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 A B S T R A C T

This paper introduces a model predictive control (MPC) strategy for solid oxide fuel cell (SOFC) systems, 
introducing thermal stress-aware power modulation. The proposed MPC approach incorporates a temperature 
rate-of-change constraint to manage local temporal and spatial temperature gradients in the SOFC during 
transient power modulation. The study evaluates the sensitivity and effectiveness of the temperature rate-of-
change constraint under four different constraint parameter sets, spanning a range from fast to slow power 
modulation. A one-dimensional spatially discretised SOFC model is employed in the simulations to assess 
the resulting local temperature gradients. The results of this paper indicate that the proposed MPC strategy 
enhances transient power tracking performance compared to the conventional approach of using an electrical 
current rate-of-change constraint with 1%–17%, without a significant increase in the local temporal and spatial 
temperature gradients in the SOFC.
1. Introduction

The maritime sector is moving forward in the energy transition 
towards a more sustainable future, motivated by its substantial con-
tribution to worldwide emissions and regulations. In 2018, the sector 
accounted for 2.89% of worldwide emissions [1], a figure projected 
to increase without immediate mitigating measures. The International 
Maritime Organization (IMO) and the European Union (EU) have there-
fore established regulatory frameworks aiming for 40% Greenhouse 
Gas (GHG) emission reduction by 2030 [2] and 80% GHG emission 
reduction by 2050 [3], respectively.

Onboard a ship, the power generation system is the main source 
of GHG and polluting emissions, primarily originating from Internal 
Combustion Engines (ICE) combined with fossil fuels to provide the 
propulsion and the electricity generation [4]. Renewable fuels, such as 
hydrogen, methanol, and ammonia, are crucial in reducing GHG and 
pollutant emissions [4–6]. There is extensive research in making these 
fuels compatible with ICEs, but after treatment is required to reduce 
the pollution emissions [7]. Therefore, other types of power generation 
systems, like fuel cells, are seen as promising to contribute to the 
energy transition in the maritime sector [8–10]. The Proton-Exchange 
Membrane Fuel Cell (PEMFC) and Solid Oxide Fuel Cell (SOFC) can oper-
ate with various alternative fuels, potentially improving the electrical 
efficiency compared to an ICE and reducing the polluting emission [9,
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11]. Future onboard power generation systems are expected to be a 
hybrid combination of ICEs, fuel cells, batteries, and electric motors 
compatible with various alternative fuels [12–14], where the exact 
configuration will depend on the ship type and mission profile. Bat-
teries are considered practical for ships with short mission profiles, but 
impractical for ocean-going vessels due to the low energy density [15].

The PEMFC has a relatively high energy density and quick response 
to load transients. However, PEMFC encounters challenges regarding 
fuel flexibility, as it needs to operate with pure hydrogen (a purity over 
≥99% is required), due to its low operation temperature and material of 
the Positive-electrode Electrolyte Negative-electrode (PEN) structure. This 
approach requires bringing hydrogen onboard, which demands either 
large volumetric storage at room temperature or the use of complex 
and costly systems to store hydrogen in liquefied or pressurised form. 
Additionally, one could use the PEMFC with other alternative fuels 
requiring pre-reforming and extensive purification, which increases 
system complexity and reduces electrical efficiency [16]. In contrast, 
SOFCs can internally reform certain alternative fuels (e.g., LNG, am-
monia, and methanol). This internal reforming capability results in 
a simplified system with higher efficiency [16,17], making SOFCs 
well-suited for larger ship types and deep-sea shipping. However, the 
primary limitation of SOFCs lies in their transient performance. To
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Nomenclature

Greek symbols
𝜂̄ overall efficiency t (−)
𝜒 mole fraction (−)
𝛥 difference operator
𝜂 efficiency (−)
𝛾 specific heat ratio (−)
𝜆 heat transfer coefficient (Wm−2)
𝜇 utilization (−)
𝜔 angular velocity (s−1)
𝜙 ratio (−)
𝛱 power tracking KPI (−)
𝛴 system
𝜏 torque (Nm)
𝜃 sample-time variable
𝜉 extended state vector
Roman symbols
𝐻̄ specific enthalpy (Jmol−1)
𝑅̄ universal gas constant (Jmol−1 K−1)
,, system matrices velocity form
 Faraday constant (Cmol−1)
 power (W)
 ohmic resistance (Ω)
𝑛̇ molar flow (mol s−1)
𝑄̇ heat flux (W)
U compact input set
X compact state set
Y compact output set
Z set of integers
𝐴 area (m2)
𝑎 molar flow coefficient (mol)
𝐶 viscous friction (kgm2 s−1)
𝑐p heat capacity (Jmol−1 K−1)
𝐹 discrete-time system dynamics
𝑓 continous-time system dynamics
𝐻 enthalpy (J)
ℎ output function
𝐼 rotational inertia (kgm2)
𝑖 electric current (A)
𝐽 current density (Am−2)
𝑗 predicted time ahead
𝑘 discrete time
𝑀 molar mass (kgmol−1)
𝑁 prediction horizon
𝑃 ,𝑄,𝑅 cost function matrices
𝑝 pressure (Pa)
𝑟 reference
𝑇 temperature (K)
𝑡 continues time
𝑈 potential (V)
𝑢 input
𝑉 volume (m3)
𝑥 state
𝑦 output
2 
Others

∇t𝑇 local temporal temperature gradient (K s−1)
∇x𝑇 local spatial temperature gradient (Km−1)

Subscripts

 power
a air
b burner
blw blower
c heat exchanger cold fluid volume
cell cell
CH4 methane
CO carbon monoxide
cp compressor
cs control strategy
ct continuous-time
dt discrete-time
env environment
EPC Electric Power Converter
f fuel
FAR Fuel-to-Air Ratio
h heat exchanger hot fluid volume
H2 hydrogen
HEX Heat Exchanger
i current
in inlet
is isentropic
LHV Lower Heating Value
loss ohmic converter losses
m motor
max maximum
min minimum
nl nonlinear
O2 oxygen
out outlet
PEN Positive-electrode Electrolyte 

Negative-electrode
rt real-time
s sample-time
sim simulation
SOFC Solid Oxide Fuel Cell
v velocity form
w heat exchanger solid volume

accommodate the dynamic power demands of a vessel, supplementary 
systems must be appropriately sized, increasing system complexity and 
restricting the applicability of SOFCs [18,19].

SOFC technology has not yet reached full maturity, and SOFCs are 
susceptible to damage during dynamic power modulation, particularly 
with internal reforming. Ensuring safety during transient operation 
of an SOFC is crucial for the lifetime of the SOFC, but also com-
plex, requiring careful management of gas flows, temperatures and 
power [20]. The SOFC has to stay within numerous safety limits, such 
as the fuel utilisation, air utilisation, fuel-to-air equivalence ratio, maxi-
mum internal temperatures, and local spatial and temporal temperature 
gradients [19,21]. The effects of exceeding these limits range from 
accelerated degradation to a sudden loss of power and adversely affect 
the overall lifetime and performance of the system [22]. Managing 
excessive local spatial and temporal temperature gradients in the SOFC 
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is particularly challenging, as they cannot be measured and require 
detailed first-principles models to capture their behaviour accurately. 
Furthermore, their effects on degradation and material failure are not 
easy to capture and often require experimental testing [23]. Therefore, 
present control strategies implicitly address the local spatial and tempo-
ral temperature gradients by gradually transitioning between different 
power levels using a rate-of-change limit on the electrical current. This 
prevents excessive degradation and sudden failure of the system, but 
the transient behaviour of the SOFC system may require over an hour 
to stabilise [16]. This makes it impractical for vessels to rely solely on 
SOFCs for power generation, and a hybrid system will be required to 
meet all the power requirements of a vessel [18]. Nevertheless, if the 
power modulation rate of the SOFC can be improved, the SOFC could 
contribute a larger share to the hybrid system. This would reduce both 
the overall system complexity and the complexity of its management.

Existing control strategies for SOFC systems predominantly rely 
on PID control due to its simplicity, robustness, and the widespread 
understanding of the methodology within the industry [24]. However, 
the PID controller inherently does not account for safety constraints and 
is prone to violating them. To mitigate this, the PID methodology can be 
extended with (dynamic) input saturation and anti-windup techniques 
to prevent integrator windup [25]. For an SOFC, this can ensure 
adherence to constraints such as fuel utilisation, air utilisation, and 
fuel-to-air equivalence ratio [26]. The maximum internal temperature 
can be maintained within a specific range by carefully tuning the 
PID controller. However, the PID controller cannot explicitly constrain 
internal temperatures or account for local spatial and temporal tem-
perature gradients. Therefore, a rate-of-change limit on the electrical 
current is required when using a PID controller to implicitly constrain 
the local spatial and temporal temperature gradients in the SOFC. This 
approach leads to a poor transient response [16].

