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Improved Supervisory Controller Design for a Fuel
Cell Hybrid Electric Vehicle

Ali Molavi, Maria Serra Prat, Attila Peter Husar

Abstract—In this paper, a fuel cell system supervisory con-
troller is developed for a fuel cell-based hybrid electric vehicle to
safely control the interactions between powertrain components,
maximize efficiency and minimize the degradation of the fuel cell.
The proposed fuel cell supervisory controller includes three main
elements: a state machine, an optimal setpoint generator and a
power limit calculator. The state machine, as the top layer of the
supervisory controller, is responsible for coordinating the various
subsystems of the fuel cell, including the three subsystems,
anode, cathode, thermal, and the DC/DC converter. The primary
purpose of the state machine is to ensure global control over
these subsystems as well as facilitate communication between
the fuel cell system, diagnosis system, and Vehicle Control Unit
(VCU). The state machine not only allows for the appropriate
transitions between states but also governs the fuel cell system
operation in all its different operating states such as Start-up,
Shutdown and Run. The optimal setpoint generator is responsible
for determining the operating conditions of the fuel cell system
that maximizes the system’s efficiency. It is designed by taking
into account the comprehensive model of the fuel cell stack,
considering manufacturing constraints, and incorporating the
compressor map which then provides the optimal setpoints for
all the subsystems’ local controllers. A power limit calculator
is also developed to compute the stack available power and
feeds this information to the energy management system in
the VCU. This information is used by the VCU to split the
requested power between the fuel cell and the battery. The
experimentally validated stack model and the complex model of
the subsystems based on the Inn-Balance project data are used
in the simulation. Furthermore, the subsystems’ local controllers
used in the MATLAB-Simulink were validated in a real vehicle
test bench. The Common Artemis 130 km/h Driving Cycle
(CADC) for automotive applications is used to verify the proposed
fuel cell system supervisory controller in the MATLAB-Simulink
environment. The simulation results showed that the proposed
control structure functioned properly in the Run mode using
this CADC-based load profile.

Index Terms—Supervisory controller, PEM fuel cell, fuel cell
hybrid vehicle, State machine, Optimal setpoint generator
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FOSSIL fuels have played a major role in global
economic growth, but their consumption causes harmful

air pollution, as well as their limited supply, makes them
unsustainable [1]. Transportation is a major contributor to
this issue, accounting for approximately 24% of global
greenhouse gas emissions in 2020, mainly from petroleum
usage [2]. To address this, the transportation sector needs to
become carbon neutral, and one potential solution is hydrogen
as an energy vector. The decarbonization process can involve
electrification, with hydrogen fuel cells playing a role [3].
Fuel Cell Hybrid Electric Vehicles (FCHEVs), which use
fuel cells as the main energy generators and battery packs as
secondary energy storage elements, have gained significant
interest, particularly Polymer Electrolyte Membrane fuel
cells (PEMFCs) due to their suitability for automotive and
portable applications [4]. PEMFCs offer benefits like high
energy density, safe operation, low noise, and fast startup [5].
However, PEMFCs face challenges related to cost, durability,
and performance, which are crucial for commercialization
and acceptance by end users [6]. Fuel cell degradation is
primarily caused by extreme operating conditions, dynamic
load profiles, improper operation during start, and stop cycles,
idle modes, and contaminants in reactant gases. Idling, or high
fuel cell voltages, accelerates catalyst corrosion, while start
and stop processes can lead to reverse current and corrosion
of the cathode catalyst carbon support, and in the presence of
ice catastrophic damage in the stack can occur. Start and stop
processes can cause the formation of a hydrogen-air interface
in the anode that provokes reverse current and corrosion of
the cathode catalyst carbon support [7]. Therefore, one of the
most important areas of research in fuel cell systems is the
integration of advanced control strategies and configurations
to minimize these effects. These efforts aim to achieve a
reliable dynamic response and maintain optimal operating
conditions in alignment with the power requirements. The
purposes of these strategies are to maximize efficiency and
minimize the degradation of the fuel cell system.

The design of a fuel cell control system that is reliable,
efficient and applicable in a real vehicle will be the focus
of this paper. The main objectives of the fuel cell control
system are: optimal reactants feedings, water management
and heat management. During load changes, it is crucial to
prevent reactant starvation as it is a major factor contributing
to fuel cell degradation. Reactant starvation leads to severe
corrosion of the carbon support, cell voltage reversal, and
uneven current distribution, all of which can significantly
impact the performance and lifespan of the fuel cell [8].
Water is necessary to humidify the membrane. However,
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it is important to prevent situations where some parts are
correctly hydrated, while others are too dry or overhydrated,
as flooding can lead to blockage of reactants reaching the
catalyst layer overhydrated, as this can lead to blockage of
reactants [9]. Finally, it is important to maintain the operating
stack temperature within the proper range. This is necessary
to ensure optimal electrochemical reactions and preserve
the integrity of the PEMFC stack material. Furthermore,
non-uniform temperature distribution may cause condensation
of water in the reactant gas channels [10].

In the past decades, considerable research has been ded-
icated to designing control strategies for fuel cell systems.
The first part of the literature review primarily focuses on the
current state of control strategies for individual subsystems in
fuel cells, namely the thermal, anode and cathode subsystems.
Subsequently, the review continues to examines works that
focus on the design of controllers for the fully integrated fuel
cell system.

Addressing thermal subsystem, the stack temperature
control in [11] authors analyzed the temperature effect on an
open-cathode self-humidified PEMFC. An extremum seeking
algorithm was used to search for the temperature setpoint
using the measured voltage, and a PI controller was used to
manipulate the fan voltage. Fuzzy control is used in [12] to
generate the cooling fan speed references. The temperature
error, its derivative, and external load current are used as
the fuzzy inputs. Lianghui Huang et al. in [13] ] introduced
dynamic inversion as a nonlinear strategy to regulate the
temperature of a stack. This strategy involves manipulating
the mass flow of coolant water to achieve the desired
temperature control. Active Disturbance Rejection Control
(ADRC) was used in [14] to compensate the uncertainty
due to ambient temperature. Researchers adopted different
water management strategies to maintain the electrolyte’s
degree of hydration at an optimal value and maximize the
uniformity. A fault-tolerant control strategy is proposed in
[15] to detect the state of health in terms of dryness and
flooding. An adaptive neural network PID controller is
proposed to regulate the inlet air stoichiometry to avoid the
PEMFC from going into conditions of dryness or flooding.
Differential flatness theory was used by Damour et al. [16]. In
that work, using an experimental relation between membrane
average water activity and cathode water activity, the desired
value of the cathode mass of water is determined indirectly
based on the expected value of the membrane water content,
but there is no experimental validation. The impact of air
stoichiometry and inlet air relative humidity was studied
in [17],and a feedforward-feedback control configurations
was proposed. Feedforward control was used to regulate
the oxygen stoichiometry in response to load changes.
Meanwhile, a feedback loop was employed to control the
input voltage of the external humidifier, specifically with
respect to the water content in the membrane.

