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Abstract

Prolonging membrane longevity as well as improving fuel economy are essential steps toward
utilization of fuel cells in industrial applications. Focusing on polymer electrolyte membrane
(PEM) fuel cells, the present work elucidates a systematic approach to deal with cell dura-
bility issues, inflicted by membrane pinholes. This includes the model-based control of fuel
overpressure, which is defined as the pressure difference between the anode and cathode
compartments, at the inlet side of the fuel cell stack. Moreover, to enhance fuel savings,
this work proposes a novel model-based technique for estimation of hydrogen concentration,
which is used as the basis of fuel purging control. Employing a Ballard 3kW test station
equipped with a 9-cell Mk1100 PEM fuel cell, the entire system is modeled using pneumatic
variables. The developed model is experimentally validated. Depending on the underlying
objective, a relevant system configuration for the PEM fuel cell anode is adopted. These
include a flow-through anode, dead-ended anode, and anode with recirculation structures.

A model predictive controller (MPC) is deployed to achieve the controller objectives, which
include the improvement in control of the system transient response during the load change,
reduction of hydrogen emission, and retaining the cell voltage level of a defective cell,
by maintaining the fuel overpressure in the desired region. Furthermore, the controller
performance is verified experimentally.

Using the pressure drop across the fuel cell stack anode, the hydrogen concentration on
the anode side is estimated in a hydrogen-nitrogen gas mixture. This pressure drop is
correlated to the dynamic viscosity of a gas mixture. The estimation model which is verified
experimentally for various scenarios provides a reliable and cost-effective method that can
eliminate the use of the hydrogen sensor. This model is then utilized as the basis for
controlling the fuel purging. Deploying an MPC based multivariable control strategy, both
fuel overpressure and hydrogen concentration are controlled.

Keywords: Fuel cells; Fuel overpressure; Fuel purge control; Hydrogen concentration;
Model predictive control; Hydrogen transfer leak
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Chapter 1

Introduction

1.1 Background

Reducing environmental pollution along with the scarcity of fossil fuels, have escalated
the necessity of finding alternative green energy sources where fuel cells (FC) are viable
choices [1]. FCs provide a cleaner and more efficient form of power delivery compared
to internal combustion engines (ICE) [2]. Approximately, 70% of today’s electrical power
consumption is generated from fossil combustibles [3]. Currently fuel cells are employed in
a variety of applications including stationary backup power, distributed power generation,
portable electronic equipment, and in the transportation industry [1,2]. In particular, during
the 2010 Winter Olympic Games in Vancouver, Canada, Whistler buses were equipped
with fuel cells. In recent years, various ongoing projects are looking for more fruitful and
productive avenues for fuel cell usage, especially in automotive practices.

Figure 1.1: General schematic of a fuel cell system [4] (used with the permission of IEEE)
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Among different types of fuel cell systems, Polymer Electrolyte Membrane (PEM) fuel
cells operate at low temperatures, possess a compact design, and lack any corrosive fluid
hazard [2]. Therefore, PEM fuel cells are a promising choice for automotive applications [5].
In addition to the stack, fuel cells are composed of several peripheral components such as
the humidifier, reformer, or heat exchanger. Figure 1.1 depicts a general schematic of an
FC system aimed for use in automotive applications [4].

Improving the efficiency, reliability, and durability of fuel cell systems are the primary
focuses of researches in this area. Materials, auxiliary components, and system maintenance
ultimately should be more cost efficient [6]. According to The U.S. Department of Energy
(DOE) in 2011, the platinum content of a fuel cell reached to less than 0.2 g/kW with the
DOE’s target value of 0.125 g/kW. This has resulted in a 5-time reduction in platinum usage
which has largely improved fuel cell durability. In addition, since 2008 the projected volume
cost per kW, for fuel cells in light duty vehicles has declined by 30%. In Figure 1.2, the
projected fuel cell transportation system cost per kW for a high volume production (500,000
units per year) is shown where the target value in 2017 is $30/kW. Moreover, in Figure 1.2
for a broad range of manufacturing volumes, the cost of the fuel cell transportation system
in 2011 is compared to that of 2007.

(a) (b)

Figure 1.2: (a) The projected fuel cell transportation system costs per kW for high vol-
ume production (500,000 units per year), (b) a comparison of fuel cell transportation cost
between 2007 and 2011 for a wide range of manufacturing volumes [6]

Fuel cell research is the grounds for interaction of various engineering disciplines such
as electro-chemistry, materials, or fluid mechanics. Moreover, FCs manufacturing and em-
ployment involve other areas such as sensing, vibration, and control [7]. Since the first com-
mercial use of FC by General Electric (GE) and US National Aero Space Agency (NASA)
for the Gemini space project [8], researches on fuel cell technology and development have
been boosted significantly.

2



1.1.1 Fundamentals of PEM fuel cells operation

In essence, fuel cells convert the electrochemical energy into the electrical energy through
the reaction between hydrogen oxidization on the anode side and oxygen reduction on the
cathode side, while water and heat are also generated as by-products. Figure 1.3 depicts the
primary elements of a PEM fuel cell, including the Membrane Electrode Assembly (MEA)
and gas flow channels. MEA is composed of the membrane, the anode, and the cathode.

 end plate

cathode

H2 channel

membrane

load

Current (-e)

Air channel

anode

Figure 1.3: Basic elements of a PEM fuel cell

The hydrogen oxidization and the oxygen reduction reactions are expressed as follows:

2H2 → 4H+ + 4e− (1.1)

O2 + 4e− + 4H+ → 2H2O (1.2)

The overall reaction is then formulated in the following:

H2 + 1
2O2 → H2O (1.3)

The released energy during an electrochemical reaction is calculated via the change in
Gibbs free energy (∆gf ), which is equivalent to the difference between Gibbs free energy of
products and of reactants [3]:

∆gf = (gf )products − (gf )reactants (1.4)

∆gf = (gf )H2O − (gf )H2 −
1
2(gf )O2 (1.5)

3



Gibbs free energy represents the available energy for the external circuit. Furthermore,
∆gf is dependent on the pressure and concentration of reactants as described in equation
(1.6):

∆gf = ∆go
f −RT ln(

PH2P
0.5
O2

PH2O
) (1.6)

where R is the universal gas constant, T is the stack temperature, PH2 is the partial pressure
of hydrogen, PO2 is the partial pressure of oxygen, PH2O is the partial pressure of water,
and ∆go

f is the change in Gibbs free energy at the standard pressure (1 bar).
In an ideal reversible reaction, where all the Gibbs free energy is consumed for the

external circuit with no losses, the electric work expresses the work for circulating two
electrons for each mole of hydrogen as follows:

E = −∆gf

2F (1.7)

Therefore, the reversible voltage in a PEM fuel cell can be derived using (1.6) and (1.7), as
follows:

E = Eo + RT

2F ln(
PH2P

0.5
O2

PH2O
) (1.8)

where Eo is the electromotive force at the standard pressure. Values of ∆gf and Eo at
different temperatures are provided in [2].

The actual operation of a PEM fuel cell is subjected to various losses including the
activation, ohmic, and mass transport losses. Therefore, the operating voltage of a PEM
fuel cell is expressed as follows:

V = Ẽ −∆Vact −∆Vohm −∆Vtran (1.9)

where Ẽ is the open circuit voltage (OCV), ∆Vact is the activation loss, ∆Vohm is the Ohmic
loss, and ∆Vtran is the mass transport loss. Ẽ is usually less than the theoretical value for
the OCV (E) which was provided in equation (1.7) [2]. The voltage drawn from equation
(1.9) is known as the polarization curve. Detailed discussion on these losses are outside of
the scope of this work which can be found in [2].

In the following sections in this chapter, previous studies in the area of PEM fuel cell
modeling and control as well as state of the art in fuel cell technology are presented.

1.2 Fuel cell system modeling

Fuel cell system modeling is a broad area, aiming at capturing the fuel cell system operation
through physical or mathematical models, which establishes a basis for explaining different

4



phenomena occurring in the system. Numerous fuel cell models are focused on specific
properties of the FC stack.

Employing both mechanistic and empirical modeling, a PEM fuel cell performance is
described via a parametric model in [9, 10]. A more comprehensive steady-state electro-
chemical model of a PEMFC is provided in [11] which accounts for different active areas
and membrane thicknesses even at high current densities. A dynamic model of PEM fuel
cell system is provided in [12] which combines empirical modeling with mass and energy con-
servation equations. These models are expressing the steady-state behavior of the PEMFC.
Also, such models are normally validated via the polarization curve of the PEMFC.

Control-oriented modeling is suitable for control applications where both transient and
steady-state responses of the system are critical. The following section covers some of the
existing control oriented models which have been used extensively in literature.

1.2.1 Control-oriented modeling of the fuel supply system

Employing pneumatic variables, such as a pneumatic resistor or a pneumatic capacitor,
the dynamic model of the entire fuel cell system is developed in [13] for the air side. In
analogy to the air side, the dynamic model of the fuel supply system (FSS) can be derived.
A pneumatic resistor reflects friction forces in the gas flow channels while a pneumatic
capacitor represents the storage capacity of the components. The model is also validated
for a 25 cell PEM stack. This model is suitable for control design since it captures the
transient as well as the steady-state behavior of the system, and is used in [14,15] for control
purposes. In Chapter 2, we will adopt the pneumatic modeling technique for modeling the
Ballard 3kW PEMFC test station.

Pukrushpan et al. [16,17] developed a comprehensive control oriented model for the fuel
cell stack and all its auxiliary components. The model is appropriate for many fuel cell
control applications. It employs mass conservation principles, thermodynamic, and psycho-
metric properties of the reactant gasses, as well as the flow characteristics, and the inertia
dynamics of the compressor. Model parameters are obtained using a 75 kW FC stack from
a Ford P2000 fuel cell prototype, an Allied Signal compressor, and a Nafion 117 membrane.
They have provided simulation results to demonstrate the control system performance using
their proposed dynamic model. However, lack of experimental validation for control of an
actual fuel cell vehicle which incorporates this model is noticeable. This model is popular
among FC researchers and has been used in various FC control development efforts as the
plant model, such as the works in [18–20].

A fully analytic model of the PEM fuel cell is presented in [4]. Dynamics of the air and
fuel supply systems are formulated in the state-space form to facilitate the usage of this
model for control applications. The model is then linked with the steady-state model of the
PEM fuel cell stack to show the impact of operating conditions on fuel cell performance.
The system configuration is tightly matched with the vehicular fuel cell topology, where
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the air supply system consists of an air compressor, a humidifier, a fuel cell cathode flow
channel, and an outlet water separator. On the anode side, the system is composed of a
pressure reducing valve, a hydrogen recirculation blower, and a fuel cell anode flow channel.

Using both theory and experiment, del Real et al. [21] developed a dynamic model for
Ballard 1.2 kW PEM fuel cell stack, which has also been validated. They have presented an
innovative approach for deriving the polarization curve. Also, this semi-empirical control
oriented model can represent the thermal effect in an air cooled stack as well as in the
flooding phenomenon.

In [22], a control oriented model for the air supply system together with an analytic
model of hydrogen flow in the presence of hydrogen recirculation pump is provided. The
model can explain the effect of gas flow, pressure, and humidity on the cell performance.
However, it lacks experimental validation where it is only supported via simulation results.
A dynamic model of a PEM fuel cell suitable for control design is presented in [23]. This
model is also validated and has been employed in various works including [24–26].

A vast majority of fuel cell literature focuses on modeling and control strategies for a
fully operational healthy fuel cell system. However, in the actual deployment of the cell,
it is susceptible to possible damages. Therefore, it is vital to understand the behavior of
the system in a faulty condition. Hydrogen transfer leak (HTL) due to the appearance of
membrane pinholes is a common defect that could occur in any cell. These pinholes result
in system malfunctions that could significantly deteriorate the cell performance. Relevant
works on HTL are presented next.

