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Abstract

In operation, solid oxide fuel cells (SOFCs) can be subjected to frequent load changes due to variable power demand. Knowledge of their
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ynamic behaviour is thus important when looking for suitable control strategies. The present work investigates the open and c
ransient response of a co-flow planar anode-supported intermediate-temperature direct internal reforming solid oxide fuel cell to
hanges. A previously developed dynamic SOFC model, which consists of mass and energy balances and an electrochemica
elates the fuel and air gas compositions and temperature to voltage, current density, and other relevant fuel cell variables, is use
ontroller that imposes a current density disturbance representing a change in power demand and sets the fuel and air flow rates
o that current (keeping the fuel utilisation and air ratio constant) and a typical feedback PID temperature controller that, given the
emperature, responds by changing the air ratio around the default set by the master controller, have been implemented. Two dis
pproaches are considered. In the first case, the controller responds to a fixed temperature set-point, while in the second one

s an adjustable parameter that depends on the magnitude of the load change introduced. Open-loop dynamic simulations show
ositive/negative load step-change, the overall SOFC temperature increases/decreases and the intermediate period between th

mposed and the new steady-state is characterised by an undershoot/overshoot of the cell potential. Closed-loop simulations whe
hanges from 0.5 to 0.3, 0.4, 0.6, and 0.7 A cm−2 are imposed show that the proposed fixed set-point PID controller can successfully
utlet fuel temperature to the desired set-point. However, it is also shown that for load changes of higher magnitude, an adjustab
ontrol strategy is more effective in avoiding oscillatory control action, which can often lead to operation failure, as well as in p
otentially damaging temperature gradients that can cause excessive stresses within the SOFC components and lead to cell bre
2005 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion
evices that produce electricity and heat directly from a
aseous or gasified fuel by electrochemical combination of

hat fuel with an oxidant. A SOFC consists of an intercon-
ect structure and a three-layer region (often referred to as

he PEN—positive-electrode/electrolyte/negative-electrode)
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composed of two ceramic electrodes, anode and cathode
arated by a dense ceramic electrolyte.SOFCs operate at hig
temperatures and atmospheric or elevated pressures, a
use hydrogen, carbon monoxide, and hydrocarbons as
and air (or oxygen) as oxidant. In the cell, the oxygen
formed at the cathode migrate through the ion-condu
electrolyte to the anode/electrolyte interface where they
with the hydrogen and carbon monoxide contained in (an
produced by) the fuel, producing water and carbon dio
while releasing electrons that flow via an external circu
the cathode/electrolyte interface[1].
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Nomenclature

F Faraday’s constant (C mol−1)
Fair molar flow rate of the air stream (mol s−1)
Ffuel molar flow rate of the fuel stream (mol s−1)
j̄ average current density (A m−2)
L system length (m)
Lcell cell length (m)
LHV0

i lower heating value of componenti (kJ mol−1)
PSOFC power density (W m−2)
T temperature (K)
U potential (V)
Ufuel fuel utilisation factor
wcell cell width (m)
W system width (m)
x axial coordinate (m)
yi molar fraction of componenti
y0
i molar fraction of componenti at inlet

Greek letters
α coefficient of thermal expansion (K−1)
ε sustainable stress-induced strain
ηSOFC fuel cell efficiency
λair air ratio

Superscripts
0 feed conditions (fuel and air channel inlet)

Subscripts
i component,i ∈ {CH4, H2, CO, O2}
max maximum
PEN PEN structure

While conventional high-temperature SOFCs generally
operate between 1073 and 1273 K, a number of research
groups are presently focusing on intermediate-temperature
solid oxide fuel cells (IT-SOFCs). These typically operate
between 823 and 1073 K, allowing for a wider range of ma-
terials and more cost-effective SOFC fabrication, particularly
in relation to the interconnections and balance of plant (BoP).
High-temperature SOFCs are generally all ceramic while IT-
SOFCs are metal–ceramic and use stainless steel intercon
nects instead of more expensive high-chrome alloys or ox-
ides. A typical SOFC electrolyte is yttria stabilised zirconia
(YSZ), an oxide ion conductor at elevated temperatures. The
anode is usually a nickel/zirconia cermet, which provides
high electrochemical performance, good chemical stability,
and low cost, and the cathode a perovskite material, such
as strontium doped lanthanum manganite, often mixed with
YSZ in the form of a composite[2,3]. Two main SOFC de-
signs are the electrolyte-supported and electrode-supported
SOFC. In the former design, the electrolyte is the thickest
component and works as the support structure. Electrolyte-
supported cells are only suitable for high-temperature oper-
ation where the, often large, ohmic losses can be reduced.

