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Abstract

This paper presents a multi-loop control strategy for a SOFC/GT hybrid system. A detailed dynamic model of the system is presented and its
part-load performance is studied. The control objectives are discussed, with the main issue being a fairly constant fuel cell temperature under all
conditions. Based on the system configuration and part-load performance, input and output variables of the control system are detected. Control
cycles are introduced and their design is discussed. The responses of the resulting system on load changes, external disturbances as well as
malfunction and degradation incidents are investigated. The system is stable under all incidents. An error in fuel flow measurement or assumed
f
n
©

K

1

t
i
c
T
a
l
p

w
t
m
s
q
o

i
t

b
r

0
d

uel quality provokes a steady-state fuel cell temperature offset. For a degraded system, it may be advisable to readjust the control system to the
ew characteristics.
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. Introduction

A large amount of modelling work [1–4] and a demonstra-
ion plant [5] have proven that a solid oxide fuel cell (SOFC)
ntegrated with a gas turbine (GT) has a potential for high effi-
iency electricity production with low environmental emissions.
he good scalability of such systems makes them especially
dvantageous for distributed generation. Provided that quick
oad-following is feasible, stand alone power generation is a
ossible application.

However, SOFC/GT hybrid systems face many challenges
hen it comes to load change and part-load operation. A gas

urbine alone has good dynamic properties, but part-load perfor-
ance can be rather poor. At any operation point, compressor

urge must be prevented. A SOFC is generally able to respond
uickly to load changes [6], but it might be destroyed or seri-
usly degraded either due to thermally induced stresses caused

Abbreviations: SOFC, solid oxide fuel cell; GT, gas turbine; FU, fuel util-
sation; AU, air utilisation; TIT, turbine inlet temperature; TOT, turbine outlet
emperature; IIR, indirect internal reforming

by different thermal expansion coefficients in the cell materials
or from carbon deposition at the anode. Another phenomenon
that may occur during load change is backflow of gas from the
burner to the anode cycle, exposing the anode to oxygen. These
incidents must not occur in any operation instance. Furthermore,
for high efficiency and low degradation of the fuel cell due to
thermal cycling, the fuel cell temperature should remain fairly
constant during operation. The fulfilment of the mentioned tasks
requires a comprehensive control strategy.

Results from part-load operation modelling have already been
discussed by some authors. Costamagna et al. [7] investigated
a hybrid system using a non-dimensional tubular SOFC model.
In all simulations they assumed constant fuel utilisation (FU). If
shaft speed was assumed constant, power output could only be
controlled by varying the fuel flow. These simulations showed
large variations in air utilisation (AU) and loss of efficiency for
fixed shaft speed when operating at part-load. For variable shaft
speed, however, AU and FU as well as SOFC inlet temperatures
could remain fairly constant in part-load operation with only a
small penalty on system efficiency. This effect was mainly due
to increased recuperator efficiency owing to reduced air flow
rate.
∗ Corresponding author. Tel.: +47 735 93723; fax: +47 735 98390.
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Campanari [8] also used a non-dimensional tubular SOFC
model to investigate the hybrid system. Assuming constant FU
of 80%, for constant shaft speed he suggested reducing AU and
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.09.010
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Nomenclature

Symbols
AF air flow (relative to design value)
c concentration (mol m−3)
cp heat capacity at constant pressure (J kg−1)
cs heat capacity of cell solid (J kg−1)
FF fuel flow (relative to design value)
GP generator power (relative to design value)
h heat transfer coefficient (W m−2 K−1)
I moment of inertia (kg m2)
k thermal conductivity (W m−1 K−1)
ṁ reduced mass flow
n reduced shaft speed
P power (relative to design value)
Pb shaft power balance (W)
rij turnover of species i in reaction j (mol m−3 s−1)
rs radius of cell solid wall (m)
SM surge margin
t time (s)
T temperature (K)
TF temperature of fuel leaving the cell (relative to

design value)
v gas velocity (m s−1)
z axial direction (m)

Greek letters
ηm mechanical efficiency
π pressure ratio
ρ density (kg m−3)
ω angular shaft speed (rad s−1)

Indexes
∞ ambient
comp compressor
g gas
gen generator
i species
s cell solid
setp setpoint
surge surge condition
turb turbine

current density for part-load. This approach will reduce power
output of the SOFC as well as the turbine inlet temperature (TIT)
and consequently the power output of the GT. For variable shaft
speed he suggested to reduce air flow rate and current density
to maintain a constant AU. However, a reduction in air flow rate
leads to pressure reduction and therewith higher turbine outlet
temperature (TOT) and thus higher recuperator outlet tempera-
tures. Campanari concluded that for maintaining constant TIT,
the current density has to be reduced further.