1.2.2 Hydrogen transfer leak modeling

Different phenomena could eventually affect the membrane and result in the creation or
growth of pinholes. These events are linked to thermal, mechanical or chemical processes
[27]. In [28], effects of membrane pinholes on PEM fuel cell performance are discussed, and
a method for leak detection based on the increasing anode pressure is discerned.

To analyze the gas permeation regarding diffusive and convective transports, the authors
used a gas tracer concept in [29]. Despite being capable of measuring the transfer leak rate
and detecting the location of pinholes, their proposed method is not practical as each cell
in the stack demands a separate gas tracer.

Localization of defected cells in the stack in [30] is carried out by using the time response
of the stack voltage drop, subjected to hydrogen sudden stop at the open circuit condition.
However, their method lacks reliability regarding the precise location of the pinholes since
various phenomena can result in OCV drop. For a membrane with pinholes, the rate of
OCV drop is higher compared to those of an intact membrane. Employment of the OCV
as a diagnostic tool for detection of leak formation and leak localization is also discussed
in [31].
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A novel diagnostic tool for a precise characterization of the in-situ hydrogen transfer
leak in a PEM fuel cell was proposed in [27]. Their technique provided a formulation for
hydrogen transfer leak rate based on the nitrogen flow rate, stack temperature, OCV, and
the anode and cathode pressures. In [32], a model-based hydrogen leak detection method
is presented, which relies on the mass conservation equations while taking into account the
natural leak of the stack.

1.3 Fuel cell system control

To achieve a more efficient, durable, and cost-effective operation in a PEM fuel cell system,
there exist different challenges where a well-designed control system plays a significant role in
coping with them. In this work, control objectives are first, to maintain the fuel overpressure
(FOP) at the desired level [33], and second, to control the hydrogen concentration (HC)
above a designated level. The difference between the anode and cathode pressures, at the
inlet side of the PEMFC stack, is known as the fuel overpressure. Hydrogen concentration
refers to the amount of available hydrogen in the anode. HC control is carried out via
purge control [34]. Control requirements for a fuel cell system mainly address the reactant’s
pressure or flow, to meet the design specifications. In the following sections, a summary of
major previous works on FOP control as well as the HC control is provided.

1.3.1 Fuel overpressure control

Danzer et al. [14] applied a nonlinear model-based algorithm for multivariable control of
the cathode pressure and the oxygen excess ratio. Their proposed modeling and control
algorithm can also be applied to the anode side. A mass flow controller (MFC) and an
outlet throttle are used as actuators. This control technique utilizes the flatness-based
control principle and a tracking observer for estimating the oxygen partial pressure by
measuring the pressure at the outlet throttle. A comparison between the performances of
their proposed controller and a PI controller is provided to demonstrate the effectiveness of
their approach. The effect of membrane pinholes and nitrogen crossover are not considered
in their model.

Pukrushpan et al. [16, 17] have designed an observer based feed-forward and feedback
controller for the air flow. The controller can handle the trade-off between the parasitic loss
reduction and the quick net power output during the load current change. However, their
control design lacks experimental validation.

A gain-scheduled control structure for regulating the fuel overpressure as well as the
anode and cathode humidities is provided in [18]. Two actuators are used in the ejector
based anode recirculation system including the dry hydrogen flow and the anode back
pressure valve.
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In [35], a control method for maintaining the fuel overpressure in the desired region is
described. A mathematical model for the cathode side is used while hydrogen consumption
is treated as a disturbance during power generation. The actuation is executed by the outlet
throttle on the cathode side and the inlet pressure valve on the anode side. Experimental
results have also been provided to show the controller performance. However, the effects of
HTL are not considered in the control design.

Fuel overpressure control together with the control of the air stoichiometric ratio and
the air pressure is discussed in [24] via simulation results, for a PEM fuel cell with hydrogen
recirculation. This method used both linear and nonlinear control techniques by employing
a linearized model of the system to achieve the performance requirements. A time-delay
control is applied for controlling the reactant’s flow rate as well as the stack fuel overpressure
in [36], considering a complete model of the fuel cell system.

Application of the Model Predictive Control (MPC) method [37] in related fuel cell
control problems is discussed in [38–43]. Using the MPC approach, actuator limitation as
well as output constraints can be formulated as part of the control problem. FOP control
in [33] is achieved via the Back Pressure Valve (BPV) in a PEM fuel cell system with the
inclusion of HTL. Both model and controller are experimentally verified using the Ballard
3kW test station. The pneumatic modeling technique has been applied to capture the fuel
supply system behavior. In [40], FOP control in a dead-ended anode configuration is carried
out by the MPC approach during periodic purging.

1.3.2 Hydrogen concentration control

Various anode configurations with different fuel efficiency and cell performance are available.
In a PEM fuel cell the phenomenon of gas crossover is inevitable, i.e., regardless of the
membrane thickness or type, gas permeation will always take place. This is driven by the
concentration gradient. Therefore, nitrogen (N2) will cross over to the anode side due to
the higher N2 concentration on the cathode side. Accumulation of nitrogen on the anode
side will eventually result in decay in the stack voltage as well as the cell performance. In
an anode with recirculation configuration, it is necessary to model the N2 gas build up on
the anode side to design an active purge control.

Different anode configurations are depicted in Figure 1.4. In [44], a simple analytic
model for the nitrogen gas build up on the anode side of a PEM fuel cell is provided.
It has been shown that in a pure recirculation anode, dilution of hydrogen with nitrogen
can significantly deteriorate the cell performance. A slight anode outlet flow bleed can
considerably improve the performance by dropping the anode N2 concentration. Effects
of HTL are not considered in their work. The performance of a PEM fuel cell with a
dead-ended anode structure is more prone to nitrogen (N2) accumulation [45,46].

A complete study of the nitrogen build up in a PEM fuel cell is presented in [47].
According to this study, nitrogen crossover depends on several factors including the fuel N2
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Figure 1.4: Different anode configurations [44] (used with the permission of Elsevier)

content, power level, membrane thickness, and the purge rate. Their study demonstrates
the effect of N2 build up on the performance of a 90 kW PEM fuel cell system. In a similar
study [48], crossover of nitrogen is measured by the help of a mass spectrometer at different
operating conditions, for both the OCV and power generation conditions. Based on this
study, N2 crossover increases with temperature in all relative humidity (RH) states.

A complete study of nitrogen crossover in a PEM fuel cell system with different purging
strategies is presented in [49]. Using the validated stack data, the proposed model is verified.
Simulation results for various purging techniques show that the anode bleed-out of 3%
maintains the N2 concentration to less than 1%. Both fixed and automatic purge intervals
are simulated. However, no experimental verification of the purging strategies is presented.
Furthermore, the effects of HTL are not included in the model. An anode purging strategy
for a single cell PEM fuel cell is discussed in [50], using a mathematical model for estimation
of nitrogen build up. The model is experimentally validated based on variations in the cell
voltage.

1.4 Thesis objectives

The primary goals of this research are to address membrane longevity and fuel economy. In
this thesis we address the following objectives:

• Dynamic modeling of the fuel supply system employed by the controller
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• Fuel overpressure control in presence of hydrogen transfer leaks

• Hydrogen concentration control to enhance fuel economy

Modeling of the FSS is developed according to the anode configuration. Common FSS
topologies are presented in chapter 2 along with more details on each configuration and their
respective components. Furthermore, by deploying the pneumatic modeling technique, a
dynamic model of the FSS is provided for each configuration together with the experimental
validation.

Fuel overpressure control is thoroughly discussed in chapter 3. Using the model pre-
dictive control approach, the controller is designed and experimentally validated. More
importantly, the effect of hydrogen transfer leak is included during the entire process. Be-
sides improving the stack performance, FOP control could potentially reduce the hydrogen
emission.

In a novel approach, a model-based method for estimation of anode hydrogen concen-
tration is proposed in chapter 4. This approach is further employed in the multivariable
control of hydrogen concentration and fuel overpressure. Finally, in chapter 5, this work
is concluded by summarizing the key achievements as well as indicating the pathways for
future works in this area.

1.5 Summary

Modeling and control of the fuel supply system used in various literature were summarized
in the chapter. Some important control-oriented models that have been used extensively in
the related fuel cell control studies were presented. Hydrogen transfer leak modeling was
also discussed. Furthermore, an overview of some of the existing works in control of fuel
overpressure and hydrogen concentration were provided. Finally, the objectives of this work
were summarized.
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Chapter 2

Modeling of Fuel Supply System

The fuel supply system encompasses all subsystems on the anode side which varies depend-
ing on the anode configuration. In this chapter, three primary FSS topologies, namely, the
flow-through anode, the dead-ended anode, and the anode with recirculation (AWR) are
explained. We will cover a detailed description of the components in each topology as well
as the usage of each setup. The pneumatic modeling technique, covering both the plant and
the actuator modeling, is also presented. Hydrogen leak characterization based on an ex-
situ measurement setup is provided in this chapter. Finally, the results of the experimental
validation for modeling each anode configuration are shown.

2.1 PEM fuel cell system configurations

There exist three primary anode configurations including, the flow-through anode, the dead-
ended anode, and the anode with recirculation which are discussed next.

2.1.1 Flow-through anode

This anode configuration is primarily suitable for research purposes. Due to the continuous
purging of hydrogen at the outlet, this setup possesses a poor fuel economy as the unused
hydrogen is wasted. However, the flow-through mode provides a suitable platform to study
the FC stack as well as the effects of various operating conditions on system performance.
Furthermore, modeling and control algorithms can be developed and evaluated for this
configuration before applying them to more practical setups.

Figure 2.1 shows the Piping and Instrumentation Diagram (P&ID) of the Ballard 3kW
fuel cell test station with the flow-through anode. Considering the anode side in Figure 2.1,
the main components are as follows:

• Fuel delivery unit: This comprises of the hydrogen reservoir as well as the input
pressure regulator which reduces the pressure of the tank to below 40 psi (this pressure
setpoint is adjustable).
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Figure 2.1: The schematic of the Ballard 3kW test station with the flow-through anode [33]
(used with the permission of Elsevier)

• Mass flow controller/meter: The purpose of using a mass flow controller (MFC)
is to adjust the anode input hydrogen flow rate. This device can also be employed in
the mass flow meter (MFM) mode where it only measures the input hydrogen flow
rate. The input H2 flow rate is set according to the H2 stoichiometry, λ, which is
defined in the following:

λ = amount of input hydrogen
amount of hydrogen consumption = ṁin

ṁc
(2.1)

where the inverse of λ is known as the hydrogen utilization.

• Humidifier: To improve the FC performance a humidification unit is used to increase
the proton conductivity of the fuel cell membrane, which otherwise stays dry [2].
As shown in Figure 2.1, both anode and cathode sides are humidified, where on the
cathode this increases the oxygen reduction reaction. Figure 2.2a shows the humidifier
used in this study.

• Fuel cell stack anode: A 9-cell Mk1100 PEM fuel cell is utilized in this work.

• Condenser: A condenser is used to remove water from the anode. This water on the
anode side is the result of humidification as well as the back-diffusion of water from
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(a) (b)

Condenser

Figure 2.2: (a) Humidifier, (b) Condenser

the cathode side. The removal of water will improve the control action achieved by the
actuator by protecting it from flooding. Figure 2.2b depicts the condenser unit that is
deployed in this work. It is composed of 2 condenser units with a water separator for
each unit. To ensure complete removal of water, an extra water separator is employed.
The main reason for water removal is the protection of measurement devices, such as
the MFM, whose functionality is jeopardized by liquid water.