Now focusing on the anode and cathode subsystem control
strategies, the uneven distribution of gases on the electrode
surface is a result of the slower speed of gas transmission

compared to the rapid changes in current [8]. So, research
communities proposed different control strategies to avoid
gas starvation and uneven distribution. Tae-Hoon et al.
in [18] proposed a dual closed-loop system with a static
feedforward control structure to regulate the air supply fan.
The feedforward control utilized a predefined map correlating
the load current to the required air mass flow of the fan.
This approach aimed to achieve equilibrium between water
and heat within the stack, enhancing its performance and
stability. In [19], a combined feedback and feedforward
control strategy, along with an observer, was utilized to
manipulate the input voltage of the compressor motor. The
objective was to maintain constant air stoichiometry and
achieve the desired net power in the fuel cell system. Due to
the nonlinear nature of the system and uncertainties, nonlinear
control strategies were proposed to achieve robustness to
disturbances and parameter variations. Dalvi et al. in [20]
used extremum seeking control strategy to maximize the
efficiency of PEMFC and prevent oxygen starvation in an
automotive application. Li et al. [21],introduced a sliding
mode control strategy to regulate the air compressor’s
voltage to maximize the produced net power of a fuel
cell system. Due to difficulties in obtaining an accurate
model and the presence of un-modeled dynamics, model-free
control strategies have been used by some studies. In [22],
a comprehensive review of the application of machine
learning and intelligent controllers for prediction, control,
and energy management of hydrogen fuel cell vehicles
was proposed. In [23], a robust adaptive controller based
on Type-II Fuzzy Logic Systems (T2-FLS) was proposed
to control the oxygen stoichiometry. Gheisarnejad et al.
[24] introduced an adaptive Type-II fuzzy-based deep
reinforcement learning control for oxygen stoichiometry in
fuel cell systems. This algorithm exhibited better transient
and steady-state response compared to sliding mode control,
PI control, and fuzzy-based PI control. However, a substantial
amount of data on the system’s physical behavior was
required for training the algorithm. Model Predictive Control
(MPC), using a multivariable control strategy, has been
widely applied by several authors to effectively control
PEMFC systems while considering actuator limitations, state
constraints, and output constraints. Sarmiento et al. [25]
presented a decentralized model predictive controller for
regulating reactant concentration in the anode and cathode
channels of a fuel cell system. The approach was based on
a distributed parameter model in the channel’s direction.
To address the challenge of quantifying degradation caused
by reactant starvation, the authors suggested modeling the
effective area where the reaction occurs. In [26], ], a model
predictive control approach is presented to maximize the
Electrochemically Active Surface Area (ECSA).

When addressing the challenges of a fully integrated
fuel cell system, one issue that arises is the potential
operation of the fuel cell at unfavorable operating points.
Therefore, it becomes crucial to identify the optimal operating
conditions for different load power levels and ensure the
fuel cell system operates within those conditions taking
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into account all the subsystems. In the previous studies,
the main objective was to control one or two parameters,
such as the stack temperature [11]–[14], water management
[15]–[17] and oxygen stoichiometry [18]–[21], [23], [24].
However, in real-world applications like automotive systems,
achieving maximum efficiency requires the control of
multiple parameters simultaneously. There are still challenges
in obtaining and controlling the optimal operating conditions
of a fuel cell stack specifically in automotive applications.
The power requirements of a vehicle are constantly
changing, resulting in varying current demands from the
fuel cell system. To address this, it is essential to calculate
optimal values for each requested power level. Additionally,
real-time implementation of the algorithm necessitates a
low computational burden to ensure efficient and timely
operation. In the following, some studies addressing the
operating condition optimization and evaluation are reported.
Maximizing the net power and the exergetic efficiency was
studied in [27]. They used a semi-empirical fuel cell stack
model and an associated balance of plant model to obtain the
optimal operating conditions. They did not consider the water
management and humidity ratio of the inlet air and hydrogen
in their optimization problem. Wu et al. [28] presented an
optimization approach to determine the optimal values of four
variables: cell temperature, cathode stoichiometry, cathode
pressure, and cathode relative humidity. The goal was to
maximize the overall efficiency of the fuel cell system across
various current densities. However, the proposed method was
not tested in a real system to evaluate computation time. In
the study by Nanadegani et al. [5], a neural network model for
the fuel cell stack is proposed. This model is used to calculate
the optimal values of operating parameters such as relative
humidity, anode and cathode stoichiometry, and temperature.
Their objective was to find the optimal parameter values for
different current densities to maximize and minimize the
output power. The pressure was assumed to be constant for
anode and cathode. However, the cathode pressure influences
the output power and should be considered. In [29], a
model predictive control based on an observer to maximize
efficiency and minimize the degradation of a PEMFC
systems was presented. The control strategy proposed by the
researchers aims to prevent fuel and air starvation, maintain
appropriate humidification levels, maximize overall efficiency,
and optimize the electrochemical active surface area. This
is achieved by controlling variables such as current, coolant
water mass flow, air relative humidity, and hydrogen mass
flow.

To obtain a response that closely mimics the behavior of a
real system, it is necessary to consider a detailed model that
encompasses all the balance of plant subsystems, including
components such as valves, fans, compressors, radiators,
pipes, and hydrogen ejector-injectors. This comprehensive
modeling approach ensures a more accurate representation
of the system dynamics and enhances the fidelity of the
response. However, this kind of models are not found in the
literature. Moreover, to the best of the author’s knowledge,
there is a scarcity of studies in the existing literature

where researchers have proposed a supervisory controller
that not only determines optimal operating conditions for
the fuel cell stack and setpoints for subsystems but also
provides a systematic approach for managing the overall fuel
cell system functionality, including startup and shutdown
procedures. Furthermore, limited research has been conducted
on the application of state machine-based control for fuel
cell systems, specifically in the automotive field. Previous
applications of state machines have primarily focused
on energy management systems [30], [31]. Additionally,
this work will present the importance of minimizing stack
degradation by estimating the available power of the stack and
feeding this information to the vehicle’s energy management
system (EMS). The EMS then utilizes this data to restrict
the power requested from the fuel cell system within the
estimated available power range.

The main objective of this paper is to develop a fuel cell
supervisory controller using a detailed and experimentally val-
idated fuel cell system model. The designed controller will be
implemented in MATLAB/Simulink, and its performance will
be evaluated through simulation experiments. The supervisory
controller consists of three main components. Firstly, a state
machine facilitates global coordination and communication
among the subsystems. Secondly, an offline optimal setpoint
generator computes operating conditions that maximizes effi-
ciency while considering all manufacturer limitations to min-
imize degradation. Lastly, a power limit calculator estimates
the immediate and future power capabilities of the fuel cell
stack based on measured stack variables and determines the
DC/DC converter current setpoint. The main contributions of
this paper are summarized as follows:

• In this study, an improved model, based on the INN-
BALANCE project’s fuel cell system is employed [32].
This model incorporates all the sensors and actuators
present in the real system and has been experimentally
validated. Notably, the model introduces an equivalent
electric circuit model with distributed parameters for
the cell. This allows for the accurate representation of
the stack’s voltage during galvanostatic mode, which is
the operating mode of the automotive application in the
normal run state.

• Propose a state machine architecture as a basic structure
that contains all the operating states required to manage
the PEMFC system processes in the vehicle, such as the
Startup, Shutdown, and Run.

• Design a power limit calculator to estimate the available
stack power for the vehicle control unit’s energy manage-
ment.

• Determine the setpoint current for the DC/DC converter
based on the measured airflow entering the cathode
channel. In this manner, the controller ensures a safe
electric current applied to the stack while considering the
dynamic behavior of the compressor and prevents oxygen
starvation.

• Design an off-line setpoint calculator based on a detailed
model of the fuel cell stack.
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• Evaluate the proposed supervisory controller using the
Common Artemis 130kph Driving Cycle (CADC) and
the detailed model of all the major balance of plant
components from the INN-BALANCE project.

The paper is organized into the following sections. Section II
is assigned to the description of the fuel cell system model.
In section III, the fuel cell system supervisory controller is
described, which includes optimal setpoint generator, state
machine, and power limit calculator. Section IV is dedicated
to the simulation results and verification of the proposed
supervisory controller integrated with the experimentally val-
idated stack model and balance of plant subsystems model.
Finally, in section V the main conclusions and key results are
summarized.

