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Abstract

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 con-
straint 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 discretized
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.
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1. Introduction

The maritime sector is moving forward in the energy
transition towards a more sustainable future, motivated
by its substantial contribution 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 Interna-
tional Maritime Organization (IMO) and the European
Union (EU) have therefore established regulatory frame-
works 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 gen-
eration system is the main source of GHG and pollut-
ing emissions, primarily originating from Internal Com-
bustion Engines (ICE) combined with fossil fuels to pro-
vide the propulsion and the electricity generation [4]. Re-
newable fuels, such as hydrogen, methanol, and ammo-
nia, are crucial in reducing GHG and pollutant emis-
sions [1, 4, 5]. However, the compatibility of these var-
ious fuels with conventional or dual-fuel ICEs is still un-
der development [6, 7]. Therefore, other types of power
generation systems, like fuel cells, are seen as promising
to contribute to the energy transition in the maritime sec-
tor [8, 9, 10]. The Proton-Exzchange Membrane Fuel Cell
(PEMFC) and Solid Ozide Fuel Cell (SOFC) can operate
with various alternative fuels, potentially improving the
electrical efficiency compared to an ICE and reducing the
polluting emission [9, 11]. Future onboard power genera-
tion systems are expected to be a hybrid combination of
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ICEs, fuel cells, batteries, and electric motors compatible
with various alternative fuels [6, 7, 11], where the exact
configuration will depend on the ship type and mission
profile. Batteries are considered practical for ships with
short mission profiles, but impractical for ocean-going ves-
sels due to the low energy density [12].

The PEMFC has a relatively high energy density and
quick response to load transients. However, PEMFC en-
counters challenges regarding fuel flexibility, as it needs
to operate with pure hydrogen (a purity over >99% is re-
quired), due to its low operation temperature and mate-
rial of the Positive-electrode Electrolyte Negative-electrode
(PEN) structure. This approach requires bringing hydro-
gen onboard, which demands either large volumetric stor-
age at room temperature or the use of complex and costly
systems to store hydrogen in liquefied or pressurized form.
Additionally, one could use the PEMFC with other al-
ternative fuels requiring pre-reforming and extensive pu-
rification, which increases system complexity and reduces
electrical efficiency [12]. In contrast, SOFCs can internally
reform certain alternative fuels (e.g., LNG, ammonia, and
methanol). This internal reforming capability results in a
simplified system with higher efficiency [12, 13], making
SOFCs well-suited for larger ship types and deep-sea ship-
ping. However, the primary limitation of the SOFC lies in
its transient performance [13].

SOFC technology has not yet reached full maturity, and
SOFCs are susceptible to damage during dynamic power
modulation, particularly with internal reforming. Ensur-
ing safety during transient operation of an SOFC is cru-
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cial for the lifetime of the SOFC, but also complex, re-
quiring careful management of gas flows, temperatures
and power [14]. The SOFC has to stay within numerous
safety limits, such as the fuel utilization, air utilization,
fuel-to-air equivalence ratio, maximum internal tempera-
tures, and local spatial and temporal temperature gradi-
ents [15, 16]. 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 [17]. Managing excessive local spatial and
temporal temperature gradients in the SOFC is partic-
ularly challenging, as they cannot be measured and re-
quire detailed first-principles models to capture their be-
haviour accurately. Furthermore, their effects on degra-
dation and material failure are not easy to capture and
often require experimental testing [18]. Therefore, present
control strategies implicitly address the local spatial and
temporal temperature gradients by gradually transitioning
between different power levels using a rate-of-change limit
on the electrical current. This prevents excessive degra-
dation and sudden failure of the system, but the transient
behaviour of the SOFC system may require over an hour
to stabilize [12]. 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 [12]. Still, the faster the SOFC can modulate
power, the less complex or smaller the hybrid system com-
ponents need to be, which makes the application of the
SOFC both technically and economically more viable.

Existing control strategies for SOFC systems predomi-
nantly rely on PID control due to its simplicity, robust-
ness, and the widespread understanding of the method-
ology within the industry [19]. However, the PID con-
troller 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 sat-
uration and anti-windup techniques to prevent integrator
windup [20]. For an SOFC, this can ensure adherence
to constraints such as fuel utilization, air utilization, and
fuel-to-air equivalence ratio [21]. The maximum internal
temperature can be maintained within a specific range by
carefully tuning the PID controller. However, the PID con-
troller cannot explicitly constrain internal temperatures or
account for local spatial and temporal temperature gradi-
ents. Therefore, a rate-of-change limit on the electrical
current is required when using a PID controller to implic-
itly constrain the local spatial and temporal temperature
gradients in the SOFC. This approach leads to a poor tran-
sient response [12].