Figure 2.3: A proportional solenoid valve

• Back pressure valve: This actuator in the flow-through anode is responsible for
controlling the inlet pressure of the stack on the anode side based on the desired fuel
overpressure. However, in the dead-ended anode or the AWR configurations, the back
pressure valve (BPV) is utilized as the purge valve for controlling the fuel purging.
The BPV is a proportional solenoid valve which is illustrated in Figure 2.3.
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• Pressure sensors: Different pressure sensors are installed to monitor the changes in
pressure at various spots on the anode side.

2.1.2 Dead-ended anode

Considering PEM fuel cell products, either the dead-ended anode or the anode with re-
circulation structures are deployed. In stationary systems, due to sizing flexibility, the
dead-ended anode structure is commonly used. This configuration is more prone to N2

crossover since the anode outlet path is blocked when the purge valve is closed. Figure 2.4
depicts the dead-ended anode setup where the air side configuration is similar to the one in
Figure 2.1.
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Figure 2.4: The schematic of the Ballard 3kW test station with the dead-ended anode [40]
(used with the permission of IEEE)

Comparing Figures 2.1 and 2.4, the following changes in the setup are noticeable:

• Pressure control valve: This valve is used for regulation of the stack anode inlet
pressure according to the required FOP. In flow-through mode, this pressure was
controlled by the BPV.

• Purge valve: The BPV’s role in this configuration is as a purge valve which aims at
maintaining a higher anode H2 concentration. In general, fuel purging is performed
based on a timing scheme which can be periodic or dynamic.

2.1.3 Anode with recirculation

The AWR structure is the most efficient anode configuration which elevates H2 utilization
by recirculating the unused hydrogen back into the stack. A Hydrogen Recirculation Blower
(HRB) is placed parallel to the fuel cell stack, as shown in Figure 2.5, illustrating the AWR
configuration. The fuel cell stack and the HRB form a loop which is known as the anode
loop. The P&ID of the PEMFC with AWR configuration is shown in Figure 2.6. Aside
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from the aforementioned components for the dead-ended anode configuration, the following
components are used in the AWR structure:

• Hydrogen recirculation blower: Using A brushless direct current (BLDC) motor,
the HRB recirculates the anode gas mixture consisting of H2 and N2. To control the
HRB pump speed, a control voltage Vhrb is applied. Table 2.1 provides the equivalent
pump rotational speed for some selected Vhrbs.

PEMFC

HRB

H2 sensor

Loop
MFM

Figure 2.5: The Ballard 3kW test station with hydrogen recirculation blower

• Anode loop MFM: This flow meter is specifically used for measuring the gas mixture
flow rate inside the anode loop. The flow meter is capable of measuring both H2 and
N2 gas flow rates. The presence of the condenser inside the anode loop and before the
MFM ensures secure operation of the MFM which is also shown in Figure 2.5.

Table 2.1: The rotational speed of the HRB pump for selected control voltages

control voltage [V] pump speed [rpm]
1 440
2 1032
3 1589
4 2171
5 2770

• Hydrogen sensor: A 0-5 volts hydrogen sensor from Neodym Technologies is em-
ployed for measuring the hydrogen concentration inside the anode loop. Similar to
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the loop MFM, the H2 sensor is operating safely, since it is not exposed to any water
molecules due to the usage of the condenser. Table 2.2 shows the H2 sensor voltage
for some selected H2 concentrations. This sensor is also highlighted in Figure 2.5.

Table 2.2: The hydrogen sensor voltage for various hydrogen concentrations

H2 concentration [%] sensor voltage [V]
100 4.8
90 4.8
85 4.6
80 4.3
75 4.0
70 3.8
65 3.6
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Figure 2.6: P&ID of the Ballard 3kW test station with anode recirculation

2.2 Pneumatic modeling

To capture the dynamic behavior of the entire PEMFC system, the pneumatic modeling
approach introduced in [13] is utilized. According to this technique, each component is
modeled by pneumatic variables such as the pneumatic resistor and the pneumatic capacitor.
The friction forces in gas flow channels are reflected via pneumatic resistors while pneumatic
capacitors express the storage potentials of components.
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Depending on the flow regime, a pneumatic variable can be laminar or turbulent. This
is decided by the Reynold’s number, Re, where for Re ≥ 2500 the flow is turbulent, and
otherwise, it is laminar. In this work, the flow regime is laminar. Therefore, all pneumatic
variables are laminar. Turbulent flows are likely to occur in high flow rates which cause
the pneumatic variable to be nonlinear. For a laminar resistor (RL), the following relation
holds between the pressure drop across the resistor (∆P ), and the flow rate through the
resistor (Q):

∆P = RLQ (2.2)

In the rest of this section, a pneumatic model of each anode configuration is developed
first, followed by details of actuator modeling.

2.2.1 System model

Employing pneumatic variables, each of the aforementioned anode configurations can be
modeled. Starting with the flow-through anode, Figure 2.7 illustrates the equivalent circuit
of the system in Figure 2.1, in analogy to electrical systems.
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consm


om


Cfc Cc

Rc

P1 P2

wom


wim


Ch

inm


Pin Ph

Rh

Cin

Rin

Figure 2.7: The pneumatic model of the flow-through anode

Pressure variables in Figure 2.7 point to the same nodes as in Figure 2.1. Each com-
ponent located between two consecutive sensors is replaced by its pneumatic model. These
include the inlet manifold, the humidifier, the PEM fuel cell anode, the condenser, and the
BPV which is the actuator. The input hydrogen flow is expressed by a flow source since
the MFC supplies a fixed flow rate depending on the load consumption as well as the H2

stoichiometry. The added water by the humidifier is also represented by a flow source. As-
suming 100% relative humidity [2], and in reference to the cathode side calculation provided
in [13], the water mass flow rate is obtained as follows:

ṁhum = RH2

RH2O

Psat(T )
P1 − Psat(T ) = 8.936 Psat(T )

P1 − Psat(T ) (T = 60◦C) (2.3)
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where Psat is the saturation pressure of water. In addition to this, a back-diffusion of water
from the cathode side and the drag of water molecules, due to electro-osmotic phenomenon
[2], would also affect the total water flow rate which are not considered for this study. This
leads to the same water mass flow rate as stated in (2.3), at the condenser knock out; i.e.,
ṁwo = ṁwi.

Moreover, the load consumption is also shown by a flow source in the model. This flow
can be calculated using the Faraday’s law as stated in the following:

ṁc = NI

2F (2.4)

where N is the number of cells, I is the load current, and F is the Faraday’s constant.
Lastly, the BPV is modeled as a variable resistor since as an actuator, it should be

adjustable to regulate the pressure. The details of the actuator model are provided in
section 2.2.2.

Using the pneumatic model in Figure 2.7, the flow-through anode configuration can be
represented in a state-space form as follows:

Cinẋ1 = −x1 − x2
Rin

+ w1

Chẋ2 = x1 − x2
Rin

− x2 − x3
Rh

Cfcẋ3 = x2 − x3
Rh

− x3 − x4
Rfc

+ w2 − w3

Ccẋ4 = x3 − x4
Rfc

− x4 − u
Rc

y = x3

(2.5)

where x(t), u(t), and w(t) are expressed here:

x(t) =
[
Pin(t) Ph(t) P1(t) P2(t)

]T
u(t) = Pout(t)

w(t) =
[
ṁin(t) ṁwi(t) ṁcons(t)

]T (2.6)

Therefore, the pressure variables on the anode side are the state variables which include
the inlet manifold pressure, the humidifier inlet pressure, and the stack anode inlet and
outlet pressures. Also, the hydrogen input flow rate, the water flow rate, and the H2

consumption flow rate are included in the disturbance vector. To achieve a linear state-
space model, the control input (u) is chosen as the output pressure instead of the valve
resistor (Rv) in Figure 2.7. As will be clarified in section 2.2.2, the nonlinear valve model
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is expressed as follows:

Pout = f(Vin, ṁo) (2.7)

Rv = Pout/ṁo (2.8)

where Pout is the output pressure, ṁo is the output flow (Figure 2.7), and f is the nonlinear
valve model. Therefore, by selecting Pout as the control input, the valve resistor can be
calculated using (2.8). In the flow-through anode, the output flow can be written as stated
here:

ṁo = ṁin − ṁcons − ṁleak (2.9)

where ṁleak is the leakage flow which is considered as zero at this point.
In a matrix form, the state-space model is written as follows:

ẋ(t) = Ax(t) +Bu(t) + Ew(t) (2.10)

where matrices A, B, and E are defined below:

A =



−1
RinCin

1
RinCin

0 0

1
RinCh

−Rin −Rh

RinRhCh

1
RhCh

0

0 1
RhCfc

−Rfc −Rh

RfcRhCfc

1
RfcCfc

0 0 1
RfcCc

−Rfc −Rc

RfcRcCc


(2.11)

B =
[
0 0 0 1

RcCc

]T

(2.12)

E =



1
Cin

0 0

0 0 0

0 1
Cfc

−1
Cfc

0 0 0


(2.13)

Next, the pneumatic model of the dead-ended anode is depicted in Figure 2.8 based on
the P&ID schematic in Figure 2.4.

Compared to the flow-through anode, there exist some differences in the model. Instead
of an input hydrogen flow source, a voltage source is used. This stems from the fact that
in the flow-through anode, the hydrogen flow can be set to any value since there is always
a path for its exit (continuous purging). However, the dead-ended anode is subjected to
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Figure 2.8: The pneumatic model of the dead-ended anode [40] (used with the permission
of IEEE)

periodic or dynamic purging which affects the input flow rate. Therefore, the pressure after
the upstream regulator which is constant is replaced with a voltage source. Moreover, there
exist two actuators in this configuration, namely, the pressure control valve (Rv) and the
purge valve (Rp). The humidifier is not used in this anode mode. Crossover of nitrogen
is also reflected via a flow source. Considering Figure 2.8, the following equations can be
written:

CfcṖ1 = Pin − P1
Rv

− ṁcons −
P1 − P2
Rfc

(2.14)

CcṖ2 = P1 − P2
Rfc

− P2 − Pout

Rc
+ ṁN2 (2.15)

ṁin = Pin − P1
Rv

(2.16)

The purge valve operates in the ON-OFF mode which introduces significant pressure
variations across the valve. Depending on the application, the purge valve can run period-
ically or dynamically. Assuming periodic purging, the output pressure is considered as a
disturbance input and therefore, Pout is used in (2.15). The actuator command in (2.14) is
the valve resistor Rv. However, to obtain a linear state-space model the input flow rate is
assumed as the control input as stated in the following:

uc = ṁin = Pin − P1
Rv

(2.17)

The state-space formulation of the dead-ended anode with periodic purging can be
developed as follows:

Cfcẋ1 = −x1 + x2
Rfc

− w1 + u

Ccẋ2 = x1 − x2
Rfc

+ w2 −
x2 − w3
Rc

(2.18)
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where x(t), u(t) and w(t) are defined in (2.19):

x(t) =
[
x1(t) x2(t)

]T
=
[
P1(t) P2(t)

]T
u(t) = uc(t)

w(t) =
[
w1(t) w2(t) w3(t)

]T
=
[
ṁcons(t) ṁN2(t) Pout(t)

]T
(2.19)

The state variables are the stack anode inlet and outlet pressures. The control input
signal (u) is the input flow rate as provided in (2.17). The disturbances w1, w2 and w3

are the hydrogen consumption flow rate, the nitrogen crossover flow rate, and the output
pressure, respectively. The consumption flow rate cannot be zero. In a matrix form, the
state-space model is expressed as follows:

ẋ = Ax+

B︷ ︸︸ ︷[
B1 B2

]  u

w


y = Cx

(2.20)



A =


−1

RfcCfc

1
RfcCfc

1
RfcCc

−Rc −Rfc

RcRfcCc



B =


1
Cfc

−1
Cfc

0 0

0 0 1
Cc

1
RcCc


C =

[
1 0

]

(2.21)

The choice of matrix C depends on the control objectives where an arbitrary matrix is
introduced in (2.21).