Chan et al. [3] also investigated a non-dimensional tubular
SOFC-type in a hybrid system. In their system, power is reduced
by shifting the load from the SOFC to the GT through introduc-
ing fuel to the combustor, which results in strong reduction of

the system efficiency. This method also implies that a SOFC
bypass should be implemented for both fuel and air. Due to the
low part-load efficiency, they state that this method is mainly for
short term load reduction. The aim was to maintain a relatively
high SOFC temperature.

Pålsson and Selimovic [9] used a two-dimensional planar
SOFC model for part-load studies. Design point was set where
the compressor flow matched the cooling requirement of the
SOFC. They introduced an air heater/cooler prior to the SOFC
entry in order to meet the requirements for the air inlet temper-
atures at part-load operation. TIT was kept constant and shaft
speed was varied. At part-load operation, increased FU and low
GT part-load efficiency led to increased power contribution from
the SOFC. Due to the problems associated with matching of
the system components, they concluded that the load range for
hybrid systems should be limited to 55–100%, corresponding to
a load variation of the GT of 20–100%.

Kimijima and Kasagi [10] studied part-load of a 30 kW sim-
ple recuperated cycle using a non-dimensional SOFC model and
compared variable and fixed shaft speed operation. FU was kept
constant, even though it is mentioned that FU could be increased
at part-load operation. They conclude that variable shaft speed
operation is favourable in terms of part-load performance; how-
ever the higher TOT could cause problems.

Some of the authors of the present work have recently
presented a complex model of a SOFC/GT system [11]. Perfor-
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ance maps were introduced to illustrate the variations of the
ost important parameters over the two degrees of freedom,

amely shaft speed and fuel flow. Based on these maps, it
as found that strategies with fairly constant temperatures

n the SOFC seem feasible but require a feedback control
ystem for safe operation. Responses of the non-controlled
ystem on variations of shaft speed and fuel flow were briefly
tudied.

All above-mentioned authors have identified inlet and out-
et gas temperatures as well as air and fuel utilisations of the
OFC as important parameters for part-load operation of hybrid
ystems. Maintaining a constant SOFC operation temperature is
mportant to avoid thermal cracking, but this might be difficult
o achieve at reduced pressure as the TOT and consequently the
ecuperator outlet temperature increases.

A few studies on control layout and load-following of high
emperature fuel cell systems and hybrid systems have been
ublished so far. Zhu and Tomsovic [12] have studied the load-
ollowing of microturbine and fuel cell system models, however
ot as a hybrid system but as separate systems coupled together
n a power network. Response time of approximately 10 and 30 s
ere observed for load increase in the microturbine and SOFC

ystem, respectively. The slow SOFC response was mainly due
o the slow dynamics of the fuel processor. It was concluded that
oad-following in a network is to be provided mainly by micro-
urbine systems. Jurado [13] designed a control system for a

olten carbonate fuel cell indirectly integrated into a gas tur-
ine. Controllers for the gas turbine and fuel cell are introduced;
owever no coupling between these is established. Both refer-
nces do not regard the thermo- and gas-dynamical processes
uring and subsequent to load changes.
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The aim of the current work is to present a comprehensive
control layout for a hybrid system. A detailed dynamic model
of a tubular SOFC system integrated into a simple recuper-
ated GT cycle as the basis for the investigation is described.
The steady-state behaviour of the system is displayed in per-
formance maps. Next, control objectives and the nature of dis-
turbances influencing the system are discussed. A combined
feedback–feedforward control layout is introduced. From the
performance maps, an appropriate operation line is selected and
the feedforward section is tuned to it. Feedback controller tuning
is discussed. As a result, the responses of the controlled system
to certain load changes and disturbances are studied.

2. Hybrid cycle model

The investigated hybrid cycle is shown in Fig. 1. The SOFC
system design (inside the vessel in Fig. 1) is similar to that of
Siemens–Westinghouse [14,15]. The model incorporates indi-
rect internal reformer (IIR), afterburner and recirculation and
mixing chamber, where part of the anode exhaust gas is admixed
to the fresh fuel in an ejector in order to supply steam to the steam
reforming and shift reaction. Required valves for start-up, shut-
down and failure have not been included.

Since the last study [11] with this hybrid cycle model, the
reforming section has been improved. Furthermore, heat loss

from the stack by radiation has been added and the activation
and diffusion potential models have been refined. The models
are described below.

2.1. SOFC

The SOFC model is spatially discretised and fully dynamic
in terms of gas transport and heat transfer, allowing the study
of temperature distributions. Gas flows are treated as 1D plug
flows:

∂ci

∂t
+ vg

∂ci

∂z
=

∑

j

ri,j (1)

The solid structures are modelled by a 2D discretisation scheme
in axial and radial direction, neglecting effects in the circumfer-
ential direction. Heat conduction in solid structures is calculated
by

dTs

dt
= ks

csρs
∇2Ts (2)