Electrode-supported SOFCs have been developed in an at-
tempt to minimise such ohmic losses under lower temper-
ature operation, as in the case of IT-SOFCs. In these cells,
one of the two electrodes is the thickest component and sup-
port structure, while the electrolyte is required to have high
ionic conductivity and/or small thickness. However, it is usu-
ally observed that, despite a low ohmic contribution, the area
specific resistance of IT-SOFCs may be larger than high-
temperature SOFCs. This is due to activation and perhaps
concentration overpotentials, which can often outweigh the
ohmic contribution. Thus, many of the recent efforts in fuel
cell technology development have been devoted to reducing
the thickness of critical cell components while improving
their structures, with the aim of obtaining a higher and more
stable performance with a lower cost[4–6].

Most fuel cells need to convert a hydrocarbon primary
fuel into a hydrogen-rich gas required for the electrochemi-
cal reaction on the anode side. One option is to process the
fuel indirectly in an external catalytic steam reformer or par-
tial oxidation reactor[7]. In the most common case of a re-
former, heat needs to be available to drive the endothermic
steam reforming reaction. One method of achieving this is to
feed the exhaust cell gases into a burner, where the excess
fuel is combusted, and the heat generated used to preheat the
steam and the fuel and to provide the heat needed in the re-
former. However, a more elegant and efficient method of pro-
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8,9]. Internal reforming SOFCs (IR-SOFCs) can elimin
he requirement for a separate fuel reformer and signific
educe the requirement for cell cooling, usually achieve
owing excess air through the cathode[10,11]. One approac
o IR is direct internal reforming (DIR), where the meth
s fed directly into the cell and the reforming takes pl
irectly on the anode[8]. A problem, mostly related to hig

emperature SOFCs, is the strong cooling effect cause
he highly endothermic reforming reaction that can ge
te large temperature gradients across the cell and lim
mount of IR allowed in practice. It has been shown

n high-temperature IR-SOFCs, all the methane is us
ompletely reformed within a small distance from the an
ntrance[12–15]. IT-SOFCs offer significant advantages

erms of internally reforming methane, as the lower tem
ture naturally reduces the reforming reaction rate[16].

.1. Complete fuel cell system

For operation, a SOFC must be embedded within a S
ystem incorporating a balance of plant to supply air and c
uel, convert the direct current (dc) to alternate current
nd remove or process the depleted reactants, product
eat[17–19]. A complete SOFC system is generally co
osed of five main sub-systems: fuel processing, fuel
tack, power conditioning, heat recovery and/or further po
eneration using integrated gas and steam turbines, and
ontrol.Fig. 1presents a schematic of such sub-systems
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Fig. 1. Schematic of a complete fuel cell system.

a SOFC system, the starting point is the fuel processing: nat-
ural gas is first partially or totally externally steam reformed
(pre-reformer) before being fed to the SOFC stack, produc-
ing hydrogen and carbon monoxide, both of which can be
used by the stack as fuel; any natural gas remaining can be
reformed internally in the stack, providing useful cooling.
The electrochemical power generation takes place when dc
electricity is produced within the fuel cells, normally com-
bined in a varying number of cells or stacks that can match
a particular power requirement. The power-conditioning unit
converts the electric power from direct current into regulated
direct current or alternate network current for consumer use.
The heat recovery refers to the recovery of residual heat in the
exhaust gas that can be used to heat water for local space heat-
ing, thus giving a higher overall system efficiency. The con-
trol sub-system guarantees that both the BoP and the SOFC
stack respond both rapidly and safely to any variation. As
expected, all the different elements that compose the SOFC
system need to interact closely, i.e., the power conditioning
feeds a load demand to which the plant control system needs
to react.