Lastly, the pneumatic model of the anode with recirculation is shown in Figure 2.9 for
the schematic of the AWR configuration in Figure 2.6. There exist 3 actuators in the AWR
structure where depending on the control task each of them could be utilized. These are
the pressure control valve, the purge valve, and the HRB.

The HRB is shown with a variables flow source, and the effects of nitrogen and water
are included in the model. Considering Figure 2.9. the following equations are valid:
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Figure 2.9: The pneumatic model of the anode with recirculation [34] (used with the per-
mission of IEEE)

CfcṖ1 = Pin − P1
Rv

+ ṁr − ṁcons −
P1 − P2
Rfc

(2.22)

CcṖ2 = P1 − P2
Rfc

− P2 − Pout

Rc
+ ṁN2 (2.23)

P2 − Pout

Rc
= Pout

Rp
+ ṁr (2.24)

The choice of a state-space representation is directly related to the selection of controlled
variables as well as control inputs. In [34], the control inputs are the pressure control valve
(Rv) and the purge valve (Rp). The HRB operates at a fixed voltage. The state-space
of the system is linearized around each operating condition in [34]. However, similar to
the approach used for the other two anode configurations, nonlinear transformations, as
provided in (2.25) and (2.26), can be used to linearize the system:

u1 = ṁin = Pin − P1
Rv

(2.25)

u2 = ṁo = Pout

Rp
(2.26)

These nonlinear transformations lead to a linear state-space model as shown here:
Cfcẋ1 = −x1 + x2

Rfc
− w1 + w2 + u1

Ccẋ2 = x1 − x2
Rfc

+ w2 + w3 + u2

(2.27)
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where x(t), u(t) and w(t) are defined in (2.19):

x(t) =
[
x1(t) x2(t)

]T
=
[
P1(t) P2(t)

]T
u(t) =

[
u1(t) u2(t)

]T
=
[
ṁin(t) ṁo(t)

]T
w(t) =

[
w1(t) w2(t) w3(t)

]T
=
[
ṁcons(t) ṁr(t) ṁN2(t)

]T
(2.28)

The state-space model in (2.27) can also be expressed in a matrix form as provided in
the following:

ẋ(t) = Ax(t) +Bu(t) + Ew(t) (2.29)

where matrices A, B, and E are as follows:


A =


−1

RfcCfc

1
RfcCfc

1
RfcCc

−1
RfcCc



B =

1 0

0 1



C =

−1 1 0

0 1 1



(2.30)

2.2.2 Actuator model

Depending on the PEM fuel cell configuration and the control objectives, actuator signals
are then chosen. In the flow-through anode only the back pressure valve is the actuator.
In the dead-ended anode, the pressure control valve and the purge valve are the actuators
where one or both can be used as control commands. In the AWR configuration, the HRB
is also an actuator, in addition to the pressure control valve and the purge valve.

In this study, the valves (both the pressure control valve and the purge valve) are pro-
portional solenoid valves. By applying an input control voltage, the valve orifice is opened
commensurate with the voltage. Considering the pneumatic model of the valve, changing
the control voltage would affect the valve resistor. In general, the dynamic behavior of the
valve can be expressed in this manner:

∆Pv = f(Vin, Qv) (2.31)

Rv = ∆Pv/Qv (2.32)
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where ∆Pv is the pressure across the valve, and Qv is the flow through the valve.
In the previous section, the system model was represented in a linear state-space form.

All nonlinear transformations that were used in different anode configurations for deriving
a linear model include the valve resistor at the denominator. For instance, looking at
equations (2.25) and (2.26) both Rv and Rp are located at the denominator. Once the
control action is determined by the controller, using the valve model and the pressure
measurements, the control input of the valve can be calculated as stated by (2.33). The
valve modeling results are provided in Section 2.4.2.

Vin = f−1(∆Pv, Qv) (2.33)

The hydrogen recirculation blower is controlled by input voltage that is applied to a
Brushless Direct Current (BLDC) motor. To accurately model the HRB, knowledge about
the BLDC motor is required. A more practical approach is to obtain a model reflecting the
HRB’s role in the system in a real scenario. This results in determining the recirculated
flow by the HRB for various stack anode inlet pressures and input voltages as stated by the
function g:

Qhrb = g(Phrb, Vhrb) (2.34)

where based on Figure 2.9, this can be written as follows:

Qr = g(P1, Vhrb) (2.35)

As will be clarified in chapter 4, N2 crossover will decrease the H2 concentration on the
anode side. Depending on the hydrogen gas concentration (xh), Qr can be different for the
same inlet pressure and input voltage. Therefore, (2.35) can be extended to include various
H2 concentrations:

Qr = g(P1, Vhrb, xh) (2.36)

Another way of describing the HRB dynamic response is to use the pressure drop across
the HRB (∆P hrb) instead of the inlet pressure, in which case there is no need to include
xh in the HRB model. In fact, xh affects the pressure drop. Therefore, xh can be dropped
from the model as stated in (2.37). However, in practice this requires keeping the pressure
dropped, as well as the input voltage at fixed values to measure the Qr, where maintaining
a fixed pressure drop is not trivial.

Qr = g(∆P hrb, Vhrb) (2.37)
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Therefore, the model in (2.35) is used as the HRB model without having to include the
BLDC motor characterization. The result of HRB dynamic modeling is also provided in
Section 2.4.2.

2.3 Hydrogen transfer leak model

During the system modeling, leakage of hydrogen due to membrane pinholes was not con-
sidered in the model. In fact, HTL is a very common defect in PEM fuel cell systems. In
the pneumatic system model, HTL can be added as an additional flow source that is placed
at either side of the stack depending on the location of pinholes. In the flow-through anode
configuration, as provided in [33], this is placed at the inlet side of the stack as shown in
Figure 2.10:

Rfc
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om


Cfc Cc

Rc

P1 P2

wom


wim


leakm


Ch

inm


Pin Ph

Rh

Cin

Rin

Figure 2.10: The inclusion of hydrogen transfer leaks in the pneumatic model [33] (used
with the permission of Elsevier)

In a similar way, HTL can be included in the other anode configurations. In general,
HTL is a function of leak size as well as fuel overpressure as stated in [27]:

Qleak = H(s,FOP) (2.38)

where s indicates the leak size while FOP is the fuel overpressure. Depending on the
leak rate, pinhole sizes are categorized as small, medium, and large, respectively. Since
membrane pinholes accelerate the degradation process, it is necessary to control or reduce
the leak rate. Therefore, including the HTL model will facilitate the control task. In the
state-space model, HTL is included in the disturbance vector as stated in the following for
the flow-through anode:
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Cinẋ1 = −x1 − x2
Rin

+ w1

Chẋ2 = x1 − x2
Rin

− x2 − x3
Rh

Cfcẋ3 = x2 − x3
Rh

− x3 − x4
Rfc

+ w2 − w3 − w4

Ccẋ4 = x3 − x4
Rfc

− x4 − u
Rc

y = x3

(2.39)



x(t) =
[
Pin(t) Ph(t) P1(t) P2(t)

]T
u(t) = Pout(t)

w(t) =
[
ṁin(t) ṁwi(t) ṁcons(t) ṁleak(t)

]T (2.40)

Similarly, the state-space model of the dead-ended anode and AWR configurations can be
extended to include hydrogen transfer leaks as a disturbance in the model. Characterization
of hydrogen transfer leaks is provided in Section 4.2.3.

2.4 Results

In this section, modeling results are presented which includes parameter identification as
well as experimental validation of the model. Moreover, characterization of the hydrogen
transfer leak using the ex-situ measurement setup is provided.

2.4.1 System model parameters

Considering the flow-through anode system in Figure 2.10, the following parameter vector
is defined:

Ψ =
[
Rin Rh Rfc Rc Cin Ch Cfc Cc

]T
(2.41)

As already mentioned, the flow regime as well as the parameters are laminar. To derive
parameters, a series of input hydrogen flow rates are supplied to the anode side, and the
pressure sensor values are measured [13]. During this, the BPV is fixed at the fully opened
position (Vin = 10) to disengage the actuator effect [13]. Setting the valve in any other
position (Vin < 10) would not affect the laminar variables.

For parameter identification, the following least square function has to be minimized [13]:

Φ =
N∑

k=1
(ymea(k)− ym(k))2 (2.42)

26



where ymea is the measurement vector, and ym is the equivalent pneumatic model of each
component in the linear subsystem [42]. Figure 2.11(a) illustrates the test scenario used
for parameter identification while Figure 2.11(b) depicts the verified simulation model with
the experimental data. The simulation model is developed using Simulink environment
in Matlab based on the procedure explained in [13]. Table 2.3 summarizes the identified
parameters.
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Figure 2.11: (a) The input hydrogen flow rate intended for parameter identification, (b) Ver-
ification of the simulation model with the experimental data [33] (used with the permission
of Elsevier)

Table 2.3: Model parameters on the anode side [33] (used with the permission of Elsevier)

Parameter Value Unit
Cin 2.6× 10−9 ms2
Ch 2.4× 10−9 ms2
Cfc 6.8× 10−9 ms2
Cc 9.8× 10−9 ms2
Rin 6.2× 107 (ms)−1

Rh 2.8× 108 (ms)−1

Rfc 2.3× 108 (ms)−1

Rc 0.5× 108 (ms)−1

2.4.2 Actuator characterization

Both the pressure control valve (located upstream of the stack) and the purge valve (located
at the anode outlet) are proportional solenoid valves. To obtain the nonlinear valve dynamic,
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for various hydrogen flow rates, the valve input voltage is changed, and the pressure across
the valve is measured. To run this test, the load current is set to zero to avoid the load
effect. Also, the PEM fuel cell stack includes intact membranes only. This will result in a
complete look up table representing the actuator model. The valve characteristic function
has been introduced in a general continuous form via (2.31) and (2.33). Actuator modeling
is shown in Figure 2.12 where Pout is the pressure across the valve which was denoted by u
in (2.5) and (2.6).

In high flow rates (ṁin ≥ 6 slpm), variations of the hydrogen flow would only slightly
affect the curve in Pout−Vin plane. Therefore, one average function for the Pout−Vin curve
is used at high flow rates. Similarly, for the low hydrogen flow rates (ṁin < 6 slpm), a
new average function is deployed. The valve is of a solenoid type and has a small level of
hysteresis (less than 3%) in its voltage-flow response. This hysteresis is neglected. Among
different nonlinear curve-fitting methods, the exponential function closely describes (2.33)
as provided in Table 2.4. Applying (2.33) to the flow-through anode configuration of Figure
2.10, the following holds:

Vin = f−1(Pout, ṁo) (2.43)

The operating range for Vin is between 0 to 10 V. However, as illustrated in Table 2,
this range is limited to between 2.5 and 6 V for (ṁin ≥ 6 slpm), and to between 2.5 and 5.1
V for (ṁin < 6 slpm). This is due to the orifice size of the valve which is incorporated in
this work. The valve is capable of operating at much higher flow rates (≈ 1000 slpm) while
the maximum hydrogen flow rate used in this study is only 50 slpm.

