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Nadzorno vodenje 2.5 KW agregata s trdno oksidnimi gorivnimi celicami 

Delovanje agregata s trdno oksidnimi gorivnimi celicami (ang. solid oxide fuel cells) je mogoče 
izboljšati z nadgradnjo vodenja na spodnjem nivoju z nadzornim optimizatorjem. V prispevku 
predstavljamo nadzorni optimizator agregata, ki ne potrebuje matematičnega modela sistema. 
Optimizator maksimizira učinkovitost agregata in minimizira kršitve predpisanih omejitev s 
prilagajanjem referenčnih vrednosti za vodenje na spodnjem nivoju. Optimizacija se izvaja po 
metodi iskanja ekstrema, postopek optimizacije pa poteka samo na osnovi odziva agregata. 
Predlagani optimizator smo preizkusili na podrobnem fizikalnem modelu 2.5 kW agregata pri 
standardnem dnevnem profilu bremenskega toka za stanovanjske hiše. Simulacijski rezultati kažejo, 
da optimizator izboljša učinkovitost sistema za okoli 10 % v primerjavi z vodenjem na spodnjem 
nivoju in ohranja temperature sistema znotraj predpisanih mej. Zaradi svoje enostavnosti je 
primeren za uporabo na realnem agregatu. 

Abstract 

Operation of the SOFC power system can be improved by upgrading the low-level controllers 
with a supervisory optimizer. A simple, model-free supervisory optimizer for solid oxide fuel cell 
(SOFC) power systems is designed. The optimizer adjusts references for the low level controllers in 
a way to maximize electrical efficiency of the system and minimize violations of the prescribed 
limits. The optimization problem is solved by using the extremum-seeking approach where 
optimum is sought directly on the process. Proposed supervisory optimizer is assessed on a 
simulated detailed physical model of a 2.5 kW SOFC power system by applying standard daily 
current load profile of residential houses. Simulation results indicate that the optimizer improves 
efficiency of the system by approximately 10 % compared to the low-level controllers and keeps the 
system temperatures within the safe ranges. Due to its simplicity the optimizer appears appropriate 
for practical applications. 



1 Introduction 

Over the last few decades, the solid oxide 
fuel cells (SOFCs) have emerged as promising 
alternative power sources for combined 
generation of electricity and heat [1]. The main 
challenges in development and design of the 
SOFC power systems are to achieve high 
electrical efficiency and extend the life-time of 
fuel cells. Low efficiency and degradation of the 
fuel cells can be attributed to non-optimal 
operation of the system. The performance of the 
SOFC system can be improved by upgrading the 
low-level controllers with a supervisory 
optimizer. The objective of the optimizer can be 
to maximize electrical efficiency and to satisfy a 
number of constraints. 

Different control approaches have been 
proposed in the literature to optimize the 
performance of SOFC power systems. In [2], 
supervisory controller for the hybrid 
SOFC/battery power system was proposed. It 
controls power splitting between SOFC and 
battery. The simulation results illustrate 
improved electrical efficiency of the system 
while maintaining the battery state of charge at a 
reasonable level. In [3], a supervisory controller 
which combines the real time optimization of 
electrical efficiency and model predictive 
control was proposed. It was verified on a 
lumped dynamic model of the SOFC power 
system. The controller also includes correction 
terms based on the difference between the 
system measurements and model predictions. 
Simulation results showed that near-optimality 
can be obtained and constraints can be respected 
despite model inaccuracies and large variations 
in power demand. In [4], the experimental 
validation of the real-time optimization strategy 
proposed in [3] was presented. It was shown that 
the real time optimizer, which applies the static 
model of the system, was able to converge 
quickly and safely towards the optimum 
efficiency. In [5], hierarchical load tracking 
control of a grid-connected SOFC power system 
was proposed. The proposed control strategy 
maximizes electrical efficiency by utilizing the 

nonlinear programming optimization method. 
The control strategy was verified by simulation 
using the benchmark SOFC dynamic model. In 
[6], a dynamic model of the 1.5 kW SOFC 
power system was developed and optimal 
operating points, which deliver the maximum 
steady state system efficiency, were explored. 
From the model-based analysis the open-loop 
optimal operation strategy was derived. In [7], 
an optimization process including cubic 
convolution interpolation algorithm was 
proposed for efficiency optimization of the 
SOFC power system. The optimization was 
applied on the model of a 5 kW SOFC system to 
find optimal operating points under different 
current load. Resulted operating points were 
used to design static feedforward maps for 
control. 