1.2. Thermal stresses
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The high operating temperature of SOFCs implies that the
structural stability and reliability of the PEN structure needs
to be guaranteed over a wide temperature range. The elec-
trode and electrolyte materials can possess significantly dif-
ferent thermo-mechanical properties, resulting in large ther-
mal stresses during thermal excursions, and failure due to
fracture or buckling represents a serious reliability concern
[21]. Thus, during the normal operation of a SOFC, the sup-
pression of temperature gradients or transients that can cause
excessive stresses within the SOFC components and lead to
cell breakdown, is crucial. Therefore, the development of an
appropriate control strategy is essential.

As mentioned previously one of the main components of
the anode/electrolyte/cathode structure is YSZ and, thus, as a
first approximation, mechanical properties of the PEN struc-
ture can be taken to be those of a single YSZ layer. Assuming
a simple planar structure, the maximum allowable local ther-
mal gradients along the cell can be estimated by

εmax = α
dTPEN

dx

∣
∣
∣
∣
max

wcell, (1)

whereε is the sustainable stress-induced strain,α the coeffi-
cient of thermal expansion, dTPEN/dx the axial PEN structure
temperature gradient, andwcell the cell width. For a square
cell, the maximum allowable temperature change�Tmax
a
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long the cell can then be given by

max = α
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Lcell
wcell = α�Tmax, (2)

hereLcell is the cell length. Therefore, for a coefficient
hermal expansion of 10−5 K−1 [21] and a maximum sa
tress-induced strain of 0.1%, the maximum allowable l
emperature gradient is 10 K cm−1 and the maximum allow
ble total temperature difference along a 10 cm cell is 10
ote that the developed model assumes a total fuel cell le
f 40 cm, comprising four individual cells in series, each
0 cm× 10 cm. Thus, from the results above and the kn
dge acquired previously on the SOFC system under
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[16], the total temperature increase along the cell should not
represent an operational problem, but special attention should
be paid to the local temperature gradients. Thermal stresses
resulting from differential thermal expansion or contraction
are not considered here.

1.3. Need for dynamic modelling

One of the characteristics of fuel cell systems is that their
efficiency is nearly unaffected by size. This means that small,
relatively high efficiency power plants can be developed,
avoiding the high capital costs normally associated with large
plants. Fuel cells are thus suited to distributed generation
(DG), which is characterised by small, modular power sys-
tems that are sited at or close to the power demand source.
DG can be an economic and beneficial addition to commer-
cial buildings, industrial facilities, or any customer dependent
on reliable energy. However, while it is known that the opera-
tion of a SOFC system is normally subjected to frequent load
changes due to variable power demand, its response and, in
particular, its interaction with the distributed energy network,
is not yet well known. Dynamic modelling is therefore essen-
tial for fuel cell systems design, as it allows the prediction of
the cell response under transient conditions, and contributes
to the definition of appropriate control strategies, not only
necessary when load changes occur, but also during start-up
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phenomena[1,12,22–27]. Even though most of the work re-
ported describesSOFC steady-state performance, dynamic
issues have also been addressed by some authors. Ota et al.
[28] and Hall and Colclaser[29] analysed the open-loop tran-
sient response of a high temperature tubular SOFC to small
load step-changes, while Achenbach[30,31]presented a sim-
ilar study for a planar SOFC.

In a previous publication, Part I[16], the authors presented
a dynamic anode-supported intermediate-temperature direct
internal reforming planar co-flow one-dimensional SOFC
model, which is used in the present work. To produce a useful
voltage, a SOFC consists of several repeating electrochemical
cells in a module, connected both in series and/or in parallel
and assembled to compose a stack. However, SOFC models
are usually developed for the smallest unit cell or module,
then used to compute the operating conditions of the whole
stack. In the case reported here, the repeating single-cell is
considered to be in the centre of a large stack, such that no
edge effects are present, and to be formed when two intercon-
nect plates are placed above and below the cell PEN structure.
A schematic side view of a co-flow SOFC stack, where the
unit cell being modelled is indicated, is illustrated inFig. 2.
For the model, the SOFC was considered to be composed of
fuel and air channels, PEN structure, and interconnect. The
model consists of mass balances around the fuel and air chan-
nels, energy balances around the fuel and air channels, PEN,
a lates
t tem-
p bles.
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ntermediate-temperature direct internal reforming SO
ystem is under development. The project is divided in
ain tasks: dynamic modelling of a SOFC stack al
resented here, and subsequent dynamic modelling o
hole SOFC system, to be presented in the near fu
hese models can be used to study the dynamics o
OFC stack and remaining BoP, producing an impro
nderstanding of their interaction, to investigate poss
ontrol strategies, and to study design changes.