Model Predictive Control (MPC) has been widely applied in various 
control problems due to its capability to handle complex nonlinear 
dynamics, Multiple-Input Multiple-Output (MIMO) systems, and tight 
system constraints [27]. For these reasons, MPC is considered a suitable 
control strategy for SOFC systems [24]. Furthermore, the implemen-
tation of MPC aligns effectively with the optimisation-based energy 
management strategies currently developed, e.g., [19]. Despite these 
beneficial capabilities of MPC, previous studies often overlook thermal 
stress as a critical constraint in SOFC systems. Consequently, existing 
MPC implementations typically impose simple rate-of-change limits on 
electrical current rather than fully exploiting MPC’s ability to constrain 
the thermal dynamics.

Contribution

To address this gap, this research proposes the incorporation of a 
temperature rate-of-change constraint within the MPC strategy. This ap-
proach is expected to manage thermal stress during dynamic load track-
ing more effectively than using conventional current rate-of-change 
constraints. In particular, this research proposes to:

• Integrate constraints on temperatures and temperature rate-of-
change of the SOFC system in the MPC strategy to constrain local 
spatial and temporal temperature gradients in the SOFC.

• Relax or eliminate the rate-of-change limit on electrical current 
to enable more flexible power modulation and less conservative 
transient operation.

Outline

The structure of the paper is as follows: Section 2 reviews the exist-
ing literature on control strategies for SOFC systems. Section 3 presents 
the benchmark SOFC system, including the system modelling, the base-
line PID control strategy, and the associated performance metrics. Then, 
the TC-MPC strategy is formulated in Section 4. Section 5 describes 
3 
the implementation of the simulation models and the TC-MPC strategy. 
Section 6 provides the simulation results, comparing the performance 
of the TC-MPC strategy with that of the baseline PID controller. Finally, 
Section 7 concludes the paper and offers recommendations for future 
research.

2. Related work

In early research, the SOFC was primarily introduced for steady-
state applications, such as grid-connected systems, where the initial 
control strategies were developed to maintain a steady-state operating 
point. Braun [28] describes the objective of controlling the SOFC 
system as delivering a specific net power while maximising the cell 
efficiency and ensuring that the SOFC operates within its limits. To do 
so, Braun identifies three strategies to maintain a steady-state power 
with the above-described conditions. The first strategy actuates the 
fuel and air flows to maintain a constant fuel utilisation for either a 
desired nominal/local stack temperature or an air temperature change. 
In the second one, the fuel and air flow are varied to regulate a 
constant cell voltage and desired nominal/local SOFC temperature or 
an air temperature change. The third strategy delivers fuel and air at a 
constant rate, and the fuel utilisation and stack temperature will vary 
according to the required load, where some small variations in the load 
are assumed. The SOFC stack current is manipulated to regulate output 
power in all three strategies. Several subsequent publications follow 
one of these three strategies to control the SOFC system in steady-state 
as well as for transient control [24].

During transient control, it is crucial to actively manage the SOFC 
system to stay within the safety limits (e.g. maximum temperature, fuel 
utilisation and fuel-to-air equivalence ratio). Furthermore, the dynam-
ics of an SOFC system are nonlinear, MIMO, and vastly different in 
time scale. As a result, the control problem is often divided into energy 
management, focusing on power delivery and efficiency, and thermal 
management, concentrating on temperature control and thermal safety. 
Power control is, for instance, addressed in [29,30] with PID control, 
but without taking safety limits into account. Li et al. [31] propose 
an MPC strategy to control the SOFC stack voltage while constraining 
the fuel utilisation and the fuel flow. Carre et al. [32] developed a 
feed-forward control strategy incorporating limits on fuel utilisation, 
air utilisation and air stoichiometry. Temperature control of SOFCs is 
addressed by Pohjoranta et al. [33], both for a PID controller and an 
MPC, concluding that the MPC has the potential to reduce thermal 
stress, but in temperature tracking, it marginally outperforms the PID. 
Variations in the nominal stack temperature profile are minimised with 
an ∞-controller in [34], concluding that it is impossible to maintain 
the internal stack temperature profile exactly. Still, the control reduces 
the variations compared to an open-loop feed-forward strategy. Reineh 
et al. [35] extend this strategy by including actuator saturation in the 
synthesis process of the ∞-controller. Hajimolana et al. [36] employ a 
neural network predictive controller to control the temperature of the 
SOFC stack.

As identified by Pohjoranta et al. [33], power and temperature 
control use the same inputs and are inherently coupled and changing 
the power will lead to changes in the temperature. Addressing them 
separately simplifies the design but leads to conservative transient 
performance [37]. Therefore, power and temperature controllers are 
designed sequentially in [20,38] while analysing the coupling between 
the multiple loops to ensure stability and performance. Stiller [38] de-
velops a multi-mode control strategy based on PID control, controlling 
both power and temperature. The controller switches between different 
operation modes to ensure fuel utilisation and voltage constraints. 
Mueller et al. [20] present a cascaded PID control solution to account 
for the coupling in power and temperature regulation. These control so-
lutions adequately regulate both power and temperature; however, PID 
control does not naturally deal with multi-objective control problems, 
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nor stays within the tight operation range of the SOFC. Therefore, ap-
proaches are developed in [39–41] based on MPC strategies to regulate 
both power and temperature while actively constraining the operation 
range of the SOFC system. Spivey and Edgar [39] develop an MPC 
based on an identified second-order linear time-invariant model, which 
is included in the velocity form to eliminate steady-state offsets. The 
constraints included the fuel utilisation, air utilisation, temperature, 
steam-to-carbon ratio and the inputs. The results analyse the radial 
temperature gradient in a tubular SOFC cell. Sanandaji et al. [40] 
use a linear parameter-varying model, which is scheduled in the MPC 
controller based on the current state. Constraints in the MPC include 
cell voltage, fuel utilisation, and actuator limits. Zhang et al. [41] 
design an NMPC, where the SOFC model includes a fit of the spatially 
distributed variables. The minimum current density is constrained. A 
drawback is that most of these strategies do not include thermal-stress 
considerations nor analyse the resulting thermal stress due to dynamic 
power modulation.

Particular works include constraints on the local spatial temperature 
gradient [39] or include a steady-state optimisation such that the 
temperature distribution in the SOFC is maintained as close as possible 
to its nominal condition across all operating power levels [42]. This 
limits the thermal stress at the steady-state operation point but does 
not take care of thermal stress during dynamic operation. The related 
work is summarised in Table  1, showing the control objectives and the 
included constraints per paper. The table indicates that thermal stress 
considerations are rarely incorporated in the control strategy and are 
even less often integrated with power management to balance power 
tracking and thermal stress.

Incorporating thermal stress into the control strategy is challenging, 
as it requires complex spatially distributed models to accurately capture 
both the local spatial and temporal temperature gradients within the 
SOFC. Previous studies have commonly relied on lumped-parameter 
models for control design and evaluation, which limits their ability 
to assess internal thermal effects. This work will investigate to what 
extent a lumped-parameter model can be utilised to mitigate the local 
thermal temperature gradient during dynamic operation. Accordingly, 
a Thermal-Constrained (TC)-MPC strategy is proposed, incorporating 
a constraint on the rate of temperature change. The effectiveness of 
the TC-MPC is evaluated through simulations on a benchmark SOFC 
system, using a 1D spatially distributed model to analyse the resulting 
spatial and temporal temperature gradients due to the dynamic op-
eration. The performance of the TC-MPC will be evaluated against a 
baseline PID control strategy with an electrical current rate-of-change 
limit. The research aims to demonstrate that the TC-MPC strategy 
can modulate the electrical power of the SOFC system significantly 
faster than the baseline PID strategy while maintaining similar or lower 
temporal and spatial temperature gradients.

3. Evaluation framework: benchmark system, baseline control, 
and performance metrics

The benchmark system comprises a generic stand-alone SOFC sys-
tem with a baseline PID control strategy proposed in [26]. First, the 
system is introduced, including its configuration, modelling, and op-
eration constraints. Then, the baseline PID control strategy and the 
performance metrics are discussed.