In most of the papers it is assumed that the 
high precision model of the SOFC system is 
available and can be used to optimize the system 
performance. The approach used in this work is 
different. It is based on the idea to determine 
optimal performance of a system directly from 
the process. Such an approach is robust to 
discrepancy between the model and system and 
it can be easily implemented in practice. 

The work is organized as follows. In Section 
2, the model of SOFC power system, used for 
verification of the supervisory controller, is 
described. In Section 3, efficiency analysis of 
the SOFC power system is presented. In Section 
4, the optimization problem is formulated. In 
Section 5, the supervisory optimizer is 
described. In Section 6, the performance of the 
supervisory optimizer is verified by applying the 
daily current load profile. Finally the most 
important conclusions are drawn. 

2 Model of the SOFC power system 

The work is focused on the Hotbox SOFC 
power system. The Hotbox is an autonomous 
SOFC unit commercialized by the company 
SOLIDpower. It provides the net electric power 
of up to 2.5 kW. The main components of the 
Hotbox are: two SOFC stacks, a metallic after 
burner, a steam reformer and a heat exchanger 



as schematically shown in Figure 1. The 
atmospheric air is preheated in the heat 
exchanger and afterwards, directed to the stacks. 
In the reformer the natural gas reacts with water 
steam, and the reformed gas is led to the anode 
inlet channel of the stack. The electrochemical 
reactions in the stack consume hydrogen and 
oxygen. The anode outlet gas is combusted in 
the after burner whereas cathode outlet air is led 
to the heat exchanger. Hot exhaust gases leave 
the system and they warm up the incoming air. 
The system supplies heat to the heating circuit 
via the heat exchanger. All components that 
operate at high temperatures (700-1100°C) are 
enclosed into an insulating box, which separates 
them from external environment. 

 
Figure 1: Scheme of the Hotbox SOFC power 

system. 

A detailed physical model of the Hotbox 
system has been developed over many years and 
experimentally validated by Industrial Energy 
Systems Laboratory at the Ecole Polytechnique 
Federale de Lausanne (LENI-EPFL) [8, 9]. The 
Hotbox model is designed in gPROMS software 
[10]. Two SOFC stacks are modelled as a 
unique stack. A one-dimensional distributed 
model is used to model a cell within the stack. A 
static electrochemical model is used since the 
dynamics of electrochemical reactions is much 
faster than the dynamics of flows and 
temperatures in stacks and other components of 

the system. The details of the stack model can 
be found in [8, 9]. The model of the reformer 
includes the methane reforming and water-gas-
shift reactions. The reaction rates are calculated 
from the stoichiometry of reactions and the 
reaction exponential factors [8, 9]. The heat 
exchanger, the cathode inlet channel and the 
burner air channel of the Hotbox are modelled 
according to gPROMS library [10]. 

3 Efficiency analysis 

Efficiency analysis is based on the results 
from steady-state simulation, performed on 
model of Hotbox system which includes low-
level controllers (see Figure 3). The low-level 
controllers have been presented in details in our 
previous work and have the same properties as 
described in [11]. The only difference is that the 
PI controller of Tin is not applied in this case due 
to its minor effect on stack temperatures. The 
low-level control system thus consists of four 
feedforward and two PI controllers. 

The objective of the analysis is to find 
appropriate references of the low-level 
controllers which should be adjusted to 
maximize electrical efficiency of the system. 