The aim of this publication is to present the dynamic
aviour of a solid oxide fuel cell and to discuss appro
te control strategies for this type of system. For that
ose, the response of a planar anode-supported IT DIR-S

o load step-changes is analysed under both open-loo
losed-loop conditions. The next section briefly describe
ynamic SOFC model developed and the control stra
dopted.

. SOFC dynamic simulation and control strategy

.1. SOFC stack model

There have been several publications focusing on m
lling the performance of high-temperatureSOFCs. Such
odels can be for different geometries, PEN structu
nd flow configurations; can range from one to th
imensional; and can consider or not IR or various o
nd interconnect, and an electrochemical model that re
he fuel and air gas compositions and the various cell
eratures to voltage, current density, and other cell varia
he chemical species considered are CH4, H2O, CO, H2, and
O2 for the fuel stream and O2 and N2 for the air stream.

s assumed that only H2 is electrochemically oxidised, all th
O is converted through the water-gas shift reaction, ass
t equilibrium, and any CH4 in the fuel can only be reforme

o H2, CO, and CO2 but not electrochemically oxidised. T
lectrochemical model accounts for ohmic losses acros
EN structure and for anode and cathode concentratio
ctivation overpotentials.

For the model solution, in addition to all geometry a
roperty data and inlet temperatures and compositions

Fig. 2. Schematic side view of a co-flow planar SOFC stack.
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Table 1
Mathematical definition of fuel utilisation, air ratio, and fuel efficiency

Fuel utilisation Ufuel = j̄LW

(8Fy0
CH4

+ 2Fy0
H2

+ 2Fy0
CO)F0

fuel

(3)

Air ratio λair =
y0

O2
F0

air

j̄LW/4F
(4)

Power density PSOFC= j̄U (5)

Fuel efficiency ηSOFC= PSOFCLW

(y0
CH4

LHV0
CH4

+ y0
H2

LHV0
H2

+ y0
CO LHV0

CO)F0
fuel

(6)

necessary to specify the average current density, fuel utili-
sation, and air ratio (from which the molar flux of fuel and
air are determined). Fuel utilisation is defined as the fraction
of the inlet fuel that is used to produce electricity, and the
air ratio as the excess air, in relation to that stoichiometri-
cally needed, that is supplied for cooling. The fuel efficiency
is defined as the fraction of the chemical energy in the inlet
fuel that is converted to electric power.Table 1presents the
mathematical definition of these performance factors. The re-
sulting system of partial differential and algebraic equations
is solved usinggPROMS ModelBuilder2.2.5[32], with the
finite difference integration method. All remaining details of
the model developed can be found in Ref.[16].

2.2. Possible control strategy

An effective control strategy aims to avoid any possible
failure conditions. These can include limitations in tempera-
ture variation, to avoid the thermal stresses described above,
practical limits on fuel and air flow rates, or a maximum al-
lowable variation of the electrochemical variables. Common
requirements for the operation of a SOFC include: controlling
the average stack temperature and guaranteeing that the out-
let gas temperature is as constant as possible (at least across
the full to 50% power operating range); maintaining the fuel
utilisation constant for all power outputs; and ensuring that
t ow-
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o mple
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b rbon
d

f the
S ntrol
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s only
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are monitored even if no control loop is implemented for their
control.