II. FUEL CELL SYSTEM DYNAMIC MODEL

A. General scheme of the PEMFC system
A mathematical model of the system is needed to design

the fuel cell system supervisory controller. Fig. 1 shows
the fuel cell system studied in this work, that includes five
auxiliary subsystems, i.e., anode, cathode, thermal, electronic
subsystems and the PEMFC stack. The hydrogen is stored
in a pressurized tank and is delivered to the stack anode
channel through the anode subsystem. The anode subsystem
also includes a hydrogen recirculation loop to increase the
utilization rate of hydrogen [1]. The cathode subsystem is
responsible for delivering the demanded air flow to run the
fuel cell. It is equipped with an air compressor that supplies air
at the desired pressure and a humidifier to properly humidify
the inlet air [33]. The operating stack temperature has to be
kept in the proper range to maintain optimum electrochemical
reactions and keep the integrity of the PEMFC stack material.
The thermal subsystem recirculates coolant to remove the
generated heat [34]. Finally, the power electronic subsystem
is in charge of the electric power conditioning.
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Fig. 1. Balance of Plant schematics of fuel cell system and the auxiliary
subsystems

B. PEMFC stack model
The PEMFC stack is an assembly of NC = 335 single cells.

Each cell in the stack is modeled using a 1 + 1D parameter

model. The gas flow transports along the channel are described
with discretized ∆z, and the transports in the direction perpen-
dicular to the membrane are considered lumped parameters,
except for the Gas Diffusion Layer (GDL) where different
volumes are considered. Therefore, the GDL is discretized in
two directions. This consideration allows to implement model-
based control strategies that take into account the internal
species concentration profiles in fuel cell, which is important
to avoid starvation and improper reactants distribution, and
water distribution. The main fuel cell parameters are shown in
Table I. More details can be found in [35].

TABLE I
STACK PARAMETERS

Parameter value Parameters value
Channel length 0.4 m Fuel cell stack gross power 100kw
Channel width 1 mm PEM fuel cells active area 300cm2
Channel depth 0.7 mm Maximum operation current 450Amp

Z-Direction discretization points 3 Number of cell (Nc) 335
Y-Direction discretization points GDL 3 Tref 340 K

CA 8.25× 106Fm−3 CC 8.25× 106Fm−3

δAC 4× 10−5m δCC 1.1× 10−4m

1) Electrochemical Model: The automotive PEMFC system
described in this paper works in galvanostatic mode during
normal operation when power is produced, known as the Run
state. The DC/DC converter sets the current that circulates
through the stack which is based on the power limit calculator.
In order to have the same causality in the stack model, the
current is a model input and the voltage is calculated as the
model output. The stack operating voltage Vfc is calculated
as the total sum of the Nc single-cell voltages as follows.

Vfc = NcU (1)

where Nc is the number of cells. The cell voltage U is
composed of the voltage drop in the cathode, anode and
membrane as follows [35].

U=∆ΦC−∆ΦA−∆ΦM (2)

where the voltage drop at the cathode side and anode side,
∆ΦC and ∆ΦA, are computed based on (3) and (4). They
depend on the reaction rates at catalyst layers(CL), rA(z) and
rC(z), and their physical characteristics [36].

∆Φ̇A (z)=
ist (z)−2FrA(z)

CAδAC
(3)

∆Φ̇C (z)=
2FrC (z)−ist (z)

CCδCC
(4)

being CA and CC are the volumetric capacitance of the anode
and cathode CL, respectively. ist is the mean current density
through the stack. The y-direction thickness of the anode and
cathode catalyst layer (CCL) is represented by δAC and δCC .
The voltage drop in the membrane, ∆ΦM , depends on the
membrane water content, Λ, gradients of water concentration
and protons H+, and the current density ist as Eq.(5).

∆ΦM=
δM

σ(Λ)
ist+

δM

F
tw(Λ)∆µH2O+

δM

F

RT cell

ξH+
(Λ)

∆ξH+
(5)

where ∆µH2O is the water chemical potential gradient, ∆ξH+

the proton mole fraction gradient, and ξH+ is the proton mole
fraction. More details about these parameters can be found
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in [36]. The mean current density through the stack, ist =
Ist/Acell, is known, where Ist is the stack current. However,
the voltage U and the distribution of current density istj in the
membrane are unknown. To obtain the current density istj at
any discretization point j, an equivalent electric circuit for the
cell is considered, as shown in Fig. 2 The electrical branches
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Fig. 2. Cell equivalent circuit

represent the different discretization points. RL represents
the external load resistance. The j subscript denotes the jth
discretization point, and N is the number of discretization
points. Each branch has an equivalent source voltage, Qj ,
shown in (6), and a variable resistance that depends on each
discretization’s water content. The aforementioned equivalent
electric circuit can be expressed in matrix notation as seen in
(7).

Qj= −
δMj
F

tw (Λj)
(
∆µH2O

)
j
−
δMj
F

RT cell

ξH+
(Λj)

(
∆ξH+

)
j

+∆ΦC
j −∆ΦA

j

(6)

AiM=B (7)

where matrixes A and B are calculated as follows:

A =



δM

σ(Λ1)
− δM

σ(Λ2)
0 . . . 0

δM

σ(Λ1)
0 − δM

σ(Λ3)

. . . 0

δM

σ(Λ1)

...
...

. . .
...

δM

σ(Λ1)
0 0 0 − δM

σ(ΛN )

1 1 1 1 1


(8)

iM =


ist1
ist2
ist3
...
istN

 , B =


Q1 −Q2

Q1 −Q3

...
Q1 −QN

Nist


The coefficients of matrix A, represent the electrical re-

sistivity of each discretization point along the membrane. As
long as the conductivity’s in matrix A are strictly positive,
σ(Λj) > 0, the liner matrix equation iM = A−1B is solvable.
Qj are auxiliary variables used to represent the voltage on the
discretization point and they are defined as follows:

Qj=U+
δM

σ(Λj)
istj (9)

So, by having the distribution of current in the membrane, istj ,
and using Eq. (6), the cell voltage U is obtained. The exchange

current density at the cathode, i0, is a function of the fuel
cell temperature Tcell, oxygen parpressure at the CCL, and
the electrochemically active surface area at the CCL (ECSA)
[35], [37]. It is calculated as follows:

i0=i0,ref
ECSA

Ageo

(
pO2

pO2,ref

)0.5

e

[
− ∆G∗

RTcell

(
1−Tcell

Tref

)]
(10)

where i0,ref is the intrinsic catalytic Pt activity at conditions
Tref and pO2,ref . Ageo is the total surface area of the
electrode, and ∆G∗ is the Gibbs activation energy for the
oxygen reduction reaction at the CCL. These parameters are
obtained from the experimental validation with the provided
data by INN-BALANCE partner PowerCell1. The dynamic
equations that describe the mass balance of gas species at
the gas channels and the gas diffusion layers, as well as
the anodic reaction rate and the cathodic reaction rate were
developed in [36], [38]. In the following section, the liquid
water in the cathode catalyst layer is modeled and the effect
of this liquid water in ECSA and finally in the output voltage
is described.

