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Abstract:

A dynamic model for a solid oxide fuel cell power plant has been constructed. The
concept of a feasible operating area for a solid oxide fuel-cell power plant is introduced
by establishing the relationship between the stack terminal voltage, fuel utilization, and
stack current. By controlling the input hydrogen fuel in proportion to the stack current,
constant utilization control can be accomplished. The effectiveness of the proposed
schemesisillustrated through simulation.
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1. Introduction:

In Recent Years, environmental and economic considerations have resulted in much
increased interest in the application of distributed generation (DG) [1], [2]. DG, such as
internal combustion engines, micro turbines, fuel cells, photovoltaic, and wind turbines
are typically of 10 kW-10 MW in capacity. As these generators are to be incorporated
into power systems, their impacts on network reliability and security have come under
close scrutiny [3].

FUEL CELLS (FC) are modular, high-efficiency; environmentally friendly energy
conversion devices that have become a promising option to replace the conventional
fossil fuel- based eectric power plants [4]. Among the severa kinds of FC, the low-
temperature proton exchange membrane fuel cell (PEMFC) isthe most widely used type
and has been commercialized for the portable, vehicular, and residential applications
[5]. However, due to the lower efficiency and the dependency on pure hydrogen as the
fuel input, PEMFC has not been considered for stationary power applications.
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Another kind of FC under active research is the high temperature solid oxide fuel cell
(SOFC). SOFC presents an attractive option for the DG technology, which generates
electricity at or near the load site. The current main challenges to develop this DG
technology are to reduce the installation cost, to improve overall efficiency, and to
explore the avenues of increasing the durability to more than 40000 h for stationary
power applications [6].

The feasibility of using FC power plant for stationary power supply has been studied by
many researchers. In order to ensure that the SOFC would operate successfully in a
power system, it is necessary to examine, among other issues, its ability to perform load
tracking and its impact on power quality. Central to the studies is the need to have a
credible analytical model of the SOFC plant. Thus, building a suitable FC dynamic
model is one important aspect in the study of SOFC DG system. An appropriate FC
dynamic model should consider the electrochemical- thermodynamic process and
electrical performance. A number of models for ssimulating FC-based power plant have
been developed. Lukas et al. provided a nonlinear mathematical model for molten
carbonate FC (MCFC) [7]. This model is, however, complex and is difficult to be
implemented for power system analysis purposes. Hatziadoniu et al. derived a reduced-
order MCFC dynamical model for dynamic stability analysis [8]. Padullés et al. [9]
created a simulation model of a solid oxide FC (SOFC) power plant intended for a
power system analysis package. Their paper shows that the electrochemical and
thermodynamic process could be approximated by first-order transfer functions. Based
on the results of [9], Zhu et al. included the SOFC fuel processor in their investigation
and used the model to study SOFC load tracking ability [10].

2. Solid Oxide Fuel Cell Model
A. Fud Cell Stack Dynamic Model
The stack model will be based on the following assumptions.

 Thegasesareideal.

* The stack is fed with hydrogen and air. If natural gas instead of hydrogen is used
as fuel, the dynamics of the fuel processor must be included in the model,
upstream of the hydrogen inlet, as afirst-order transfer function [11].

» Thetemperatureis stable at all times,

e The only source of losses is ohmic, as the working conditions of interest are not
close to the upper and lower extremes of current.

* The Nernst equation can be applied.

B. Characterization of the exhausts of the channels

In a typical fuel cell, gaseous fuels are fed continuously to the anode (negative
electrode) and an oxidant (i.e,, oxygen from air) is fed continuously to the cathode
(positive electrode); the electrochemical reactions take place at the el ectrodes to produce
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an electric current. The electrolyte in the SOFC is a solid, nonporous metal oxide,
usualy Y,0s-stabilized ZrO,. Typically, the anode is Co-ZrO, or Ni-ZrO, cermet, and
the cathode is Sr-doped LaMnOs [12]. The basic reactions at the two electrodes of a
SOFC can be described as : At the anode of an acid eectrolyte fuel cell, the hydrogen
gasionizes, releasing electrons and creating H' ions (or protons).