Internal reforming is implemented using the kinetic approach of
Achenbach [16] for steam-methane reforming, while the water-
gas shift reaction is assumed to be always in equilibrium. The
model calculates the local electrical potential balance, account-
ing for the effects of activation (Butler–Volmer) and diffusion
Fig. 1. Hybrid cycle layout and design point values (s
quare marked values remain always constant).
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potentials (Fick’s law and Knudsen diffusion) and ohmic resis-
tance. The constants used in the Butler–Volmer equation have
been estimated based on measurement data from Singhal and
Kendall [17]. For the heat transfer between the solids and the
gases, Newton’s law of cooling is applied in the following way:

∂(Tgcp;gρg)

∂t
+ vg

∂(Tgcp;gρg)

∂z
= 2h

rs
(Ts − Tg) (3)

Spatially discretised radiation heat exchange is included
between the cathode surface and the air supply tube. Further-
more, the anode radiates to the IIR to supply heat for the reform-
ing reaction, and to the casing wall, leading to heat loss to the
environment. Friction losses in the gas channels are accounted
for by the Reynolds number approach.

2.2. Anode recirculation loop and reformers

In order to supply steam for the reforming process, a certain
part of the anode exhaust gas must be recycled. The suction of
the recycle stream and the mixing with the fresh fuel is per-
formed by an ejector. High induced (recycle) flow rates at low
pressure differences are typically achieved by subsonic mixing
ejectors. The actuating flow is accelerated to supersonic speed
in a Laval nozzle before it enters the mixing chamber. The ejec-
tor model is based on section-wise momentum balances and has
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upstream. In practice, difficulties may appear with reliably com-
busting highly depleted fuel.

The burner exhaust preheats the inlet air by a counter-flow
tube-shell set-up, where the tube is the prolongation of the fuel
cell air supply tube. The model accounts for thermal inertia,
pressure loss and gas residence times, using the same approaches
as in the SOFC model.

The recuperator heat exchanger is a stack of counter-flow
plate-fin type. A two-dimensional distributed model is applied
that accounts for thermal inertia, pressure loss and gas residence
times. The recuperator model is based on data and relations from
Kays and London [19].

2.4. Gas turbine

The gas turbine features map-based steady-state turboma-
chinery models, a shaft model accounting for rotating mass
inertia, power electronics and ducts.

The compressor is based on the performance map of a small
centrifugal research compressor by the German Aerospace Cen-
tre, found in a map collection from Kurzke [20]. The map is
understood as a generic radial compressor map. Therefore it has
been scaled in terms of reduced mass flow, pressure ratio and
shaft speed to fit the design case. The map has been modelled
using polynomials of fourth and fifth order for reduced mass
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een validated against data from Marsano et al. [18]. Pressure
osses are included by a fixed throttle valve. Ejector behaviour
s difficult to model without experimental validation and hence
practical ejector might differ from the model.

Before entering the anode, the gas leaving the ejector passes
hrough two reformers: an adiabatic pre-reformer and an inter-
al indirect reformer (IIR). The pre-reformer is modelled as
non-dimensional Gibbs equilibrium reactor where reforming

nd water-gas shift reactions take place. It is meant for cracking
ny higher hydrocarbons in the fuel gas and reform a part of the
ethane until equilibrium is reached. To account for reaction

inetics, a difference between the actual outlet temperature and
he equilibrium temperature of 20 K is assumed.

The IIR is situated downstream the pre-reformer and it is
ased on Gibbs equilibrium. The gas is assumed to be reformed
hile flowing downwards rectangular ducts. The duct walls are

oupled to the fuel cell anode by radiation. The latter is discre-
ised in flow direction. A view factor is adjusted in the design
alculation to meet the desired reforming degree. Gas residence
ime in the reformer is accounted analogously to the SOFC

odel (Eq. (1)). For accurately modelling reformer behaviour,
ts geometry and reaction kinetics must be regarded. For the
resent study, the modelling approach including thermal inertia
f the reformer wall is however rated as sufficient.

.3. Burner and recuperators

The burner is modelled non-dimensionally and adiabatically
nd completely combusts the remaining anode exhaust gas
ogether with the cathode air. The mixing cathode and anode
xhaust streams causes pressure equalisation of these flows
ow, pressure and efficiency as functions of reduced shaft speed
nd operation (�) line. A surge margin (SM) is calculated as
ollows:

M = πsurge(ṁ) − π(ṁ, n)

π(ṁ, n)
(4)

here π(ṁ, n) is the actual pressure ratio at the actual reduced
ass flow and reduced shaft speed and πsurge(ṁ) the surge pres-

ure ratio at the actual reduced mass flow.
The turbine is based on the performance map of a small radial

urbine [20] which also is scaled to fit the design case. An ellipse
pproach has been used for the relationship between reduced
ass flow, reduced shaft speed and operation (�) line. Pres-

ure ratio and efficiency have been modelled by a polynomials
pproach.

Generator and power electronics account for transformation
fficiencies which are assumed to be constant. A constant power
ink accounts for power consumption of auxiliaries and trans-
ormation efficiency decrease at low load.