2) Liquid water in Cathode Catalyst Layer (CCL): In [26],
the liquid water in the CCL is modeled with the mesoscopic
pore filling effects of the CCL structure. Given that the
data acquired from the fuel cell stack does not include this
information. A simpler version of the S is proposed in this
work. Here, S, is defined as the volume of liquid water over
void volume in the CCL. The S dynamics depends on the
rate at which the liquid water is evaporated, Ievap, and the
generation of liquid water on the CCL, ṅC

H2O
which is the

flux of the cathodic reaction rate. S dynamic is defined as
follows:

ks
dS

dt
(z)=Igen(z)−Ievap(z) =ṅC

H2O(z)−Ievap(z) (11)

Ievap(z) =Kevap
S (z) (psat (z)−pvap)

RTApore
, if pvap(z) <psat

(12)
where Kevap is the evaporation time constant, psat is the
saturation pressure, pvap is the vapor partial pressure at the
GDL, Apore is the pore surface area per unit volume of
the GDL/CL, and ks is the liquid water accumulation time
constant. The electrochemically active surface area is defined
as follows:

ECSA (z)=Arefe
(kactS−1) (13)

where Aref is the reference area multiplier and kact is the
active area reduction coefficient.

C. Subsystems model
As Fig. 1 shows, the fuel cell stack can not stand alone

and needs different BoP elements, grouped into three main
subsystems; cathode, anode and thermal subsystems.

1) Cathode subsystem: The cathode subsystem was de-
veloped by BROSE2, which is in charge of delivering the
demanded air flow with the desired pressure, stoichiometry,
and humidity ratio.

1PowerCell, Sweden AB
2Brose Mechatronics, Germany
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2) Anode subsystem: The anode subsystem was designed at
AVL3, and it provides the flux of hydrogen from the H2 tank
to the fuel cell. The anode subsystem controls the pressure at
the inlet of anode channel to continuously track the cathode
channel inlet pressure plus 0.2 bar, as indicated by the fuel
cell manufacturer.

3) Thermal subsystem: The PEMFC in this project is
designed to operate with a maximum temperature difference
between the inlet and outlet under normal operating conditions
from 68º to 80º Celsius. The thermal subsystem, which is
responsible for the stack temperature control, was developed
by DLR4.

III. SUPERVISORY CONTROLLER DESIGN

In this section, a novel fuel cell system supervisory con-
troller is proposed and described. Supervisory controllers
distribute the system’s global demands to specific demands
required from individual subsystems or components. Usually,
the individual demands are translated into the setpoints for
the local controllers, which are well-tuned for closed-loop
stability [39]. Additionally, complex systems like vehicles have
different states of operation, each corresponding to different
functions. Hence, in a vehicle, there are many different states
as the Startup, Run, Shutdown and, Idle. The proposed fuel cell
supervisory controller integrated with the different elements of
the car propulsion system is shown in Fig. 3. As it can be seen,
the fuel cell hybrid electric vehicle overall system architecture
is divided into different layers. The highest level of control is
the Vehicle Control Unit (VCU), which works as the central
controller. The second level, which is the focus of this work, is
the fuel cell system supervisory controller. It comprises three
main parts; State Machine (SM), Optimal Setpoint Generator
(OPSG) and Power Limit Calculator (PLC). The fuel cell
system supervisory controller developed in this work is a
hybrid control architecture. It includes a discrete event control
system that decides when to activate different operating states
and substates. Additionally, it incorporates a optimal setpoint
generator which is responsible for continuously generating ap-
propriate setpoints for the local controllers of the subsystems.
The discrete event controller of this work is a state machine
developed with Stateflow and the continuous control system
is implemented as an optimal setpoint generator linked to
the local controllers. Furthermore, the supervisory controller
also includes an algorithm to estimate the available stack
power which is the Power Limit Calculator. The supervisory
controller receives all the information from the input wrap-
per, which collects 33 input signals. These includes orders
from the VCU, estimation from the observer, and diagnostic
results from the diagnostic unit. The supervisory controller
uses the collected information to automatically coordinate the
subsystems, determines local controller setpoints, determines
DC/DC converter current setpoint, and estimates the stack
available power information for VCU. The diagnosis unit is
in charge of diagnosing the hardware failure, such as sensors
failure, compressor errors, etc. If a failure is detected, the

3AVL List GmbH, Engineering Service Provider
4DLR Stuttgart, German Aerospace Center

diagnosis unit will inform the state machine, and the state
machine puts the fuel cell system in the normal Shutdown,
fast Shutdown, or the Failsafe following a safe procedure. The
third level includes the ancillary subsystems’ local controllers,
i.e., anode, cathode, and thermal subsystems’ controllers. Each
subsystem controller (SSC) is programmed with local control
algorithms to achieve the setpoints received from the fuel cell
system supervisory controller at the upper level. The lowest
level comprises the fuel cell stack, DC/DC converter, cathode
subsystem, anode subsystem and thermal subsystem.
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Fig. 3. Relation of the proposed supervisory controller along side other
components in the fuel cell hybrid electric vehicle’s overall system architecture

A. State machine architecture

The central part of the fuel cell supervisory controller is the
state machine. The state machine combines time and event-
triggered actions and allows issuing messages in an event-
based style [40]. It is based on ”if-then-else” logic and has
the typical state machine advantages. First, explicitly readable
and relatively easy to identify the condition of the supervisory
controller. Second, simple to calibrate because of the limited
number of parameters [41]. The state machine in this work
is adopted as the basic control structure and contains all
the operating states and substates of the PEMFC system
processes. It ensures the orderly flow of events and prevents
the occurrence of undesired chains of events in the system.
The state machine also contains the conditions required to
transit from one state to another. All transitions are triggered
based on exogenous and internal signals such as timers, to
ensure safe operation and effective use of the resources. If
the state machine is in a particular state, such as ”Run,”
that state manages the inputs and outputs. It is capable of
reading from all inputs of the state machine and writing to all
outputs. The cathode, anode, thermal, and DC/DC converter
subsystems have multiple modes. During various states of
operation of the fuel cell system, such as Startup, Shutdown,
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and Run, those subsystems should operate in specific modes.
So, they need to be informed about their operation modes.
To deal with this requirement and establish a communication
channel between the fuel cell supervisory controller and the
subsystems local controllers, the protocol numbers and the
status numbers are defined. The protocol numbers are used
by the supervisory controller to order the different subsystem
and the status numbers are used by the subsystems to report
their operation modes and status. In summary, the inputs of the
state machine include the optimal setpoints from the optimal
setpoint generator, VCU control signals such as position of the
key and the state of operation, the status number of the dif-
ferent subsystems, diagnosis signals, and some measurement
signals such as the stack current, stack temperature and the
ambient temperature. The outputs of the state machine include
the protocol numbers to all subsystems, the setpoints of the
subsystems, and error detection flags that are implemented
within the state machine. Depending on the state of operation
and based on the implemented algorithm inside of the state
machine, which is not focus of this paper, specific values are
assigned to each output.