Two main control loops have been implemented: a mas-
ter controller that imposes a current density disturbance (as
if a change in power demand occurs) and sets the fuel and
air flow rates proportional to that current; and a typical
feedback proportional–integral–derivative (PID) temperature
controller that, given the outlet fuel gas temperature, responds
by changing the air flow around the default air flow set by the
master controller. The master controller maintains constant
fuel utilisation and air ratio according to the definitions given
in Table 1. In feedback control the objective is to reduce the
error signal between a pre-defined set-point and the measured
value of the controlled variable[33]. Under PID control, the
controller output depends on the error signal (proportional
action), on its integral over time (integral action), and on its
rate of change (derivative action). Such controllers have three
tuning parameters that can be adjusted to make the changes
in the controller output as sensitive as desired to deviations
between set-point and controlled variable. For the PID tem-
perature controller above, the controlled variable is the out-
let fuel gas temperature, the manipulated variable is the air
flow rate, and the set-point defined remains constant. Note
that the remainder of this paper distinguishes between open-
loop and closed-loop system response; closed-loop implies
that both the above control loops are active, whereas open-
l tion,
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ver, when the complete SOFC system is considered,
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eposition.

The present publication focuses on the behaviour o
OFC stack alone and on the discussion of a possible co
trategy that satisfies some of the above requirements.
emperature control is normally provided by varying the
atio, i.e., the supply of air for cooling. Although in pract
he stack temperature could be taken as the average rea
everal thermocouples placed at different locations, here
he outlet fuel gas temperature is controlled. Since the
uel and air temperature are set a priori (boundary condi
or the model), this approximation assumes that the vari
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or maximum allowed air flow rate). Previous publicati
28–30]on the open-loop load change behaviour of SO
ave assumed a constant fuel flow rate throughout any
hange.

In practice, one other control loop, not implemen
ere, would monitor the variation of cell voltage beca
f changes in current density and guarantee that such
ge does not fall below a certain specified value. A fuel
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.6–0.7 V, although higher or lower voltage values are

owed. This voltage range is a compromise between low
tal cost, efficiency, stable operation, and anode oxida
revention at low voltage.Table 2summarises the operati
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Table 2
Summary of limits on cell operation

Desired outlet fuel temperature (K) 1123
Allowed air ratio range 2–14
Desired operating voltage range (V) 0.6–0.7
Minimum allowed cell voltage value (V) 0.55
Maximum allowed local PEN temperature

gradient (K cm−1)
10

3. Simulation results and discussion

The model described above is able to predict the vari-
ous cell temperatures (fuel and air channels, PEN structure,
and interconnect), the gas composition (fuel and air chan-
nels), and all the electrochemical-related variables (open-
circuit voltage, activation, ohmic, and concentration overpo-
tential losses, terminal potential, current density) along the
cell length as well as their variation with time.

3.1. Initial steady-state conditions

To study the effect of load changes on SOFC performance,
an initial steady-state needs to be defined. For this steady-
state, the composition of the inlet fuel results from a fuel
mixture with a steam to carbon ratio equal to 2 after 10%
pre-reforming, where the shift reaction is at equilibrium. The
operating pressure is 1 bar and the temperature of the fuel and
air inlet streams is 1023 K. The current density considered is
0.5 A cm−2, with a fuel utilisation of 75%, and an air ratio
value of 8.93 (value chosen to achieve an outlet fuel temper-
ature of 1123 K). The remaining model input geometry and
property data can be found in Ref.[16].

The steady-state performance of such a SOFC, as well as
the impact of changes in inlet temperatures, fuel utilisation,
average current density, and flow configuration, have been
p di-

tions, the SOFC operates at an output voltage of 0.664 V,
a power density of 0.332 W cm−2, and a fuel efficiency of
46.8%.Fig. 3 illustrates some characteristic profiles for the
steady-state defined above: fuel channel component mole
fraction profiles, and fuel and air channels, PEN structure,
and interconnect temperature profiles along the cell length.

