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Abstract:

The integration of fuel cell systems into hybrid electric vehicles presents unique challenges
due to the highly dynamic power trajectories typical of automotive applications. The dynamic
operation of fuel cells leads to performance degradation limiting the lifetime of fuel cells. This
paper proposes a model predictive control strategy that optimizes the balance between fuel
cell longevity, efficiency, and performance on the system level by adapting current, hydrogen
flow, airflow, and the dew points at the inlet of the electrodes. Using a non-linear, physically
motivated model that incorporates the key degradation mechanisms of the cathode catalyst
layer, this approach provides a framework to optimize the operating strategy of the fuel cell
system. By leveraging the information from the physical model, the controller can make health-
conscious control decisions outperforming traditional and rule-based strategies.
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1. INTRODUCTION

Fuel cells are a promising candidate for green mobility due
to their high efficiency, fast refueling, and low emissions,
making them particularly attractive for hybrid electric
vehicles in the transition toward sustainable transporta-
tion. However, one major challenge remaining in deploying
fuel cells for automotive applications is managing their
durability, as the highly dynamic operating conditions
inherent in vehicular use induce and accelerate degrada-
tion. These conditions, characterized by frequent power
demand fluctuations and changes in operating points, age
the fuel cell components, particularly impacting catalyst
and membrane durability (Wallnofer-Ogris et al., 2024).

In hybrid electric vehicles, the energy management system
(EMS) determines the optimal power split between the fuel
cell and the battery, shaping the power trajectories and
ensuring that the energy demands of the system are met
(Li et al., 2012). The required fuel cell power trajectory
is then forwarded to the system level, where additional
control objectives come into play, including the regulation
of hydrogen and air flow rates and humidification within
the fuel cell. These inputs must be carefully managed
to maintain the necessary conditions for efficient power
generation and to mitigate degradation (Daud et al.,
2017).

Traditional control approaches for fuel cell systems, such
as rule-based or PID control strategies, provide effective
regulation of basic parameters under steady or moderately
dynamic conditions. However, they lack the adaptability
to handle the complex interplay between power demand

and degradation seen in highly dynamic applications (Wu
et al., 2020). Such conventional methods typically address
either efficiency or degradation but struggle to achieve
an optimal balance, highlighting the need for advanced
control methodologies capable of integrating multiple ob-
jectives within a unified framework (Ghasemi et al., 2023).

To tackle this challenge, a health-conscious model predic-
tive controller (MPC) is introduced. The controller uses
a physically-motivated zero-dimensional fuel cell model
including the key degradation mechanisms of the cath-
ode catalyst layer. Due to the lumped formulation, the
model provides the computational efficiency to realize
long prediction horizons while also being real-time ca-
pable. Furthermore, the physical formulation enables an
intuitive weighting between performance, efficiency, and
longevity of the system. The paper is structured as follows:
In Section 2, the needed methodology, namely the MPC
formulation and the model, are described. The results are
shown and discussed in Section 3. Finally, a conclusion and
outlook are given in Section 4.

2. METHODOLOGY OF HEALTH-CONSCIOUS MPC

In a hybrid fuel cell vehicle, the EMS calculates the op-
timal power split between the fuel cell and the battery
(Fig. 1). The power demand is then forwarded to the
subsystems where further control objectives come into
play. Besides providing power, the internal control of the
fuel cell system (Fig. 1, green area) adapts additional in-
puts, including hydrogen and oxygen flow, pressure levels,
humidity, and temperature. To enable this, a model pre-
dictive control algorithm is introduced. Using a physically

2405-8963 Copyright © 2025 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.

