 4 Heat store model 2
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I T

Fixed T o

Fixed_MottenProp o

diottenPropidt

PartMolten]

dTidt

Fiked T o

Fixed_MoltehProp

dTdt_y,

-999

Fixed T o

Fixed MottenProp

difotenPropidt

Figure A 5 Heat store model 3

part motten

<dMokenProp/dt>

y
Reset (when 1) Inty dt

Reset value

<Fixed_MoHtenProp>

T system integrator
with reset
Init = T_init

all solid or all moken

y
Reset (when 1) Intydt

Reset value

»(2)
T_changing_rate in K/s

Temp (K)
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Appendix E: Diagrams of original control schemes developed in University

of Strathclyde

Inverter

pcc To load

Gate signals dq

[P | W abe | Ve

po— lane
[—

Calibration angle ¥
due to frame time

Figure A 6 Control diagram for high-bandwidth powerflow ripple minimization

Inverter
Qset
N pcc To load
Ve
p
0 1
Ve -
+
Equation (4.73) @ Gate signals qu
-« dq
- + PWM hore abc
R (e ] Ve Vae
dq 0/ ol PLL
Edy 15
it <
dg abe D ™

v,p dq |n
dq dqg

—_— . +ve and -ve

Single-cycle 1 wequence)

averaging
— ¥
Vg

Calibration angle ¥
due to frame time

Figure A 7 Control diagram for high-bandwidth sinusoidal balanced currents
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Appendix F: Three-phase Instantaneous Power in terms of Clarke

Components.

The three-phase instantaneous active power can be calculated in terms of the a0

components to replace the abc variables in Equation (A.41).

P3¢ (8) = va (O)ig(t) + vp ()15 (0) + v (£)ic(£)

= (Gvo+v) [5(g0+ )

= 3\/51}0 Uy 3\/510 Iy

s 2/ 1 1 +\/§ 2/1 1. +\/§,
3 \/E’UO Zva 2 UB 3 \/?lo 2la ) l.B

s 2(1 1 V3 2/1 1 <3
3 \/E’UO Zva 2 UB 3 \/?lo 2la ) l.B

2(/1 1 1
== 5{( volo \/_Uola \/_Ualo + Uala>
+ (lvoio - Lvoia +£voiﬁ - Lvaio +1vaia —ﬁvaiﬁ
2 2V2 2V2 2v2 4 4

V3 V3 3
2\/_17‘810 - Tvﬁla + 4vﬁlﬁ

V3 1 1 3

1 1 . . .
+ (Evolo - ﬁvola —ﬁvolﬁ - ﬁvalo +Zvala +Tvalﬁ
v3 . ¥3 3 . . .
—ﬁvﬁloﬁ'rvﬁlaﬁ‘zvﬁlﬁ :Uala+17'3lﬁ+volo
(A.41)

There are no zero-sequence current components in three-phase, three-wire systems,
that is, i, = 0. In this case, only the instantaneous powers defined on the af axes
exist. Refer to the conventional concept of the complex power defined using a
voltage phasor and the conjugate of a current phasor, it is also valid for the

instantaneous complex power under a8 frames and vectors of v, and iyg.
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S=p+jqg= vaﬁi;ﬁ = (vaia + vﬁiﬁ) + j(vgiq — Valp) (A.42)

Since instantaneous voltages and current (v,p and i,g) are used, there are no

restrictions in complex power S, and it can be applied during steady states or during

transients. And the well-known p and q definition is
p _ Vq U/g ia
ol =L vl (A3)

Similar to Equation (A.41), if the af variables of the instantaneous imaginary power
g as defined in Equation (A.42) are replaced by the equivalent expression referred to

the abc axes then the following relation can be found:

1
q =Vglyg — Vglg = ﬁ [((Va —vp)ic + (vp — v)iq + (Ve — V) ip] (A.44)

The imaginary power g, while calculated directly from the abc phases that results
from the sum of products of line voltages and line currents in different phases. Hence,
the reactive power q in three-phase system does not contribute to the total energy
flow between the source and the load, or vice-versa. It is proportional to the quantity
of energy that is being exchanged between the phases of the system. This
understanding is very important in the following analysis of inverter controls under
generalized unbalanced system. Finally to note that, the instantaneous pq theory is
valid to synchronous reference frame (Park’s transformation) as well.