The shaft model includes acceleration/deceleration of the
haft through moment of inertia of the moving parts:

dω

dt
= Pb

Iω
(5)

here ω is the angular shaft speed in rad s−1, I the moment of
nertia in kg m2, and Pb the power balance:

b = ηmPturb − Pcomp − Pgen in W (6)

he ducts have the purpose to account for gas residence time
n the piping. Heat and pressure losses and thermal inertia
f the ducts and gas turbine components are neglected, as
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they are considered to be minor compared to the SOFC sys-
tem. This might lead to a slight overestimation of the system
efficiency.

2.5. Complete model

The complete model is implemented in gPROMS [21], a pro-
cess modelling tool based on an equation oriented solver. The
strength of the equation oriented approach is that there is no
fixed input–output structure. In fact, a certain number and com-
bination of variables must be specified in order to achieve a valid
equation system, but many degrees of freedom remain in choice
of variables. As an example, either voltage or current of the fuel
cell model may be specified.

The resulting system model consists of approximately 14,000
algebraic and 2300 state variables. The simulations were per-
formed on a 2.5 GHz Intel Pentium-4 processor PC. Calculation
time for a steady-state point was approximately 5–10 s. The
solver used for dynamic calculations (SRADAU) varies time
increments, thus calculation time depends on the occurrence of
discontinuities and momentary fluctuation rate of the variables.
A calculation time of about 5 min was required for the load
change studies shown below, while the load profile simulation
required about 20 h.

3. Design case and steady-state part-load behaviour
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idence times before and after the pre-reformer account for the
actual pre-reformer residence time.

• The fuel utilisation (FU) is determined from current and fuel
flow, as these parameters can be measured in a real system.
Setting FU constant hence means maintaining a constant ratio
of current to fuel flow. While this in steady-state provokes a
constant content of combustibles in the anode exhaust gas,
the content may vary during dynamic operation due to pres-
sure change and gas transport delay. Due to the variations in
heating value of the exhaust gas, severe oscillations in burner
temperature may occur during load change. The common fuel
utilisation value of 85% has been chosen.

• The ejector has been dimensioned for supplying a steam to
carbon ratio of 2 in the design point. The difference in static
pressure of induced and actuating gas flow in the mixing
zone is vital for the ejector performance. According to Johan-
nesen [23], a lower actuating flow pressure than induced flow
pressure causes a strong reduction in induced flow rate. In
contrast, a higher actuating flow pressure does not signif-
icantly increase induced fluid flow rate. For being able to
reduce the fuel flow rate for part-load operation while main-
taining a high recycle ratio, the inlet pressure of the actuating
fluid at design point must be high. A value of 23.7 bar was
chosen for design point. It is assumed that natural gas is avail-
able at high pressure, and hence there is no need for a fuel
compressor.
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Before part-load behaviour can be studied, a design point
ust be defined. All relevant cycle data are displayed in Fig. 1.
ost of the data are similar to recent literature on hybrid cycles

3,7,8,10] and public data from Siemens–Westinghouse. Values
n the figure marked with a square are constant during all simula-
ions. The design point and system dimensioning is furthermore
ased on the following assumptions:

The system size is determined on the basis of the
Siemens–Westinghouse stack design which incorporates
1152 tubular cells [22] and 16 indirect internal reformers.
Pure methane is supplied as fuel.
The view factor for the radiation from the anode surface
to the IIR is equal for each cell and has been adjusted to
achieve a reforming degree of 80%. High external reforming
degrees cause flatter profiles of temperature and current den-
sity in the cell. Song et al. [15] report that the IIR exhaust gas
includes only a small amount of unreformed methane at the
Siemens–Westinghouse configuration.
The view factor for the radiation from the anode surface to the
stack casing has been adjusted in order to obtain a guessed
heat loss at design point. A value of 10 kW is regarded as
realistic and feasible.
A length of 0.5 m was chosen for the air preheat tube, yielding
a temperature increase of 208 K at design point. The length
of the air preheat tube significantly influences the SOFC tem-
perature.
The ducts have a length of 1 m and are dimensioned for gas
velocities of approximately 20 m s−1 at design point. The
residence times are calculated utilising the ideal gas law. Res-
The recuperator is dimensioned in order to achieve a high
amount of heat recuperation at tolerable size and pressure
drop.
The total moment of inertia for the rotating parts (tur-
bine, compressor, generator and shaft) is assumed to be
0.025 kg m2. This is equivalent to a rotating mass of 20 kg
and a mean radius of 5 cm. The moment of inertia influences
the power output during shaft acceleration and deceleration.
The generator is assumed to have a constant efficiency of
95%. The power electronics have constant efficiencies of 90%
for AC/AC and 95% for DC/AC conversion. As a compari-
son, von Spakovsky et al. [24] report values of 92–95% for
DC/AC conversion for a 5 kW system. In order to account for
power consumption of auxiliaries and the decreasing conver-
sion efficiencies at load reduction, a constant power loss of
5 kW was applied.