Table 2.4: The valve characterization (Pout is relative to Patm ≈ 1bar) [33] (used with the
permission of Elsevier)

ṁin [slpm] Pout [kPa] Vin [V]
ṁin < 6 Pout ≥ 150 2.5
ṁin < 6 Pout ≤ 1 5.1
ṁin < 6 1 < Pout < 150 9.3e−0.002Pout + 3.9e−2.9×10−6Pout

ṁin ≥ 6 Pout ≥ 160 2.5
ṁin ≥ 6 Pout ≤ 2 6
ṁin ≥ 6 2 < Pout < 160 4.1e−0.0004Pout + 4.2e−3.2×10−6Pout

The next actuator is the hydrogen recirculation blower whose model was explained in
Section 2.2.2. The HRB dynamic behavior is shown in Figure 2.13 for various stack inlet
pressures and input voltages. Assuming that the purge valve operates periodically, the H2

concentration remains close to 100%. Therefore, in Figure 2.13 only the pure hydrogen case
(xh = 1) is illustrated.
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2.4.3 Hydrogen transfer leak characterization

Different approaches for measuring the HTL flow rate are presented in [27] and [32]. In this
study, different membranes with small, medium, and large leak sizes are employed. The
sizing of the membrane pinholes is decided according to the data in Table 2.5, which is
defined specifically for this study.

Table 2.5: Leak size classification for cross-pressure ∈ [1, 7] psi [33]

Leak size ex-situ leak rate [sccm]
Small(S) 0 < ṁleak ≤ 15

Medium(M) 15 < ṁleak ≤ 50
Large(L) ṁleak > 50

To classify the available membranes in terms of their respective leak sizes, the ex-situ
crossover measurement setup at Ballard, described in [27], was used. In Figure 2.14, for the
selected membranes, the results of the leak size measurements are shown.

As can be seen in Figure 2.14, the leak rate is typically proportional to the cross-pressure
between the anode and cathode sides. To build a fuel cell stack with 9 cells, a combination
of 8 intact membranes and a single leaky membrane was used. This was placed in the middle
of the stack as the fifth cell. As already mentioned, the rate of the hydrogen transfer leak
is a function of FOP and leak size [27].
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Figure 2.14: Characterization of hydrogen transfer leaks for three different sizes of pinholes:
Large(L), Medium(M), and Small(S) leak sizes [33] (used with the permission of Elsevier)
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2.5 Summary

Modeling of the fuel supply system was discussed in detail. Various configurations of the
fuel supply system and their differences in components and applications were presented.
Using the pneumatic modeling technique, each component was replaced by a pneumatic
representation, and then, the state-space model of each FSS configurations was obtained.
Actuator characterization as well as modeling of the hydrogen transfer leaks were also
explained. Lastly, the experimental results were provided.
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Chapter 3

Fuel overpressure control

Fuel overpressure control can substantially mitigate the effect of membrane pinholes in
performance degradation of PEMFCs by reducing the transfer of reactants through the
membrane. Furthermore, FOP control prolongs the lifetime of an intact membrane by
limiting excessive pressures across the MEA. In this chapter, a comprehensive discussion on
fuel overpressure control in various anode configurations is provided.

3.1 Control architecture

In chapter 2, the state-space model of various anode configurations was explained whereby
using a nonlinear transformation, a linear model was obtained. Both the linear model and
the nonlinear transformation should be included in the control architecture. Depending on
the control problem, the architecture can be different. In PEM fuel cell applications, FOP
control is usually carried out as part of a larger multivariable control problem. Therefore,
different architectures can be adopted which encompass FOP control.

Considering fuel overpressure control alone, Figure 3.1 illustrates the control architec-
ture:
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Figure 3.1: The control architecture for FOP control with an MPC controller (used with
the permission of Elsevier)
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The controller used in Figure 3.1 is the Model Predictive Controller (MPC). yd is the
FOP setpoint. uc is the control input which could be the pressure across the valve as in
(2.6), or the flow through the valve as in (2.17). f is the actuator model. In case of no
modeling mismatch (em = 0), f.f−1 = 1, and hence, u = uc. However, if there exists
a modeling error, the actual control command (uc) will be different from the computed
command (u). If uc represents flow, then according to (2.43), to obtain the valve input
voltage (Vin), pressure measurement (∆P ) is required. em represents uncertainties due to
the plant modeling error or any other unknown disturbance (e.g., HTL). The state-space
model was provided in (2.39) and (2.40).

3.2 Control design

The main controller objective is to maintain the fuel overpressure, at the inlet side of the
PEMFC stack, within a specified region. To explain all details of control design, the flow-
through anode in Figure 2.10 is considered. The control design can be further extended to
multivariable control systems. The PEMFC stack can include degraded membranes with
pinholes. These pinholes cause a portion of the H2 flow to depart from the anode and
migrate to the cathode. From the control perspective, the change in the H2 flow rate affects
the pressure where the controller is responsible for the pressure recovery. This is especially
important in the case of large transfer leaks. Moreover, the change of flow would influence
the valve characteristic function. Note that Figure 2.12 was obtained using a PEMFC
stack with intact membranes. Therefore, the controller has to ensure the robustness of the
response to uncertainties.

Furthermore, the control problem is subjected to a number of constraints on the control
input as well as the system output. Therefore, the control problem is formulated as a
constrained control problem. The model predictive control method is used to achieve the
control objectives as well as to handle problem constraints. Regarding the output error
minimization with minimum changes of the control effort, MPC provides an optimal control
input [37]. Applicability to multivariable systems, ability to satisfy problem constraints, and
providing an optimal control input, make MPC a more powerful control approach than the
PID controller. Utilization of MPC, as the state of the art technology, in industrial control
applications, has grown significantly during recent years [37].

3.2.1 Performance requirements and problem constraints

As mentioned earlier, there are some requirements and constraints that are explained next.
1) Membrane safety: This requires the FOP to always stay above zero. This ensures no

crossover of oxygen to the anode side upon the presence of pinholes. The occurrence of the
reaction on the membrane surface on the anode side could severely damage the membrane
and undercut local hydrogen availability to the cell. This imposes an output constraint as
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follows:

y(t)− Pc3(t) ≥ 0 =⇒ FOP (t) ≥ 0 (3.1)

where Pc3 is the stack inlet pressure on the cathode side, as shown in Figure 2.1. The
FOP setpoint falls between 0 to 2.5 psi for the safest and more durable operation of the
membrane. The control system promptly responds to the variation of Pc3 to maintain the
FOP at a prescribed value. However, due to the possible latency in the controller reaction,
the FOP is not chosen near zero to avoid a feasibility issue for the MPC. In this work, the
setpoint for FOP has been chosen at 1 psi. Therefore, the controller should comply with
(16) during both transient and steady state operations.

2) Cell durability: To increase the longevity of a fuel cell membrane, from the system
perspective, fuel overpressure is bound by an upper limit to prevent the exertion of excessive
pressure across the membrane, as stated below:

y(t)− Pc3(t) ≤ Pmax =⇒ FOP (t) ≤ Pmax (3.2)

where Pmax is chosen at 8 psi for this work.
3) Actuator limitation: The range and slew rate of the valve are restricted as provided

here:

umin ≤ u(t) ≤ umax (3.3)

u̇min ≤ u̇(t) ≤ u̇max (3.4)

As explained earlier, the operating range for Vin is from 0 to 10 V. Furthermore, based
on Table 2.4, due to the valve orifice size, this range is limited. Based on this, for ṁin ≥ 6
slpm, the valve fully opens for Vin ≥ 6 V, and fully closes for Vin ≤ 2.5 V. This changes
to between 2.5 and 5.1 V for ṁin < 6 slpm. Therefore, to ensure that the valve operates
between the two boundaries, umin is set at 2.6 V, and umax is chosen at 5.9 V and 5 V for
high and low flow rates, respectively. Using (2.7) and Table 2.4, these actuator limitations
can be described in terms of Pout.

3.2.2 Control problem formulation

According to (2.7), the input u (Pout) to the state-space model is a function of Vin. The
inverse of this function in (2.43), as presented in Table 2.4, is used to convert the control
input uc to Vin as shown in the control architecture of Figure 3.1.

Remark 1. In the control problem formulation, HTL is not considered in the prediction
model since it is an unknown disturbance during the system operation. Hence, ṁleak =
0. This is a critical assumption for solving the MPC optimization problem, which makes
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the model to be independent of unknowns. In Section 3.2.3, the effect of HTL as a non-
measurable disturbance is considered.

Since the problem encompasses multiple constraints to be handled, MPC is utilized.
Using an internal model, MPC predicts the system output, ŷ, over the prediction horizon,
Hp. Consequently, MPC determines the future set of control inputs, û, that minimizes
the cost function J in (3.5). For now, we assume that a perfect plant model is available.
Therefore, the actual and predicted outputs are the same, i.e., y = ŷ. The same assumption
is applied to the actual and estimated control input. Throughout this section, the discrete
time notation is used where t = kTs with Ts as the sampling time.

J(k) =
Hp∑

i=Hw

‖y(k + i|k)− r(k + i|k)‖2Q(i) +
Hu−1∑

i=0
‖∆u(k + i|k)‖2R(i) (3.5)

where matrices Q ≥ 0 and R ≥ 0 penalize the output error, and the control input, respec-
tively [37]. r(k) is the reference trajectory, and Hu is the control horizon, which is usually
set lower than the prediction horizon. Moreover, Hw determines the start of the output
error penalization. Since the problem is subjected to various constraints, a constrained
optimization problem has to be solved at each sampling time.

min
∆Ut

J(y,∆u) (3.6)

subject to:

x(k + i+ 1|k) = Adx(k + i|k) +Bdu(k + i|k) + Edw(k + i|k) (3.7)

u(k + i|k) = u(k + i− 1|k) + ∆u(t+ k|k) (3.8)

x(k|k) = x(k) (3.9)

u(k − 1|k) = u(k − 1) (3.10)

w(k|k) = w(k) (3.11)

umin ≤ u(k + i|k) ≤ umax (3.12)

∆umin ≤ ∆u(k + i|k) ≤ ∆umax (3.13)

yd − γmin ≤ y(k + i|k) ≤ yd + γmax (3.14)

where ∆Ut = [∆u(k), · · · ,∆u(k +Hu − 1)] is the vector of future control input increments
that is the solution to the optimization problem (3.5). ForHu ≤ i ≤ Hp−1, the control input
u remains unchanged. Therefore, ∆u(k+ i) = ∆u(k+Hu−1). In (3.7), Ad, Bd, and Ed are
obtained from the discretization of the continuous state-space model. Actuator limitations
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are reflected via (3.12 - 3.13), while the membrane safety and the cell durability constraints
are expressed in (3.14). Formulations (3.6 - 3.14) are based on the control structure in Figure
3.1 assuming no modeling mismatch. Therefore, no uncertainty is considered in deriving
them. Consequently, u and uc are equal. However, the actual actuator limitation is on the
range and the slew rate of the valve, where using (2.7) and Table 2.4 these constraints on
the valve input voltage can be described in terms of u (Pout).

The solution to the Quadratic Programming (QP) problem in (3.5) can be found analyt-
ically by having a linear model of the system. Ensuring the existence of a feasible solution
is the main challenge in the application of MPC. Actuator constraints cannot be violated.
However, the output constraint can be softened if a feasibility problem occurs [37,42]. The
convex cost function J in (3.5), with the linear equality constraint (3.7), and the convex
inequality constraints (3.12 - 3.14), form a convex problem. Therefore, any local optimum
is also a global optimum.

3.2.3 Stability and robustness

In this section, a brief overview of the system stability and robustness is presented. A more
comprehensive survey on these aspects of the MPC approach is provided in [51].

1) Stability: The open loop stability is verified via the eigenvalues of matrix A in the
state-space model. To ensure stability of the open loop system, these eigenvalues must not
have a positive real part. For instance, in the flow-through anode configuration, eigenvalues
of A in (2.11) have a negative real value (λi|4i=1 = −13.7,−0.2,−1.3,−2.6). However, using
the MPC, it is of interest to check the closed loop stability. Rawlings and Muske [52] have
shown that the stability is guaranteed by choosing an infinite prediction horizon. Therefore,
Hp is set to a sufficiently large value during the controller implementation to achieve a stable
closed loop response. The state-space model of the flow-through anode in Figure 2.10, in a
discrete time domain, can be rewritten as follows:

x(k + 1) = Adx(k) +

Bt︷ ︸︸ ︷[
Bd Ed

]  u(k)
w(k)

 (3.15)

where matrices A, B and E are provided in [33], with Ad, Bd, and Ed as their respective
matrices in a discrete time domain.