Model Predictive Control (MPC) has been widely ap-
plied in various control problems due to its capability
to handle complex nonlinear dynamics, Multiple-Input
Multiple-Output (MIMO) systems, and strict system con-
straints [22]. For these reasons, MPC is considered a suit-
able control strategy for SOFC systems [19]. However, pre-
vious studies do not fully leverage the constraint-handling
capabilities of MPC and still rely on implicitly constrain-

ing the temporal and spatial temperature gradients in the
SOFC by limiting the electrical current rate-of-change.
This implicit constraint is overly conservative, as the tem-
poral temperature gradient often remains well below the
constraint during operation. Due to the MPC using a pre-
diction model, MPC allows for the explicit constraint of
the temperature rate-of-change, thereby managing the lo-
cal temporal temperature gradients.

Contribution

This research aims to demonstrate a trade-off between
load tracking and thermal stress in the SOFC. Further-
more, it shows that an MPC control strategy can enhance
the dynamic power modulation capabilities of an SOFC
system compared to a baseline PID control strategy by in-
corporating thermal safety constraints. In particular, this
research proposes to:

* Integrate constraints on temperatures and tempera-
ture rate-of-change of the SOFC system in the MPC
strategy to constrain local spatial and temporal tem-
perature gradients in the SOFC.

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

The proposed Thermal-Constrained (TC) MPC strategy
will be validated through simulations using a benchmark
SOFC system. Its performance 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.

Outline

The structure of the paper is as follows: Section 2 re-
views the existing literature on control strategies for SOFC
systems. Section 3 presents the benchmark SOFC system,
including the system modelling, the baseline PID control
strategy, and the associated performance metrics. Then,
the TC-MPC strategy is formulated in Section 4. Section 5
describes the implementation of the simulation models and
the TC-MPC strategy. Section 6 provides the simulation
results, comparing the performance of the TC-MPC strat-
egy with that of the baseline PID controller. Finally, Sec-
tion 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 sys-
tems, where the initial control strategies were developed
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to maintain a steady-state operating point. Braun [23] de-
scribes the objective of controlling the SOFC system as
delivering a speci ¢ net power while maximizing the cell
e ciency and ensuring that the SOFC operates within
its limits. To do so, Braun identi es three strategies to
maintain a steady-state power with the above-described
conditions. The rst strategy actuates the fuel and air
ows to maintain a constant fuel utilization for either a
desired nominal/local stack temperature or an air temper-
ature change. In the second one, the fuel and air ow are
varied to regulate a constant cell voltage and desired nomi-
nal/local SOFC temperature or an air temperature change.
The third strategy delivers fuel and air at a constant rate,
and the fuel utilization and stack temperature will vary ac-
cording to the required load, where some small variations
in the load are assumed. The SOFC stack current is ma-
nipulated 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 for transient control [19].

During transient control, it is crucial to actively man-
age the SOFC system to stay within the safety limits
(e.g. maximum temperature, fuel utilization and fuel-to-
air equivalence ratio). Furthermore, the dynamics of an
SOFC system are nonlinear, MIMO, and vastly di erent
in time scale. As a result, the control problem is often
divided into energy management, focusing on power de-
livery and e ciency, and thermal management, concen-
trating on temperature control and thermal safety. Power
control is, for instance, addressed in [24, 25] with PID con-
trol, but without taking safety limits into account. Li et
al. [26] propose an MPC strategy to control the SOFC
stack voltage while constraining the fuel utilization and
the fuel ow. Carre et al. [27] developed a feed-forward
control strategy incorporating limits on fuel utilization,
air utilization and air stoichiometry. Temperature control
of SOFCs is addressed by Pohjoranta et al. [28], 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 pro le are minimized with
an H; -controller in [29], concluding that it is impossible
to maintain the internal stack temperature pro le exactly.
Still, the control reduces the variations compared to an
open-loop feed-forward strategy. Reineh et al. [30] extend
this strategy by including actuator saturation in the syn-
thesis process of theH; -controller. Hajimolana et al. [31]
employ a neural network predictive controller to control
the temperature of the SOFC stack.

As identi ed by Pohjoranta et al. [28], power and tem-
perature control use the same inputs and are inherently
coupled and changing the power will lead to changes
in the temperature. Addressing them separately simpli-
es the design but leads to conservative transient perfor-
mance [32]. Therefore, power and temperature controllers
are designed sequentially in [33, 14] while analyzing the
coupling between the multiple loops to ensure stability
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and performance. Stiller [33] develops a multi-mode con-
trol strategy based on PID control, controlling both power
and temperature. The controller switches between di er-
ent operation modes to ensure fuel utilization and voltage
constraints. Mueller et al. [14] present a cascaded PID con-
trol solution to account for the coupling in power and tem-
perature regulation. These control solutions adequately
regulate both power and temperature; however, PID con-
trol does not naturally deal with multi-objective control
problems nor stays within the tight operation range of the
SOFC. Therefore, approaches are developed in [34, 35, 36]
based on MPC strategies to regulate both power and tem-
perature while actively constraining the operation range of
the SOFC system. Spivey and Edgar [34] develop an MPC
based on an identi ed second-order LTI model, which is
included in the velocity form to eliminate steady-state o -
sets. The constraints included the fuel utilization, air uti-
lization, temperature, steam-to-carbon ratio and the in-
puts. The results analyze the radial temperature gradient
in a tubular SOFC cell. Sanandaiji et al. [35] use an LPV
model, which is scheduled in the MPC controller based
on the current state. Constraints in the MPC include cell
voltage, fuel utilization, and actuator limits. Zhang et
al. [36] design an NMPC, where the SOFC model includes
a t of the spatially distributed variables. The minimum
current density is constrained. A drawback is that most
of these strategies do not include thermal-stress considera-
tions or analyze the resulting thermal stress due to power
modulation. As a result, there is no trade-o between
power tracking and degradation, limiting their applicabil-
ity.