With the given design and assuming a constant fuel utilisa-
ion in steady-state operation, two degrees of freedom remain
or off-design operation, most pragmatically expressed by the
arameters of fuel and air flow rate. Fuel flow can be controlled
y a flow control valve. The air flow can be controlled through
he gas turbine system in various ways; such as variable shaft
peed, variable compressor inlet guide vanes or variable com-
ressor bleed. Their effect on the system is very similar. Shaft
peed variation is the option maintaining the highest efficiencies
nd the lowest pressure changes when reducing air flow. It was
herefore selected here. The shaft speed is controllable through
he power that is produced by the generator.

The free parameters air and fuel flow may be varied
ndependently from each other within certain limits. Each
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Fig. 2. Steady-state performance: power, efficiency and shaft speed.

combination determines a certain operation point of the system.
Figs. 2–4 show the steady-state behaviour of the parameters of
interest as a function of fuel flow (FF) and air flow (AF) relative
to their design values. Similar maps have been introduced
for an SOFC stack system [25] and a full hybrid system
[11].

In the blinded out regime on the upper left (low air and high
fuel flow), no steady-state operation exists. Transient simula-
tions have shown that the temperature in this regime is steadily
climbing far beyond the valid ranges and eventually causing
compressor surge. This is because enhanced effectiveness of the
heat recuperation loop and lower air excess ratio at lower airflow
causes TIT to increase.

In the lower right regime (high air and low fuel flow), the fuel
cell is cooled down strongly and therefore the voltage is low. As
it is not recommendable to operate in this regime, it is blinded
out for cell voltages lower than 0.3 V.

F
t

Fig. 4. Steady-state performance: pressure, steam-to-carbon ratio and reforming
degree.

A first result from the performance map is that reducing fuel
flow at constant air flow, i.e. going down a vertical line from the
design point, results in a strong reduction in temperatures and
therewith efficiencies.

The figures also show that a load reduction by linearly reduc-
ing fuel flow and air flow will lead into the unstable region.
Remaining in the stable regime therefore implies larger relative
reduction in fuel flow than air flow. This is a consequence of
the lower pressure ratio at lower shaft speed which results in an
increased TOT. The same behaviour is also confirmed in a study
by Costamagna et al. [7].

Surge margin and steam to carbon ratio do not reach any
alarming values in the shown operation range.

4. Control design

4.1. Control objectives

A suitable control strategy for normal operation must meet
the following objectives:

• Safe operation of the system: Incidents which may cause dam-
age to the fuel cell or other components must be avoided. Such
incidents are compressor surge or cell degradation due to ther-
mal cracking or too high temperatures, carbon deposition and
ig. 3. Steady-state performance: TIT, mean SOFC and fuel recycle tempera-
ure.
therewith blocking of the anode, and backflow of gas from
the burner to the anode cycle, exposing the anode to oxygen.
Compressor surge can occur in case of too high turbine inlet
temperature. The occurrence of thermal cracking is coupled
to the temperature and therewith stress profile in the cell. A
model for thermal stress calculation in tubular SOFC has been
developed recently at NTNU [26], however it is very compu-
tationally expensive and revealed a high degree of uncertainty
and sensitivity to exact material properties. Carbon deposition
occurs with too low temperatures and too low amount of steam
at the cell inlet. Anode backflow has been observed with the
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model used here during sharp pressure increases [11]. It is
therewith restricting the maximum allowed pressure increase
rate.

• Quick load-following and high efficiency: The selected con-
trol strategy should make it possible to follow a load profile
quickly and accurately and furthermore maintain a high effi-
ciency of the system in part-load operation.

• Long lifetime of the fuel cell: In addition to thermal cracking,
the fuel cell may be degraded due to thermal fatigue and high
local heat production rates [24]. The effect of thermal fatigue
may be reduced by reducing the thermal cycling amplitude.
Hence the mean cell temperature should be maintained as
constant as possible throughout any part-load operation. Local
heat production may be controlled by limiting the current
drawn from the cell.

• Governing external influences: The system must react on
external disturbances and adapt to changes in subcomponent
performance, caused for example by fuel cell degradation or
compressor fouling.

4.2. Analysis of the system

The hybrid cycle model is strongly non-linear and cannot be
easily linearised due to its complexity. Therefore, most of the
common controllability analysis techniques are not applicable
[27]. However, having mapped the part-load behaviour, the sys-
t
a

The system has only one outer control variable, which is
power. However, a certain operation strategy must be imple-
mented, and thus also fuel utilisation, air flow and SOFC tem-
perature have to be controlled. The manipulated variables are
current, fuel flow and generator power.

There is strong interaction among the manipulated and con-
trolled variables. However, as the required time scales are very
different for the different control issues, a multi-loop control
design may be applied without resulting in instabilities:

• Power is controlled by manipulating SOFC current due to its
quick dynamics (magnitude of less than one second).

• Fuel utilisation must hence be controlled by manipulating the
fuel flow (magnitude of few seconds).