Vd] cosf sin@] [Va]
V,
B

V1 = l=sing cos@ (A.45)
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Appendix G: Derivation of the Conventional Electrical Equations in SRF

Derivation of the conventional electrical equations on the ac side of the PWM dc/ac

inverter in synchronous rotating reference frame (SRF) is discussed as follow.

Inverter | L R
> 000
VI VO

Figure A 8 Conventional layout of inverter with inductor

dl
Vo=V + L +RI (A.46)

And this is valid in dg frame too as

dl
Vodq =V1aq+Ld;zq+R1aq (A.47)
and
dly
dt
2r1dl
3 d—;cos(a)t)
I '(t)+d1b (t 2”) I'(t Zn)
Wi, SIn(w dt CoS|w 3 WipSIN | W 3
dl, 21 _ 2
+ Ecos (wt + ?) — wl, sin (wt + —?>]
(A.48)
from Equation (A.46) we know % = YoaV1a"Rla tperefore
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dl;

dt

2 21
3L (Voqa = Via — RI,) cos(wt) + (Vop — Vi, — RI) cos (a)t — ?>

21
+ (Voc = Vic — RI,) cos (wt +— ?>]

21 21
+w [—Ia sin(wt) — I, sin (wt - ?> — I, sin (a)t + —)]

3
(A.49)
Applying the Park’s transformation then it gives that
dl
Ld—: = Voa — Via — Rly + wll, (A.50)

The derivation of the Equation (A.50) then can be applied to L%q, and the duel

sequence 15, and I, as well. They are shown as:

dr?
P _ P d p p
Voa = Via +L_dt + RI; — wLlI;

VP =vyP +Lﬁ+RIp + wLI?

0q ~ VYiq dt q T wlig
(A.51)

n n dlg n n

n

d
Véq = Vig + L— - +RIj — oLIj
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Appendix H: Analysis of the Effect of Load Harmonic Distortion on the
Stack Current Ripple

The current drawn by the inverter from the output of the RSOFC system, as shown in
Figure 5.12, can be written using small signal analysis as

. . dvf
lpus = | lioad T+ CfE dysi (A.52)

where d,g; is the duty ratio of the inverter switches assuming small signal
approximation and can be defined as d,s; = d,,sinwt, w is the frequency of the
reference voltage for the inverter. Assuming no phase delay of the output voltage of

the inverter with respect to the reference voltage, vy can be written as V,,sinwt. Then

assuming stiff bus voltage, Equation (A.52) becomes

ipus = (lioaa + 0CrVycoswt)d,,sinwt (A.53)

Let us consider that the load current contains higher order harmonics (odd order

specifically since AC current), then the load current can be explained as

intoaa(t) = Z Imgesin(kwt + ¢y) (A.54)
k=13,5...

Using Equation (A.53), the current drawn by the inverter can be written as

s @ =T > Lefeos{ll — Dot +
k=135.. (A.55)

—cos[(k + Dwt + ¢} + wCV,sin(2wt)

The filter capacitance being very small, the second term in Equation (A.55) is

negligible as compared to the first term for finite load current. Assuming the real
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power drawn by the harmonic load to be the same as that of a resistive load drawing
current with amplitude I,,, then I,,, = I,,;cos¢,. Equation (A.55) in terms of the

fundamental current, I,,,;

pus(t) = 1m12dm z cricos[(k — Dwt + ¢y ] — cos[(k + Dwt + ¢ ]}
k=1,3,5...
Imldm
= {cosq,‘)l — (cosQwt + ¢;)
- crlcos((k — Dwt + ¢y) — cos((k + Dwt + d)k)]}
k=35.
_ Indm {1
T2
k=35..
1 2
— o5 cosQwt + ¢1)
- crlcos((k — Dwt + ¢p) — cos((k + Dwt + d)k)]]}
k=35..
(A.56)
where ¢;, = im_f and ¢, is described by
R cosgy >
P = cos <\/k2(1 + cos?¢,) — cos? ¢, (A57)

Simplifying Equation (A.56),
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I,d
—A [cj_l cos(jwt + qu_l)

j=2,4,6...

A.58
— Cjy1 cos(ja)t + ¢>j+1)] ( )

I
= m12dm 1-4 Z aj[cos(jwt + ;)]

j=2,4,6...