Particular works include constraints on the local spa-
tial temperature gradient [34] or include a steady-state
optimization such that the temperature distribution in the
SOFC is maintained as close as possible to its nominal con-
dition across all operating power levels [37]. This limits
the thermal stress at the steady-state operation point but
does not take care of thermal stress during dynamic opera-
tion. The related work is summarized in Table 1, showing
the control objectives and the included constraints per pa-
per. The table indicates that thermal stress considerations
are rarely incorporated in the control strategy and are
even less often integrated with power management to bal-
ance power tracking and thermal stress. In this work, the
MPC strategy directly incorporates a temperature rate-
of-change constraint to determine the rate at which power
can be adjusted during transient operations.
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3. Evaluation framework: benchmark system,
baseline control, and performance metrics

The benchmark system comprises a generic stand-alone
SOFC system with a baseline PID control strategy pro-
posed in [21]. First, the system is introduced, including
its con guration, modelling, and operation constraints.
Then, the baseline PID control strategy and the perfor-
mance metrics are discussed.



Table 1: overview of the related literature on SOFC control, with TW as This Work

Literature

Contribution Symbol [24, 25] [26] [27] [28] [29] [30] [31] [33] [14] [34] [35] [36] [21] [37] TW

Control objectives
Power control | Pepc () | X X X X X X X X X X X

Temperature control ' Tsorc (1) ! X X X X X X X X X X X X

Safety constraints

Fuel utilization Co(t) | X X X X X X X X
" Air utilizaton N (3 T x T X X x X
" Fuel-to-air equivalence ratio ;, mr (1) |, x T X X
" SOFC temperature "Tsorc () ' T T x X x0T X
" Cell voltage C U ® X x x X
Clnput limits futy X X x X X X X X X X xX X x

Thermal stress considerations
_Current rate-of-change | igpc(t) . x

Variations w.r.t nominal
temperature distribution

Local temporal |
temperature gradient
Local spatial |
temperature gradient j

has three inputs: the compressor torque, blower torque,
and requested current, as well as three outputs: fuel uti-
lization, SOFC temperature, and output power.

3.1.1. Air blower and fuel compressor

The air blower and fuel compressor are modelled follow-
ing the same approach presented in [14, 38]. Here, the ap-
proach is illustrated for the fuel compressor (abbreviated
with cp) but holds similarly for the air blower (abbrevi-
ated with blw). The dynamic behaviour is lumped into a

Figure 1: Generic stand-alone SOFC system overview. single rotating mass, where the rotational velocity ( ¢ (t))
is described as

. i 1

3.1 Gene.rfc stand 'alorlle SOFC system | L gp(t) = E( Cop! )+ op(1) L
For maritime applications, the benchmark will focus on

a stand-alone SOFC system, meaning that the system is where I, is the inertia, Cg, is the viscous friction and
self-sustaining the SOFC operations. The fuel of the SOFC () is the torque. The rotational velocity is linearly
is methane (O:C ratio 2.4 and 5% reformed, resulting in  re|ated to the resulting molar ow ( Nep (1)) as

an inlet composition of CH4 27.1%, CO2 1.4% CO 0.0%, B

H20 65.8% and H2 5.7%). During use, the SOFC requires Nep(t) = acp! cp(t); )
a continuous supply of fuel and air, which must be pre-
heated to the SOFC's operating temperature. To facili-  with ag, the molar ow coe cient. The power consumed

tate this, the SOFC is equipped with the Balance of Plant (P, (t)) by the compressor is modelled via ideal compres-
(BOP), forming an SOFC system. A generic case of such sion work, corrected with a constant thermodynamic e -

a system is illustrated in Figure 1. In this con guration, ciency ( cp:is) @and a constant motor e ciency ( ¢p:m) [39,
a fuel compressor and air blower manage gas in ows, heat Chapter 2], as

exchangers pre-heat these in ows, a combustor increases
the heat energy in the exhaust gasses, and an electrical Nep (t)M ¢pCpicp Tep:in

Pcp (t) = . .
converter regulates the output power. The SOFC system

4

o1
Pep:in 1 (3)

cp;m cp;is Pep;out



where M, is the molar mass of the molar ow passing the
Compressor, c..cp is the heat capacity of the molar ow,
Tep:in is the inlet temperature of the compressor, pep:in
and pep;ou are the inlet and outlet pressures, respectively,
and is the speci c heat ratio.