Fig. 3a demonstrates the impact of the simultaneous oc-
currence of the DIR, water gas-shift, and hydrogen oxida-
tion reactions. At the entrance of the fuel cell, and due to
the high methane content, the reforming reaction is much
faster and the methane is consumed rapidly, producing hy-
drogen and carbon monoxide. Once most of the methane is
consumed, the hydrogen oxidation reaction becomes dom-
inant and the consumption of hydrogen and production of
steam can be clearly seen.Fig. 3b shows that the cell tem-
perature increases along the direction of fuel and air flow,
with the maximum temperature occurring at the outlet. Al-
though the reforming reaction is known to be strongly en-
dothermic, the total heat consumed by the DIR reaction rep-
resents only 45% of the total heat produced in the cell, and
only a slight local cooling effect caused by this reaction is
observed at the cell entrance: the fuel channel temperature
decreases by 53 K in relation to its inlet value (the equivalent
temperature decrease in the PEN structure is around 17 K).
However, it should be pointed out that, while this is true for
the operating conditions and kinetic data used in the present
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p DIR
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F annels ell le
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reviously illustrated[16]. For the above operating con

ig. 3. Fuel channel component mole fractions (a) and fuel and air ch
he initial steady-state conditions.
odel, temperature gradients due to DIR should alway
arefully monitored. If these prove to be detrimental for
peration of a particular SOFC, the degree of methane
eforming (here set to 10%) and the anode material (m
recisely, its activity to steam reforming) are some of

actors that may be manipulated. For the remaining of
aper and as the PEN temperatures gradients due to
ever exceed the maximum defined inTable 2, only the tem
erature gradients due to the heat accumulation along th
ow direction are monitored (Figs. 5 and 11). Finally, all the

, PEN structure, and interconnect temperature (b) profiles along the cngth for
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Fig. 4. Open-loop (a) and closed-loop (b) transient response of the outlet fuel temperature for 0.5 (initial steady-state conditions) to 0.3, 0.4, 0.6, and 0.7 A cm−2

load step-changes.

Fig. 5. Closed-loop air ratio transient response for 0.5 (initial steady-state
conditions) to 0.3, 0.4, 0.6, and 0.7 A cm−2 load step-changes.

conditions inTable 2are satisfied for these initial steady-
state conditions: the overall fuel stream temperature increase
along the cell is 100 K and, although the maximum temper-
ature difference in the PEN structure is around 148 K, the

maximum local PEN temperature gradient does not exceed
8.3 K cm−1.

3.2. SOFC stack response to load step-changes: fixed
PID controller set-point

Figs. 4–8 illustrate the transient stack behaviour, un-
der open-loop and closed-loop conditions, when load step-
changes from 0.5 to 0.3 and 0.4 A cm−2 (negative load
changes) and to 0.6 and 0.7 A cm−2 (positive load changes)
are imposed. These four disturbances were chosen to illus-
trate the stack behaviour when both positive and negative
symmetric load changes occur.Table 3presents the corre-
sponding new steady-state values of some relevant variables
(outlet fuel temperature, cell potential, fuel efficiency, and
air ratio) for both the open-loop and closed-loop cases. Note
that the PID controller implemented has not been compre-
hensively tuned; the parameters used (controller gain = 0.5
(reverse action), reset time = 100, derivative time = 100, and
derivative time limit = 100) were found to provide fast system
response, although oscillations for negative load changes are

Fig. 6. Open-loop and closed-loop transient response of the cell potential (a ,
and 0.7 A cm−2 load step-changes. The dashed lines in (a) show the desirabl
) and cell power output (b) for 0.5 (initial steady-state conditions) to0.3, 0.4, 0.6
e operating voltage range.
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Fig. 7. Open-loop (a) and closed-loop (b) transient response of the maximum PEN structure temperature gradient for 0.5 (initial steady-state conditions) to 0.3,
0.4, 0.6, and 0.7 A cm−2 load step-changes. The dashed lines show the maximum allowed local PEN temperature gradient.

Table 3
Initial and new steady-state values for 0.5 to 0.3, 0.4, 0.6, and 0.7 A cm−2 load changes

Final current density (A cm−2)

0.5 0.3 0.4 0.6 0.7

Initial Open-loop case

Outlet fuel temperature (K) 1123 1093.2 1108.6 1137.2 1150.8
Cell potential (V) 0.664 0.733 0.695 0.638 0.616
Fuel efficiency (%) 46.8 51.7 49.0 45.0 43.5

Closed-loop case

Cell potential (V) 0.722 0.691 0.640 0.617
Fuel efficiency (%) 50.9 48.7 45.1 43.5
Air ratio 6.10 7.47 10.5 12.3

still observed. The desired outlet fuel temperature and, thus,
the PID controller set-point is, according toTable 2, 1123 K.