• Air flow is controlled by manipulating the generator power
and thus adjusting the shaft speed (magnitude of 1 min).

• Cell temperature is controlled by adjustment of the air flow
setpoint (very slow).

The mentioned control loops are explained in detail in the
following sections. The resulting control system is sketched in
Fig. 5.

It must be pointed out that the control strategy presented
here is adapted to the behaviour of the described system. Even
though the shown parameters are only valid for this system, it is
e
o

em response is not so difficult to predict and thus the system is
nalysed manually.
Fig. 5. Control sys
xpected that the control strategy can be adapted to a real system
nce data of its true behaviour are available.
tem design.
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4.3. SOFC power controller

The fuel cell can respond very quickly to load changes, as it is
only limited by the electrochemical reaction restoring the charge
which has been drained by the load [12]. Typically, time con-
stants of below 1 s are assumed for a change in current [12,24].
For the primary control of power, it is therefore reasonable to
manipulate the fuel cell current. It is assumed that this is done
instantaneously by the power electronics subsystem which deter-
mines the operation point on the current–voltage line of the fuel
cell. However, there are some limitations that prohibit the arbi-
trary movement on this line:

• The fuel utilisation must be kept within certain bounds. A
too low FU leads to low steam content in the anode recycle
and high TIT and therewith the risk of carbon deposition and
compressor surge. A too high FU on the other hand leads
to steep internal temperature gradients in the fuel cell and
therewith advances thermal cracking. It is chosen to vary fuel
utilisation in the range from 75 to 90%.

• The cell voltage must not drop under a certain level, as there is
a maximum power output at an intermediate voltage (approx-
imately 0.5–0.6 V, depending on the operation state). Lower
voltage causes decreasing power in spite of increasing current
and is unfavourable. A minimum voltage of 0.52 V is chosen.
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flow change should not be undertaken without a corresponding
change in air flow, or the system will advance to unfavourable
conditions. In Fig. 3 it can also be seen that a constant mean
solid temperature is achievable over a load range from 40 to
approximately 105%. Moreover, this operation line features a
high efficiency in part-load. From the map data, a characteristic
line for the air flow as a function of fuel flow or power can be
developed which provides a setpoint to the air flow controller.
However, the fuel flow will tend to overshoot the target values
during load changes. This might cause instability in the system
if fuel flow is taken as input to the air flow setpoint calculation.
Hence, a controlled parameter is chosen, i.e. the produced power.
The result is a characteristic function for the air flow setpoint
(AFsetp) as a polynomial function of power (P) at constant mean
solid temperature of the shape AFsetp = f(P).

The setpoint together with the measured signal forms the error
for the air flow feedback controller, which is an indirect acting
proportional-integral-differential (PID) type. It manipulates the
generator power (GP) through sending a power setpoint to the
power electronics. We assume the power electronics to be able
to instantaneously adjust the power drawn from the generator to
this value.

With a given constant generator power, the system is at an
unstable equilibrium. Departing from steady-state, for example,
a step increase of the generator power will lead to deceleration
of the shaft speed. No new equilibrium will be found within
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The outcome is a multi-mode controller which switches
etween the modes of “normal operation”, “maximum FU”,
minimum FU” and “minimum voltage” to fulfil all above limi-
ations. In “normal operation” mode, the current is manipulated
o that the desired power of the whole system is produced.
mall load steps in the range of some kilowatts can be followed

nstantaneously, while for larger steps, the controller switches to
he mode “maximum FU” or “minimum voltage” in case a load
ncrease and “minimum FU” in case of a decrease.

.4. Fuel utilisation control

After a load change, the fuel utilisation must be reset to its
tatic value of 85%. This is achieved simply by an indirect acting
ntegral controller (integral time constant of 10 s), to which the
uel utilisation error serves as input and which manipulates the
etpoint of the fuel flow valve. If the SOFC power controller is
n “normal operation” mode, it will remain in this mode and the
uel utilisation will be reset to its static value. If it is in “max-
mum FU” mode, i.e. during a larger load increase, at first the
rror remains constant and the fuel utilisation controller will
ncrease the fuel flow in a linear ramp function. At the point
here the SOFC power controller can satisfy the power demand,

t switches back to “normal operation”, and the fuel flow ramp
attens to finally reach the new steady value. Zhu and Tomso-
ic [12] have previously shown a control strategy where fuel
tilisation is reaching a high boundary during load increase.

.5. Air flow control

The above-mentioned controllers fix the fuel flow. From
he performance maps (Figs. 2–4) it can be seen that a fuel
he valid bounds of shaft speed. By trial-and-error tuning, it has
een found that a PID type controller with a high gain of ∼8, an
ntegral time constant of ∼18 s and a differential time constant
f ∼0.8 s is able to control the shaft speed and air flow reliably,
tably and quickly. However, a too quick change of the air flow
ate is not desirable, as this may lead to anode backflow, inverse
eaction of system power due to high amplitudes in generator
ower and instability due to interference with the fuel utilisation
ontrol. In order to slow down the air flow change rate, the air
ow setpoint signal is smoothened by a rate limiter.