Provided that the pair (Ad, Bt) is stabilizable, any bounded input results in a bounded
output response. Despite being non-measurable, the hydrogen transfer leak is assumed as a
bounded input; i.e., ṁleak ∈ W, where W is a bounded set. Therefore, the system remains
stable for a varying but bounded HTL.

2) Robustness: During the control problem formulation, the effect of uncertainties was
not considered; i.e., perfect state estimation was assumed (x̂(k) = x(k)). The uncertainties
can stem from the plant model mismatch as well as the unknown disturbance of HTL. In
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regards to the plant model, uncertainties are related to both the linear model (identified by
the parameters in Table 2.3), and the valve characteristic function. MPC uses the linear
model as the internal model for the state estimation.

Provided that both the open loop and the closed loop systems are stable, norm-bounded
uncertainties (which is the case in this work) cannot impair stability. To eliminate the effects
of modeling error as well as HTL on the steady state response, an integral action is used.
According to this, the difference between the actual output, y(k), and the estimated output,
ŷ(k), is used to provide an offset-free tracking performance [37]. This would consequently
affect ∆U that is the solution to the optimization problem (3.6), and determines a new
control input which meets the constraints. Note, that in the presence of uncertainties, the
actual and estimated control inputs are not equal, i.e., u 6= uc. This discrepancy is shown
by em in Figure 3.1.
Finally, it has to be mentioned that the consistency of the identified parameters in Table
2.3 has been verified through multiple tests. Therefore, the plant model mismatch is to
a large extent related to the valve characteristic function f . Defining only two operating
regions for the actuator in Table 2.4, in addition to the neglected valve hysteresis, make the
actuator model more prone to inaccuracies. However, it is sufficient to use Table 2.4 in this
work, which will be clarified via the experimental results.

3.2.4 Control limitations

During the discussion on uncertainties, the crucial assumption was that all of the uncer-
tainties are bounded. In this work, the uncertainty level is high if the following condition
holds: ∣∣∣∣u− uc

uc

∣∣∣∣ > α (3.16)

where α = 15% in this work. The choice of α depends on the required accuracy for the
application. Either the plant modeling error or HTL could potentially result in (3.16) to
hold. To overcome this, the plant model can be updated. However, if the HTL disturbance
is very large, the controller would saturate and will be incapable of controlling the FOP.
This is the main limitation of the controller that could impede its functionality.

This can be explained by Figure 2.10, where HTL is shown as a flow source. If this flow
is large, most of the supplied flow rate (ṁin) is drained via ṁleak. Consequently, the flow
rate passing through the valve is becoming so small that the valve can no longer adjust
the pressure. This suggests that it might be better to also control the input flow rate ṁin.
However, in this work, a testing priority was to choose a minimum number of actuators
to decrease the cost. Therefore, only the BPV is utilized for FOP control. Furthermore,
unlike the air flow control, this particular approach for fuel flow control is not in line with
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practical applications. Fuel flow directly relates to fuel economy. Hence, compensating for
large leak rates by supplying more hydrogen is not a good idea since it wastes more fuel.

This limitation can also be rectified by replacing the defected membranes with intact
ones. In practice, the air flow rate is often controlled to cope with the effects of large transfer
leaks which will be discussed during the experimental results. However, this cannot solve
the aforementioned control issue. We have not included the air flow control in this work
since our focus here is on the significance of FOP control.

3.3 Results of controller performance

This section provides the controller performance results in regulating the fuel overpressure
in various anode configurations. As already mentioned, most fuel cell applications include
multivariable control problems. Therefore, FOP control is usually a part of a larger control
system. However, in this chapter, the focus is solely on FOP control in various PEMFC
structures.

3.3.1 Flow-through anode

First, performance of the fuel overpressure control system is shown for the flow-through
anode which is also discussed in [33]. Considering Figure 2.10, where the hydrogen transfer
leak was also included in the model, the controller performance is evaluated during the load
current change. The FOP control in the flow-through anode is achieved via an active control
of the BPV. Since the valve is continuously engaged in controlling the FOP, a portion of
the input hydrogen is continuously purged at the outlet. As mentioned before, the flow-
through anode possesses a poor fuel economy due to this continuous purging. State-space
representation of the system was expressed via (2.39) and (2.40). The control design and
formulation has also been discussed in Section 3.2.

Using the 9-cell Ballard PEM fuel cell stack, the controller is experimentally evaluated.
Moreover, to capture the leak effect on controller response, various membrane leak sizes
have been considered where the leaky cell is placed as the middle cell in the stack. Three
different leak sizes, namely, a large (L), a medium (M), and a small (S) leaky membranes
are incorporated in the stack. Testing scenarios that are used for each case are depicted in
Figure 3.2.

Figure 3.3 illustrates tracking performance of the FOP control system for the load
variation scenarios of Figure 3.2 and various membrane leak sizes.

According to Figure 3.3 a, b, & c, the controller is able to maintain the fuel overpressure
at the setpoint in spite of various hydrogen transfer leaks during the load changes. Moreover,
the FOP also stays within the desired region, which for this experiment has been set to ±1
psi (≈ 6.9 kPa). The input hydrogen flow rate is chosen at a fixed rate (25 slpm) to
cover all the load demands considered for these experiments. As mentioned earlier, the fuel
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Figure 3.2: Load current variations for (a) large, (b) medium, and (c) small leaky stacks [33]
(used with the permission of Elsevier)
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Figure 3.3: Tracking performance of the controller for: (a) large (L), (b) medium (M), and
(c) small (S) leaky stacks. The control input (uc) and the model input (u) represented
in absolute pressure values for: (d) large (L), (e) medium (M), and (f) small (S) leaky
stacks [33] (used with the permission of Elsevier)
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overpressure setpoint has to be as low as possible. Therefore, the FOP setpoint is chosen
at 1 psi. It is possible to accept even a lower setpoint. However, due to delays in system
response, this could possibly result in a feasibility issue. The cathode side pressure changes
first, and the anode side reacts afterward. Therefore, there exists a latency in the anode
response.

In Figure 3.3 d, e, & f, both the control input uc and the system input u, corresponding
to Figure 3.3 a, b, & c, respectively, are shown which reflect the modeling error due to the
sources mentioned in Section 3.2.3. In all cases, the control input uc is higher than u (Pout)
during both the transient and the steady-state responses. The modeling error criterion in
(3.16) is approximately 8%. To reduce this gap, the plant model can be updated. However,
due to the aforementioned uncertainties, some level of offset between the modeled and the
actual responses are expected. In spite of this discrepancy between u and uc, MPC retains a
stable offset-free tracking response. The prediction horizon (Hp = 30) is chosen considerably
higher than the control horizon (Hu = 2).

3.3.2 Dead-ended anode with periodic purging

In a dead-ended anode setup, fuel overpressure control is achieved by using the pressure
control valve located upstream of the PEM fuel cell stack. The BPV is used as a purge
valve in order to maintain the hydrogen concentration (HC) level in a desired region. The
HC control is the subject of the next chapter. Therefore, dynamic control of the purge
valve is discussed in chapter 4. Here, purging is carried out periodically. Hence, the control
problem only covers the FOP regulation. This work has been detailed in [40] where here
the results of controller performance are provided. The state-space model of the system is
expressed via (2.20) and (2.21) where the output pressure in Figure 2.8 (pressure across the
purge valve) is considered as a disturbance.

The performance of the controller in response to load dynamics, purging, and valve
model uncertainty is presented for a Ballard 9-cell liquid-cooled PEMFC test station. The
simulation is carried out on an experimental data set. The response of the controller is mea-
sured for a load and purge timing scenario of Figure 3.4. Notable in this figure are the three
load transients. First, the rising edge occurs immediately after a purge at 48s; followed by
the falling edge of the load at 279s which coincides with the purge valve opening. Lastly, the
drop in the load at 407s happens right after the purge action. These events represent spe-
cial cases in which the controller capability to maintain a satisfactory performance without
violating the constraints is examined.

The model predictive controller is implemented using MATLAB’s MPC Toolbox. The
sampling time of the controller is set to 0.1s to ensure a fast enough response with respect
to the fastest dynamic of the plant. The purging is performed every 30s at 7% duty cycle.
Due to the high frequency of purging, it is assumed that the concentration of N2 in both the
anode and the cathode is constant. This allows for the nitrogen crossover to be modeled with
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Figure 3.4: A simulation scenario indicating the load variation and periodic purging [40]
(used with the permission of IEEE)

a constant. The uncertainty in the valve characteristic function is modeled as a Gaussian
noise, em, as depicted in Figure 3.1.

The tracking performance of the controller is shown in Figure 3.5. The dashed red line
in Figure 3.5(a) shows the cathode inlet pressure, and the anode inlet pressure is illustrated
in the blue graph for Pset = 5000Pa. The tracking error of the controller is shown in
Figure 3.5(b). For the entire simulation, the error (e) remains within the desired range
of ±5000Pa. From the 50s to 300s, where the load is high, the purging action causes the
control input to reach the upper constraint. This is because both load and purging drop
the anode pressure, and the controller is unable to sufficiently increase the control input
to recover the pressure. As shown in Figure 3.6, during this period the controller becomes
saturated at the maximum actuator constraint.

According to Figure 3.5(b), during the load increase, the controller has successfully
compensated for the load demand. Similarly, when purging and load-decrease occur simul-
taneously at 279s, the controller response remains satisfactory. However, during the falling
edge at 407s, there is no purging right after the transient, causing the controller to saturate
at the lower constraint. As a result, the anode pressure does not decrease as fast as the
cathode pressure, even with the control input at zero. With reference to the diagram of
Figure 2.8, in this scenario when the purge valve is closed and the control input is zero,
only the consumption decreases the anode pressure. Therefore, the system is bounded by
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Figure 3.5: The tracking performance of the controller: (a) Pressure responses on the anode
and cathode sides, (b) The tracking error and the constraints [40] (used with the permission
of IEEE)
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ṁcons. It is important to note that in all cases, the controller operates in the presence of
valve model uncertainty.

3.3.3 Anode with recirculation with load-based purging

Fuel overpressure control in the AWR setup with load-based purging is provided in Appendix
A. Besides FOP control, the hydrogen transfer leak rate is also reduced by using the HRB.
Hence, a multivariable control system is utilized. Since the purge valve operates in the
ON-OFF mode (with a frequency that is determined by the load), it is not among the
control variables. However, HRB is utilized for reducing the leak rate. In the case that
the HRB is not used as an actuator (i.e., operating at a constant voltage), the problem
will only include the FOP control which is to the most extent similar to the Section 3.3.2.
This multivariable control problem, that includes both FOP and leak control, is presented
in detail in Appendix A. Furthermore, the multivariable control of fuel overpressure and
hydrogen concentration is explained in the next chapter.