Fig. 4 presents the outlet fuel temperature transient be-
haviour after the introduction of the above load disturbances.

Fig. 8. Closed-loop PEN structure temperature profile at the new steady-
state for 0.5 (initial steady-state conditions) to 0.3, 0.4, 0.6, and 0.7 A cm−2

load step-changes.

As can be seen, for the open-loop case (no temperature con-
trol), the temperature increases for positive load changes and
decreases for negative ones, while for the closed-loop case,
the PID controller successfully and progressively brings the
temperature back to the specified 1123 K set-point. The con-
troller takes around 1000 s to stabilise the outlet fuel temper-
ature (the fuel residence time varies from 0.71 to 0.30 s).

Fig. 5presents the air ratio transient variation that results
from the PID controller action. As mentioned before, the fuel
and air flow rates are set by the master controller to follow
any variation in current density, keeping the fuel utilisation
and air ratio constant. This occurs for both open-loop and
closed-loop cases. The air flow rate (air ratio) is varied by the
PID controller around the value set by the master controller
to maintain the outlet fuel temperature at the desired set-point
(closed-loop case only). As seen fromFig. 5, the air ratio in-
creases/decreases for positive/negative load changes to avoid
the fuel temperature increase/decrease that would otherwise
be observed (Fig. 4a). The controlled variable for the 0.5 to
0.3 A cm−2 load change case (Fig. 4b) presents more oscil-
lations than for the other cases. In addition, it is important
to point out that, for higher negative load step-changes (for
instance, 0.5 to 0.2 or 0.1 A cm−2), the control strategy pro-
posed is no longer able to take the system temperature to



144 P. Aguiar et al. / Journal of Power Sources 147 (2005) 136–147

the specified set-point, and irreversible and progressively in-
creasing oscillations are observed instead. This can be ex-
plained by two contributing factors. The first one is related to
the limitations associated with the use of a PID controller: a
PID controller can only guarantee a good performance if any
introduced disturbance does not imply a significant change
in the operating point, i.e., if the new steady-state is not con-
siderably different from the initial one. The second factor is
related to the fact that, as the magnitude of the negative load
change imposed increases, the controller reduces the air ratio
to an extent where the cell operation becomes very sensitive
to any further changes, resulting in the oscillations described.
An alternative control approach, found more appropriate for
significant load changes, is discussed in the next section. Al-
though for high positive load changes such oscillations are
not observed, it is believed that such an alternative approach
is also beneficial in these cases, as it allows for the reduction
of the otherwise very high cell temperature, while avoiding
excessively high air flow rates.

Fig. 6presents the transient response of both the cell po-
tential and the cell power output for the same conditions as
above. It can be seen that the intermediate period between
the imposed disturbance and the new steady-state is char-
acterised by an undershoot (for positive load changes) or
an overshoot (for negative load changes) of the cell poten-
tial. As is well known, a SOFC is less/more efficient for
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.3. SOFC stack response to load step-changes:
djustable PID controller set-point
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Fig. 9. Open-loop and closed-loop transient response of the outlet fuel tem-
perature for 0.5 to 0.2 and 0.3 A cm−2 load step-changes for an adjustable
controller set-point.

been, at this stage, chosen by the authors, this could be a
value predicted by a model-based technique. Only negative
load changes are used to illustrate this new control approach,
although a similar approach could also be applied for high
positive load changes (to avoid excessive air flow rates). The
case where a load disturbance from 0.5 to 0.3 A cm−2 is in-
troduced is repeated here to compare the system performance
under both control strategies. The case where a load distur-
bance from 0.5 to 0.2 A cm−2 is introduced was chosen to
demonstrate that the successful performance of a particular
cell under a given load disturbance depends largely on the
control strategy adopted.Figs. 9–11illustrate the transient
stack behaviour, under open-loop (OL) and closed-loop (CL)
conditions for the disturbances just described. There are two
closed-loop sub-cases: fixed set-point (FSP) and adjustable
set-point (ASP). As for the controller parameters, the values
presented in Section3.1are also used here.Table 4presents
the corresponding new steady-state values.