1

Where A = cosor % and 1; are given as

a; = \/C]-z_l + Cj2+1 — 2¢j1¢j41€08(Pj+1 — Pj-1) (A.59)

Cj—1Sing;_q — Cj+15in¢j+1> (A.60)

Cj—1€0SPj_1 — Cj11C0SPj4q

P; = tan™? <

Assuming a fraction of the ripple in the bus current is absorbed in the bus capacitor C

LydnA

i.(t) = Z (1—8)aj[cos(jwt + ;)] (A61)

j=2,4...
where & = 22 for j=2,4,6,...

Assuming the size of the capacitance should be chosen such that, the ripple in the bus

voltage is smaller 5%. That is,
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11,d,A
|Avy, ()] = Enz; (1—@)fam0wt+¢ﬂdt
j=2,4,...
11,d,A 1-6; _ (A.62)
=t | 7 %cmOwt+¢ﬂ
Jj=2,4,...
Vin
< 0.05—
dm
So
(1 =D)ipc(t) = — 1-4 6;a; cos(jwt + 1/)]-) (A.63)
j=24,..
I,d a;
ipc(t) = ——"_|1 — 246 ~ cos(jwt + ;) (A.64)
2(1-D) oy
Jj=2,4,...

Since, ipc(t) = Ipc + Lpc(t), Where I is the mean stack current and . (t) is the
ripple component of the stack current. Now the fraction of the ripple in the stack

current is given by

lpc(t) 8 .
Irc - cos¢, 4 COS(Jwt + lp}) (A.65)

j=2,4,...

Where a; = ﬁ j=2.4.6,...
J

Equation (A.65) states that the amplitude of the ripple in the stack current increases
with an increase in |¢4|. Again this ripple is dependent on a; and v; (Equation
(A.61)), which depend on the fraction of the harmonic components c; and their
frequencies, jw. Now let us consider the harmonic current consists of only third and

fifth harmonics.

Case I. Let us assume, ¢3=0.2, c5=0.11, and ¢;=0.4. Then, ¢3=0.903 and ¢5=1.13
radians and THD=0.228. From Equation (A.60), a, =0.8304, y,=0.284, a,=0.096,
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,=0.642, ax=0.11, and yY=1.13. Using the following values, the fraction of the
ripple in the bus current is found to be 0.995 to that of the mean bus current. With ¢
=0.2, and the ripple in stack current is 0.193.

Case Il. Let us assume, c3=0.5, c5=0.24, and ¢,=0.4. Then ¢3=0.903 and ¢5=1.13
radians and THD=0.554. Equation (A.60) a, =0.611, ¥, =—0.005, a, =0.272,
,=0.703, ax=0.24, and 4 =1.13. Using these values, with 0 = 0.2 and using
Equation (A.65), the fraction of the ripple in the stack current is 0.188.

From above two cases, we observe the ripple in the stack current decreases with an

increase in the THD for a particular power factor of the fundamental current cos¢;.

-210 -



Appendices

Appendix I: Analysis of the Effect of Load Power Factor on the Stack
Current Ripple

For a resistive load, i;,,4 = I,,Sinwt, and Equation (A.53) becomes:

ipus = (Imsinwt + wCpVy,coswt)dy,sinwt
(A.66)

I,d wCrVpd
= % [1 - cos(Qwt)] + Msin(Zwt}

The filter capacitance being very small, the second term in Equation (A.66) is
negligible as compared to the first term. The approximate expression for the bus

current becomes:

Ind
ipus = % [1 — cos(Rwt)] (A.67)

For a reactive load with power factor, p.f.= cose, ijpqq = Insin(wt + ¢). Now for

same active power as before,

-,

Vol V.l .
L. = A.68
cosp = I cos¢ ( )

2 2

Now Equation (A.53) becomes

L
ipus(t) = ( n sin(wt + ¢) + waVmcoswt> d,sinwt

coso
_ L,dm, 1 cos(Zwt + ¢) (A.69)
2 cos¢
wCrVp,d
+ %sin@wt)

Using the same approximation as Equation (A.67), the expression for the bus current

becomes

Ipyus(t) = % [1 — Acos(Lwt + ¢)] (A.70)
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Where A= 1/COS¢ > 1 for all ¢ #0. At the output of the boost converter,

assuming constant duty ratio D of the boost converter in the steady state

ipus(t) = (1 = D)ipc(t) — ic(t) (A1)
Assuming a fraction § of the ripple in the bus current flows in the bus capacitor C,

ic(t) = % (1 —8)AcosRwt + ¢) (A.72)