3.4 Reduction of hydrogen emission

In the presence of hydrogen transfer leaks, migration of hydrogen to the cathode would
take place. This excessive hydrogen could recombine with the oxygen (air) on the cathode
side and generate water. However, if the leak rate is high, this hydrogen could not only
combine with all of the available oxygen, but also this oxygen starvation can then cause
current-based production of hydrogen, which can also show up in the cathode exhaust. This
is known as a hydrogen pumping phenomenon and should be avoided because it can lead
to flammable or ignitable emissions in the cathode exhaust. Based on the experimental
observations, in the case of small or medium leaky stacks, the hydrogen transfer leak was
not observed to result in hydrogen emission, which is measured by a hydrogen sensor (from
RKI instrument) located downstream in the cathode exhaust. However, for large leaky
stacks, an H2 emission can occur depending on the fuel overpressure level and the load
current as shown in Figure 3.7. This figure shows that the lower the fuel overpressure is,
the less hydrogen emission occurs. The emission is represented as the concentration of
hydrogen in the cathode exhaust. In practice, aside from the FOP, the air flow could also
be controlled to reduce the emission. The excess oxygen entering the stack would react with
the transferred hydrogen leaks to prevent the H2 flow to the cathode exhaust by delaying
full oxygen starvation and the onset of hydrogen pumping.

3.5 Impact on the cell voltage

Various operational faults in the PEM fuel cells result in dropping of cell voltage. Figure 3.8
illustrates the effect of FOP on the cell voltage for small, medium, and large leaky cells, for
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a large leaky stack (cell leak ≥ 50 sccm for cross-pressure ≥ 1 psi) [33] (used with the
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a load current of 20 A. In this figure, a large span for FOP is used to increase the resolution
on the cell voltage drop.

According to Figure 3.8, for the large leaky cell, the cell voltage collapses for all values
of fuel overpressure which indicates that the cell is operating nearly entirely oxygen-starved.
Nonetheless, the FOP still slightly affects the voltage level. This low voltage level is due to
an air starvation phenomenon resulting from the excessive reaction between the HTL and
the oxygen in the cell. This depletes the air side from oxygen and hence, the cell voltage
drops. To recover the cell voltage, the air flow rate can be increased. In the case of the
small leaky cell, the cell voltage is barely influenced by the FOP, indicating that very little
hydrogen is crossing over. However, the impact of fuel overpressure on the medium leaky
cell exhibits more interesting results. By increasing the FOP, the cell voltage eventually
drops. The level of the voltage drop depends on the leak size, where in this test it drops
around 10% for the FOP increase from 1 to 15 psi. The absence of FOP control could
therefore further intensify this effect for a medium leaky cell. This will result in a severe
voltage drop as seen for the large leaky cell, and consequently, require retiring the stack
sooner due to low performance or emissions. This voltage drop can be explained via the
Nernst equation for the cell potential [2], as follows:

E = E0 + RT

2F ln(
PH2P

0.5
O2

PH2O
) (3.17)
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Figure 3.8: The cell voltage as a function of fuel overpressure for small, medium, and large
leaky cells for I = 20A [33] (used with the permission of Elsevier)

In the presence of HTL, hydrogen partial pressure, PH2 , drops due to the hydrogen
transfer to the cathode side. Therefore, the cell potential decreases. The fuel overpressure
control maintains the anode pressure at the desired level and prevents the reduction in H2

partial pressure.

3.6 Summary

A comprehensive study of the fuel overpressure control in PEM fuel cells using the model
predictive control approach was explained in this chapter. The goal was to improve both the
transient and the steady-state behaviors of the FOP, which was achieved by maintaining the
fuel overpressure in the desired region. The use of the MPC ensured that the FOP stayed
within the limits and did not leave the desired region. Control design and limitations were
discussed. Experimental results of the FOP control in the flow-through anode setup, in
presence of various hydrogen transfer leaks were shown. Furthermore, the FOP control
in the dead-ended anode was provided. Finally, the effect of fuel overpressure control on
hydrogen emission as well as its impact on the cell voltage were discussed.
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Chapter 4

Hydrogen concentration control

This chapter covers the estimation and control of the anode hydrogen concentration in PEM
fuel cells. For an efficient operation of the purge valve, information about the anode H2

content is necessary. This directly affects the fuel economy of the system. Using the outcome
of the estimation algorithm, control of H2 concentration is carried out in a multivariable
control structure. Results of both the estimation method and the controller performance
are also provided.

4.1 Model-based estimation of hydrogen concentration

Improving fuel economy in PEM fuel cells is crucial for cost-effective system operation.
Moreover, it contributes to fuel savings considering the limited sources of hydrogen fuel.
This section presents an innovative model-based approach for estimation of the anode hy-
drogen concentration, based on the pressure drop across the fuel cell stack. This model
correlates the pressure difference to the dynamic viscosity of hydrogen-nitrogen gas mix-
tures. The effect of water in the estimation model is not studied here due to the usage of a
condenser unit after the stack which knocks out the water from the anode. The results show
the capability of the algorithm to estimate the hydrogen content with less than 3% error,
in the anode side of a fuel cell test station. This station is equipped with a 9-cell Ballard
bus-type fuel cell short stack, a hydrogen recirculation blower, a condenser, a pressure con-
trol valve, and a purge valve. The proposed method promises a reliable and low-cost way
of monitoring the anode hydrogen concentration that can be utilized as a basis for purging.

The global necessity to transition from fossil fuels to green energy sources makes fuel
cells a prime alternative [1]. However, the shortage of hydrogen availability is the main
hindrance in this contention. Therefore, knowledge about the amount of available hydrogen
(H2), known as the hydrogen concentration (HC), in the fuel cell anode is vital.

Various phenomena in PEM fuel cells can alter the anode hydrogen concentration. Using
air as the medium on the cathode side results in the crossover of nitrogen (N2) to the anode
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side. This is driven by the gas concentration gradient [47] which reduces the anode HC.
Back-diffusion of water molecules from the cathode side can also change the anode HC, and
in the case of a fuel cell with membrane pinholes, migration of hydrogen from the anode to
the cathode side can further disturb the anode HC.

In this section, the detailed modeling procedure is explained. Using a pneumatic model
of the system, the effect of dynamic viscosity on the FC stack pneumatic variable is stud-
ied. This effect is further investigated for different hydrogen-nitrogen gas mixtures. The
estimation algorithm is then presented.

4.1.1 Use of the pneumatic model

The pneumatic model consisting of pneumatic variables such as resistors and capacitors [13]
was already explained in detail in Chapter 2. A complete pneumatic model for the 3kW
test station has been provided in [33]. In this section, a more in-depth view of the model
is invested to simplify the understanding of the estimation method. Figure 4.1 depicts
a simplified pneumatic model of the system in Figure 2.6 (the anode with recirculation
configuration) using the equivalent electrical circuit, where the emphasis on this figure is
on different flows entering or exiting the fuel cell anode. Qin is the input flow rate to the
stack. Rfc and Cfc are the pneumatic resistor and pneumatic capacitor of the FC stack,
respectively [33]. Qc is the load consumption flow rate [2].

Pin=P2a

Rfc

Cfc

wNH QQQ 
22

Rc

22 NHm QQQ 

Cc

rQ

P3a

2NQ
Rp

oQ

cQ
P4a

inQ

wQ

Figure 4.1: A simplified pneumatic model of the PEMFC anode using the equivalent elec-
trical circuit

During the reaction between hydrogen and oxygen, some of the remaining nitrogen on
the cathode side crosses over to the anode side due to the difference in N2 concentration.
Even in the no load condition, crossover of nitrogen would take place. The N2 crossover
flow is replaced with a flow source in Figure 4.1 (QN2), which is located after the FC stack,
and indicates the total N2 crossover flow. In addition to nitrogen, back diffusion of water
from the cathode side to the anode side causes the flow rate after the FC stack to be a
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mixture of hydrogen, nitrogen, and water as shown in Figure 4.1. However, back diffusion
of water is considered negligible here.

Using the condenser with pneumatic variables of Rc and Cc, would assure removal of
water from the anode side. Therefore, the flow after the condenser contains only hydrogen
and nitrogen. This will protect the MFM and hydrogen sensor operation from being en-
dangered by the potential flow of liquid water. The purge valve is shown with a variable
resistor since it is aimed at controlling the HC [34]. Finally, the HRB is replaced with a
controllable flow source, Qr. This is because by changing the HRB’s control voltage, the
pumping speed varies, and consequently, the gas flow rate inside the anode loop changes.
In Figure 4.1, the FC stack, together with the condenser and the HRB, form a loop that is
known as the anode loop. Comparing the model in Figure 4.1 to [14], there are a number
new elements that have been added to model the AWR structure. These changes include
the nitrogen crossover flow as well as the HRB model [34]. Considering a laminar flow
regime, a pneumatic resistor can be described as follows:

RL = ∆P
Q

(4.1)

In a cylindrical pipe, (4.1) can be expressed according to the Hagen-Poiseuille equation [53]
as shown here:

∆P = 8µL
πr4 Q (4.2)

RL = 8µL
πr4 (4.3)

where L is the length of the pipe, µ is the dynamic viscosity, and r is the radius of the pipe.
Considering (4.3), in a fixed pipe with known physical properties, the laminar resistor is a
function of dynamic viscosity (µ). This result can also be applied to a fuel cell stack with
fixed physical properties. Therefore, the laminar stack resistor can simply be described as
follows:

RL = kµ (4.4)

where k is assumed to be constant.
Since dynamic viscosity is dependent on the gas type as well as the gas mixture, it can

be used to study the effect of different gases on the stack resistor.

4.1.2 Dynamic viscosity

The resistance of a fluid to shearing flows is described as dynamic viscosity [54]. µ for ideal
gases can be expressed as a function of temperature via Sutherland’s formula [55] as stated
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in (4.5):

µ = µ0
T0 + C

T + C
( T
T0

)1.5 (4.5)

where µ0 is the reference viscosity at the reference temperature T0, and C is Sutherland’s
constant. In this work, the temperature variation is considered negligible. Therefore, the
temperature is assumed constant. Table 4.1 shows the values of C and µ0 for the reference
temperature of T0 and selected gasses.

Table 4.1: The reference values of C, T0, and µ0 for selected gasses

Gas C [K] T0 [K] µ0 [µPa.s]
N2 111 300.55 17.81
H2 72 293.85 8.76
air 120 291.15 18.27
O2 127 292.25 20.18

The FC stack on the anode side contains a mixture of hydrogen and nitrogen. In the
anode with recirculation structure, the accumulation of nitrogen on the anode side could
significantly affect the performance. Therefore, to study the N2 effect on the stack resistor,
the dynamic viscosity of the anode gas mixtures is considered.

The equation for the gas mixture dynamic viscosity, provided in [56], is described as
follows:

µm =
n∑

i=1

µi

1 + 1
xi

j=n∑
j=1
j 6=i

xjφij

(4.6)

where φij is:

φij = [1 + (µi/µj)
1
2 (Mj/Mi)

1
4 ]2

(4/
√

2)[1 + (Mi/Mj)]
1
2

(4.7)

In the above equations,M is the gas molecular weight, x is the mole fraction of a component
in the mixture, and µ is the dynamic viscosity. With this introduction on the system
pneumatic model as well as the gas mixture dynamic viscosity, we can proceed with the
concentration estimation algorithm in the next part.

4.1.3 Model-based HC estimation method

As shown in Figure 4.1, the gas flow passing through the FC stack anode includes hydrogen,
nitrogen, and water. As already mentioned, the effect of water is negligible. Therefore,
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considering the mixture of H2-N2 and the dynamic viscosity of the gas mixture, the stack
pneumatic resistor can be expressed as follows:

RL(xh, xn) = kµ(xh, xn) (4.8)

where xh and xn are the mole fractions of hydrogen and nitrogen in the H2-N2 mixture,
respectively. The mole fraction can be described in terms of flow rate. Assuming ideal
gasses, the following equations can be written:

PhVh = xhRTh (4.9)

PnVn = xnRTn (4.10)

where R is the universal gas constant, P is the gas pressure, V is the gas volume, and T
is the temperature. In the anode, pressure and temperature are the same for both H2 and
N2. Therefore,

Vh

Vn
= xh

xn
(4.11)

Vh/∆t
Vn/∆t

= xh

xn
(4.12)

Qh

Qn
= xh

xn
(4.13)

where Qh and Qn are the volumetric flow rate of hydrogen and nitrogen, respectively. In this
chapter, all flow rates are considered volumetrically. The MFM placed after the condenser
in Figure 2.6, is used to measure the gas mixture flow rate.