3.1. Generic stand-alone SOFC system

For maritime applications, the benchmark will focus on a stand-
alone SOFC system, meaning that the system is self-sustaining the SOFC 
operations. The fuel of the SOFC is methane (oxygen-to-carbon ratio 
of 2.4 and 5% reformed at an, resulting in an inlet composition of 
CH4 27.1%, CO2 1.42% CO 4.29⋅10−3%, H2O 65.7% and H2 5.71%). 
This minimal reforming composition is chosen to emphasise the cooling 
effect of the internal reforming on the inlet of the SOFC, as a worst-case 
4 
scenario. During use, the SOFC requires a continuous supply of fuel and 
air, which must be pre-heated to the SOFC’s operating temperature. To 
facilitate this, the SOFC is equipped with the Balance of Plant (BOP), 
forming an SOFC system. A generic case of such a system is illustrated 
in Fig.  1. In this configuration, a fuel compressor and air blower manage 
gas inflows, heat exchangers preheat these inflows, a combustor in-
creases the heat energy in the exhaust gases, and an electrical converter 
regulates the output power. The SOFC system has three inputs: the 
compressor torque, blower torque, and requested current, as well as 
three outputs: fuel utilisation, SOFC temperature, and output power. 
The following assumptions are relevant for the modelling process:

1. flows are laminar, consisting of ideal and incompressible gases.
2. No side reactions are considered.
3. Each control volume is defined by uniform properties: lumped 
temperature, pressure, species mole fractions, and molar flow 
rate.

4. Electrochemistry is considered quasi-static.
5. In a planar co-flow cell, the direction along the flow repre-
sents the most critical spatial distribution, regarding the thermal 
stress.

6. Each cell in the stack is assumed to operate identically with a 
periodic boundary condition [43], such that a single planar cell 
simulation is taken as representative of the worst-case scenario 
inside a full stack with only heat dissipation through the sides 
of the interconnects.

3.1.1. Air blower and fuel compressor
The air blower and fuel compressor are modelled following the same 

approach presented in [20,44], where a first-order approximation is 
used to represent the blower and compressor. It is assumed that a lower-
level mass-flow controller shapes this first-order response. The inertia 
represents the response time, including gas transport. The approach is 
illustrated for the fuel compressor (abbreviated as cp), but holds sim-
ilarly for the air blower (abbreviated as blw). The dynamic behaviour 
is lumped into a single rotating mass, where the rotational velocity 
(𝜔cp(𝑡)) is described as 

𝜔̇cp(𝑡) = 1∕𝐼cp
(

−𝐶cp𝜔cp(𝑡) + 𝜏cp(𝑡)
)

, (1)

where 𝐼cp is the inertia, 𝐶cp is the viscous friction and 𝜏cp(𝑡) is the 
torque. The rotational velocity is linearly related to the resulting molar 
flow (𝑛̇cp(𝑡)) as 

𝑛̇cp(𝑡) = 𝑎cp𝜔cp(𝑡), (2)

with 𝑎cp the molar flow coefficient. The power consumed by the com-
pressor (cp(𝑡)) is modelled via ideal compression work, corrected 
with a constant thermodynamic efficiency (𝜂cp,is) and a constant motor 
efficiency (𝜂cp,m) [45, Chapter 2], as 

cp(𝑡) =
𝑛̇cp(𝑡)𝑀cp𝑐p,cp𝑇cp,in

𝜂cp,m𝜂cp,is

[( 𝑝cp,in
𝑝cp,out

(𝛾−1)∕𝛾)

− 1
]

, (3)

where 𝑀cp is the molar mass of the molar flow passing the compressor, 
𝑐c,cp is the heat capacity of the molar flow, 𝑇cp,in is the inlet temperature 
of the compressor, 𝑝cp,in and 𝑝cp,out are the inlet and outlet pressures, 
respectively, and 𝛾 is the specific heat ratio.

This model neglects some basic compressor effects, and a more 
elaborate model that incorporates the neglected effects can be found 
in [46]. It is assumed that this simplified model captures the overall 
behaviour of the blower and compressor within the desired operation 
range of the SOFC system.

3.1.2. Heat exchanger
The heat exchanger dynamics are approximated using a three-

control-volume model, representing a layer with hot gases, a layer with 
cold gases, and a metal separation layer following the approach of [20]. 
The gases passing through the heat exchanger are subject to enthalpy 
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Table 1
Overview of the related literature on SOFC control, with TW as This Work.
 Contribution Symbol Literature

 [29,30] [31] [32] [33] [34] [35] [36] [38] [20] [39] [40] [41] [26] [42] TW

 Control objectives
 Power control EPC(𝑡) x x x x x x x x x x x
 Temperature control 𝑇SOFC(𝑡) x x x x x x x x x x x x

 Safety constraints
 Fuel utilisation 𝜇f (𝑡) x x x x x x x x
 Air utilisation 𝜇a(𝑡) x x x x x
 Fuel-to-air equivalence ratio 𝜙FAR(𝑡) x x x
 SOFC temperature 𝑇SOFC(𝑡) x x x x
 Cell voltage 𝑈cell(𝑡) x x x x
 Input limits 𝑢(𝑡) x x x x x x x x x x x x x

 Thermal stress considerations
 Current rate-of-change 𝛥𝑖EPC(𝑡) x
 Variations w.r.t nominal
temperature distribution

𝛥𝑇PEN(𝑡) x x x

 Temperature rate-of-change 𝛥𝑇SOFC(𝑡) x
 Local temporal
temperature gradient

∇x𝑇PEN(𝑡)

 Local spatial
temperature gradient

∇t𝑇PEN(𝑡) x
Fig. 1. Generic stand-alone SOFC system overview.
change from the inlet to the outlet and convective heat transfer from 
the gas layers to the wall. The heat transfer is based on the average 
of the inlet and outlet temperatures. The heat transfer coefficients 
are determined based on convective heat transfer between the gases 
and solids, assuming fully developed laminar flow and accounting for 
temperature and gas mixture dependencies [43]. This results in the heat 
exchanger dynamics as 

𝑇̇h(𝑡) =
𝑅̄𝑇h(𝑡)

𝑝h𝑉h𝜒⊤
h (𝑡)𝑐p,h(𝑡)

[

𝐻h,in(𝑡) −𝐻h,out (𝑡) + 𝑄̇h(𝑡)
]

, (4a)

𝑇̇w(𝑡) =
1

𝜌w𝑐p,w𝑉w

[

−𝑄̇h(𝑡) − 𝑄̇c(𝑡) − 𝑄̇w(𝑡)
]

, (4b)

𝑇̇c(𝑡) =
𝑅̄𝑇c(𝑡)

𝑝c𝑉c𝜒⊤
c (𝑡)𝑐p,c(𝑡)

[

𝐻c,in(𝑡) −𝐻c,out (𝑡) + 𝑄̇c(𝑡)
]

, (4c)

𝑄̇h(𝑡) = 𝜆h(𝑡)𝐴h
[

𝑇w(𝑡) − (1∕2)𝑇h(𝑡) − (1∕2)𝑇h,in(𝑡)
]

, (4d)

𝑄̇c(𝑡) = 𝜆a(𝑡)𝐴c
[

𝑇w(𝑡) − (1∕2)𝑇c(𝑡) − (1∕2)𝑇c,in(𝑡)
]

, (4e)

𝑄̇w(𝑡) = 𝜆w𝐴w[𝑇w(𝑡) − 𝑇env(𝑡)], (4f)

𝐻h(𝑡) = 𝑛̇⊤h (𝑡)𝐻̄(𝑇h(𝑡)), (4g)

𝐻c(𝑡) = 𝑛̇⊤c (𝑡)𝐻̄(𝑇c(𝑡)), (4h)
5 
where 𝑇h(𝑡), 𝑇w(𝑡), and 𝑇c(𝑡) are the temperatures of the hot gas layer, 
the solid wall, and the cold gas layer, denoted with the subscripts h, 
w, and c, respectively. The inlet temperature of the cold gas layer is 
𝑇c,in(𝑡), and the inlet temperature of the hot gas layer is 𝑇h,in(𝑡). For 
each layer, 𝑉  represents the volume, 𝑐p is the heat capacity, 𝐻 is the 
enthalpy of the gas mixture and 𝑄̇ is the heat flux. The term 𝜆(𝑡) is 
the convective heat transfer coefficient between the solid parts and the 
gases, which depends on the temperature and the gas concentration, as 
defined in [43]. The convective heat transfer area is denoted by 𝐴. In 
the hot and cold gas layers, 𝑝 represents the pressure, 𝜒(𝑡) is the gas 
concentration of either the fuel or air flow, 𝐻̄ is the specific enthalpy 
of the gas mixture, and 𝑛̇ is the molar gas flow. These variables are 
vectors, depending on the number of gases included in the mixture. 𝑅̄
is the universal gas constant and 𝜌 is the density of the solid wall. The 
parameters are determined based on the thermal inertia and required 
SOFC inlet temperatures.