Air flow and shaft speed are directly coupled. Nevertheless,
or example a change in air density may lead to a higher required
haft speed for maintaining a certain air flow rate. Therefore the
haft speed must be monitored and overspeed protection must
e provided.

.6. Temperature control

Under ideal conditions, the above-mentioned strategy is able
o follow a load line while maintaining safe operation and con-
tant temperature. However, the strategy does not yet assure a
table cell temperature upon external disturbances as well as
hanges in system characteristics through degradation, or mea-
urement errors. Especially in the low load regime, the cell
emperature is very sensitive to the fuel flow. A small error of
–2% points (caused by valve measurement error or varying fuel
uality) may lead to steady-state temperature change of 50 K,
ven though it must be noted that the temperature advances very
lowly to its new steady value (in the magnitude of hours to
ays). As the control strategy must also ensure temperature sta-
ility, an additional feedback loop is required.
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An effective way to control the temperature by only influenc-
ing the power slightly is by manipulating the air flow (see almost
horizontal power iso-lines in Fig. 2). An obstacle is that the mean
cell temperature cannot be measured conveniently. However the
related temperature of the fuel leaving the cell (TF) can be mea-
sured, for example in the recirculation plenum.

An implicit relationship between the two temperatures is
established by once again determining a characteristic line. It
has been detected that apart from the load, the relationship is
dependent on the ambient air conditions. The setpoint of TF
is hence calculated as a second order polynomial function of
power, ambient pressure and ambient temperature; TFsetp = f(P,
p∞, T∞). The coefficients of this function have been fitted using
the least squares method on simulation results with constant
mean cell temperature.

The error from setpoint and measured fuel temperature is fed
into a slow, direct acting integral controller (integral time con-
stant of 20,000 s). A quicker controller would react too strongly
on load change dynamics which provoke a temporary error in
fuel temperature. The controller output signal is added to the
air flow setpoint entering the air flow controller. This method of
controlling a non-measurable variable indirectly by a measur-
able one is called inferential control [27].

5. System response results

5
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t
d
d
t
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“

is reached. Air flow advances gently to the new point of the char-
acteristics, while the fuel flow varies in order to keep the fuel
utilisation at its setpoint value. The values are fairly steady after
approximately 20 s. The cell temperature variation of approxi-
mately 2 K is due to the thermal inertia of the indirect internal
reformer, which causes the reforming degree at the cell entrance
to adapt slowly to the new steady-state. This affects the energy
balance of the cell and therewith causes the temporary tem-
perature variation. With greater time constants, the temperature
resets to its design value.

5.2. Large load change

For industrial applications, larger load changes than the above
may occur. In the following, the system response to a load change
of 100 kW (from rated power down to 53%) is investigated and
shown in Figs. 8 and 9. The setpoint power is reached after
approximately 11 and 57 s at the load decrease and increase,
respectively. The slower response at power increase is due to
the lower deviation of fuel utilisation from its setpoint. It is fur-
thermore technically required due to the risk of backflow from
the burner into the anode recirculation system during pressure
increase (this being not an issue at pressure decrease). A faster
load increase may be achievable through higher gain of the fuel
utilisation controller. Furthermore, the mean cell temperature
reaches a minimum of 29 K below the design point approxi-
m
a
T
T
c
l
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.1. Small load change

Small distributed networks supplying private households are
ssumed to have a maximum step change of power of about
0 kW (4.7% power). Figs. 6 and 7 show the system response
o a load decrease, respectively, increase of this step size around
esign condition over a logarithmic time axis. At the power
ecrease, the setpoint power is reached after less than 1 s without
he SOFC power controller reaching the “minimum FU” limit.
t the load increase, the SOFC power controller switches to

maximum FU” for approximately 3 s before the setpoint power

Fig. 6. Response to small load decrease (−4.7%).
ately 1100 s after the load decrease and a maximum of 35 K
bove design point approximately 600 s after the load increase.
his is again due to the IIR thermal inertia as mentioned above.
he presented control strategy is hence able to stabilise the mean
ell temperature in a bandwidth of 65 K under strong and quick
oad fluctuation.

.3. Load profile

To demonstrate the stability of the cell temperature during
oad-following, the system is exposed to a randomly generated
4 h load profile. It implies average 24 random steps per hour

Fig. 7. Response to small load increase (+4.7%).
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Fig. 8. Response to large load decrease (−47%).

with a maximum size of 10 kW. Furthermore, a day–night vari-
ation covering the full load range of 40–105% is superposed.
Fig. 10 shows the load line and the system parameters. Under
these conditions, the observed bandwidth of the temperature is
approximately 40 K. The strongest deviations result from steep
load increase and decrease.