2H, - 4H" + 4" (1)

This reaction releases energy. At the cathode, oxygen reacts with electrons taken from
the electrode, and H* ions from the electrolyte, to form water.
O, +4€ +4H" - 2H,0 (2)

According to [9], an orifice that can be considered choked, when fed with a mixture of
gases of average molar mass M (kg/lkmol) and similar specific heat ratios, at a constant
temperature, meets the following characteristic:

pﬂ:KN (3)

Where W is the mass flow (kg/sec); K is the valve constant, mainly depending on the
area of the orifice; py is the pressure upstream (inside the channel) [atm]. For the
particular case of the anode, the concept of fuel utilization U can be introduced, as the
ratio between the fuel flow that reacts and the fuel flow injected to the stack. Usisaso a
way to express the water molar fraction at the exhaust. According to this definition
eguations (1) and (2) can be written as:
%: an\/(l_Uf)MHz-l-UfMHzO (4)

Where, W4, is the mass flow through the anode valve [kg/sec]; Ka, is the anode valve
constant; My,, My are the molecular masses of hydrogen and water, respectively
[kg/lkmol]; pa IS the pressure inside the anode channel [atm]. If it could be considered
that the molar flow of any gas through the valve is proportional to its partial pressure
inside the channel, according to the expressions:

B = Kook, (5)
sz MHZ

q K

O = =— =Ky 0 (6)
pHZO MHZO

Where, g4, On20 are the molar flows of hydrogen and water, respectively, through the
anode valve [kmol/sec]; pr2, Pro ae the partia pressures of hydrogen and water,
respectively [atm]; Ky, Kuoo are the valve molar constants for hydrogen and water,
respectively [kmol/(sec. atm)].
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C. Calculation of the partial pressures

Every individual gas will be considered separately, and the perfect gas equation will be
applied to it. Hydrogen will be considered as an example.
Py, Van = Ny, RT (7)

Where, vy, is the volume of the anode [9]; ny» is the number of hydrogen moles in the
anode channel; R is the universa gas constant [atm/(kmol.K)]; T is the absolute
temperature [K]. It is possible to isolate the pressure and to take the time derivative of
the previous expression, obtaining:

d RT

d _RT 8
& Pr v Oy, (8

Where, g4, is the time derivative of ny,, and represents the hydrogen molar flow
[kmol/sec]. There are three relevant contributions to the hydrogen molar flow: the input
flow, the flow that takes part in the reaction and the output flow, thus:

d RT  _in out r
dt Pr, = g (qHz - qHz B qHz) ©)

Where, q.," is the input flow [kmol/sec]; gu,™" is the output flow [kmol/sec]; q.." is the
hydrogen flow that reacts [kmol/sec]. Fuel utilization is the ratio between the fuel flow
that reacts and the input fuel flow. Here, we have,

r

Q.

in

Uy = (10)

H

Typicaly, 80-90% fuel utilization is used, according to the basic electrochemica
relationships, the molar flow of hydrogen that reacts can be calculated as [47]:

r_ Nol,, _

Hz_ 2F 2Krlfc (11)
Where, No is the number of cells associated in series in the stack; F is the Faraday’s
constant [C/kmol]; I is the stack current [A]; K, is a constant defined for modeling
purposes which has a value of (Ny/4F) [kmol/ (sec.A)]. Returning to the calculation of
the hydrogen partial pressure, it is possible to write:

d RT

a sz = E(CIH2 - qH2 - 2Kr|fc) (12)

Replacing the output flow by (5), taking the Laplace transform of both sides and
isolating the hydrogen partial pressure, yields the following expression:
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i,

sz 1+-[- s(q _2Krfc (13)

where, Ty, expressed in seconds, is the vaI ue of hydrogen flow response time. A similar
operation can be made for al the reactants and products as below

p02 1}_{_/_[ S (q - 2Kr fc (14)
K (0]
pHo-—li 2K, (15)

In order to prevent damage to the electrolyte, the fuel cell pressure difference between
the hydrogen and oxygen passing through the anode and cathode gas compartments
should be below 4 kPa under normal operation and 8 kPa under transient conditions [9].
The overall fuel cell reaction is given in (1) and (2), so, the stoichiometric ratio of
hydrogen to oxygen is 2 to 1. Oxygen excess is aways taken in to let hydrogen react
with oxygen more completely. Simulation in our fuel cell system shows that r,.o should
be kept around 1.145 in order to keep the fuel cell pressure difference below 4 kPa
under normal operation. So the input oxygen flow is controlled to keep ry.o at 1.145 by
speed control of the air compressor.