Assuming the size of the capacitance should be chosen such that, the ripple in the bus

voltage is smaller 5%. That is,

|Avy,s(t)] = |%Imdm(; — S)Af cosLwt
 |Imdim (1 - 8)A
+ )] = | S ‘ (AT3)
0.05 U
< 0. .
Now,
(1 = D)ipc(t) = =5 [1 = SAcos(2wt + §)] (A.74)
] _ _Imm A.75
ipc(t) = m [1 - 8AcosQRwt + ¢ — kq)] (A.75)

Since, ipc(t) = Ipc + Tpc(t), Where I is the mean stack current and ip¢(t) is the
ripple component of the stack current. Now the fraction of the ripple in the stack

current is given by

e: )
re(®) _ cos(Qwt + ¢ — ky) (A.76)
Igc cos¢,
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Equation (A.74) states that the amplitude of the ripple in the stack current increases
with an increase in |¢|. Hence, the ripple current increases with decrease in the load

power factor.
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Appendix J: Disturbance on dg Components of Ripple Minimization

Control

Due to the measurements of Vd’z is unfiltered therefore the desired If;; tracks well
corresponding to the P* and Q™ set points then results a significant decrease in output
power ripple at the point of common connection (PCC). However as long as the
information describing unbalance and harmonics present in Vd?zl then as a result it
leads to an Ig; trajectory contains a second harmonic component due to the exists of
a circular trajectory at twice the fundamental frequency in Vd’;. Thus, although only a

positive-sequence controller is used, its bandwidth is high enough to also capture and

control negative sequence and harmonic effects.

According to that the generalized trajectories of Vd’; under situations of unbalance
and harmonics, the ae/W«t+®) can be realized. Therefore ;' and V] can be

replaced by 1 + acos(Nwt + ¢) and asin(Nwt + ¢) which representing a circular

oscillating component from the nominal point (1+j0) of vector Vd’;. Hence:

Id* _ 1

17| [(1 + acos(Nwt + $))? + (a sin(Nwt + ¢))?]
1+ acos(Nwt + ¢) asin(Nwt + ¢) *

[ asin(Nwt + ¢) —(1 + acos(Nwt + qb))] [Q*]

(A.77)

1"
I

P*(1 + acos(Nwt + ¢)) + Q*asin(Nwt + ¢) (A.78)
_ 1+ a? + 2acos(Nwt + ¢)

[P*asin(Nwt + ¢) — Q*(1 + acos(Nwt + d)))J
1+ a? + 2acos(Nwt + ¢)

This shows that I5* and I7*current harmonics will (predominantly) have the same

order as the Vc’i’q perturbations. Note that there is a slight non-linear effect, caused by
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the denominators in Equation (A.78). This means that there will also be reduced
contributions at 0x, 2x, 3x the frequency of the V7, perturbations, particularly if a,
the size of the perturbation becomes any significant proportion of the unity (per-unit)
value. Applying the inverse Park’s transformation and further mathematical analysis
required of help of trigonometric function and the implementation of Fourier analysis
in Matlab/Simulink, the desired three-phase current I,;,. can then be obtained in
Equation (A.79).

Iq

|

I

sin(wt) — Z(—a)k sin((kN — Dwt + k)
k=1

= P*|| sin (a)t — 2;) - ;(—a)k sin <(kN - Dwt + Z?E + k(],'))

oo

sin (a)t + 2;) — Z(—a)k sin <(kN - Dot — Z?E + k(],'))

k=1

cos(wt) — Z(—a)k cos((kN — Dwt + ko)
k=1

o)

—Q"|| cos (wt - Z?E) - Z(—a)k cos <(kN - Dot + 2; + kd))

k=1

cos (wt + Z?R) — kzzl(—a)k cos <(kN - Dot — Z?TI + kd))

(A.79)