Fig. 9 presents the outlet fuel temperature transient be-
haviour after the introduction of the above load disturbances.
As can be seen, for the closed-loop ASP case, the PID con-
troller successfully and progressively takes the temperature
to the specified set-point of 1098 and 1073 K (adjustable set-
point) for a load change from 0.5 to 0.3 and 0.2 A cm−2,
respectively. Note that, by applying such a temperature de-
crease, both the open-loop and closed-loop cases have similar

Fig. 10. Closed-loop air ratio transient response for 0.5 to 0.2 and 0.3 A cm−2

load step-changes for both fixed and adjustable controller set-point.

Fig. 11. Open-loop and closed-loop transient response of the maximum PEN
structure temperature gradient for 0.5–0.2 and 0.3 A cm-2 load step-changes
for both fixed and adjustable controller set-point. The dashed lines show the
maximum allowed local PEN temperature gradient.

final temperatures. FromFig. 9, it can be seen that the outlet
fuel temperature takes around 1000 s to stabilise.

Fig. 10presents the closed-loop air ratio transient response
for 0.5 to 0.2 and 0.3 A cm−2 load step-changes for both
fixed and adjustable controller set-point cases. No FSP case is
shown for the case of a step load change of 0.5 to 0.2 A cm−2

as no stable solution exists for this case. As can be seen
from Fig. 10, the final air ratio for the 0.5 to 0.3 A cm−2 load
change case with an ASP is higher than the one with a FSP

T
N

0.3

SP OL CL-FSP CL-ASP

O 1 1093.2 1123.2 1098.1
C 784 0.733 0.722 0.731
F 3 51.7 50.9 51.6
A 48 8.93 6.10 8.29
able 4
ew steady-state values for 0.5 to 0.2 and 0.3 A cm−2 load changes

Final current density (A cm−2)

0.2

OL CL-A

utlet fuel temperature (K) 1076.2 1073.
ell potential (V) 0.783 0.
uel efficiency (%) 55.2 55.
ir ratio 8.93 9.
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(in accordance with the set-point decrease) and for the 0.5
to 0.2 A cm−2 load change case a stable performance is now
possible. The small changes in air ratio implemented by the
controller lead to the small temperature differences observed
in Fig. 9 between the open and closed-loop cases. It can be
observed that the air ratio takes longer to stabilise than the
outlet fuel temperature.

The transient response of the cell potential is similar to
the results inFig. 6a. The final potential value for the 0.5 to
0.3 A cm−2 load change case with the FSP approach is lower
that the one for the ASP approach (seeTable 4), as the average
cell temperature for the former case is lower (even though the
outlet cell temperature is higher).

Fig. 11presents the transient response of the maximum
PEN structure temperature gradients. While in Section3.2
it was concluded that a FSP control approach leads to high
temperature gradients for negative load changes, it can be
seen that the new ASP approach is efficient in decreasing
those gradients.

4. Concluding remarks

The dynamic response of a planar intermediate-
temperature anode-supported direct internal reforming SOFC
to several current density step-changes has been presented.
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There are also some issues related to the control strategy it-
self. While a PID feedback approach has been adopted here,
a number of other more refined control strategies could easily
be applied to the fuel cell field. In the case of model predictive
control, for instance, the control algorithm would predict a
priori the outlet fuel temperature expected after the measured
load change and take the necessary advanced control action
to avoid any temperature increase or decrease. Nevertheless,
the results presented above seem to imply that, although the
operation of a solid oxide fuel cell is complex, both the cell
temperature variation and the air ratio required for control-
ling it can be easily predicted after a current density change
(within a certain range). Therefore, in addition to a typical
PID control, use could be made of a simple entry driven table
that would automatically decide on the new air ratio value
(the PID controller would always be in place for safety rea-
sons). An equivalent approach could be applied together with
the adjustable set-point control approach, where such a table
would provide the appropriate set-point values. This simpli-
fied approach would be helpful in the more realistic case of
frequent load changes for which a faster system response is
needed.
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