1) State machine states: The proposed state machine con-
sists of the following states: Initialization, Failsafe, Standby,
Refueling, Service Mode, Startup, Run, Minimum power,
Normal Shutdown and Fast Shutdown. The state-chart diagram
of the proposed state machine is shown in Fig. 4. In the
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Fig. 4. State-chart diagram of the proposed state machine for the fuel cell
system

following paragraphs, the behavior of the state machine is
presented with a walk through the state machine from the
Startup to the Shutdown. The fuel cell supervisory control
unit is turned on when the vehicle is opened and the on-
board computer turns on. The state machine starts in the initial
state called Initialization, during which all the subsystems are
turned off. If the different subsystems’ initialization is done
correctly, the state machine moves to the state Standby and
waits until the Run-Requested is activated by the VCU. If

Run-requested is activated, the state machine transitions to
the next states where the Startup procedure begins. During
the Startup procedure, the state machine sends the protocol
numbers and setpoints to the subsystem controllers in order
to start the different subsystems. The state machine receives
feedback from the subsystems through the sensors and the
status variables. At the end of the Startup procedure, both
the subsystems and the fuel cell are ready to operate in Run
mode. During Run state, the task to control the subsystems
is delegated to the setpoint generator. The setpoint generator
updates the subsystems’ setpoints based on the requested
power, while the power limit calculator updates the DC/DC
converter current reference based on the the amount of air
available in the stack. During the Run state, the state machine
receives these setpoints and assign them for the respective
subsystems and the DC/DC converter. When necessary, the
driver stops the car and the system transitions to the Minimum
power state. From this state, the system can either go to the
Startup procedure again or proceed to the Shutdown. In the
Shutdown process, the subsystems have to be turned off in an
orchestrated manner by receiving ordered protocol numbers
to avoid damages in the fuel cell stack, and the state machine
returns to the Standby state. In the case of malfunctioning in
one subsystem or an equipment, the Failsafe mode is triggered
and all the equipment are depowered. The Failsafe mode has
the highest priority among the other states of operation.

B. Optimal setpoint generator

In order to make PEMFC competitive, one of the most
important research efforts is the integration of control strate-
gies that ensure optimal operating conditions, maximizing
efficiency, and preventing degradation based on the required
power. In the previous work [42], an offline optimal setpoint
generator was proposed. It is executed during the Run state
and generates the setpoints for auxiliary subsystems based on
the requested power from the vehicle side. These setpoints are
designed to maximize the efficiency of the PEMFC. The con-
trolled variables includes cathode mass flow, cathode humidity
ratio, cathode inlet pressure and outlet coolant temperature. In
this paper, the previous offline optimal setpoint generator in
[42] has been updated to incorporate a new range of cathode
inlet air humidity ratio. Additionally, It takes into account the
power consumption of the fans, pumps and compressor in the
auxiliary subsystem. The humidifier considered in the INN-
Balance project has the range of humidity ratio smaller than
the range reported in [42]. The PEMFC efficiency is computed
as follows:

η =
Pnet

HHV · ṅH2

=
IVfc −

∑
s=subsystems Ps

HHV · ṅH2

(14)

where ṅH2 is the fuel out of the H2 tank, and HHV is the
higher heating value of the fuel. IVfc is the gross electrical
power generated by the fuel cell and Ps is the electrical
power consumed by the subsystems.The consumption of the
subsystems includes the power consumption of the compressor
and a constant power consumption for the other auxiliary
subsystems. Therefore, the efficiency depends on hydrogen
flow out of the tank, fuel cell gross power, and the subsystems
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consumption. The second control objective is to minimize
degradation. This objective is achieved by complying with the
manufacturers’ constraints on the PEMFC stack and subsys-
tems.

1) Optimal subsystems setpoints: The optimization prob-
lem to be solved is described in (15):

maximize η(r) |Ist
r1, r2, ..., r6

subject to
ri ≤ ri ≤ ri
W · r ≤ Y

(15)

where η is the efficiency, ri and ri are the lower and higher
boundaries, and (W,Y ) are the inequality constraints due to
compressor map. The experimentally validated stack model is
run until steady state is achieved for all possible combinations
of valid setpoints within a finite grid. This process allows for
the creation of a comprehensive map of the operating region.
The compressor map, which relates the pressure ratio to the
mass flow rate, limits the setpoint’s possible value in the
compressor’s operation space. The efficiencies are evaluated
for each group of setpoints, and the setpoint values that
maximize the efficiency are chosen as the optimal setpoints at
each stack current. The result of the evaluation can be found in
Table II. The anode inlet overpressure relative to cathode inlet
pressure and inlet coolant temperature have constant values.
The cell voltage, the output net power, and the efficiency for
the maximum efficiency points are shown in Fig. 5. All the
data samples form vertical lines, and the maximum efficiency
points at each current are connected with a blue line. The effect
of considering the power consumption of auxiliary equipment
such as fans and pumps is shown in the efficiency plot. The
green curve shows the effects of considering this consumption
comparing it with blue curve, which ignores it. As Table II

50 100 150 200 250 300 350 400 450 500

Current (A)

200

220

240

260

C
el

l v
ol

ta
ge

(v
) Voltage at Max. 

Data samples

50 100 150 200 250 300 350 400 450 500

Current (A)

0

5

10

N
et

 p
ow

er
(W

)

104

Net power at Max. 
Data samples

50 100 150 200 250 300 350 400 450 500

Current (A)

0.2

0.4

0.6
Efficiency
Efficiency with subsystems loss
Data samples

Fig. 5. Cell Voltage, Net produced power and Efficiency

shows, the mass flow rate and cathode inlet pressure increase
with an increase in the demanded load current. Addition-
ally, the generated water increases due to the increase in
the reaction rate. So, to prevent the flooding phenomenon,

an increase in the temperature setpoint and decrease in the
external humidification setpoint is observed.

C. Power Limit Calculator

One of the duties of the fuel cell system supervisory
controller (FCSSC) is to compute the available range of power
that the fuel cell stack can deliver and send this information to
the energy management system of the vehicle control unit. The
energy management system uses this information to manage
the power requested by the traction components, distributing
this power between the fuel cell stack system and the battery.
The information delivered by the fuel cell system supervisory
controller to the energy management system includes maxi-
mum power, DC/DC setpoint current, maximum power ramp-
up rate, and maximum instant power.

1) Maximum power: The maximum power is the maximum
net power that the fuel cell is anticipated to deliver, assuming
sufficient time to adjust the fluid dynamic state, considering the
current stack temperature and membrane hydration conditions.
The maximum power is the value that will limit the power
supplied by the fuel cell system. Due to the slower dynamics of
the stack temperature and hydration conditions in comparison
to the dynamics of the air compressor, the time constants
of the stack temperature and hydration condition are larger
than those of the inlet air pressure and mass flow rate, which
are less than 3 seconds. The stack temperature and hydration
conditions, represented by the ECSA, are the only parameters
that influence the maximum power. The ECSA is a measure
of the total active Pt available in the carbon-support layer at
the cathode CL (CCL), and it depends on the Pt loading of
the CCL, the pore distribution, the CCL hydration state, and
the degradation condition of the stack [26]. Hence, the ECSA
serves as an effective indicator to reflect the hydration state
of the stack. The stack temperature, which is considered to
be equivalent to the temperature of the coolant at the outlet,
is measured. However, the ECSA cannot be measured and
needs to be estimated. The use of ECSA observer based
on the distributed model of the stack would increase the
computational burden for the real time implementation [26].
Therefore, a new simpler algebraic solution is proposed in this
work. Considering the Butler-Volmer voltage equation (16),
(17) and the exchange current density i0 in (10)

Vcell = Er −
RT

α2F

[
log

(
i

i0

)
− log

(
pO2

pO2,ref

)]
−Rohmi

(16)

Er = E0 − RT

2F
ln

(
1

po20.5pH2

)
(17)

by substituting (10) and (17) to (20), in (16) and using the
measured stack voltage, current and temperature, the only
parameters that remain unknown are the partial pressure of
oxygen, hydrogen and ECSA. Having the measured air mass
flow rate, air pressure, and hydrogen pressure, and using
equations (18) to (20), the partial pressure of oxygen and
hydrogen can be calculated [43].
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TABLE II
OPTIMAL SETPOINTS BASED ON THE STACK CURRENT