3.1.3. Combustor
The combustor is modelled as a single control volume, where the 

remaining fuel in the SOFC exhaust is combusted. An adiabatic oxi-
dation is assumed [20,47]. The temperature in the combustor varies 
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dynamically based on the enthalpy change due to the oxidation as 

𝑇̇b(𝑡) =
𝑅̄𝑇b(𝑡)

𝑝b𝑉b𝜒⊤
b (𝑡)𝑐p,b(𝑡)

[

𝐻b,in(𝑡) −𝐻b,out (𝑡) + 𝑄̇b(𝑡)
]

, (5a)

𝑄̇b(𝑡) = 𝜆b(𝑡)𝐴b[𝑇b(𝑡) − 𝑇env(𝑡)], (5b)

𝐻b(𝑡) = 𝑛̇⊤b (𝑡)𝐻̄(𝑇b(𝑡)), (5c)

where 𝑇b(𝑡) is the combustor temperature, 𝑇b,in(𝑡) is the gas inlet tem-
perature, 𝑝b is the pressure, 𝑉b is the combustor’s volume, 𝜒b(𝑡) is the 
gas concentration, 𝑐c,p(𝑡) is the heat capacity and 𝑛̇𝑏(𝑡) is the molar flow 
through the combustor.

3.1.4. DC–DC converter
The dynamics of the DC-DC converter are significantly faster than 

the rest of the system (order of μs). Therefore, only the average dynam-
ics are modelled [28,47]. This approach simplifies the current dynamics 
from a millisecond timescale to several seconds using a low-pass filter 
with a time constant 𝑡EPC = 1 s. Then: 

𝑖̇EPC(𝑡) =
−𝑖EPC(𝑡) + 𝑢i(𝑡)

𝑡EPC
, (6)

where 𝑖EPC(𝑡) is the electrical current of the converter and 𝑢i is the re-
quested electrical current. Furthermore, the ohmic losses of the DC-DC 
converter are taken into account as 
EPC(𝑡) = EPC𝑖EPC(𝑡)2 (7)

with the ohmic resistance EPC.

3.1.5. SOFC
A single SOFC cell consists of multiple layers. The electricity gen-

eration capabilities come from the Positive-electrode Electrolyte Negative-
electrode (PEN) structure, where fuel is supplied to the positive elec-
trode via the fuel channel and air to the negative electrode via the 
air channel, generating a potential between both electrodes. Multiple 
cells are stacked and electrically connected via a metal interconnect, 
creating an SOFC stack, denoted in this work in short as the SOFC. In 
this work, a 1D spatially discretised cell model is used to capture the 
SOFC stack dynamics as presented in [43]. This model represents a co-
flow (electrolyte supported) configuration cell after the Staxera/Sunfire 
ISM V3.3 short stack. The model discretises the spatial dimension along 
the direction of flow into successive control volumes with a uniform 
current density and mass concentrations and temperatures, as shown 
in Fig.  2. As a result, all variables are spatially distributed, giving 
insight into the local behaviour of the SOFC, including the spatial and 
temporal temperature gradient. Each control volume consists of an 
air channel layer, a PEN structure layer, a fuel channel layer and an 
interconnect layer. An energy balance governs the temperature in each 
control volume and layer as
𝑑𝑇PEN(𝑡, 𝑥)

𝑑𝑡
= 1

𝐶p,PEN(𝑡, 𝑥)

{

∑

𝑖
𝜆𝑖
(

𝑇𝑖(𝑡, 𝑥) − 𝑇PEN(𝑡, 𝑥)
)

+ 𝜆PEN
𝑑2𝑇PEN(𝑡, 𝑥)

𝑑𝑥2

+𝛥𝐻̄(𝑇PEN(𝑡, 𝑥))𝑟(𝑡, 𝑥) − 𝐽PEN(𝑡, 𝑥)𝑈PEN(𝑡) − 𝑄̇loss(𝑡, 𝑥)
}

(8)

with 𝐶p,PEN as the thermal inertial of the PEN structure, 𝑖 ∈{f,a}, 
indexes the temperature of the fuel and air in the gas channels, 𝑟 is the 
reaction rate of the chemical reactions, 𝐽PEN is the current density at the 
PEN structure interface and 𝑈PEN is cell voltage. The SOFC temperature 
in the 1D model is the stacked vector of the temperature in each layer 
for all control volumes as 𝑇SOFC(𝑡) = [𝑇 ⊤

a (𝑡), 𝑇 ⊤
PEN(𝑡), 𝑇 ⊤

f (𝑡), 𝑇 ⊤
IC(𝑡)]

⊤. 
A mass balance is solved dynamically in the air channel and fuel 
channel layers of each control volume based on the mass concentration 
in the fuel and air channel layers as 𝜒SOFC(𝑡) = [𝜒⊤

f (𝑡), 𝜒⊤
a (𝑡)]

⊤. The 
electrochemistry resolves the cell voltage and current density distribu-
tion (𝐽PEN(𝑡)) based on the temperature and concentration distribution 
along the SOFC stack. This is either solved statically as a system of 
algebraic equations [43,48] or approximated with an ordinary differ-
ential equation as in [49, Chapter 6]. To keep this concise, further 
6 
Table 2
Operational constraints for the SOFC benchmark system.
 Constraint name Symbol Value Unit  
 Fuel utilisation 𝜇f (𝑡) ≤ 0.80 [–]  
 Air utilisation 𝜇a(𝑡) ≤ 0.60 [–]  
 Fuel-to-air
equivalence ratio

𝜙FAR(𝑡) ≤ 0.50 [-]  

  
 PEN temperature 𝑇PEN(𝑡) 𝑔𝑒𝑞 923

≤ 1133
[K]  

 Cell voltage 𝑈PEN(𝑡) ≥ 0.6 [V]  
 Current density 𝐽PEN(𝑡) ≤ 3000 [A/m2] 

details are omitted and can be found in [43]. In [43], the 1D spatially 
discretised SOFC model is validated by means of current power curves 
from manufacturers’ data for various fuel compositions and the spatial 
distribution of the reaction rates is validated with a 3D CFD model. 
Both show the validity of the SOFC model.

3.1.6. System description
All the components are connected following the system configura-

tion in Fig.  1. The outputs of the system are the fuel utilisation, SOFC 
temperature and output power. The fuel utilisation (𝜇f (𝑡)) is determined 
as 

𝜇f (𝑡) =
𝐼EPC(𝑡)

2 (𝜒H2 + 𝜒CO + 4𝜒CH4)𝑛̇cp(𝑡)
, (9)

with  as the Faraday constant. The output power (out) of the SOFC 
system is determined by the power generated by the SOFC stack minus 
the auxiliary losses, e.g., the power consumed by the air blower, fuel 
compressor and the DC-DC converter losses, which can be modelled as 

out (𝑡) = 𝑈PEN(𝑡)𝐼EPC(𝑡) − cp(𝑡) − blw(𝑡) − loss(𝑡), (10)

and the overall electrical efficiency (𝜂(t)) of the SOFC system is deter-
mined as 

𝜂(𝑡) =
out (𝑡)

𝛥𝐻̄LHV𝑛̇cp(t)
. (11)

where 𝐻̄LHV is the lower heating value of the fuel at the inlet of the 
system.

The model of the overall system, the SOFC stack and the BOP can 
be written in general nonlinear continuous-time state-space form as 

𝛴nl,ct ∶
{

𝑥̇(𝑡) = 𝑓 (𝑥(𝑡), 𝑢(𝑡))
𝑦(𝑡) = ℎ(𝑥(𝑡))

, (12)

where 𝑥(𝑡) ∈ Rn
x is the composite state vector, i.e., 𝑥(𝑡) ≜ [𝜔⊤

cp(𝑡), 𝜔⊤
blw(𝑡), 

𝑇 ⊤
HEX,f (𝑡), 𝑇 ⊤

HEX,a(𝑡), 𝑇 ⊤
b (𝑡), 𝑇 ⊤

SOFC(𝑡), 𝜒⊤
SOFC(𝑡), 𝐽PEN(𝑡)⊤]

⊤, with 𝑇HEX,f  as 
the three temperatures for the fuel heat exchanger and 𝑇HEX,a as the 
three temperatures of the air heat exchanger. Moreover, 𝑢(𝑡) ∈ Rn

u
is the composite input vector, i.e., 𝑢(𝑡) ≜ [𝜏cp(𝑡), 𝜏blw(𝑡), 𝑢i(𝑡)]⊤, and 
𝑦(𝑡) ∈ Rn

y is the composite output vector of the system, i.e., 𝑦(𝑡) ≜
[𝜇f (𝑡), 𝑇SOFC(𝑡), out (𝑡)]⊤. For the SOFC system, there exists a feasible 
operating region, which is defined by the compact sets X ⊂ Rn

x, U ⊂ Rn
u

and Y ≜ {ℎ(𝑥(𝑡)) ∶ 𝑥(𝑡) ∈ X}.