The electrical efficiency was calculated as 
the ratio of the generated electrical power to the 
total power obtained by burning the fuel: 
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where Pel is stack electrical power, Pbl is the 
blower power, QCH4 is the methane flow rate 
(mol s-1) and LHV (802.321 kJ mol-1) is the 
lower heating value of methane. 

The dominant parasitic losses of the system 
are assumed to be mainly related to the air 
blower consumption. This consumption was 
estimated from the following equation [12]: 
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where Cp,air is air heat capacity (29.1 J mol-1K-1), 
Tamb is ambient air temperature (298 K), pamb is 
ambient air pressure (101.325 kPa), effbl is 



blower efficiency (0.6), γ is air heat capacity 
ratio (1.4) and Qair is air flow rate (mol s-1). 

The blower outlet air pressure pout was 
assumed proportional to the blower air flow 
rate: 

ambairblout pQkp    (3) 

where kbl is the ratio of the blower air pressure 
to the air flow rate (18.6 kPa s mol-1). The value 
of the effbl was estimated from the blower data 
of the Hotbox power system [9]. 

A steady-state efficiency analysis was 
performed with different combinations of 
reference values. Three electrical efficiency 3D-
plots were drawn (see Figure 2). The efficiency 
as a function of burner lambda (λburner) and fuel 
utilization (FU) is shown in Figure 2a. In Figure 
2b the efficiency as a function of burner flame 
temperature (Tflame) and stack current (Istack) is 
shown. Figure 2c shows efficiency as a function 
of stack inlet (Tin) and outlet (Tout) air 
temperature. 

 

 
                        a)                                               b)                                                       c) 

Figure 2: Electrical efficiency (ηel) as a function of a) burner lambda (λburner) and fuel utilization 
(FU), b) burner flame temperature (Tflame) and stack current (Istack), c) stack inlet (Tin) and outlet 

(Tout) air temperature. 

The highest electrical efficiency is achieved 
at lowest λburner and FU values, at lowest Tflame 
and at stack current of about 22 A, and lowest 
Tin and highest Tout. Note that lower FU values 
and thus larger gas supply cools down the stack 
due to increased reforming rate within the stack 
and decrease the power losses due to reduced air 
flow rate of the air blower. However, such 
operation should be avoided since it can lower 
the stack inlet and outlet temperature and 
increase temperature gradient of the stack, 
especially when operating at low current. 

The efficiency seems most strongly 
influenced by λburner and Tout. It is also dependent 
on Tflame and Istack but Tflame should be kept 
constant in order to maintain gas combustion in 
the burner. Istack cannot be influenced by 
supervisory controller since no power 
management unit (DC/AC converter) is present 
within the Hotbox system. 

Based on these results and results of 
numerous simulations run on the Hotbox model, 
references of burner lambda (λburner,ref) and stack 
outlet air temperature (Tout,ref) were selected as 
the optimization variables of the supervisory 
optimizer. 

4 Optimization problem 

The optimization problem was in our case 
formulated as: 
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where Tout,ref is reference of the stack outlet air 
temperature, λburner,ref is reference of the burner 
lambda, ηel electrical efficiency of the SOFC 



power generator (see Equation 1), Tin is stack 
inlet air temperature, Tin,min is minimum value of 
Tin, Tin,max is maximum value of Tin, ΔT is 
difference between the stack outlet and inlet air 
temperature, ΔTmin is minimum value of ΔT, 
ΔTmax is maximum value of ΔT, Tflame is burner 
flame temperature and Tflame,max is maximum 
value of the Tflame. 

The weights w1-5 penalize deviations from 
constraints and have a non-negative value (0.01) 
when variable exceeds the boundary of safe 
operation: 
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The following constraints are included 
within the optimization function: 

923 K ≤ Tin ≤ 953 K, 
20 K ≤ ΔT ≤ 100 K,               (6) 
Tflame ≤ 1268 K. 

Furthermore, the following constraints are 
set within the optimization algorithm: 

1.4 ≤ λburner ≤ 1.9,                   (7) 
1023 K ≤ Tout ≤ 1053 K. 