Current r1 = ṁcathode r2 = pcathode r3 = hr r4 = panode r5 = Tin r6 = ∆T thermal

60 25.68 1.18 0.12 0.2 68 2
100 28.15 1.28 0.12 0.2 68 2
150 34.49 1.39 0.12 0.2 68 4
200 48.098 1.61 0.12 0.2 68 8
250 56.047 1.63 0.12 0.2 68 10
300 66.82 1.75 0.12 0.2 68 12
350 75.91 1.95 0.095 0.2 68 12
400 86.45 1.97 0.095 0.2 68 12
450 94.83 2.08 0.07 0.2 68 12

UfO2
=

60000RTi

4Fpairṁairy%
(18)

pO2 = (1− UfO2
) y%pair (19)

pH2 = (1− UfH2
)x%pfuel (20)

where x and y are the percentage of hydrogen and oxygen in
the fuel and air respectively. The ECSA is still unknown but
it can be determined using (21) as follows.

log (ECSA) =
α2F

RT
[Vmeasurment − Er +

RT

α2F
log (i)−

log

((
i0,ref
Ageo

)(
pO2

pO2,ref

)1.5

exp

(
−∆G

RT

(
1− T

Tref

)))
+

Rohmi]
(21)

Therefore, the temperature and ECSA are chosen as the
parameters that determine the maximum power of stack. Us-
ing the experimentally validated model, multiple simulations
are conducted, considering all potential combinations of the
stack’s temperature and ECSA. The maximum pressure is set
to 2.2 bar, based on the compressor’s datasheet. In addition,
analysis of the real data provided by the fuel cell stack
manufacturer, Powercell, has shown that the minimum allowed
oxygen stoichiometry is 1.7, and the minimum allowed voltage
is 220 V. Consequently, these values are taken into account
during the simulation to obtain the maximum power map. For
each combination of the stack temperature and ECSA, the
simulation is performed by gradually increasing the current
while maintaining a constant stoichiometry of 1.7 and a
pressure of 2.2 bar. The simulation continues until the voltage
reaches 220 V, and the maximum power achieved during this
process is recorded. It is assumed that the hydrogen fuel is
supplied with stoichiometry of 1.05. Furthermore, the Ohmic
resistance of the stack, Rohm, is adjusted to a constant value
based on the experimental data of the stack. The simulation
result is an offline map, which is shown in Fig. 6. The second
degree polynomial function that fits the map is obtained using
MATLAB and, is as follows:

P (T,ECSA) = 59410 + 36520 T + 2906 ECSA+

2690 T 2 + 654.6 T × ECSA−424.3 ECSA2 (22)

 

 

 

 

Fig. 6. Maximum gross power versus ECSA and the stack temperature

In this power map, the ECSA is estimated as an input using
equation (21), while the stack temperatures are directly mea-
sured during operation. The maximum delivered gross power
is the output.

2) Maximum DC/DC current setpoint: The fuel cell system
supervisory controller estimates the safe current that can be
drawn from the stack. In automotive applications, fuel cells
are exposed to challenging scenarios of rapid load changes
[44]. As a result of the dynamics of the compressor, there is
a possibility of air starvation, leading to stack degradation. To
protect the stack from a load current shock that causes air
starvation and accelerate fuel cell degradation, the maximum
safe current that can be drawn from the stack is calculated.
This is accomplished by continuously monitoring the inlet air
to the stack during each sampling interval. Therefore, the fuel
cell supervisory controller ensures that the drawn load current
is the safe current that the stack can provide. To calculate the
safe current that can be drawn from the stack, equation (23)
can be utilized. This equation relates the oxygen stoichiometry,
λO2

, to the inlet mass flow rate to the stack and the reacted
mass flow rate inside the stack.

λO2
=

ṁinlet

ṁreacted
(23)

where ṁinlet and ṁreacted are the inlet and reacted mass
flow rate of oxygen, respectively. The reacted oxygen mass
flow rate depends on the PEMFC current and is calculated as
follows:

ṁO2reacted
(t) = MO2

nc

4F
I(t) (24)
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where MO2
is the molar mass of oxygen, Nc, is the number

of cells, I is the load current drawn from the stack, and F is
the Faraday constant. By substituting (24) in (23), one has

I(t) =
ṁO2in4F

MO2
nc

1

λO2

(25)

The stack DC/DC converter’s current setpoint is calculated
from (25) and knowing the inlet oxygen’s mass flow rate. As
the measured value represents the mass flow rate of total air, a
conversion is necessary to obtain the mass flow rate of oxygen
required in equation (25). By volume, dry air contains 78.09%
nitrogen, 20.95% oxygen, 0.93% argon, 0.04% carbon dioxide,
and small amounts of other gases. So, based on (25) to (31),
the maximum safe current that can be drawn from the stack
at each instant of time is calculated as indicated in (31).

mO2
= MO2

nO2
(26)

mdryair = Mdryairndryair (27)
mO2

mdryair
=

MO2
nO2

Mdryairndryair
=

MO2

Mdryair
0.2095 (28)

ṁtotal = ṁdryair + ṁvapor = ṁdryair (29)
ṁdryair = (1 +HR)ṁdryair (30)

I(t) =
ṁtotal4F

Mdryairnc
× 0.2095

(1 +HR)λO2

(31)

where ṁtotal is the measured inlet mass flow rate, and HR
is the ambient humidity ratio before the humidifier. The
stoichiometry in (31), λO2 , is set to the minimum permissible
stoichiometry. The current obtained in (31) will be the current
setpoint and it will be imposed as the stack current by the
DC/DC converter.

3) Maximum power ramp-up rate: The fuel cell stack
net power ramp-up rate capability is one of the important
information required by the energy management system. In
this section, a procedure is presented to compute the maximum
power ramp-up rate of the PEMFC. Using the relation between
the current and the mass flow rate at steady state, at a constant
stoichiometry, (25), one has:

dI(t)

dt
=

dṁO2in

dt

4F

MO2
nc

1

λO2

(32)

Based on the information available in the compressor‘s
datasheet, the dynamic characteristic of the compressor is as
follows:

max(
dṁin

dt
) ≈ 66

(
g/s2

)
(33)

So, (32) can be rewritten as follow:

max(
dI (t)

dt
) ≈ 66

4F

MO2
nc

1

λO2

(34)

By substituting the constant parameters in (34), and consider-
ing the worst-case minimum stoichiometry 1.7, Eq. (34) can
be rewritten as:

max(
dI(t)

dt
) ≈ 66× 24.8594 = 1640.72(A/s) (35)

To determine the maximum ramp-up rate of power at any given
moment, it is essential to consider the following calculation:

∆P

∆t
=

P2 − P1

∆t
(36)

where P2 is the maximum power regarding the stack’s con-
ditions of temperature and humidity. P2 is obtained using the
offline map in Fig. 6 as the maximum power, and P1 is the
measured power at each sampling time. Using Eq. (22), along
with the measurement stack’s current and voltage,one has

P2 = P (T,ECSA) (37)
P1 = V1I1 = V stackIstack (38)

Based on (32), one has

∆t ≈ I2 − I1
dI(t)
dt

(39)

To determine ∆t, it is necessary to calculate the current at the
maximum power point based on the stack conditions. In other
words, the value of I2 needs to be determined. Considering
(32) and knowing that the maximum power will be given at
the minimum specified voltage of V2 = 220, the current at
maximum power point can be calculated as follows:

I2 =
P2

V2
=

P (T,ECSA)

220
(40)

So, using (32) and (40), ∆t is calculated and finally, the power
ramp-up rate in (36) is determined.