This model neglects some basic compressor e ects, and
a more elaborate model that incorporates the neglected
e ects can be found in [40]. It is assumed that this sim-
pli ed 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 exchangers are modelled using three control
volumes: a hot gas layer, a solid wall, and a cold gas layer,
as is presented in [14]. The gasses passing through the
heat exchanger are treaded as ideally mixed and subject to
enthalpy change from the inlet to the outlet and convective
heat transfer from the gas layers to the wall. This results
in three dynamic temperatures in the heat exchanger, one
for each layer, as described with

O b
-[h(t)— Dth E(t)cp;h(t) Hh;m(t) Hh;out(t)+ Q-h(t) ’
(4a)
. h i

Tw(t) = m Qn(t)  Qc(t) Qu(t) ; (.4b)
_ RT Mo b
Te(t) = m Hein(t)  Heou (1) + Qelt)
(4c)

Q®= OA Tu® ST® FTen(® 5 (@4
Q)= aA Tul® Te® STen® (o)
Qw(t): WAW[TW(t) Tenv(t)]; (4f)
Ha(t) = 07 (OH (Th(1); (4g)
He(t) = 03 (H (Te(t): (4h)

where Ty (t), Tw(t) and T.(t) are the temperatures of the
hot gas layer, the solid wall and the cold gas layer, de-
noted with the subscripts h, w, and c respectively. The
inlet temperature of the cold gas layer isT.i, (1), and the
inlet temperature of the hot gas layer isTh.in (t). For each
layer, V represents the volume,c, is the heat capacity, H
is the enthalpy of the gas mixture and Q is the heat ux.
The term (t) is the convective heat transfer coe cient be-
tween the solid parts and the gases, which depends on the
temperature and the gas concentration, as de ned in [41].
The convective heat transfer area is denoted byA. In the
hot and cold gas layersp represents the pressurey (t) is
the gas concentration of either the fuel or air ow, H is the
speci ¢ enthalpy of the gas mixture, and n_the molar gas
ow. These variables are vectors, depending on the num-
ber of gasses included in the mixture.R is the universal
gas constant and is the density of the solid wall.

3.1.3. Combustor

The combustor is modelled as a single control volume,
where the remaining fuel in the SOFC exhaust is com-
busted. An adiabatic oxidation is assumed [14, 42]. The
temperature in the combustor varies dynamically based on
the enthalpy change due to the oxidation as

_ R M "

-[b(t) = prb E(t)cp;b(t) Hb;|n (t) Hb;out (t) + Q—b(t) ,
(5a)

Qo(t) = b(AL[To(t)  Tenv (1] (5b)
Hp(t) = ng (HH (To(1)); (5¢)

where Ty (t) is the combustor temperature, Ty.in (t) is the
gas inlet temperature, py is the pressure,V, is the com-
bustor's volume, ,(t) is the gas concentration, cc.p(t) is
the heat capacity and ny(t) is the molar ow through the

combustor.

3.1.4. DC-DC converter

The dynamics of the DC-DC converter are signi cantly
faster than the rest of the system (order of s). Therefore,
only the average dynamics are modelled [23, 42]. This ap-
proach simpli es the current dynamics from a millisecond
timescale to several seconds using a low-pass lIter with a
time constant tgpc = 1 second. Then:

igpc (1) + ui(t) |
tepc ’ ©

Lepc (1) =
whereigpc (t) is the electrical current of the converter and
u; is the requested electrical current. Furthermore, the
ohmic losses of the DC-DC converter are taken into ac-
count as

Pepc (1) = Repciepc (1)? (7)
with the ohmic resistance R gpc .
3.1.5. SOFC
A single SOFC cell consists of multiple layers. The

electricity generation capabilities come from thePositive-
electrode Electrolyte Negative-electrode(PEN) structure,
where fuel is supplied to the positive electrode via the
fuel channel and air to the negative electrode via the
air channel, generating a potential between both elec-
trodes. Multiple cells are stacked and electrically con-
nected via a metal interconnect, creating an SOFC stack,
denoted in this work in short as the SOFC. The lo-
cal spatial and temporal temperature distributions in the
PEN structure are of interest in analysing thermal stress.
Therefore, a 1D spatially discretized SOFC model is em-
ployed as the benchmark simulation model. This SOFC
model successively stacks control volumes along the di-
rection of ow of a single SOFC cell as shown in Figure
2. Each control volume consists of an air channel layer,
a PEN structure layer, a fuel channel layer and an inter-
connect layer, such that an energy balance governs the



The fuel utilization ( ¢(t)) is determined as
i(t)

2F( m2t cot4 cha)nep(t)’
with F as the Faraday constant. The output power Pout )
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

Ploss(t)z Ucell (t)lc(t) P cp(t) P blw (t) P Ioss(t); (9)

and the overall electrical e ciency ( (t)) of the SOFC sys-
tem is determined as

(=

i(t) = (8)

Pout (1) .

: 10
H Ly Nepgy (10)

whereH v is the speci c enthalpy of the fuel at the inlet
of the SOFC system.