The chemical response in the fuel processor is usually slow as it is associated with the
time to change the chemical reaction parameters after a change in the flow of reactants.
This dynamic response function is modeled as a first-order transfer function with a 5-sec
time constant.

The electrical response time in the fuel cellsis generally fast and mainly associated with
the speed at which the chemical reaction is capable of restoring the charge that has been
drained by the load. This dynamic response function is also modeled as a first-order
transfer function but with a 0.8-sec time constant.
D. Calculation of the stack voltage

Applying Nernst’s equation and Ohm’s law (to consider ohmic losses), the stack output
voltage is represented by the following expr on:

v. NOEE it 7P p%%nm (16)

Where E, is the voltage associated with the reaction free energy [V]; R is the same gas
constant as previous, but care should be taken with the system unit [J(kmol K)]; r
describes the ohmic losses of the stack [Q].
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Figure (1): SOFC dynamic model

It can be seen from this figure that the hydrogen and oxygen molar flows with the ratio
. o are sent to the FC stack where the reactions described by (1) and (2) occur. The
partial pressures of the three reactants are generated as the outputs of three first-order
transfer functions where Ky, Kop, and Koo are the valve molar constants and Ty, Top,
and Tyoo are the respective temperature-dependent time constants for hydrogen, oxygen,
and water, respectively. Typica values of the time-constants are of the order of 3 to 80
second. The production of internal EMF by number of cellsin series (No) is represented
by the block with the Nernst equation given in (16).

Furthermore, there are three types of losses in the generated EMF, namely, the ohmic
loss due to the resistance to the flow of ions and electrons, the activation 1oss due to
sluggish electrode kinetics, and the concentration loss due to the concentration gradient
formed at the electrodes [13]. The activation loss is dominant during very low stack
currents and the concentration loss is dominant at very high stack currents. The ohmic
loss occurs at all levels of currents. Therefore, this study also assumesthat T is constant.
This operation with relatively constant temperature also places a lower limit on the FC
output power [14].

The stack voltage Vi is the actual voltage available at the terminals after considering
the losses. The current drawn from the stack |, acts as a feedback to adjust the partial
pressures of the reactants according to the reaction rate.

E. Power Conditioning Unit

Unless the load supplied by the FC plant is of dc type, the power generated by the FC
stack invariably has to be converted to ac form by using a power-conditioning unit
(PCU). Since the FC terminal voltage varies with the supplied current and the loads are
normally designed to operate under constant voltage, the PCU need not only transform




Proceedings of the 9" | CEENG Conference, 27-29 May, 2014 |EE033-1 |

dc to ac but should also possess voltage controllability. This can be readily achieved by
using a pulse width-modulation (PWM). If the FC voltage varies in a large range or the
inverter does not possess sufficient voltage controllability, a dc/dc converter is also
needed in between the FC terminals and the inverter [15]. In conjunction with the PCU,
the primary objective of having the capacitor C in between the FC stack and the PCU is
to filter out the harmonic components generated by the PCU as shown in Figure (2).
Since the PCU keeps the load voltage constant despite changes in FC terminal voltage, a
change in rea power demand of the ac load appears as a change in dc load current at the
FC terminals. Thus, the ac load can be modeled as a variable resistor for the purpose of
analyzing the system behavior

3.Simulation Results and Discussion

The example in this section is used to illustrate how the control system of an SOFC
power plant can be designed to track the variations of load. The example is made on the
data given shown in Table (1). The smulation is performed using
MATLAB/SIMULINK. At initial condition the FC is operating at its rated operation
point. In the following illustration, the load resistance has the following variation. The
resistive load is adjusted for 25KW and still constant until the simulation time reaches
five seconds, then the load is resistive load is increased to 40KW. The load voltage is
575Vrms. The controller is designed to adjust constant load voltage under load change.
A boost converter is used and controlled to give average voltage of 850V under FC
voltage change.