Most of these limits were specified by 
SOLIDpower. 

Cost function (4) depends on the electrical 
efficiency and deviations of temperatures from 
their limits. Limits on stack outlet temperature 
(Tout) are set to avoid damage to the cell through 
excessive heating. The penalization of stack 
temperature difference and stack inlet air 
temperature deviations were introduced to 
maintain ΔT in the safe range and reduce 

thermal stress of the stack. The penalization of 
the burner flame temperature Tflame was 
introduced to prevent melting of the metal 
housing of the burner. 

5 Supervisory optimizer 

The references of burner lambda (λburner,ref) 
and stack outlet air temperature (Tout,ref) were 
optimized by supervisory optimizer as can be 
seen from the proposed control scheme in 
Figure 3. 

 
Figure 3: Supervisory control scheme of the 

Hotbox SOFC system. 

The warm up air flow rate Qair,warmup was set 
to 1 sl min-1 to reduce the power consumption of 
the air blower. The fuel utilization (FU) is 
increased from 0.75, as shown in [11], to 0.8 to 
improve electrical efficiency of the system. 

Since model-based approach is complex and 
demands an extra knowledge about the system 
behaviour, a simpler approach was adopted. The 
optimization is based on extremum seeking 
control method [13], which maximizes an 
arbitrary cost function and does not demand a 
model of the system. Optimal performance of a 
system is thus determined directly on the 
process. The proposed optimization approach is 
very feasible for practical implementation. 
However, its disadvantage is that it perturbs the 
system by imposing small variations on inputs at 
each time instance. 

A simple algorithm is proposed to perform 
the model-free optimization. Similar approach 



was proposed in [14], where the power of the 
proton exchange membrane (PEM) fuel cell 
system was maximized. The algorithm checks 
the initial value of the cost function and 
increases one optimization variable (a reference 
value of a specific controlled variable). At the 
next time instance it checks the cost function. If 
its value is lower than the value in the previous 
time instance, the algorithm increases the 
variable (if it is smaller than the specified 
maximum value, otherwise sets it to the 
maximum value). Otherwise the algorithm 
decreases the variable (if it is greater than 
specified minimum value, otherwise sets it to 
the minimum value). This procedure is repeated 
for all optimization variables. 

Efficient operation of the optimizer is 
governed by properly tuned parameters of the 
optimization algorithm. The variation steps of 
optimization variables, λburner,ref and ΔTout,ref, are 
constant and defined by the user. The step must 
be large enough to cause measurable system 
response. The optimizer should operate on the 
slower time scale than the low-level controllers. 
The sampling time Ts of the optimizer was set to 
a value, which is high enough to get the 
response of the Hotbox model on the variable 
change. Parameters of the optimizer were 
manually tuned based on numerous simulation 
tests. The values of the parameters are given in 
Table 2. The optimizer can adjust the 
optimization variable within the specified range 
in few hours if sampling time of 3 min is 
considered. 

It should be pointed out that demanded stack 
current cannot be manipulated here since 
standalone power generator is considered. Thus, 
the absolute rate of stack current change should 
not exceed 0.5 A/min. 

Table 1. Parameters of the optimizer 
Parameter Value 

λburner,ref 5×10-3 
ΔTout,ref 0.5 K 
Ts 3 min 

The optimization algorithm was first tested 
under constant stack current of 17.2 A. The 
initial values of the references of burner lambda 

(λburner,ref) and stack outlet air temperature 
(Tout,ref) were set to 1.59 and 1032 K, 
respectively. The performance of the 
optimization algorithm is shown in Figure 4. 

 
Figure 4: Performance of the optimization 

algorithm viewed in 2D space with indicated 
contour maps of cost function. 

As can be seen the algorithm converges 
towards lower cost function which lies on the 
lower bound of the Tout,ref. Small variations of 
reference values are due to violations of system 
constraints (most often violation of the 
maximum stack temperature difference ΔT, but 
also the minimum inlet air temperature Tin). 