Figure 2: schematic overview of the 1D and OD SOFC model, illus- The model of the overall system the SOEC stack and

trating the layers and spatial distribution for the 1D model and how . . ’ . .

these are all lumped in the OD model. the BOP, can be written in general nonlinear continuous-
time state-space form as

Table 2: Operational constraints for the SOFC benchmark system ox(t) = f(x(t);ut) |

ct - ; 11
| | e () = hx(1) )
Constraint name  Symbol Value Unit
Fuel utilization i (1) 0.80 [] wherex(t) 2 R"™ is the composite state vector, i.e. x(t) ,
Air utilization a(t) 0.60 -] P o, Pow @ Taex 1 (), Taex.a(t), T3 (1), Tsorc (1),
FueI_-to-alr _ ear (1) 0.50 [ sorc (1), Jsorc (1)” 17, with Tuex ;s as the three tem-
equivalence ratio peratures for the fuel heat exchanger andTyex .o as the
923 three temperatures of the air heat exchanger. More-
PEN temperature T t K . o .
peratu pen (1) 1133 (K] over, u(t) 2 R™ is the composite input vector, i.e.,
Cell voltage Ucen () 0.6 V] ut) . [ep(t), ww (), ui(]”, and y(t) 2 R™ is the
Current density Jsore (1 3000 [A/m?] composite output vector of the system, i.e., y(t) ,

[ $(t); Tsorc (t); Pout (1)]” . For the SOFC system, there
exists a feasible operating region, which is de ned by the
compact setsX R™,U RM™andY, fh(x(t)):x(t)2 Rr22

. Xg.
temperature in each layer of each control volume. The g
SOFC temperature in the 1D model is the stacked vec- 3.2 Operational constraints

tor of the temperature in each layer for all control vol- The following constraints are considered in the SOFC
umes asTsorc (t) = [T (1); Teen (: T7 (1) Te (D7 system: fuel utilization, air utilization, fuel-to-air equiv-
A mass balance is solved dynamically in the air channel 5ance ratio, maximum and minimum PEN temperature,
and fuel channel layers of each control volume based on 44 minimal cell voltage, as summarized in Table 2. These
the mass concentration in the fuel and air channel lay-  onstraints are based on the Staxera/Sun re ISM V3.3. Be

ersas sorc(t) =[ 7 (t); Z(D]”. The electrochemistry  5are that this stack is robust and tolerates extreme op-
resolves the cell voltage and current density distribution ¢ ational conditions. Therefore, these constraints are not

(Jsorc (1)) based on the temperature and concentration  appjicable to any general SOFC stack. Furthermore, note
distribution along the SOFC stack. This is either solved {14t the constraints on the PEN temperature mean that

statically as a system of algebraic equations [41, 43] OF 1o minimum temperature has to stay above 923 [K] and
approximated with an ordinary di erential equation as in the maximum temperature under 1133 [K], not that the

[44, Chapter 6]. Details on the 1D spatially discretized  ean/measured temperature will vary between these con-
model can be found in [41]. straints. The air utilization ( 4(t)) and fuel-to-air equiva-
lence ratio ( gar (t)) are determined, respectively as

R2.1

3.1.6. System description (t) = i(t) ) (12)
All the components are connected following the system 2 4F  o20pw (1)’

con guration in Figure 1. The outputs of the system are _ (H2t+ co+4 cha)nep(t).

the fuel utilization, SOFC temperature and output power. FaR (1) = 2 02Npw (1) (3)



3.3. Baseline PID controller

The baseline controller is chosen as a PID as this is
widely used as a controller for SOFC systems [19] and is
commonly used in the industry. Following the approach
of [21], a safety-saturated PID controller is designed. This
consists of three PID controllers: one for the fuel utiliza-
tion, one for the SOFC temperature and one for the out-
put power. For the PID controller, the SOFC temper-
ature 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 ow based on
xed air and fuel utilization. The temperature PID sup-
plies additional air based on the temperature set-point and
the fuel utilization adjusts the fuel ow, based on the de-
sired fuel utilization. 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 utilization, the fuel-to-air
equivalence ratio within speci ed limits. Additionally, to
limit the local spatial and temporal temperature gradi-
ents in the SOFC, aCurrent Rate-of-change Limit (CRL)
is implemented by appropriately saturating the controller
outputs. Back-calculation is employed to prevent integral
windup. The PID controller parameters are tuned via a
xed-structure LPV synthesis procedure based on a local
LPV representation of the SOFC system model. This tun-
ing method is chosen over tuning by hand and sequential
loop-shaping for its robustness and systematic incorpora-
tion of the desired performance [45]. More details on the
LPV modelling and the synthesis procedure can be found
in [21].