5.4. Ambient pressure and temperature change

In practice, the system is exposed to external disturbances,
such as ambient pressure and temperature variation. These usu-
ally vary in the magnitude of hours. The response to a simul-
taneous temperature increase of 15 K and pressure decrease of

Fig. 9. Response to large load increase (+47%).

20 mbar over a time of 1 h, corresponding to a decrease of air
density of 8%, has been studied.

In Fig. 11 it can be seen that after the change, the mean cell
temperature increases about 7 K, as a higher air flow is required
under these conditions. As the temperature control considers the
measured ambient conditions, it is able to reset the cell temper-
ature to the original value, however in a time scale of several
days. It is therewith sufficient for compensating annual, but not
daily fluctuations.

The effect of ambient air density could be compensated very
quickly through a feedforward control which is providing an
additional correction of the air flow setpoint. However, it has
been shown that the cell temperature oscillations due to load
cycling are higher than the ones caused by ambient conditions.

nse to
Fig. 10. Respo
 load profile.
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Fig. 11. Response to change in ambient conditions (+15 ◦C, −0.02 bar).

Hence, it is not considered as necessary under the given condi-
tions.

5.5. Malfunction and degradation

The system characteristics shown in Figs. 2–4 are subject to
changes during the system life due to degradation of the com-
ponents. Furthermore, malfunction of the measuring may affect
system stability. It is hence important to check the stability of
the control system under these changed conditions.

In order to simulate fluctuation of load, we exposed the sys-
tem to a sinusoidal oscillation between 53 and 100% of power
with a period of 2000 s. Initially, the ordinarily working system
is at steady-state. At time zero, the following incidents occur

one at a time:

• Fuel cell degradation: An additional ohmic resistance is
implied on the fuel cell, provoking a voltage loss of 50 mV at
design current.

• Compressor fouling and degradation: Compressor design
efficiency, flow rate and pressure ratio are decreased by 3%.

• Fuel measurement malfunction: Fuel flow is overestimated by
5%. This incident is similar to a change in the heating value
of the fuel feed.

• Air measurement malfunction: Air flow is overestimated by
5%. Lower air flow leads to a higher mean SOFC temperature
and is thus challenging the temperature control.

The resulting mean cell temperature responses are shown in
Fig. 12. It can be seen that the temperature control system tack-
les all disturbances and the temperature always stays within an
acceptable range. Nevertheless, steady-state deviations of the
temperature occur in some cases. This is because the inferential
control scheme is disturbed by a changed relationship between
measured and controlled temperature. The effect is strongest
for fuel measurement malfunction, as this leads to a falsified
fuel utilisation, to which the system characteristics are very
sensitive. Precise and possibly redundant measuring of the fuel
flow and furthermore certainty of the fuel quality is thus recom-
mended. The fuel cell degradation simulation shows a high peak
o
t
n
p
o
b
l

se to
Fig. 12. Mean cell temperature respon
f the temperature shortly after the incident. However, degrada-
ion effects usually occur gradually, and this peak will therewith
ot occur in practice. On the other hand, an increase in the tem-
erature amplitude is also visible. This is due to mismatching
f the real and assumed characteristics and may be eliminated
y readjustment of the controller characteristics after a certain
ifetime.

malfunction and degradation effects.
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Beside the mentioned malfunctions, several other and more
severe malfunctions can occur, which the control system cannot
tackle. A practical control system must therefore supervise fur-
ther process parameters and if necessary run a safety shut-down
routine to protect the hybrid system. This however exceeds the
scope of this study.

6. Summary and conclusions

A powerful and flexible full dynamic model of a simple
hybrid system has been developed that allows the characterisa-
tion of part-load performance and testing of control strategies.
From the system configuration and part-load performance, the
following control-relevant aspects have been detected:

• The degrees of freedom for the system are fuel flow and air
flow. Furthermore fuel utilisation may be varied within certain
limits during transients.

• The part-load behaviour of the system shows the presence of
unstable regimes (no steady-state exists) at high fuel flow and
low air flow, and regimes with very low SOFC temperatures
at high air flow and low fuel flow.

• Operation with constant mean SOFC temperature is possible
within a wide load range, but the temperature is very unstable
in the low load regime. A feedback control of temperature is
therefore required.

•

•

h
S
t
p
b
r
l
t
t
t
o

f
f
a
m

•

•
•

•

between measured and controlled temperature is accounted
for.

• Fuel flow measurement errors or variations in fuel quality are
severe, as they falsify the calculated control variable of fuel
utilisation, which is an important parameter for the system
performance. An overestimation of fuel flow by 5% may lead
to a steady-state cell temperature offset of approximately 35 K
above the design value.

• The temperature variation increases with increasing fuel cell
degradation. It may therefore be advisable to readjust the con-
trol system characteristics after a certain system degradation.

The depicted quantitative data are only valid for the studied
model. However, the qualitative trends are expected to be similar
in a genuine system. Hence, the demonstrated methods can be
applied on a real system, given that relevant data of its behaviour
are available.
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