3.2. Operational constraints

The following constraints are considered in the SOFC system: fuel 
utilisation, air utilisation, fuel-to-air equivalence ratio, maximum and 
minimum PEN temperature, and minimal cell voltage, as summarised 
in Table  2. These constraints are based on the Staxera/Sunfire ISM 
V3.3 and are included to prevent degradation effects in the SOFC due 
to side reactions (e.g., carbon decomposition or nickel oxidation) or 
mechanical stress [20,21]. It should be noted that this stack is robust 
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Fig. 2. Schematic overview of the 1D and 0D SOFC model, illustrating the layers and spatial distribution for the 1D model and how these are all lumped in the 
0D model.
and tolerates extreme operational conditions. Therefore, these con-
straints are not applicable to any general SOFC stack. Furthermore, note 
that the constraints on the PEN temperature mean that the minimum 
temperature has to stay above 923 [K] and the maximum temperature 
under 1133 [K], not that the mean/measured temperature will vary 
between these constraints. The air utilisation (𝜇a(𝑡)) and fuel-to-air 
equivalence ratio (𝜙FAR(𝑡)) are determined, respectively as

𝜇a(𝑡) =
𝑖(𝑡)

4𝜒O2𝑛̇blw(𝑡)
, (13)

𝜙FAR(𝑡) =
(𝜒H2 + 𝜒CO + 4𝜒CH4)𝑛̇cp(𝑡)

2𝜒O2𝑛̇blw(𝑡)
. (14)

3.3. Baseline PID controller

A PID controller is used as the baseline, given its widespread 
application in SOFC systems [24] and industry. Furthermore, in [26] 
it is also shown that a well-designed PID strategy gives a similar 
performance as an MPC with a Current Rate-of-change Limit (CRL). The 
MPC can only excel over the PID if it can leverage one of its advanced 
properties. This is not the case if the thermal stress is mitigated by using 
a CRL. Therefore, PID is a relevant baseline control strategy. Following 
the approach of [26], a safety-saturated PID controller is designed. 
This consists of three PID controllers: one for the fuel utilisation, one 
for the SOFC temperature and one for the output power. For the PID 
controller, the SOFC temperature is chosen as the air temperature at the 
outlet of the SOFC. The inputs of the SOFC system are coupled so that 
controlling power regulates the electrical current and simultaneously 
adjusts the fuel and air flow based on fixed air and fuel utilisation. The 
temperature PID supplies additional air based on the temperature set-
point and the fuel utilisation adjusts the fuel flow based on the desired 
7 
fuel utilisation. To ensure the safety of the SOFC system and adherence 
to the constraints, the output of the PID controller is saturated. This 
keeps the maximum and minimum inputs, the fuel utilisation and 
the fuel-to-air equivalence ratio within specified limits. Additionally, 
to limit the local spatial and temporal temperature gradients in the 
SOFC, a CRL is implemented by appropriately saturating the controller 
outputs. Back-calculation is employed to prevent integral windup. The 
structure of the PID controller is shown in Fig.  3. The PID controller 
parameters are tuned via a fixed-structure LPV synthesis procedure 
based on a local LPV representation of the SOFC system model. This 
tuning method is chosen over tuning by hand and sequential loop-
shaping for its robustness and systematic incorporation of the desired 
performance [50]. More details on the LPV modelling and the synthesis 
procedure can be found in [26].

3.4. Key performance indicators

In this research, the performance of the control strategies with 
the benchmark system is assessed with five key performance indicators
(KPIs). Power tracking is the primary objective of the SOFC system, 
denoted as 

𝛱 ∶ 1 − 1
𝑡sim ∫

𝑡sim

𝑡=0
‖𝑟̄ (𝑡) − ̄out (𝑡)‖

2𝑑𝑡. (15)

The KPI integrated the tracking error to obtain the average tracking 
error, which is subsequently subtracted from 1 to obtain the tracking 
precision on a normalised scale between 0 and 1. Here, 1 means perfect 
tracking.

To evaluate the thermal stress during transient operation of the 
SOFC, the maximum spatial and temporal temperature gradient in the 
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Fig. 3. Overview of the safety-saturated PID controller.
Fig. 4. Overview of the TC-MPC controller.

PEN structure of the SOFC is determined, respectively as

∇x𝑇̄ ∶ max
(

𝑑𝑇PEN(𝑡, 𝑥)
𝑑𝑥

)

, (16)

∇t 𝑇̄ ∶ max
|

|

|

|

𝑑𝑇PEN(𝑡, 𝑥)
𝑑𝑡

|

|

|

|

. (17)

Lower values for these KPIs are desirable as they result in less thermal 
stress and a longer lifetime.

A longer lifetime should not be traded for a significant electrical 
efficiency decrease, and therefore the overall efficiency is measured as 

𝜂̄ ∶ 1
𝑡sim ∫

𝑡sim

𝑡=0
𝜂(𝑡)𝑑𝑡. (18)

To demonstrate the practical applicability of the MPC, the real-time 
CPU ratio is reported as the percentage of the sampling time needed to 
perform the next input computation: 

𝜙rt ∶
1
𝑡sim ∫

𝑡sim

𝑡=0

𝑡cs(𝑡)
𝑡s

𝑑𝑡. (19)

4. Thermal-constrained MPC

An MPC operates fundamentally differently from a PID controller. 
While a PID adjusts the system based on the current error signal, an 
MPC predicts future system behaviour using a dynamic model and 
minimises a cost function over a prediction horizon, as shown in Fig. 
4. This predictive approach enables the MPC to anticipate and respond 
proactively to changes in load requests, provided future reference val-
ues are available. Additionally, MPCs can incorporate hard constraints 
on system behaviour, offering greater control flexibility and safety.

MPC relies on a prediction model. Using the benchmark SOFC 
system model described in (12) as a prediction model in the MPC 
results in an intractable optimisation problem due to the model’s high 
complexity. To address this, the 1D spatially discretised SOFC model 
with 968 states is simplified to a 0D SOFC model containing only a 
single state. In the 0D model, all layers and distributed variables of 
the spatially discretised 1D model are lumped into a single layer and 
one control volume, as illustrated in Fig.  2, in which a dynamic energy 
balance is solved to obtain the temperature dynamics (𝑇 (𝑡)). The 
SOFC
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mass balance resolves the molar flow and reaction rates statically, 
resulting in the mass concentration (𝜒SOFC(𝑡)). The electrochemistry 
determines the cell voltage (𝑈cell(𝑡)) and current density (𝐽SOFC(𝑡)) 
based on the Nernst equation and includes a temperature-dependent 
fit for the ohmic losses. A full model description is presented in [51], 
as well as a comparison between the 0D model and the 1D spatially 
discretised model. This shows that the 0D model exhibits the same 
general behaviour as is expected from a lumped-parameter model. 
Replacing the spatial discretised 1D model for the 0D SOFC model 
in the SOFC system gives the full MPC prediction model in the same 
form as (12). This simplification introduces a model mismatch between 
the benchmark simulation model and the prediction model, where the 
effectiveness of the MPC relies heavily on the accuracy of the prediction 
model [52]. In the case of SOFC, the output voltage and power are 
influenced by internally distributed parameters that the simplified pre-
diction models cannot fully capture [51], due to its 0D representation. 
As a result, a mismatch between the predicted output with the MPC and 
the actual SOFC system output is inevitable, and the standard tracking 
MPC scheme, e.g. [53], will result in an unsatisfactory tracking error. 
A reliable way to achieve accurate output tracking is to incorporate 
output feedback through an offset-free MPC algorithm, utilising the 
discrete-time velocity form of the system [54]. First, the discrete-time 
dynamics are obtained as 

𝛴nl,dt ∶
{

𝑥𝑘+1 = 𝐹 (𝑥𝑘, 𝑢𝑘)
𝑦𝑘 = ℎ(𝑥𝑘)