3.4. Key performance indicators

In this research, the performance of the control strate-
gies with the benchmark system is assessed with véey
performance indicators (KPIs). Power tracking is the pri-
mary objective of the SOFC system, denoted as

zZ. . )
1 75 jirp(t) P oou (b)jj dt
(anx P nﬂn) -

(14)

tshn t=0

Successful tracking of the power referencerg (t)) is mea-
sured on a scale from 0 to 1, where 1 means perfect track-
ing. To evaluate the thermal stress during transient op-
eration of the SOFC, the maximum spatial and temporal
temperature gradient in the PEN structure of the SOFC
is determined respectively as

dTpen (LX)

T: max —a ; (15)
} dTeen (t; X)
rT: max —ax (16)

Lower values for these KPIs are desirable as they result in
less thermal stress and a longer lifetime. A longer lifetime
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should not be traded for a signi cant electrical e ciency
decrease and therefore the overall e ciency is measured as

1 Z tsim

t=0

(t)dt: 17)

tsim
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 compu-
tation: 7
17 te(t)

t .
' tgm ts

dt:

(18)

t=0

4. Thermal-constrained MPC

MPC relies on a prediction model. Using the bench-
mark SOFC system model described in (11) as a predic-
tion model in the MPC results in an intractable optimiza-
tion problem due to the model's high complexity. To ad-
dress this, the 1D spatially discretized SOFC model with
968 states is simplied to a OD SOFC model containing
only a single state. In the OD model, all layers and dis-
tributed variables of the spatially discretized 1D model are
lumped into a single-layer and one control volume, as il-
lustrated in Figure 2, in which a dynamic energy balance
is solved to obtain the dynamic temperature behaviour
(Tsorc (t)). The mass balance resolves the molar ow
and reaction rates statically, resulting in the mass con-
centration ( sorc (t)). The electrochemistry determines
the cell voltage (Uce(t)) and current density (Jsorc (1))
based on the Nernst equation and includes a temperature-
dependent t for the ohmic losses. A full model description
can be found in [46]. Replacing the spatial discretized 1D
model for the OD SOFC model in the SOFC system gives
the full MPC prediction model in the same form as (11).

This simpli cation introduces a model mismatch be-
tween the benchmark simulation model and the prediction
model, where the e ectiveness of the MPC relies heavily
on the accuracy of the prediction model [47]. In the case
of SOFC, the output voltage and power are in uenced by
internally distributed parameters that the simpli ed pre-
diction models cannot fully capture [46], due to its OD
representation. As a result, a mismatch between the pre-
dicted output with the MPC and the actual SOFC sys-
tem output is inevitable, and the standard tracking MPC
scheme, e.g. [48], will result in an unsatisfactory tracking
error. A reliable way to achieve accurate output tracking
is to incorporate output feedback through an o set-free
MPC algorithm, utilizing the discrete-time velocity form
of the system [49]. First, the discrete-time dynamics are
obtained as

= F(Xx; uk) .
h(xk) ’

which is obtained by integrating the continuous-time sys-
tem (11) using the fourth-order Runge{Kutta method,
with t = kts and the sample timets. The discrete-time

Xk+1

Yk (19)

nl;dt -



Algorithm 1 O set-free tracking MPC scheme
Require: r(t) 8t 2 [0;tsim]
1: Initialize states x(0), inputs u( tg), and initial guess
input, state and output trajectory Uios Xjor Yjo
2: for t =[0;tsm] do
3. Measurex(t) and y(t) at t = kts.
4:  Determine A( i), B( j«) and C( ), based on pre-
vious solution x;, 4, U; 4 andy;,

5. Solve (21)
6:  Apply u(t+ )= Uy, 2[0ts)
7: end for

velocity form of a discrete-time nonlinear system is then
given as

Xker = A(k) Xk + B(k) Uk
dt - 7 (20
vidt Yo oo =K X (20)
with the discrete state velocity as Xx = Xk Xk 1,
the discrete input velocity as ux = ux U 1, k =

[Xg s Xg 1 Ugs ug (7, and A( «);B( k); X k) are as de-
ned in [50]. With the model expressed in this form, an
o set-free tracking MPC is formulated as

min i'ﬁ[ XNj_If;rNjk yl\_l.jk]ij“"' )
STHATHIT izo Wik VYiklle * 11 Ujjkllr;
s.t. Xj+1jk = ACjik) Xjjk + BCjik) Ujjks
Yj +1jk = QU j+1jk) Xj+ijk T Yjjko
X +1 jk Xj+1jk T Xjjks
Uj jk = Uk U g
Xj ik 2 X;
Ujjk 2 U;
ijk 2 X
Xojk = x(t);
Yoik = y(1);
U 1jk = u(t ts);
Xojk = x(1);
j 2 ZpoNg

(21)
with ry as the desired reference for the outputy, Q;R; P
as positive semi-de nite cost matrices,N as the prediction
horizon, the subscript j is the predicted time ahead, the
subscript jk denotes the full prediction horizon and X is
the set of constraints on the discrete state velocity. The
dependencies ofA;B;Con ¢ are nonlinear. In this case,
A( k);B( k); C( k) are estimated based on the previous so-
lution as described in Algorithm 1, allowing to solve the
MPC in one iteration [51]. This gives the MPC modest
computational e ort and allows for real-time implementa-
tion.