Equation (A.79) indicates that the fundamental component of the current is always
balanced with an infinite sequence of harmonics at order of (kN —1). And the
amplitudes of the harmonics are decreasing with increasing k. When the
measurements of voltage contain balanced fundamentals and harmonics the currents
derived from Equation (A.79) will be balanced. Further analysis also indicates that in
this case the triple order of harmonics do not exist, although either “positive

sequence” or ‘“negative sequence” harmonics content may be significant. For
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unbalanced voltage fundamentals or harmonics, it shows that mod(N, 3) # 0, the
triple order of harmonics will not disappear. Equation (A 104) also shows that in this
case the harmonic content of the current waveforms will be unbalanced. The clearest
example is that unbalanced fundamental voltages will lead to N = -2 and
unbalanced 3rd harmonic currents, giving different wave-shapes on the three phases.
By Table | and Equation (A.79), the primary response to any voltage harmonic of
order Ny will primarily be current harmonics of order (Ny — 2) and/or (Ny + 2),
while the primary response to unbalance is unbalanced 3rd harmonics. However,
harmonic responses on currents will tend to induce further voltage harmonics at the
PCC at these new frequencies, and in turn results in further secondary current
harmonics. In a weak grid scenario, this can make the control mode highly

undesirable.
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Appendix K: Standard sin & cos Trigonometric Identities

sin(A + B) = sinA - cosB + cosA - sinB (A.80)

cos(A + B) = sinA - cosB F cosA - sinB (A.81)

A+ B A—B
SinA + sinB = 25in< 5 )cos( 5 ) (A.82)

A+ B A—B
SinA — sinB = 2cos( > )sin( > ) (A.83)

A+ B A—B
cosA + cosB = 2005( 5 )cos( 5 ) (A.84)

A+ B A—B
cosA — cosB = —Zsin( 5 >sin< 5 ) (A.85)

cos(A —B) —cos(A+ B)

SinA - sinB = 5 (A.86)
in(A+ B) +sin(A—B

sinA - cosB = sin( ) > sin( ) (A.87)
A+B)+ A—B

cosA - cosB = cos( ) + cos( ) (A.88)

2
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Appendix L: Analysis of the Perturbations due to Voltage Unbalance and

Harmonics

In the controllers for power electronic inverters the rotating vector angular speed in
dg frame is defined to equal the fundamental frequency of the system. This is
achieved by using the Phase Lock Loop (PLL) to lock to the voltage frequency at
point of common connection (PCC), which aims to keep the resultant vector with V,

equalling zero. Equation (A.14) can be decomposed as further into positive Vd’; and

negetive sequences ¥, of dq components:

21 . ) 2 ) 2
de =Vl +jVP = 3 [ef(g“”t)va + ef(g‘w”Tn)Vb + ef(%‘“’f‘Tn)Vb]

2. —jot Jru &
=§]e [Va+e 3V, +e 3Vb]

2 . 2T 2T
Vn = VTL + 'Vn = = 'e_Jwt Va + e_]TVb + e]?Vb (Ago)
dq d ] q 3]

Synchronous Reference Frame dg component under the presence of unbalance

Considering a voltage unbalance with magnitude My and phase ¢ relative to the
positive sequence and implement it into Matlab/Simulink version of Park’s
transformation yields the following equation: (assuming a three-wire system that the

zero sequence is ignored):

Va
i
. _ 2T o Mg sin(wt) + Mysin(wt + ¢y)

2 sin(wt) sin(wt — ?) sin(wt + ?)

_ 27 _ 2m
Mp sin (a)t — —) + Mysin(wt + —+ ¢y)
3 t L E+ o o in
cos(wt) cos(w 3 ) cos(w 3 ) Mg sin (a)t + ?> + Mysin(wt — 3 + du)

(A.91)
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V.

Vd]
q

Mg — Mycos(2wt + ¢y)

= ) 1+ cos(2wt) sin(2wt) ]
My | 2singy — + 2cos¢y — singy

(A.92)

where M is the fundamental magnitude. Apply the trigonometric function (A.86) in
Appendix C yields:

I[;d] _ [MF — Mycos(—2wt —m — ¢y) (A.93)

Mysin(—2wt —m — ¢y)
It is obvious that under the presence of unbalanced voltage there is an oscillation

performed as a circular superposition at twice the fundamental frequency in V,, at
PCC.
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Generic balanced harmonics in synchronous reference frame (dg component)

Voltage with harmonic only at PCC (considering order N, ¢ # 0 on all three phases
(i.e. the waveforms are the same distorted shapes)) can be represented in

synchronous reference frame as Equation (A.94)

Va
7
| | - | o 1l MHsin(Nwt;- bn) 1
_ 2 sin(wt) sin(wt — ?) sin(wt + ?) IMHSin(N (a)t — ;) + éu) I
_m N 2m |
cos(wt) cos(wt ——) cos(wt + =) | Mysin(N <a)t n ) + ¢ |