- ) DC Bus AC Bus
V=400 V Voe = 860V Vae = 575Vrms
SOFC J_ *1 bc DC .
Power Plant VEc LC Filter
50kW | - DC AC
A A
| |
| |
| |
| |
| |
Ve I I V
“""™ bpcpe Voltage [¥ 777 Vac
. Controller Regulator =
V DC-ref — — — — ] & [+ V_.\(_‘ -rel Variable

Load

Figure (2): Schematic diagram of the modeled SOFC isolated system.

From simulation results, Figure (4) shows the change of the fuel cell current with time
when the load power changed from 25KW to 40KW after five second from simulation.
Figure (3) shows variation of the stack voltage with time and shows that with increasein
fuel cell current the output voltage will decrease.
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Figure (3): Fuel cell stack-v_cﬁl_fage variation with time.
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Figure (5): Boost Converter voltage variation with time.
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Figure (6): Boost Converter voltage variation with time (zoomed version).
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Figure (8): Load voltage vari ation with time (zoomed version).
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Figure (9): Load current variation with time.
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Figure (10): Load current variation with time (zoomed version).
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Figure (11): Hydrogen partial bressure variation with time.
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Figure (13): Water partial pressure variation with time.

A boost converter is used to raise the output stack voltage and the reference value of the
converter output voltage is set to 860V. Figure (5) shows the boost converter output
voltage and Figure (6) shows a zoomed version of the output voltage and it is shown
that the voltage has an average value of 860V. Load voltage is shown in Figure (7) and
a zoomed version of load voltage is shown in Figure (8), which shows that the line to
line load voltage approximately equal to (575*sgrt(2)). Figure (9) shows the load
current and Figure (10) shows a zoomed version which shows that the load current
changes as the load power at constant voltage and power factor. Figure (11) and Figure
(12) show Hydrogen and Oxygen partial pressure variation with time respectively. As
current drawn from fuel cell increases Hydrogen and Oxygen partial pressure will
decrease as more Hydrogen and Oxygen will consumed in the chemical reaction, when
the current drawn tends to be constant the partial pressure will increase. The opposite
action will appear in Water partial pressure variation as shown in Figure (13).
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4. Conclusion

A simplified SOFC dynamic model is derived and it is used to study the FC load-
tracking capability in an isolated power system. The concept of FOA is introduced in
which it becomes a simple tool to assess the possible operating regime of the FC. Power
conditioning unit control system keeps constant load voltage under load power
variation.
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Appendix
Table (1): Parameters of SOFC Power Plant

Symboal Representation Value

Ptz Rated power 50KW

V g rated Rated FC terminal voltage 450V

Eo |deal standard potential 1.18V

No Number of series cellsin stack 450

Us Fud utilization factor 0.85

Ko Hydrogen valve molar constant 8.43e-4 Kmol/(s.atm)
Ku20 Water valve molar constant 2.81e-4 Kmol/(s.atm)
Koo Oxygen valve molar constant 2.53e-3 Kmol/(s.atm)
Tho Hydrogen flow response time 26.1s

TH20 Water flow response time 78.3s

Toz Oxygen flow response time 2.91s

T Fuel processor response time 5s

r Ohmic resistance 3.28e-4Q

IN4-0 Ratio of hydrogen and oxygen 1.145
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Nomenclatures:

M
w

Muz, Miu2o
Pan

QH2; Q20
PH2, PH20
K2, Khz2o

Van
NH2

T

in out
OH2 s OH2

No

ltc
Vfc

Average molar mass of gas, (kg/kmoal).

Mass flow, (kg/sec).

Water molar fraction at the exhaust.

Molecular masses of hydrogen and water, respectively, (kg/kmol).
Pressure inside the anode channel, (atm).

Molar flows of hydrogen and water, respectively, through the anode valve,
(kmol/sec).

Partial pressures of hydrogen and water, respectively, (atm).
Valve molar constants for hydrogen and water, respectively
(kmol/(sec.atm)).

Volume of the anode, (m°).

Number of hydrogen molesin the anode channel.

Absolute temperature, (Kelvin).

Input and output flow respectively, (kmol/sec).

Number of cells associated in seriesin the stack.

Fuel cell current, (A).

Fuel Cell Stack terminal voltage (V).