4) Maximum instant power: Maximum instant power is the
maximum net power that the system can deliver in the next
sampling time (0.01s). Maximum instant power is calculated
based on the estimation of the maximum safe current that
can be drawn from the stack in the next sampling time and
considering the stack voltage in the that time. The maximum
safe current is equivalent to the DC/DC setpoint current that
was calculated in (31). The stack’s voltage in the next sampling
time is obtained by subtracting the voltage drop increment
caused by activation loss, impedance losses, and concentration
losses from the measured stack voltage at the current time. So,
the maximum instant net power is calculated as follows:

PinstantMax = VnxtInst · (Idc−dc)− Ploss (41)

VnxtInst = Vmeasurment −∆V Activation−
∆V Impedance −∆V Concentration

(42)

where PinstantMax is the estimation of maximum net power
that the stack can deliver in the next sampling time (k+1)Ts;
VnxtInst is the estimation of stack voltage in the next sampling
time (k+1)Ts; The impedance loss ∆VImpedance is calculated
as follows:

∆V Impedance = Rohm(Idc−dc − Istack) (43)

where Rohm is the Ohmic resistance of the stack obtained
based on the simulation of the validated model; ∆V Activation

and ∆V Concentration are neglected. Where Rohm represents
the Ohmic resistance of the stack, which is obtained through
simulation using the validated model. Assuming operation in
the linear region of the polarization curve, the voltage change
between sampling times is attributed solely to the Ohmic
voltage drop, while disregarding other voltage drop factors
such as activation, ∆V Activation, and concentration losses
∆V Concentration.
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IV. RUN MODE CONTROL LOOP AND SIMULATION RESULTS

In Section III, the blocks of the fuel cell system supervi-
sory controller were explained, elucidating their role in the
operation of the integrated system, as well as providing a
detailed clarification of their inputs and outputs. In this section,
the purpose is to evaluate the performance of the proposed
supervisory controller integrated with the stack model and
subsystems models for a standard load profile.

A. Run state control loop

As explained in the section of state machine architecture,
there are ten discrete states for the fuel cell system. In the
following scenario, it is assumed that the state machine is in
the ”Run” state, and the startup procedures have been executed
correctly. During Run state, the setpoint generator updates the
subsystems’ references based on the requested gross power
from the vehicle side. The vehicle propulsion requested net
power is added with the estimation of compressor power
consumption, and it is converted to the equivalent current using
the polarization curve of the stack. Subsequently, this current
is fed to the optimal setpoint generator map. The power limit
calculator unit also generates the DC/DC converter current
reference based on the measurement mass flow of air. Fur-
thermore, it provides information to the energy management
system regarding the available net power that the stack can
deliver, as extensively explained in Section III-C. During the
Run state, the state machine receives the subsystems’ setpoints
from the optimal setpoint generator, along with the DC/DC set-
point current from the power limit calculator. It then distributes
these setpoints to the various subsystems and the DC/DC
converter. The block diagram in Fig. 7 shows the integration of
the fuel cell system supervisory controller with other auxiliary
subsystems such as the anode subsystem, cathode subsystem,
thermal subsystem, FC stack, vehicle control unit, propulsion
parts, and diagnosis subsystem. In the Run state, the following
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Fig. 7. Block diagram of the proposed fuel cell system supervisory controller
integrated with fuel cell system

procedure is executed in each iteration of the system operation,
i.e., every 0.01 s.

• The driver decides to accelerate or decelerate.
• Considering the requested net power by the traction mo-

tor, the state of charge of the battery, and the implemented
energy management algorithm, the vehicle control unit
sends the net power request to the fuel cell system.

• Using the compressor power consumption map, the com-
pressor consumption is estimated and is added to the
requested net power to have the gross power.

Pgross = Pnet + Pcompressor (44)

• The requested gross power is converted to current using
the static polarization curve of the stack, and the Optimal
Setpoint Generator unit generates the optimal setpoints
for the three subsystems corresponding to the load cur-
rent.

• The generated optimal setpoints of the three subsystems
are sent to the subsystems’ local controllers through the
state machine.

• The Power Limit Calculator unit calculates the available
net power and power ramp-up capability by considering
the stack temperature, stack hydration condition, voltage,
current, and estimates of other power losses in the system,
such as compressor and fans power consumption. The
Power Limit Clculator unit directly sends this information
as the stack net power information to the vehicle control
unit. Furthermore, the DC/DC converter setpoint current
is calculated inside this unit, and the state machine sends
this information to the DC/DC converter as the DC/DC
current setpoint.

B. Simulation results and analysis

The simulation is conducted using the standard driving
cycles. Driving cycles address the change of speed in a
specific period and its principal characteristics such as du-
ration, average speed, maximum speed, and the dynamics
velocity changes of the vehicle. The driving cycle ought to be
designed to represent a realistic traffic conditions [45]. In this
simulation, a driving cycle corresponding to highway driving is
selected. The simulation parameters for the car are as follows:
mcar (mass of car) = 2700, Acar (frontal surface area) = 2
m2, ρ (air density) = 1.2 kg/m3, cR (rolling resistance) = 0.015,
cD (drag coefficient) = 0.03.

1) Vehicle test driving cycle: The Common Artemis Driv-
ing Cycles (CADC) are chassis dynamometer procedures that
were developed as part of the European Artemis project. These
driving cycles were created based on statistical analysis of a
large database of real-world driving patterns in Europe. Fig.
8 shows the speed profile of one of the driving cycles from
this family. The forces acting on the vehicle include internal
resistance, tire resistance, and air resistance. The total drag
force is estimated by (45).

FD =
1

2
ρcDAcarV

2 + cRmcarg (45)

where cR and cD are rolling resistance and drag coefficients,
respectively. The variables mcar, Acar, and ρ represent the
mass of the vehicle, the frontal surface area of the vehicle,

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2023.3331242

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UNIVERSITAT POLITECNICA DE CATALUNYA. Downloaded on March 12,2024 at 09:57:12 UTC from IEEE Xplore.  Restrictions apply. 



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. XX, XXX 2023 12

and the density of air, respectively. The power required to
accelerate to a given speed is estimated as (46)

Prequired = FDVcar +mcaracarVcar (46)

where acar, Vcar are the acceleration and speed of the vehicle.
The required net power and gross power corresponding to the
Artemis130 profile is shown in Fig. 8. The estimation of the
compressor power consumption is added to the net demanded
power to obtain the gross demanded power. The zoomed-in
part between t = 279 s to t = 289 s is shown in Fig. 8. It
highlights the difference between the requested net power and
the gross power. In this study, it is assumed that there is no
hybridization, meaning that all the power is solely provided
by the fuel cell. This assumption is made to test the system
under the worst-case scenario.

Fig. 8. Artemis130 profile corresponding net and gross power demand and
speed profile

2) Stack current: In section III-C2, it was explained that in
order to protect the stack from sudden load current shocks that
can lead to air starvation and increased fuel cell degradation,
the stack current is determined as the minimum value between
the computed current based on the mass flow measurement
using equation (31) and the current obtained from the polariza-
tion curve. This approach takes into consideration the dynamic
behavior of the compressor and ensures that the stack operates
within safe limits.

Ist (t) = min(IMassflow estimation, Ipolarization Curve)
(47)

Fig. 9 illustrates the alignment between the DC/DC setpoint
current, the stack current, and the computed current based on
the polarization curve. It is assumed that the DC/DC converter
controller works perfectly and is able to tracks the given
current setpoint. In Fig. 9, it is clear that the dynamic of
the compressor affects the current that is sent to the DC/DC
converter as the setpoint. The DC/DC setpoint current, the red
line, follows the load current computed by the maps, blue line,
with a time delay. Therefore, the air starvation is avoided and
always a safe current is applied to the stack, corresponding to
the mass flow of air at the inlet of stack.