, (20)

which is obtained by integrating the continuous-time system (12) using 
the fourth-order Runge–Kutta method, with 𝑡 = 𝑘𝑡s and the sample time 
𝑡s. The discrete-time velocity form of a discrete-time nonlinear system 
is then given as 

𝛥𝛴v,dt ∶
{

𝛥𝑥𝑘+1 = (𝜉𝑘)𝛥𝑥𝑘 + (𝜉𝑘)𝛥𝑢𝑘
𝛥𝑦𝑘 = (𝜉𝑘)𝛥𝑥𝑘

, (21)

with the discrete state velocity as 𝛥𝑥k = 𝑥k − 𝑥k−1, the discrete 
input velocity as 𝛥𝑢k = 𝑢k − 𝑢k−1, 𝜉𝑘 = [𝑥⊤𝑘 , 𝑥⊤𝑘−1, 𝑢⊤𝑘 , 𝑢⊤𝑘−1]

⊤, and 
(𝜉𝑘),(𝜉𝑘),(𝜉𝑘) are as defined in [55]. With the model expressed in 
this form, an offset-free tracking MPC is formulated as 

min
𝑥⋅|𝑘 ,𝑦⋅|𝑘 ,𝑢⋅|𝑘

‖[𝛥𝑥𝑁|𝑘, 𝑟𝑁|𝑘 − 𝑦𝑁|𝑘]‖𝑃 +
∑𝑁−1

𝑗=0 ‖𝑟𝑗|𝑘 − 𝑦𝑗|𝑘‖𝑄 + ‖𝛥𝑢𝑗|𝑘‖𝑅,

 s.t. 
𝛥𝑥𝑗+1|𝑘 = (𝜉𝑗|𝑘)𝛥𝑥𝑗|𝑘 + (𝜉𝑗|𝑘)𝛥𝑢𝑗|𝑘,
𝑦𝑗+1|𝑘 = (𝜉𝑗+1|𝑘)𝛥𝑥𝑗+1|𝑘 + 𝑦𝑗|𝑘,
𝑥𝑗+1|𝑘 = 𝛥𝑥𝑗+1|𝑘 + 𝑥𝑗|𝑘,
𝑢𝑗|𝑘 = 𝛥𝑢𝑗|𝑘 + 𝑢𝑗−1|𝑘,
𝑥𝑗|𝑘 ∈ X,
𝑢𝑗|𝑘 ∈ U,
𝛥𝑥𝑗|𝑘 ∈ X𝛥
𝑥0|𝑘 = 𝑥(𝑡),
𝑦0|𝑘 = 𝑦(𝑡),
𝑢−1|𝑘 = 𝑢(𝑡 − 𝑡s),
𝛥𝑥0|𝑘 = 𝛥𝑥(𝑡),

(22)
𝑗 ∈ Z[0,𝑁]
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Fig. 5. Comparison of the SOFC temperature behaviour in the 0D predicted model and the 1D simulation model.
with 𝑟𝑘 as the desired reference for the output 𝑦𝑘, 𝑄,𝑅, 𝑃  as positive 
semi-definite cost matrices, 𝑁 as the prediction horizon, the subscript 
𝑗 is the predicted time ahead, the subscript ⋅|𝑘 denotes the full pre-
diction horizon and X𝛥 is the set of constraints on the discrete state 
velocity. The dependencies of ,, on 𝜉𝑘 are nonlinear. In this 
case, (𝜉𝑘),(𝜉𝑘),(𝜉𝑘) are estimated based on the previous solution 
as described in Algorithm 1, allowing to solve the MPC in one itera-
tion [56]. This gives the MPC modest computational effort and allows 
for real-time implementation.
Algorithm 1 Offset-free tracking MPC scheme
Require: 𝑟(𝑡) ∀𝑡 ∈ [0, 𝑡sim]
1: Initialize states 𝑥(0), inputs 𝑢(−𝑡s), and initial guess input, state and 
output trajectory 𝑢∗⋅|0, 𝑥∗⋅|0, 𝑦∗⋅|0

2: for 𝑡 = [0, 𝑡sim] do 
3: Measure 𝑥(𝑡) and 𝑦(𝑡) at 𝑡 = 𝑘𝑡s. 
4: Determine (𝜉⋅|𝑘), (𝜉⋅|𝑘) and (𝜉⋅|𝑘), based on previous solution 

𝑥∗⋅|𝑘−1, 𝑢∗⋅|𝑘−1 and 𝑦∗⋅|𝑘−1
5: Solve Eq.  (22)
6: Apply 𝑢(𝑡 + 𝜃) = 𝑢∗0|𝑘, 𝜃 ∈ [0, 𝑡s)
7: end for
In the MPC formulation 𝛥𝑥𝑖|𝑘 ∈ X𝛥 constrains the rate-of-change 

for the temperatures in the system. In the 0D SOFC prediction model, 
this is equivalent to constraining the temporal temperature gradient. 
However, as the 0D prediction model assumes a uniform tempera-
ture throughout the SOFC, this does not constrain the local temporal 
temperature gradient in the simulation benchmark model. To analyse 
the performance of the 0D SOFC prediction model, the temperature 
dynamics of the 0D SOFC model and the 1D spatially distributed 
SOFC model are compared by means of an open-loop ramp-up ramp-
down simulation. The resulting temperature and temporal temperature 
gradient are given in Fig.  5. The 0D SOFC model is designed to predict 
the outlet temperature, which is slightly lower than the maximum 
temperature. Furthermore, the figure shows that the 0D model captures 
the overall behaviour of the temporal temperature gradient but misses 
the local behaviour, which leads to the instant peaks and the spatial 
temperature distribution. This is a fundamental limitation of using 
the 0D prediction model due to its lumped nature. Nevertheless, by 
applying soft constraints on the temperature rate-of-change in the MPC 
prediction model, the maximum local temporal temperature gradient 
observed in the 1D spatially discretised model during simulation can 
be reduced. Additionally, the results will demonstrate that these rate-
of-change constraints on the temperature will limit the power tracking 
capabilities, where tighter rate-of-change constraints result in less dy-
namic tracking behaviour. This is similar to the CRL in the baseline PID 
but allows more flexibility in power tracking.

5. Implementation

The benchmark simulation model is implemented in Matlab, and the 
simulations are executed with the ode15s solver. A maximum step-time 
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Table 3
CRL variations for the PID controller.
 PID CRL-1 CRL-2 CRL-3 CRL-4 
 ||𝛥𝑖EPC(𝑡)|| [A/s] ≤ 1 ≤ 1

10
≤ 1

15
≤ 1

30
 

of 1 [s] is chosen to simulate all dynamics in the benchmark model 
accurately.

The baseline PID controller is implemented in Matlab in the
continuous-time as well. It is assumed that any hardware is fast enough 
to accurately sample the PID controller in discrete-time, as the fastest 
dynamics are around 1 [s]. For efficient operation, the references for 
the fuel utilisation and the SOFC temperature should be close to the 
constraint. Therefore, the fuel utilisation reference is set as 0.75 [-]. 
The PID controller will operate on output feedback and track the air 
temperature at the outlet of the SOFC, where a reference air outlet 
temperature of 1093 [K] ensures that the maximum temperature will 
not violate the constraint of a maximum SOFC temperature of 1133 
[K], but ensures operation close to the constraint. The PID strategy 
is configured with four values for the CRL, to evaluate the impact 
of varying power modulation rates on the resulting local spatial and 
temporal temperature gradients in the SOFC. These CRL values are 
listed in Table  3. The slowest CRL (𝛥𝑖EPC(𝑡) ≤ 1

30 ) corresponds to the 
ramping rate allowed by the manufacturer [57]. The remaining three 
ramping rates are increased to demonstrate the potential improvements 
in power tracking and the associated spatial and temporal temperature 
gradients if faster regulation were allowed.