10.1016/j.ifacol.2025.07.084



74 Johanna Bartlechner et al. / IFAC PapersOnLine 59-5 (2025) 73—-78

Health-conscious MPC

Overall power demand‘

Fuel cell power demand

Gear

<«

Objective — Provide required power

while minimizing degradation - -
inlet dew points)

Controlled Variables — Current, inlet
flows, inlet dewpoint temperatures

T Y (power, cell temperature)
\ : X (thermodgnamic states, surface concentrations)

U (current, inlet flows,

Fuel cell stack

box

@EMS

Battery power
demand

Battery

Power toT
motor

Converters

and inverter

Power from and
to battery

Power from fuel cellf

-+

Fig. 1. Power flow and control scheme of fuel cell hybrid vehicles including the introduced MPC. The total
power demand is provided to the energy management system (EMS) (blue), which calculates the optimal power
split between the battery (red) and the fuel cell system (green). These components work together to supply the
required power to the engine and the electric axle (yellow). To effectively manage the fuel cell stack, its internal
control system must consider three key factors: power demand, efficiency, and lifetime. The multivariable problem
is solved in real-time with the introduced health-conscious model predictive controller (MPC), which proactively
adapts the system to realize anticipated power demands and enables a balanced and intuitive trade-off between

performance and longevity.

motivated fuel cell model including the main degrada-
tion mechanisms on the cathode catalyst, the controller
can make health-conscious decisions while also considering
power requirements and cost efficiency. In this section, the
needed methodology for the health-conscious controller is
given, i.e., the physically motivated model is described,
the MPC formulation and cost function are defined, and
three aggregated key performance indices (KPI) to eval-
uate performance, hydrogen usage, and degradation are
derived.

2.1 Real-time capable fuel cell model

A physically-motivated zero-dimensional model based on
Bartlechner et al. (2024) is adapted and extended to
include the main degradation mechanisms of the cath-
ode catalyst as well as the temperature dynamics. The
zero-dimensional formulation of the model assumes ho-
mogenous concentrations of the reactants in the electrode
and thus does not provide any information about local
phenomena or spatial distribution. However, it is compu-
tationally efficient and facilitates real-time applicability.
Furthermore, the physical formulation provides insightful
information about the processes within the cell. The model
is continuously differentiable enabling fast linearization of
the fuel cell model by the use of Jacobians. Thus providing
a suitable trade-off between accuracy, predictive capacity
due to physical formulation and computational efficiency.

The model in Bartlechner et al. (2024), consisting of four
submodels (cathode, anode, membrane, and electrochem-
istry), is extended to include three additional submodels -
namely, the submodel for the temperature dynamics, for
electrochemical carbon corrosion, and for platinum degra-
dation on the cathode side. The submodels are depicted in
Fig. 2. Furthermore the electrochemical model is extended
to include the effects of changing cell temperature on
voltage, and the amount of reactants in the electrodes is
formulated in terms of the amount of substance to reduce
conversion efforts.

The non-linear zero-dimensional fuel cell model can be
written in the input-output form

X = f(xau70)7 y= g(x,u, 0) (1)

with the state vector x, the input vector u, the output
vector y, the parameter vector 6, the state function vector
f and the output function vector g. The state vector has
25 states, and is defined as

X :[n(:)z,ca? nNz,Ca7 nHQO(gaS),Can nHQO(Hq),Ca7 A

NHy,an; "Ny ,an; anO(gas),ana nHQO(“q) ,any «-
(2)
am, T, 0c+, 0c-on, Opi+, Opt-oH, Cpe2+, -
Ni, Na, N3, Ny, N5, Ng, Nz, Ng, Ng, Nig| "
with the amount of substance m;; of the species i €
{02, Ng, HoOgas), HaOq1iq), H2} in the electrodes j €
{ca,an}, the membrane humidity ay, the cell temperature
T, the surface concentration 0y of k € {C*, C-OH, Pt*,
Pt-OH}, the Pt2* concentration in the ionomer cpy2+, and
the amount of particles NV; in the platinum particle classes
1 €{1,2,...,10}. The input vector consists of twelve inputs:

T (3)
Pout,cas Pout,an T’in,cay T‘in,an; Toutside, Icell]
with the dry mole flows n; 4.y, the dew point temperatures
T4ew,j, the inlet pi, ; and outlet poye ; pressures, the inlet
temperatures Ti,; in the electrodes j € {ca,an}, the
outside temperature Touiside and the cell current I o). The
model output vector is defined as
y = [P,T,rco,, ECSA]* (4)
with the cell power P, the cell temperature T, the COq
formation rate rco, and the electrochemical active surface
area ECSA, whereby the ECSA is defined as the ratio of
platinum surface to platinum mass
A 4r 10 N2
ECSA = % = M”ZZ:;O L (5)
mpy 3 PPt > iz Nir;
Furthermore, degradation is considered by the rates of
degradation
(6)

Cathode, anode, membrane and electrochemical
submodels (Fig. 2, top). The cathode and anode sub-
models are derived from the substance quantity balance
dnm—
p (7)
around the electrodes for the species ¢ in the electrodes
Jj, whereby the flows in 7, jin and out 7, jout of the gas

u :[nca,dry7 Nan,dry» Tdew,czau Tdew,anapin,cam Pin,an ---

r Z[Tcoz,Nh NQ, ) Nm]T-

= Ny jin — Nijout T NiM + N j R
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Fig. 2. Schematics of physically motivated fuel cell
model. The (1) cathode and (2) anode submodels
are derived from a material balance around the elec-
trodes. From the (3) membrane submodel the mem-
brane humidity is obtained. The (4) electrochemical
submodel describes the effects of operating conditions
on the cell voltage. The dynamics of the fuel cell
temperature are obtained by the (5) thermal model.
The degradation of the fuel cell is described by the
submodels for (6) carbon corrosion and (7) cathode
platinum degradation.

channels and the transport through the membrane 7n; M
are considered. Electrochemical reaction and phase change
are combined in the reaction term 7; ; r. The gases in the
electrodes are assumed to have ideal gas behavior and are
homogenously mixed within the electrodes. Water phase
change is considered based on the saturation pressure
at the current cell temperature. Water transport via the
membrane by electroosmotic drag and back-diffusion, as
well as nitrogen diffusion, is included. The membrane

humidity
dan 1 [ Gca+ Gan
dt ™ ( 2 aM) (8)
is derived from the humidities a; on the anode and
cathode side considering a first-order time delay. The
electrochemical model is based on Kravos et al. (2020),
whereby the non-isothermal formulation is used to include
the effects of changing temperature on the cell voltage.

Thermal submodel (Fig. 2, middle). The dynamics
of the cell temperature are obtained by an energy balance
around the cell
dT 1 . ) ) . )
E = 7(Hin - Hout + Hvap + QR + Qloss)- (9)
cp
with the fitting parameter cp. The convective heat flows
into Hln and out Hout of the electrodes, the temperature
changes due to the phase change of water H. vap, the gener-
ated heat QR due to voltage losses as well as the conductive
heat loss QIOSS to the environment are considered.

Submodel for cathode carbon corrosion and plat-
inum degradation (Fig. 2, bottom). A simplified
model for carbon corrosion and cathode platinum degra-
dation is derived from Pandy et al. (2013), Schneider et al.
(2019), Kregar et al. (2020) and Kregar et al. (2021). The

model considers carbon support surface oxidation, plat-
inum particle surface oxidation, electrochemical carbon
corrosion, Pt particle detachment and agglomeration, Pt
dissolution and redeposition as well as Pt diffusion into
the membrane. In comparison to Kregar et al. (2020), the
Kelvin shift is averaged based on the particle distribution
for the reactions changing the platinum particle surface
concentration, significantly reducing the number of states.