Inthe MPC formulation  x;;c 2 X 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 temperature through-
out the SOFC, this does not constrain the local temporal

Table 3: CRL variations for the PID controller

PID CRL-1 CRL-2 CRL-3 CRL-4
1

Ji iepc (D)jj [A/s] 1 15 i 35

temperature gradient in the simulation benchmark model.
Figure B.1 shows how the OD SOFC prediction model
only captures the overall behaviour with respect to the
1D spatial distributed SOFC model. This is a fundamen-
tal 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 gradi-
ent observed in the 1D spatially discretized model dur-
ing 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 exibility in power track-

ing.

5. Implementation

The benchmark simulation model is implemented in
Matlab , and the simulations are executed with the
odel5s solver. A maximum step-time of 1 [s] is chosen to
simulate all dynamics in the benchmark model accurately.

The baseline PID controller is implemented in Mat-
lab in the continuous-time as well. It is assumed that any
hardware is fast enough to accurately sample the PID con-
troller in discrete-time, as the fastest dynamics are around
1 [s]. For e cient operation, the references for the fuel
utilization and the SOFC temperature should be close to
the constraint. Therefore, the fuel utilization reference is
set as 0.75 [-]. The PID controller will operate on out-
put 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 con gured with four values for the
CRL, to evaluate the impact of varying power modulation
rates on the resulting local spatial and temporal tempera-
ture gradients in the SOFC. These CRL values are listed in
Table 3. The slowest CRL ( igpc (t) %) corresponds to
the maximum ramping rate allowed by the manufacturer
[52]. The remaining three ramping rates are increased to
demonstrate the potential improvements in power track-
ing and the associated spatial and temporal temperature
gradients if faster regulation is allowed.

The TC-MPC is implemented in Matlab , using the
CasADi toolbox, and is solved with IPOPT. The fuel uti-
lization 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

R1.3



Table 4: Simulation parameters for the TC-MPC

Parameter Value
Q diag([4 10°;1 107;5 10%))
R diag([0:25;1 10%;1 10 3))
P Solution of the DARE
N 20
ts 1[s]

Table 5: Constraint variations for the TC-MPC

with an Intel® 12th Gen i7-1265U CPU @1.80 GHz and
16 GB RAM.

Tsorc (1) [KIs]  Tex(t) [Kis]  Tea(t) [K/s]

MPC . . .

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

Figure 3: Temperature and power tracking with the safety-saturated
PID controller for di erent current rate limits

SOFC, the TC-MPC needs the maximum SOFC temper-
ature, which is not measurable. In [53], a Kalman lter is
developed where the maximum temperature is estimated
error stays within 2 [K] over a 6-hour prediction horizon.
The estimate improves signi cantly for shorter horizons.
In this study, the simulated values are directly provided
to the MPC, and it is assumed that an estimation lter,
as discussed above, could provide an accurate estimate.
The design of a speci ¢ lter for this system is left for fu-
ture work. Instead, the emphasis is placed on the design of
the MPC. This gives a maximum SOFC temperature refer-
ence of 1123 [K], corresponding with a 30 [K] temperature
di erence between the maximum SOFC temperature and
the air outlet temperature. The values for the Q, R and
P are manually selected by trial and error to obtain simi-
lar tracking behaviour as the baseline PID. This results in
strict output power tracking, and relatively more freedom
for fuel utilization and SOFC temperature to diverge from
the reference if bene cial. 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-0 be-
tween computational complexity and prediction accuracy.
The TC-MPC is implemented with four sets of tempera-
ture rate-of-change constraints to demonstrate the sensi-
tivity 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 bench-
mark 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 optimize the behaviour of the
TC-MPC for a speci ¢ application. One can look at this
learning-based approach [54]. Here, the manually selected
values su ce for the purpose of this research as the results
will indicate.

All simulations are performed on a Dell Latitude 7430

6. Results

Both the TC-MPC and the baseline PID strategy are
simulated operating the benchmark system model. Two
di erent scenarios are simulated, and the potential perfor-
mance 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 gradi-
ents in the SOFC. The rst scenario is a short simulation
focused on qualitative analysis for a ramp-down and ramp-
up between the maximum and minimum load. In the sec-
ond scenario, the controllers will track a longer load cycle,
such that KPIs can be analyzed quantitatively.

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

The rst scenario consists of a ramp-down from the max-
imum 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 is stabilized
within 1500 [s]. The SOFC temperature is regulated as
mentioned above, and the fuel utilization is controlled at
0.75 [-].

The scenario is simulated with the baseline PID and the
four CRLs CRL-1{CRL-4. The results are given in Fig-
ure 3, showing adequate power tracking for each of the
CRLs. Varying modulation rates can be observed dur-
ing the power ramp-up with the slope determined by the
CRL. When the controller approaches the maximum cur-
rent, the SOFC system has not yet reached its maximum
power output, as the temperature continues to rise toward
its setpoint, which de nes 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



Figure 4: PEN temperature (gradients) for the safety-saturated PID controller with various current rate limits.

temperature to drop since the cooling air ow cannot be
reduced further.