Fig. 9. DC/DC converter setpoint or the stack current and optimal setpoint
generator current in upper and the zoomed part between t = 535 s and t =
585 s in the lower graph

3) The Subsystems local controllers performance : In this
section, the simulation results of the subsystems setpoints
and their local controller’s ability in achieving the desired
setpoint will be discussed. To meet the requirements of the
project, three setpoints are defined for the cathode subsystem.
Regarding the requested net power by the vehicle control unit,
the optimal setpoint generator produces the three setpoints
(inlet mass flow rate of air, inlet air pressure, and humidity
ratio), which are then sent to the cathode local controller.
The setpoints are shown in Fig. 10. The simulation results
indicate that the cathode subsystem has satisfactory behavior,
and the three variables of inlet air pressure, mass flow rate,
and humidity ratio of inlet air closely track their respective
setpoints. The anode subsystem provides the flow of hydrogen

 

 

 

 

 

Fig. 10. Three setpoints of the cathode subsystem and the actual values. Inlet
air mass flow rate, Inlet air pressure, Inlet air humidity ratio

from the H2 tank to the fuel cell. The anode subsystem
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controller controls the anode channel inlet pressure to satisfy
the manufacture’s requirements. The anode subsystem uses
an injector-ejector to recirculate the unconsumed hydrogen.
The generated setpoint and the performance of the anode
subsystem controller are depicted in Fig. 11. As Fig. 11
indicates, the anode channel inlet pressure precisely follows
the setpoint, demonstrating the proper functioning of the local
controller in the anode subsystem. The H2 flow from the tank

Fig. 11. Anode channel pressure setpoint and the actual anode pressure

is shown in Fig. 12. The PEMFC in this project is designed
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Fig. 12. H2 flux from the pressurized Tank

to operate with a maximum temperature difference between
the inlet and outlet under normal operating conditions from
68º to 80º Celsius. The thermal subsystem is responsible for
controlling the stack temperature. The thermal subsystem uses
water as the liquid coolant, and during normal stack operation,
the coolant’s inlet temperature must be maintained at 68◦C.
The outlet coolant has to be 2◦C to 12◦C higher than the inlet
temperature. So, the outlet coolant temperature has to be in
the range of 70◦C to 80◦C. The thermal subsystem has two
setpoints as follows:

• Inlet coolant temperature
• Outlet coolant temperature

The setpoints of the thermal subsystem and its local controller
performance are shown in Fig. 13. According to the simulation
results, the coolant’s inlet temperature closely tracks the set-
point of 68◦C. The temperature difference between inlet and
outlet coolant, ∆T , is the second setpoint that the thermal

subsystem has to follow. Due to the slow dynamics of the
temperature, it takes a longer time to reach the setpoint.

Fig. 13. Thermal subsystem setpoints and setpoint achievement of thermal
subsystem

4) Stack output power and efficiency: The output gross
power of the stack is shown in Fig. 14a. The simulation
results show the stack has the capability to produce the power
demanded by the vehicle. The compressor in the cathode
subsystem is considered the main parasitic loss in the system.
The power consumption by all the pumps, fan, and other types
of equipment in the three subsystems are negligible. So, the
lost power is subtracted from the stack’s gross produced power
to obtain the net power as follows.

Pnet=Pgross−Ploss=VstackIstack−PCompressor (48)

As Fig. 14a showed, the stack output power is equal to
the vehicle’s demanded net power plus the compressor power.
In accordance with the manufacturer’s requirements, the inlet
airflow to the stack has a minimum value. Even when the
vehicle’s requested net power is zero, there exists a minimum
value for the stack current and, correspondingly, a minimum
value of the reactants flows. So, the stack output power, red
line in Fig. 14a (a) , has a higher value than the requested
gross power by the vehicle, blue line in Fig. 14a (a) when the
net power demanded by the vehicle is zero. The compressor
power consumption is shown in Fig. IV-B4.

5) Power limit calculator outputs: Providing information
about the available range of net power that the fuel cell stack
can deliver is crucial for the energy management system.
This information enables the system to effectively allocate the
requested net power between the battery and the fuel cell. The
power limit calculator (PLC) unit provides this information
about the stack, explained in section III-C. Fig. 15 shows
the maximum net power, maximum instant net power, and
maximum power ramp-up rate.

The overall instant fuel cell system efficiency considering
the high heating value of hydrogen, 141.7MJ/Kg, is com-
puted using (14) and is shown in Fig. 16. The overall system
efficiency considering subsystem losses is around 55% which
is satisfactory. In order to compare the optimal scenario with a
non-optimal scenario, constant setpoints such as air stoichiom-
etry λO2 = 3, cathode inlet air pressure, pca = 1.3 bar, coolant
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inlet temperature, T = 68◦C, temperature difference between
inlet and outlet coolant, ∆T = 5◦C, and humidity ratio of inlet
air HR = 0.12 are considered. These non-optimal values of ∆T
and pca are selected as the average of the permissible range.
The λO2 is selected in a way that covers all ranges of current
while preventing air starvation. . The utilization of the optimal
setpoint generator in the fuel cell system indicates a reduction
of around 4% in the input available power from the H2 tank
compared to the utilization of non-optimal setpoints. This
outcome highlights the effectiveness of the proposed optimal
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Fig. 16. Fuel cell system overall efficiency

setpoint generator within the proposed supervisory controller.

V. CONCLUSION

In this study, a PEMFC system supervisory controller for an
automotive application has been designed, implemented, and
validated through simulation. The proposed fuel cell supervi-
sory controller integrates three main parts: a state machine, an
optimal setpoint generator, and a power limit calculator. Sim-
ulation results were obtained using an integrated model of the
experimentally validated stack model with INN-BALANCE
developed prototype and the subsystems models with their
local controllers. The system performance was studied with
the Common Artemis Driving Cycle 130 profile in the Run
state of the state machine. The simulation results show how
these three software elements can work together in order
to determine optimal operating conditions and compute the
available fuel cell range of power in Run state. In addition, the
subsystems local controllers achieved their setpoints properly.
Furthermore, the results indicate that the power demanded by
the vehicle is satisfactorily fulfilled for the selected driving
cycle with good efficiency, showing an improvement of ap-
proximately 4% compared to the non-optimal strategy. The
key points of this study can be highlighted as follows:

• An equivalent electric circuit model of the distributed
parameters membrane model was proposed. This model
is used in the galvanostatic mode of operation in which
the load current acts as an input disturbance to the stack.
As the automotive PEMFC system works in galvanostatic
mode during the Run state, this electric circuit model al-
lows to emulate the behavior of the distributed parameters
model in the galvanostatic mode, and it is compatible with
an automotive application.

• A complex experimentally validated model of all the
subsystems including valves, fans, and equipment that
exist in a real fuel cell based vehicle has been utilized in
the design and simulation of the supervisory controller.
This model takes into account the important aspects and
behaviors of the system operation that are generally ne-
glected in the traditional simple models and, the proposed
supervisory controller has shown satisfactory results with
this model. The sampling time for the simulation is set
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to 0.01 s, which is the standard sampling time for the
automotive application.

• The simulation results have shown that the three parts
of the proposed supervisory controller are properly coor-
dinated. Specifically, apart from determining the optimal
operating conditions and setpoints for the balance of plant
subsystems in the Run state, it provides a framework
that allows to handle the fuel cell system processes and
execute the Start-up and Shutdown procedures.

• The stack power information that the vehicle’s energy
management system (EMS) needs to divide the requested
power between the battery and the fuel cell system
were determined by the supervisory controller. Using
this information, the requested power from the fuel cell
system does not exceed the capability of the system,
which is very important to minimize stack degradation
and/or damage.
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