Platinum and carbon surface oxidation, CO, formation
and dissolution of Pt ions are described via the reactions
C*4+H,0=C-OH+HT 4e~ E1=0.20VRHE
C-OH=C=0+H" 4e~ E»=0.80 VRHE
C*-C-OH+H20—C*+CO2+3H 43¢~ E3=0.95V RHE
Pt*+H,O=Pt-OH+H T +e™~ E4=0.70 VRHE
Pt-OH=Pt=0O+H" +e™ E5=0.80 VRHE
Pt-OH+C*-C-OH—C*+Pt*+C034+2HT +2¢~  Eg=0.65 V RHE
Pt*=Pt*t 42~ E¢=1.188 VRHE

(10)
according to Pandy et al. (2013). The distribution of
platinum particles is described by ten particle classes,
whereby the change of particles in each class

dN;
dt

=N, = Ndiss,i + Ndet,i + Natt,i + Nmer,i (11)

Nagg,i
considers particle dissolution (Ndiss,i) due to Ostwald
ripening as well as particle agglomeration (N,gs ;) due
to particle detachment (Nget;), attachment (N,;), and
merging (Nmer,;) (Kregar et al., 2020).
Linearization and discretization. For the usage of the

non-linear model in the MPC, the non-linear fuel cell
model is successively linearized at timestep k with

. . of(x,u,0 of(x,u, 0
X =Xk + %|xk,uk,9 AX + %'xk,ukﬂ Au
Ac,k Bc,k
ag(xa u, 0) 8g(x7 u, 0)
y = T|kaukaex + T|xk7uk70 u,
Ce.k D, =0

(12)
and discretized according to Bohler et al. (2021). The
discrete state-space model is normalized by the respective
maximum values for the states, inputs, and outputs to en-
hance numerical stability, simplify the choice of weighting
matrices, and ensure consistent magnitudes in the state
matrices.

2.2 Model predictive control algorithm

An MPC formulated in state space (Rawlings et al., 2017)
is implemented. The cost function at timestep k

k+N, k+Ny
J=wp Z Pretjik — Pjii) +an Z T»ﬂk
k+N, Ny k+Nc
—i—Z’UjAul Z Auzj\k—’_zwul Z u7j|k (13)
k—1 k+Np ?
+wr [ Y (Prery = P+ D (Peetjin — Piji)
Jj=1 j=k
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includes costs on the power control error, the rates of
degradation, the rate of input change, the absolute value
of the inputs, as well as the discrete summation of the
power control error weighted by the respective weights w;.
In every timestep k£ the minimization problem

min J(Axg_1, Au,y_q)
Au
s.t. Axp = Agp-1A%,-1 + Bar-18ui_1,

Ve = Yi—1 t+ Car-14x%g,
Aminu S Au S Amauxua
Upin < U < Upax

(14)

is solved as a constrained quadratic programming prob-
lem. Not all inputs of the non-linear model are actively
controlled - the uncontrolled inputs are kept constant in
the prediction step. However, the modular implementation
allows for the simple inclusion and exclusion of controlled
and uncontrolled inputs. Furthermore, a move-blocking
strategy is implemented to consider both the fast dynamics
of the internal states and the update rate of the fuel cell
system. The sampling time T is set to 0.1 s, the inputs
are held constant for 1 s and the prediction IV, and control
horizon N, are set to 200 samples.

2.8 Definition of key performance indices

To quantify and compare different weightings in the cost
function, three KPIs are defined:

(1) To quantify the fulfillment of the power requirements,

N
Z.il(Pref,i_Pi)Q .
= is used.

the NRMSE = 5

max

(2) The hydrogen usage is considered by the mean hydro-
T 1 N .
gen flow Hy = 5 32,01 Mty dryi-
(3) The overall degradation is considered by the ECSA

_ ECSA(—ECSA y
loss WECSA = B ey v

These KPIs are intended to give a quick and fair compari-
son between different design points and weighting matrices
in the cost function. Especially when assessing efficiency,
further aspects, such as compressor power on the cathode
side, overall pressure level, humidification, and cooling
power of the fuel cell stack, can and should be considered.

3. RESULTS
3.1 Model parameterization and validation

The submodels (1)-(5) are trained on physical measure-
ment data obtained from a single cell tested on the fuel
cell driving load cycle (FC-DLC) (Tsotridis et al., 2015).
The data is taken from Zuo et al. (2021), whereby the
first FC-DLC (20 minutes) is used as training data, and
the subsequent FC-DLC is used as validation data. The
non-linear model is simulated with the same inputs as
the physical system and the the temperature and voltage
responses are compared (Fig. 3). Coefficients of determi-
nation of more than 99% for the power and almost 90% for
the cell temperature with the validation data are obtained.
The parameterization of submodels (6)-(7) is taken from
Pandy et al. (2013) and Kregar et al. (2020).