The resulting temperature dynamics in the PEN struc-
ture are shown in Figure 4. The PEN temperature stays
within the maximum and minimum 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 di erent CRLs do not result
in signi cant variations of the spatial temperature gradi-
ent in the PEN structure. The maximum and minimum
spatial gradients are the same. Only the dynamics are de-
layed for slow power modulation. 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 tempera-
ture gradient. These results clearly show that there is
a trade-o between the dynamic power tracking and the
maximum local temporal temperature gradient. Where
fast power tracking results in high temporal temperature
gradients and vice verse. 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 speci cally chosen, such that the resulting lo-
cal temporal temperature gradient in the SOFC matches
that of the one resulting from the corresponding PID con-
troller CRL-1{CRL-4. The current rate constraint in the
TC-MPC is relaxed to allow for faster power modula-
tion with respect to the PID controllers when allowed
by the thermal constraints. Figure 5 compares the TC-
MPC controllers with the baseline PID and correspond-
ing CRL for the ramp-up ramp-down scenario. The g-
ure illustrates that the TC-MPC improves load tracking
while the maximum local temporal temperature gradient
either remains unchanged or decreases. The maximum
spatial temperature gradient is similar along the various
simulations. The KPIs for the ramp-up ramp-down sce-
nario are shown in Figure 6, verifying the results from
Figure 5. The TC-MPC improves the load tacking be-
tween 7-17% for TC-2-TC-4 when compared to the base-
line PID strategy with CRL-2-CRL-4, without a signi cant
di erence in local temporal and spatial temperature gradi-
ent in the SOFC. TC-1 improves the tracking performance
marginally with 1%, but decreases the local temporal tem-
perature gradient with 0.14 [K/s], due to the speci c values
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for the thermal constraints. The percentages are improve-
ments of the TC-MPC power tracking with respect to the
power tracking of the CRL-PID. Overall, the KPIs show
a marginal increase in the spatial temperature gradient
and e ciency for the TC-MPC. Due to the faster opera-
tion, the TC-MPC maintains the initial high temperature
better than the PID, resulting in an overall higher tem-
perature, increasing the spatial temperature gradient and
e ciency. However, the TC-MPC does not optimize for
more e cient operation and, does not improve the e -
ciency in general. As expected, the TC-MPC increases
the real-time CPU ratio from an average of 48 10 5 for
the baseline PID to 0:39, which is signi cant 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 tem-
perature changes at a constant maximum rate-of-change
over the full transient. This is partly what can be ob-
served in Figure 5. 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 ob-
served maximum local temporal temperature gradient is
not constant during the power transient. This indicates
that the TC-MPC strategy and the SOFC power track-
ing 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 ran-
dom load setpoints, changing every 200 [s] to mimic the
power request from an energy management strategy. Both
the baseline PID and the TC-MPC strategy are simulated
for the load cycle. The power tracking and local tempo-
ral temperature gradients are shown in Figure 7, and the
corresponding performance indicators in Figure 8. The re-
sults of the load cycle are not one-to-one comparable with
the results from the rst scenario. Still, the KPIs indicate
that the TC-MPC improves load tracking with respect to

R1.1

R1.6
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Figure 5: Comparison of load tracking and temporal temperature gradient for the TC-MPC and CRL-PID.

Figure 6: Performance indicators for simulation scenario 1.

the baseline PID with 5%-17%, while reducing the maxi-
mum 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 e ciency do not vary signi -
cantly. 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. However, the results also clearly indi-
cate room for further improvement. The OD model is far
from perfect in predicting the maximum temporal tem-
perature gradient of the 1D SOFC model. As a result, the
temporal temperature gradient of the 1D SOFC model is
e ectively reduced but not constrained. A more accurate
prediction of the temporal temperature gradient would al-
low operation closer to the constraint and further improve
the power modulation rate of the SOFC. Therefore, it
is bene cial to implement some 1D representation of the
SOFC in the TC-MPC prediction model. However, this
poses challenges since the 1D spatial discretize simulation
model in the benchmark system includes 968 states [46].
To enable real-time optimization, the 1D model must be
simpli ed to reduce the number of states while preserving
the spatial distribution of temperature to capture the lo-
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cal behaviour. Furthermore, the prediction horizon of 20
seconds is su cient 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 op-
eration the prediction horizon should be of a similar order
as the slowest dynamics of the system. However, with the
current sampling time tg = 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
re ect a particular maritime use case. Therefore, the ap-
plicability of the results is not limited to maritime appli-
cations but could improve dynamic load-tracking capabil-
ities in many SOFC applications. It is important to ex-
amine the speci ¢ power pro le of a particular vessel type
to understand 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 de ned power rate-of-change limit for
the SOFC system, the TC-MPC should o er feedback on
how much dynamic load the SOFC can support. There-
fore, alongside assessing the impact of these improvements
through the vessel's energy management strategy, the in-
tegration of the TC-MPC into the energy management
system must also be considered.
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