6 Simulated case study  

The supervisory optimizer was verified on 
the same load profile that was used to test the 
low-level controllers [11]. The load profile is 
based on the standard load profile of the 
residential houses [15]. Response of the Hotbox 
model with the supervisory optimizer is shown 
in Figures 5. 

In Figure 5a the optimized stack outlet air 
temperature reference (Tout,ref) is shown. When 
the Istack is increased (see Figure 5h), the Tout,ref 
is increased to maximize electrical efficiency of 
the system due to the reduced air blower 
consumption. When the Istack is decreased, the 
Tout,ref is decreased to maintain the stack 
temperature difference (ΔT) within the 
constraints. The stack outlet air temperature 
(Tout) follows the Tout,ref, but some deviations 
(about ±5 K) from the Tref, out can be observed. 



The latter is attributed to the fact that the time 
constant of the Tout is big (due to a high thermal 
capacity of stack). 

Figure 5b shows optimized burner lambda 
reference λburner,ref. When the Istack decreases, the 
λburner increases, and vice versa. This is 
necessary since more heat (higher air flow rate 
through the burner λburner) is needed to keep the 
stack inlet air temperature (Tin) within the 
constraints when the Istack is decreased. 

In Figure 5c, the stack inlet air temperature 
(Tin) varies by about 33 K (from 915 K to 
948 K), since it is only indirectly controlled 
through adjustments of Tout and λburner. In other 
words, when the Tin violates the constraints, the 
optimization function is penalized, and 
references for Tout and λburner are corrected 
accordingly in order to minimize the 
optimization function. 

In Figure 5d, the burner flame temperature 
(Tflame) varies by a few degrees only since it is 
controlled by PI controller that manipulates the 
methane flow rate to burner (QCH4,burner). It is 
important to note that the burner housing 
temperature (Tburner, solid) stays within safe range 
(below 1173 K). 

Figure 5e shows natural gas (QCH4) and 
water flow rate (QH2O) into the steam reformer, 
which are adjusted by low-level controllers 
according to stack current demand. 

Figure 5f shows steam-to-carbon ratio (SCR), 
which is set to 2.2 to prevent solid carbon 
deposition, fuel utilization (FU), which is set to 
0.8 to achieve high electrical efficiency, and air 
utilization (AU) that varies from approximately 
0.2 to 0.4. The latter seems to be advantageous 
in order to keep low stress on fuel cells within 
the stack due to low pressure variations along 
the air flow channels. 

In Figure 5g the stack maximum (Tmax) and 
minimum (Tmin) temperatures are shown, 
respectively. The Tmax-Tmin is varied from 
approximately 75 K at lower current to 145 K at 
high current. The latter might be a problem over 
long-term operation due to thermal stresses, 
which may degrade the performance of the fuel 
cells. The achieved electrical efficiency varies 
from about 0.46 at lower current to about 0.53 at 
high current. The supervisory optimizer 
improves electrical efficiency by approximately 
10 % in comparison to the low-level controllers 
[11]. 

 
Figure 5: System response to the daily load profile. 



Figure 5h shows gross electric power (Pstack) 
of the system and net electric power (Pnet), 
which is Pel reduced by the air blower power 
(Pbl). The Pstack varies from 1400 to 2750 W. 
The Pnet is about 10 % lower than Pstack. Stack 
current (Istack) and voltage (Ustack) profiles are 
also shown. The Ustack drops when the Istack is 
increased, and vice versa. However, this is not a 
problem in practice because those changes can 
be reduced by applying the DC/AC converter. 

7 Conclusions 

A model-free supervisory optimizer was 
implemented on the model of the Hotbox SOFC 
power system. The optimizer adjusts references 
of the burner lambda and stack outlet air 
temperature for the low-level controllers. The 
optimizer improves electrical efficiency of the 
system by approximately 10 % compared to the 
efficiency of the system controlled by the low-
level controllers. It also keeps the system 
temperatures within the safe ranges. 
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