(A.94)

Appling the trigonometric function (A.86) (A.87) in Appendix C yields:

/ cos((N - Dot + ¢>H) — cos((N + Dwt + qu)

My | +cos (N—l)(wt+23)+¢>H>—cos<(N+1)<wt+2?n)+q.’)H>
3

k+cos (N -1) (wt — 2?) + ¢H> — cos <(N +1) (wt — 2;) + ¢H>

|
)

(A.95)
/ SLn((N - Dot + qu) + sm((N + Dwt + (l)H) \
_ My + (N—l)(a)t+23>+¢H>+sin<(N+1)<wt+%>+¢H>i

3
k+sm (N — 1) wt — 2?) + ¢H> - sm((N +1) (a)t — 2;) + ¢H>/

(A.96)

Cases of positive, negative and zero sequence harmonics are distinguished as follow

-220 -



Appendices

Zero sequence harmonics (3rd, 6th, 9th etc.) in synchronous reference frame

From Equation (A.95) and (A.96), but with harmonic order as a triple-N harmonic,

and by setting:

a=(N-1Dwt+ ¢y (A.97)
b= (N+1wt+ ¢y (A.98)
then
Va
i
2

2T 2T
My, cosa — cosb + cos (a — —) — coS (b + —) + cos (a +

3

) s 29

27 2 2T 2T
sina + sinb + sin (a — —) + sin (b + —) + sin (a + —) + sin (b — —)
3 3 3 3
(A.99)
And by applying Equation (A.82) and (A.84)
Va
v
2w 271 2w 271
a+a -3 73 b+b - 373
cosa + 2cos ( ) cos| ———= | — cosb — 2cos ( ) cos
2 2 2
3 2n 27 2n  2m
) o [a+a -3 73 ) _(b+b -3 773
sina + ZSlTl( ) cos — + sinb + 2sin ( )cos >
(A.100)

Vd]
Vq

-1 -1
sina + 2cosa (7) + sinb + 2sinb (T)

Vd] — u, Icos((N — Dt + ¢y) (A102)

Vgl sin((N — Dot + ¢y)
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Positive sequence harmonics (4th, 7th, 10th etc.) in synchronous reference frame

From Equation (A.95) and (A.96), but with harmonic order as a positive sequence,
and by settings of Equation (A.97) and (A.98):

21 21
M., |cosa — cosb + cos(a) — cos (b — —) + cos(a) — cos (b + —)

[Vd] _Mu 3 3
Val . . . . 2 . . 2
sina + sinb + sin(a) + sin (b — ?) + sin(a) + sin (b + ?>
(A.103)
And by applying Equation (A.82) and (A.84)
2m  2m
b+b -3 T3
3cosa — cosb — 2cos ( > ) cos —
Vd] My
|~ 3 2n 2w
1 3 ) ) _(b+b -3 T3
3sina + sinb — 25m< ) cos| —————
2 2
(A.104)
Val _ My [3cos(a)
Vq] T3 [3sin(a) (A.105)
Vd] _ Icos((N — Dt + ¢y) (A.106)
Ve H sin((N - Dot + ¢H) '

Thus, the positive-sequence harmonics produce V;, perturbations at a frequency of

(N —1wt.
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Negative sequence harmonics (2nd, 5th, 8th etc.) in synchronous reference

frame

From Equation (A.95) and (A.96), but with harmonic order as a positive sequence,
and by settings of Equation (A.97) and (A.98):

21 21
M., |cosa — cosb + cos (a + ?> —cos(b) + cos (a — ?> — cos(b)

[Vd] _ My
el 3| . . . 2m . . 21 .
sina + sinb + sin (a + ?> + sin(b) + sin (a — ?> + sin(b)

(A.107)
And by applying Equation (A.82) and (A.84)
2m 2w
a+a 3 T3
cosa + 2cos ( > cos > — 3cosb
Val My
Vq] T3 2m _2n
. . [fa+a 3 3 .
sina + ZSlTl( > )cos > + 3sinb
(A.108)
Val _ My [—3cos(b)
Vq] ~ 3 | 3sin(b) (A.109)
Vd] _ [cos(—(N + Dwt — ¢y + m)
Va T lsin(=(N + Dt — ¢y + 1) (A.110)

Thus, the positive-sequence harmonics produce V,, perturbations at a frequency of

—(N + 1) wt.
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