30 T
training data
= 20 validation data
= 0=0
@, 10 R} ,:,=99.98%
0 . .
0 10 20 30
P (W)
—~ 84t
¢
<E1 83+ vaz/umig(;(x“
82.5 83 83. 84 84.5

5
T (°C)
Fig. 3. Validation of submodels (1)-(5). The simu-

lated power and cell temperature, denoted by the hat

operator, are plotted against the respective measure-

ment data. Similar coefficients of determination are
obtained for training and validation data.

3.2 Performance of MPC' for different weighting matrices
and simulation scenarios

The control algorithm and model are implemented in
MATLAB (The MathWorks Inc., 2024) and tested in a
simulation setup. The effect of including a physical degra-
dation model in the low-level fuel cell control is shown
by comparing three design points for the MPC algorithm
(further referred to as the '"MPCs’) with different weight-
ing matrices for the rate of degradation. MPC1 does not
consider degradation and solely tries to match the re-
quired power over time considering the given constraints
(wy = 0). For MPC2 and MPC3, costs for degradation are
included, whereby degradation is associated with higher
costs for MPC3. Equal weighting for the inputs (wy,), rate
of change of the inputs (way), the power demand (wp),
and the sum of the power control error (wy) for all three
design points is chosen for fair comparison.

To showcase the impact of actively controlling and opti-
mizing different input variables, the MPCs are tested in
two scenarios: (A) only the current and the mole flow
into the cathode and anode are actively controlled, and
the other inputs are kept constant; (B) additionally, the

Table 1. KPIs for scenarios A and B
and MPC1-3. Notably, when looking at the
KPIs for power and hydrogen consumption,
scenarios A and B are very similar. However,
by including the control of the inlet dew points
(scenario B), significant improvements can be
achieved in terms of degradation for MPC2-3.

Scenario A B
MPC 1 2 3 1 2 3
NRMSE (%) 2.18 3.25 446 | 218 3.24 4.46
H, (102 NLPM) | 7.67 9.58 13.14 | 7.67 9.56 13.04
%ECSA (%) 3.36 2.85 | 246 | 3.36 2.74 | 2.12

Increasing performance —



Johanna Bartlechner et al. / IFAC PapersOnLine 59-5 (2025) 73-78 77

Reference (power) MPC1 MPC2 MPC3 — — —Cathode «evevee Anode
Detail I Detail ITI
£ 20 20 20
—
g 10 h 10 10
O
2 0 0 0
320 340 360 380 400 1100 1150 1200 500 1000 1500 2000 2500
—~ 40 40 40
=
g 20 | —~— | 20 20
S0 0 0 Wl
320 340 360 380 400 1100 1150 1200 0 500 1000 1500 2000 2500
= 1 1 1
5 R o ! J |
Z 05 0.5 ) 0.5 A l,,'
T EFa—=T | Ll : A PLPLIEERL L P R
R R I Vel o MMAMRALE RN Y
S
320 340 360 380 400 1100 1150 1200 0 500 1000 1500 2000 2500
g -
= 60f - T T T =~ 60 - — — — o — — 60 hah & YU T X 2 e S
3
AU Bivissssninieieeenaaaniiicseceececcceciedd  BIIEEEE R iR L
§ 50 50 50
—~ 320 340 360 380 400 1100 1150 1200 0 500 1000 1500 2000 2500
\ 0 0 0
£ 02 0.2 =9 .02
= 04 0.4 0.4
4| -0.6 0.6 0.6
28 -0.8 0.8 0.8
q*—
<
320 340 360 380 400 1100 1150 1200 0 500 1000 1500 2000 2500
Time (s)