The TC-MPC is implemented in Matlab, using the CasADi tool-
box [58], and is solved with IPOPT. The fuel utilisation reference is 
the same as for the baseline PID (0.75 [-]). To be able to constrain 
the maximum temperature and limit the local temporal temperature 
gradient in the SOFC, the TC-MPC needs the maximum SOFC temper-
ature, which is not measurable. In [59], a Kalman filter is developed 
where the maximum temperature is estimated with an error that stays 
within 2 [K] over a 6-hour prediction horizon. The estimate improves 
significantly for shorter horizons. In this study, the simulated values are 
directly provided to the MPC, and it is assumed that an estimation filter, 
as discussed above, could provide an accurate estimate. The design 
of a specific filter for this system is left for future work. Instead, the 
emphasis is placed on the design of the MPC. This gives a maximum 
SOFC temperature reference of 1123 [K], corresponding with a 30 [K] 
temperature difference between the maximum SOFC temperature and 
the air outlet temperature. The values for the 𝑄 and 𝑅 are manually 
selected by trial and error to obtain similar tracking behaviour as the 
baseline PID. 𝑃  is the solution of the Discrete-time Algebraic Riccati 
Equation (DARE). This results in strict output power tracking and 
relatively more freedom for fuel utilisation and SOFC temperature to 
diverge from the reference if beneficial. The values for these matrices 
are given in Table  4. The prediction horizon is chosen as 𝑁 = 20
with a sampling time 𝑡 = 1 [s] as a trade-off between computational 
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Table 4
Simulation parameters for the TC-MPC.
 Parameter Value  
 𝑄 diag([4 ⋅ 103 , 1 ⋅ 102 , 5 ⋅ 104]) 
 𝑅 diag([0.25, 1 ⋅ 102 , 1 ⋅ 10−3])  
 𝑃 Solution of the DARE  
 𝑁 20  
 𝑡s 1 [s]  

Table 5
Constraint variations for the TC-MPC.
 MPC 𝛥𝑇SOFC(𝑡) [K/s] 𝛥𝑇c,f (𝑡) [K/s] 𝛥𝑇c,a(𝑡) [K/s]
 min max min max min max  
 TC-1 −0.37 0.40 −5.00 5.00 −3.00 6.00  
 TC-2 −0.37 0.37 −1.50 3.00 −0.70 3.00  
 TC-3 −0.32 0.32 −1.10 2.00 −0.50 2.00  
 TC-4 −0.22 0.13 −0.60 1.30 −0.22 1.00  

Fig. 6. Temperature and power tracking with the safety-saturated PID con-
troller for different current rate limits.

complexity and prediction accuracy. The TC-MPC is implemented with 
four sets of temperature rate-of-change constraints to demonstrate the 
sensitivity of TC-MPC rate-of-change constraints on the local temporal 
temperature gradients and the dynamic power tracking. Furthermore, 
values for these constraints are manually selected by trial and error 
such that the resulting maximum temporal temperature gradients in 
the benchmark simulation correspond to the results of the baseline PID 
controller. This results in the four sets as given in Table  5. There exist 
systematic approaches to obtain the TC-MPC parameters and optimise 
the behaviour of the TC-MPC for a specific application, e.g., learning-
based approaches [60]. Here, the manually selected values suffice for 
the purpose of this research, as the results will indicate.

All simulations are performed on a Dell Latitude 7430 with an Intel®
12th Gen i7-1265U CPU @1.80 GHz and 16 GB RAM.

6. Results

Both the TC-MPC and the baseline PID strategy are simulated oper-
ating the benchmark system model. Two different scenarios are sim-
ulated, and the potential performance is investigated using the four 
sets of rate-of-change constraints. The KPIs resulting from the TC-
MPC are compared to the KPIs from the baseline PID. This research 
evaluates the sensitivity of the rate-of-change constraints with respect 
to the power tracking capabilities and the maximum local temporal and 
spatial temperature gradients in the SOFC. The first scenario is a short 
simulation focused on qualitative analysis for a ramp-down and ramp-
up between the maximum and minimum load. In the second scenario, 
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the controllers will track a longer load cycle, such that KPIs can be 
analysed quantitatively.

6.1. Scenario 1: Ramp-down and ramp-up

The first scenario consists of a ramp-down from the maximum 
single-cell load (17 [W]) to the minimum single-cell load (7 [W]) in 
800 [s], a ramp-up back to the maximum load and the system’s power 
and temperature are stabilised within 1500 [s]. The SOFC temperature 
is regulated as mentioned above, and the fuel utilisation is controlled 
at 0.75 [-].

The scenario is simulated with the four baseline PID controllers. 
The results are given in Fig.  6, showing adequate power tracking for 
each of the CRLs. Varying modulation rates can be observed during 
the power ramp-up, with the slope determined by the CRL. When the 
controller approaches the maximum current, the SOFC system has not 
yet reached its maximum power output, as the temperature continues 
to rise towards its set-point, which defines the last slope of the ramp. 
The air outlet temperature is maintained at the desired 1093 K at 
maximum load. However, at minimum load, the fuel-to-air equivalence 
ratio constraint is reached, causing the temperature to drop since the 
cooling airflow cannot be reduced further.

The resulting temperature dynamics in the PEN structure are shown 
in Fig.  7. The PEN temperature stays within the maximum and mini-
mum constraints, and one can observe that a slow power modulation 
results in more cooling and, thus, a lower minimum SOFC temperature. 
Interesting to note is that the different CRLs do not result in significant 
variations of the spatial temperature gradient in the PEN structure. The 
maximum and minimum spatial gradients are the same. This suggests 
that the spatial temperature gradient is not influenced by the manner 
of dynamic operation, but varies with the power set-point due to 
corresponding changes in absolute temperature. As a result, the spatial 
temperature gradient can be linked to the operational set-point. In case 
of the PID control strategy, this is managed by the reference set-point. 
Considerable deviations are observed in the local temporal temperature 
gradient, revealing a clear relationship: a higher CRL leads to a higher 
maximum and minimum local temporal temperature gradient. These 
results clearly show that there is a trade-off between the dynamic power 
tracking and the maximum local temporal temperature gradient. Where 
fast power tracking results in high temporal temperature gradients and 
vice versa. This also means that in this way, faster tracking comes at 
the cost of higher degradation.

The thermal constraints of the TC-MPC controllers TC-1–TC-4 are 
specifically chosen, such that the resulting local temporal temperature 
gradient in the SOFC matches that of the one resulting from the 
corresponding PID controller CRL-1–CRL-4. The current rate constraint 
in the TC-MPC is relaxed to allow for faster power modulation with 
respect to the PID controllers when allowed by the thermal constraints. 
Fig.  8 compares the TC-MPC controllers with the baseline PID and 
corresponding CRL for the ramp-up ramp-down scenario. The figure 
illustrates that the TC-MPC improves load tracking while the maxi-
mum local temporal temperature gradient either remains unchanged 
or decreases. The KPIs for the ramp-up ramp-down scenario are shown 
in Fig.  9, verifying the results from Fig.  8. The TC-MPC improves 
the load tracking between 7%–17% for TC-2–TC-4 when compared 
to the baseline PID strategy with CRL-2–CRL-4, without a significant 
difference in local temporal and spatial temperature gradient in the 
SOFC. TC-1 improves the tracking performance marginally with 1%, 
but decreases the local temporal temperature gradient with 0.14 [K/s], 
due to the specific values for the thermal constraints. The percentages 
are improvements of the TC-MPC power tracking with respect to the 
power tracking of the CRL-PID. As concluded earlier, both the PID 
and TC-MPC control strategies do not affect the spatial temperature 
gradient. This is verified with the spatial gradient KPI, which does 
not significantly change over the various rate-of-change constraints. 
Overall, the KPIs show a marginal increase in the spatial temperature 
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Fig. 7. PEN temperature (gradients) for the safety-saturated PID controller with various current rate limits.
Fig. 8. Comparison of load tracking and temporal temperature gradient for the TC-MPC and CRL-PID.
Fig. 9. Performance indicators for simulation scenario 1.
gradient and efficiency for the TC-MPC. The TC-MPC maintains the 
initial high temperature better than the PID, resulting in an overall 
higher temperature, slightly increasing the spatial temperature gradient 
and efficiency. However, the TC-MPC does not optimise for more 
efficient operation and does not improve the efficiency in general. 
As expected, the TC-MPC increases the real-time CPU ratio from an 
average of 4.8 ⋅ 10−5 for the baseline PID to 0.39, which is significant 
but real-time feasible. The values for the KPIs are included in Table  A.1 
in the appendices.

The idea behind the improvement is that a power change with 
the PID strategy results in an immediate peak in the local temporal 
temperature gradient and a much slower temperature change after this 
peak. In contrast, the TC-MPC tries to regulate the power, such that 
the SOFC temperature changes at a constant maximum rate-of-change 
over the full transient. This is partly what can be observed in Fig.  8. 
However, the prediction model of the TC-MPC is 0D and is not able to 
accurately predict the local temperature behaviour of the SOFC, only 
the overall temperature behaviour of the SOFC. Therefore, the observed 
maximum local temporal temperature gradient is not constant during 
the power transient. This indicates that the TC-MPC strategy and the 
SOFC power tracking could be even further improved with a more 
accurate prediction model.

6.2. Scenario 2: Load cycle

The second scenario comprises a sequence of 20 random load set-
points, changing every 200 [s] to mimic the power request from an 
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energy management strategy. Both the baseline PID and the TC-MPC 
strategy are simulated for the load cycle. The power tracking and local 
temporal temperature gradients are shown in Fig.  10, and the corre-
sponding performance indicators in Fig.  11. The results of the load cycle 
are not one-to-one comparable with the results from the first scenario. 
Still, the KPIs indicate that the TC-MPC improves load tracking with 
respect to the baseline PID with 5%–17%, while reducing the maximum 
local temporal temperature gradient between 0.067 and 0.097 [K/s]. 
In particular, controller TC-4 improves the load tracking performance 
considerably over CRL-4, where CRL-4 is not able to complete some 
of the load steps. Similarly to scenario 1, the maximum local spatial 
temperature gradient and efficiency do not vary significantly. The real-
time CPU ratio is 0.44 [-] or less, similar to scenario 1. The calculated 
KPIs are given in Table  A.2 in the appendices. The results indicate that 
the TC-MPC improves the load-tracking capabilities of the SOFC system 
over the CRL-PID without increasing the thermal stress in the SOFC. 
Furthermore, the results indicate that the spatial temperature gradient 
is unaffected by the manner of dynamic operation. This suggests that 
the temporal temperature gradient is the critical limiting indicator of 
thermal stress during dynamic load tracking. The spatial gradient can 
be related to the absolute power and temperature set-point. The results 
also clearly indicate room for further improvement. The 0D model is far 
from perfect in predicting the maximum temporal temperature gradient 
of the 1D SOFC model. As a result, the temporal temperature gradient of 
the 1D SOFC model is effectively reduced but not constrained. A more 
accurate prediction of the temporal temperature gradient would allow 
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Fig. 10. Comparison of load tracking and temporal temperature gradient for scenario 2.
Fig. 11. Performance indicators for simulation scenario 2.
operation closer to the constraint and further improve the power mod-
ulation rate of the SOFC. Therefore, it is beneficial to implement a 1D 
representation of the SOFC in the TC-MPC prediction model. However, 
this poses challenges since the 1D spatial discretised simulation model 
in the benchmark system includes 968 states [51]. To enable real-time 
optimisation, the 1D model must be simplified to reduce the number 
of states while preserving the spatial distribution of temperature to 
capture the local behaviour. Furthermore, the prediction horizon of 20 s 
is sufficient to regulate the temporal temperature gradient dynamics in 
the SOFC and the output power. However, the temperature dynamics 
have a much larger timescale (order 100−500 [s]). For any (sub)optimal 
operation, the prediction horizon should be of a similar order as the 
slowest dynamics of the system. However, with the current sampling 
time 𝑡s = 1, such a prediction horizon would increase the amount of 
decision variables beyond the real-time tractable point.

The simulations and the results of this paper do not reflect a 
particular maritime use case. Therefore, the applicability of the results 
is not limited to maritime applications but could improve dynamic 
load-tracking capabilities in many SOFC applications. It is important to 
examine the specific power profile of a particular vessel type to under-
stand the implications of these improvements in a maritime context. 
The improvements can be accounted for in the energy management 
strategy, which impacts the design and operation of the vessel’s hybrid 
power system. However, without a defined power rate-of-change limit 
for the SOFC system, the TC-MPC should offer feedback on how much 
dynamic load the SOFC can support. Therefore, alongside assessing the 
impact of these improvements through the vessel’s energy management 
strategy, the integration of the TC-MPC into the energy management 
system must also be considered.

7. Conclusion and future work

This work introduces a TC-MPC strategy incorporating thermal 
stress considerations to determine the maximum rate at which the 
power of the SOFC benchmark system is regulated. The key findings 
of this research are as follows:

• During dynamic load changes, the temporal temperature gradient 
is the critical thermal stress indicator to take into account. The 
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KPI shows that the absolute spatial gradient does not vary for 
the various rate-of-change constraints. The spatial gradient is 
closely tied to operating temperature and power, indicating it 
can be effectively managed by controlling the temperature and 
preventing overshoot beyond the operating point.

• Both the baseline PID strategy and the TC-MPC show that the 
maximum local spatial temperature gradient in the SOFC remains 
unaffected by the power modulation rate-of-change. However, 
the local temporal temperature gradient in the SOFC increases 
significantly as the power modulation rate-of-change increases.

• The proposed TC-MPC effectively limits the maximum local tem-
poral temperature gradient in the SOFC while improving the load 
tracking capabilities for the benchmark system with 1%–17% 
compared to the baseline PID strategy. This is specific to the 
generic stand-alone system configuration. However, as the ther-
mal constraints apply to the SOFC, similar improvement trends 
can be expected for other configurations. The predicted SOFC 
temperature rate-of-change by the TC-MPC differs from the actual 
observed local temporal temperature gradient in the 1D SOFC 
model benchmark system. Therefore, the local temporal tempera-
ture gradient in the SOFC is not constrained but only reduced. 
The local spatial temperature gradient in the SOFC shows no 
significant difference while operating with the baseline PID or 
TC-MPC.

• The TC-MPC strategy is computationally tractable with a real-time 
CPU ratio of 0.44 or less.

• The load tracking improvements are primarily due to the thermal 
constraints, not just the predictive capabilities of the TC-MPC. 
While the TC-MPC can respond to load changes earlier than the 
baseline PID, due to its 20-second prediction horizon, the power 
modulations in the results are significantly slower than 20 s. 
Furthermore, the results indicate a steeper output power slope for 
the TC-MPC strategies than the baseline PID.

In future research, we suggest exploring the impact of the proposed TC-
MPC strategy in a maritime context through a dedicated case study. 
The TC-MPC strategy could be further enhanced by incorporating a 
1D discretised SOFC prediction model. However, the current version 
of the 1D model is not suitable for optimisation and will require 
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Table A.1
Calculated KPIs for scenario 1: Ramp-down and ramp-up.
 Controller: KPI:

 𝛱 [-] ∇t 𝑇̄ [Ks−1] ∇x𝑇̄ [Kcm−1] 𝜂̄ [-] 𝜙rt [-]

 CRL-1/TC-1 0.96 0.97 0.59 0.45 36.8 38.4 0.40 0.40 4.8⋅10−5 0.28 
 CRL-2/TC-2 0.87 0.93 0.37 0.37 37.3 38.3 0.39 0.40 4.5⋅10−5 0.34 
 CRL-3/TC-3 0.80 0.90 0.31 0.32 37.2 38.0 0.39 0.40 5.3⋅10−5 0.45 
 CRL-4/TC-4 0.61 0.78 0.22 0.23 36.7 38.7 0.38 0.40 4.7⋅10−5 0.47 
Table A.2
Calculated KPIs for scenario 2: Load cycle.
 Controller: KPI:

 𝛱 [-] ∇t 𝑇̄ [Ks−1] ∇x𝑇̄ [Kcm−1] 𝜂̄ [-] 𝜙rt [-]

 CRL-1/TC-1 0.93 0.98 0.59 0.50 34.2 34.5 0.57 0.58 6.1⋅10−5 0.36 
 CRL-2/TC-2 0.84 0.96 0.38 0.32 34.3 34.7 0.56 0.58 5.7⋅10−5 0.36 
 CRL-3/TC-3 0.77 0.93 0.37 0.27 34.4 34.8 0.55 0.58 5.7⋅10−5 0.39 
 CRL-4/TC-4 0.67 0.85 0.36 0.28 34.7 35.2 0.54 0.58 5.8⋅10−5 0.44 
simplification to achieve this. Additionally, extending the prediction 
horizon beyond 20 s could improve the SOFC operation. SOFC systems 
are often more complex than the stand-alone system discussed in this 
research, by incorporating features such as a pre-reformer or anode off-
gas recirculation. These additions will increase the complexity of the 
optimisation problem but also offer greater flexibility in controlling the 
internal processes of the SOFC, which the TC-MPC could leverage to en-
hance the load-tracking performance of SOFC systems further. Further 
validation of the control strategy can be made with Hardware-in-the-
loop testing to verify real-time feasibility, robustness to latency and 
measurement noise. This requires optimising the MPC for embedded 
control, by code generation and parallelisation of calculations.
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Appendix. Calculated KPIs for the simulation scenarios

The KPIs for each simulation scenario are calculated as given in 
Section 3.4. Table  A.1 provides the KPI values for scenario 1: Ramp-
down and ramp-up. Table  A.2 summarises the KPI values for scenario 
2: Load cycle. 
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