Fig. 4. Analysis of dynamic behavior of MPCs in scenario B. For large steps in the power reference (detail I),
MPC3 matches the power much slower than the other two MPCs to avoid damaging conditions. For small steps
(detail 11, first step), the dynamics of the MPCs are almost identical. MPC3 avoids operating the fuel cell at high
power as well as in idle operation (detail II). With increasing weights on degradation, the hydrogen flow into the
anode increases (middle row), and the humidification of the cathode inlet gas decreases (fourth row). Although

degradation can not fully be avoided, the rate of degradation =

row) for MPC2-3.

dew point temperatures at the inlet of the electrodes are
controlled. Both scenarios have a duration of 20 h of
repeating FC-DLC (approx. 60 cycles). Although the FC-
DLC does not fully represent real-world driving conditions,
it imposes a challenging load profile on the fuel cell cover-
ing the whole power operating range. Initialization is equal
across all MPCs and scenarios. In the simulation setup, an
average real-time factor of around 38.64 is achieved. The
scenario includes model linearization, the building of MPC
matrices, handling of constraints, solving of a quadratic
programming problem, data handling as well as the non-
linear simulation of the fuel cell model used to emulate the
physical system behavior.

The KPIs are listed in Table 1. When the objective is to
match the required power (MPC1), the best performance
in terms of power providing is obtained. By adding degra-
dation phenomena in the cost function, the hydrogen usage
and the error on the power demand increase. Notably, by
introducing additional degrees of freedom, e.g. the control
of the inlet dew point temperatures, degradation can fur-
ther be decreased while also reducing hydrogen flow. Thus,

ECSA,,—ECSA,_1
(tkftkfl) ECSAq

AECSA

At ECSAT can be reduced (last

the reduction of degradation can be achieved by adapting
different stressors, which allows for an optimal trade-off
between operating costs, efficiency and the longevity of
the cell. Moreover, the control strategy effectively balances
multiple objectives, optimizing one while minimizing ad-
verse effects on the other. For instance, a 37% reduction
in ECSA degradation requires a 70% increase in hydrogen
flow (MPC3 compared to MPC1, Scenario B). However,
a more moderate hydrogen increase of just 25% can still
achieve an 18% reduction in degradation (MPC2 compared
to MPC1, Scenario B). This further underscores the ad-
vantages of incorporating the nonlinear effects of stressors
on degradation into the optimization process. It has to be
pointed out that although the NRMSE for MPC3 is much
higher than for MPC1, one has to consider that the FC-
DLC does impose steep and challenging power steps on
the system.

Looking at the dynamic behavior of the MPCs in Fig.
4, the following conclusions can be drawn: In general,
higher weightings of degradation lead to slower changes
in the current. High power, steep transients, and idle
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operation are avoided (Fig. 4, left and middle column).
However, for small steps in the power trajectory, all
three MPCs have similar fast responses for the power
(Fig. 4, middle column), suggesting that operation is
adapted dynamically based on how damaging the steps
are to the fuel cell system. Furthermore, the suggested
control strategy can find a trade-off between different
stressors and their impact, i.e., the inlet humidities are
not solely minimized, but a trade-off between degradation,
performance as well and complex interactions between
different stressors are considered (Fig. 4, right column).
By including the effects of degradation in low-level control,
the rate of degradation can be reduced, and thus, system
lifetime is prolonged.

4. CONCLUSION AND OUTLOOK

This paper presented a methodology for a health-conscious
MPC approach to manage fuel cell power while minimiz-
ing degradation during dynamic operation. The proposed
formulation supports real-time implementation, intuitive
balancing of power requirements, hydrogen usage, and
degradation minimization, and provides valuable insights
into the internal processes of the fuel cell. The methodol-
ogy was evaluated through simulations, where the impact
of different weightings was analyzed and compared.

Prospective work will focus on extending the approach
to incorporate additional degradation mechanisms, par-
ticularly membrane degradation. Further validation will
involve testing the algorithm on a more complex, dis-
tributed model to better capture real-world conditions.
Additionally, advanced state observation techniques will
be integrated to ensure practical applicability and robust-
ness in real-world scenarios.
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