The flowchart shown in Figure 4.2 depicts the model-based algorithm for finding the
HC. This algorithm utilizes the pressure drop across the anode, the gas mixture dynamic
viscosity, the MFM measurement (or the HRB characterization), and the FC stack constant
k to derive the HC.

Considering Figure 4.2, the hydrogen concentration is obtained as follows:

(xh, xn) = G(µm, T ) = G(∆Pm

kQm
, T ) (4.14)

where ∆Pm is the measured pressure drop across the anode, T is the gas mixture temper-
ature, and Qm is the MFM flow rate. G is the inverse function of (4.6) which outputs xh

and xn in an H2-N2 mixture using µm and T .
When xh falls below xh(min), the purging decision unit will activate the purge valve to

regulate the HC back to the desired region that is between xh(min) and 100%. xh(min) is
the minimum acceptable level of anode HC. Discussion on details of purge valve control is
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Figure 4.2: Flowchart of the estimation algorithm for deriving the H2 concentration

not within the scope of this work, but this can either be a fixed orifice valve with time-open
control, or a more sophisticated approach using a proportional control valve for purging.

Considering the estimation algorithm, one key parameter to derive is k in (4.8) which
theoretically should be constant for a fuel cell stack with fixed physical properties. This
parameter is obtained experimentally in the next section. The HC estimation algorithm in
Figure 4.2 suggests the use of pressure drop across the anode for evaluating the HC.

To apply this method in real world FC applications, it is necessary to employ the HRB
characterization for obtaining the gas flow rate in the anode loop as highlighted in Figure
4.2. In most FC products, due to the presence of liquid water in the anode, mass flow
meters are not used to measure recirculation flow, where the actual HRB characterization
data would typically be used instead. This characterization will be discussed in the next
section.

4.1.4 Results

To apply the HC estimation method introduced in Section 4.1.3, first the parameter k
in equation (4.8) should be derived. Secondly, the HC model-based algorithm should be
verified. The effects of various operating conditions, such as the load demand, also need
to be investigated. To tackle these objectives, a fixed HRB voltage is used, where this is
in line with current practices where the HRB control voltage is often maintained constant.
At the end of this section, the HRB characterization is explained, which can eliminate the
usage of the MFM for anode loop flow measurement.
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To capture the nitrogen buildup on the anode side, the system in Figure 2.6 should
operate with a closed purge valve. Hence, no periodic or dynamic purging is enforced. The
purpose of purging is to maintain the HC above a certain level. However, the aim of this
work is to observe the effect of N2 crossover and to estimate the HC. This is done in practice
by letting the anode concentration change over time without purging to replenish the loop.
The inlet pressure of the anode is controlled via the pressure control valve in Figure 2.6.

1. Deriving k: To obtain k, the pressure drop across the anode in Figure 2.6 is measured
while the MFM reads the anode flow rate. Moreover, the hydrogen sensor is utilized
to derive the HC and to calculate the dynamic viscosity of the anode gas mixture.
Considering (4.1) and (4.4), k is obtained as follows:

k = ∆P
µmQ

= Pa2 − Pa3
µmQm

(4.15)

where µm is the gas mixture viscosity expressed in (4.6), Pa2 and Pa3 are the inlet
and outlet pressures of the FC stack anode, respectively, and Qm is the measured flow
rate by the MFM.

Figure 4.3 illustrates the variation of k observed during an experiment where the
purge valve is closed (as already explained), the load current is set to 125 A, and the
inlet pressure of the stack is adjusted at 10 psi. This is chosen as a sample scenario
for obtaining k.
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3 ]
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 2% kave

Figure 4.3: Parameter k for various H2 concentrations at T = 65 C, Pin = 10 psi, and I =
125 A

As shown in Figure 4.3, k is remaining well within 2% of the kavg which is the average
k value for various concentrations. As is expected, k can be considered constant at
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3.7 × 1012 (kavg). The variation in k could stem from the accuracy of measurement
devices such as the MFM.

2. Verification of the model-based method: To verify the model-based HC esti-
mation algorithm, the purge valve is closed, and the HRB control voltage is fixed.
Using the pressure drop across the anode, the H2 concentration is estimated (HCest)
following the flowchart of Figure 4.2. The calculated HC is then compared with the
H2 sensor output (HCm) to evaluate the estimation accuracy.

The verification results are shown in Figure 4.4 for a scenario where the load current,
I, is set to 160 A, the inlet pressure of the FC stack anode, Pin, is regulated at 12 psi,
and the HRB control voltage, Vhrb, is set at 2.5 V.
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Figure 4.4: Verification results at Vhrb = 2.5 V, I = 160 A, and Pin = 12 psi at T = 65
C: (a) H2 sensor output and the measured pressure drop ∆Pm, (b) HC estimation HCest

versus HC measurement (HCm)

Figure 4.4(a) illustrates the measured pressure drop, ∆Pm, across the FC stack anode
as well as the H2 sensor output as the test progresses without purging over time. Con-
sidering the operating conditions, experimental setup, and the membrane properties
in this test, a 30% drop in H2 concentration is observed to occur over approximately 5
hours, where this primarily occurs because the size of components used in this testing,
such as the condenser, is considerably larger compared to the anode loop volumes in
FC modules used in products. Therefore, the effect of nitrogen crossover is observed
at a much lower pace in these tests than in products.

As shown in Figure 4.4(a), the NeodymH2 sensor is incapable of distinguishing the HC
above 90%, which is a limitation of the sensor. Therefore, verifying the HC estimation
method for very high H2 concentrations is challenging. However, the pressure drop
in that region displays a noticeable change. In most fuel cell applications, the H2

concentration is maintained over 70%.
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In Figure 4.4(b), the verification result is shown where HCest exhibits over ∼ 97%
matching with the measured HC for HCm < 90% H2. As mentioned, the verification
of the algorithm for HCm > 90% is not possible due to the H2 sensor’s limitation.
However, the model-based method can detect changes in the H2 content above 90%.

3. Effect of load current and pressure: To evaluate the performance of the HC
estimation algorithm, it is necessary to examine it during various operating conditions.
Among the most important conditions, are changes in I and Pin which frequently
occur in various FC applications. Considering Figure 4.1, with a closed purge valve
(Qo = 0), and neglecting Qw, a significant portion of the input flow rate is consumed
by the load, i.e., Qin ≈ Qc, and the remaining hydrogen circulates in the anode loop
where Qm = Qr. Therefore, the variation of the load current will affect the anode
loop flow rate and consequently, it impacts the pressure drop across the anode. This
is shown in Figure 4.5(a) where ∆Pm for Vhrb = 2.5 V and Pin = 12 psi, is compared
for two different load currents, where increasing the load current raises the pressure
drop. However, the estimation algorithm remains within ∼ 97% matching with the
measured H2 concentration for HCm < 90% H2, as depicted in Figure 4.5(b).

Figure 4.5(c) & 4.5(d) show the impact of Pin on the algorithm performance with
Vhrb = 2.5 V and I = 160 A, for two different anode inlet pressures. Since Pin is
adjusted based on the fuel overpressure, it can vary during operation depending on
the pressure at the cathode inlet of the FC stack [33]. ∆Pm is only changing slightly
while the estimation algorithm is in agreement with the HC measurement within
∼ 98% matching for HCm < 90% H2.

Therefore, the model-based algorithm is capable of estimating the H2 concentration in
the anode over different operating conditions with less than 3% error over the ranges
that we are most interested in (between ∼ 70 to 90% H2).

4. HRB characterization: Earlier in Table 2.1, the rotational speed of the HRB pump
for some selected control voltages was shown. In general, the HRB characterization is
a function of the pressure difference across the HRB (∆P hrb) and the control voltage
of the HRB(Vhrb) as follows:

Qr = F (Vhrb,∆P hrb) (4.16)

where Vhrb in (4.15) can be replaced by the rotational speed of the pump, ωhrb.
Moreover, Vhrb is considered equivalent to ∆Pm by neglecting the pressure drop across
the condenser, which is minuscule.

By considering Figure 4.1, when the purge valve is closed (Qo = 0), the HRB flow rate
is directly obtained via the MFM (Qr = Qm). Therefore, the HRB characterization
can be done by changing Vhrb and ∆P hrb while the purge valve is closed. However,
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Figure 4.5: Effect of the operating conditions on estimation model performance at T = 65
C: (a) Comparison of ∆Pm for I = 110 and 160 A, Pin = 12, and Vhrb = 2.5 V (b) The
verification of the estimation model for I = 110 and 160 A, Pin = 12, and Vhrb = 2.5 V,
(c) The comparison of ∆Pm for Pin = 8 and 12 psi, I = 160 A, and Vhrb = 2.5 V, (d) The
verification of the estimation model for for Pin = 8 and 12 psi, I = 160 A, and Vhrb = 2.5 V

changing ∆P hrb is not a trivial task. The source of the pressure drop variation across
the HRB is the addition of nitrogen flow which enters the anode side. Therefore, to
characterize the HRB, the system in Figure 2.6 operates at different testing scenarios
that are depicted in Figure 4.6 for three cases.

The control voltage is chosen at 2.5 V and 3.5 V. As can be seen, the change in Vhrb

changes the ∆Pm-Qm curve. In addition, Figure 4.6 illustrates that for a fixed Vhrb(2.5
V), Qm is a function of ∆Pm. Hence, it confirms that the HRB characterization can
be presented by equation (4.16). Therefore, it is possible to derive the anode loop
flow in Figure 4.2 by employing the HRB characterization without using the MFM.

55



3.5 4.0 4.5 5.0 5.5 6.0
28

30

32

34

36

38

40

42

Pm [psi]

Q
m
 [l

pm
]

 Vhrb = 2.5 V & 160 A
 Vhrb = 2.5 V & 110 A
 Vhrb = 3.5 V & 125 A

Figure 4.6: The HRB characterization at Vhrb = 2.5 V and I = 110 and 160 A as well as
Vhrb = 3.5 V and I = 125 A

In practice, the HRB control voltage is chosen depending on the stack size or the
maximum load current, which is usually fixed.

4.2 Multivariable control design

Employing the proposed estimation method, the purge valve can be dynamically controlled
to maintain the hydrogen concentration at the desired level. A model-based controller design
is explained here. Considering Figure 4.1 (or equivalently Figure 2.9), governing equations
on the system were provided via (2.22-2.24). In Chapter 2, using nonlinear transformations,
a linear state-space model was derived. However, based upon the work in [34], the nonlinear
state-space model here is linearized around each operating condition (without using those
nonlinear transformation expressed in (2.25) and (2.26)). Using (2.24 - 2.26), the equations
explaining the system dynamics can be written as below:


Cfcẋ1 = (−1

u1
− 1
Rfc

)x1 + 1
Rfc

x2 + 1
u1
w1 + w2 − w3

Ccẋ2 = x1
Rfc
− (Rc +Rfc

RcRfc
)x2 + (x2 −Rcw2)u2

Rc(Rc + u2) + w4

(4.17)
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where the vectors x(t), u(t) and w(t) are provided in (4.18) in the following:

x(t) =

x1(t)

x2(t)

 =

P1(t)

P2(t)

 = y(t)

u(t) =

u1(t)

u2(t)

 =

Rv1

Rv2



w(t) =



w1(t)

w2(t)

w3(t)

w4(t)


=



Pin(t)

ṁr(t)

ṁcons(t)

ṁN2(t)



(4.18)

Having (x0, u0) as the equilibrium point the linearized state-space model is obtained via
the equations below:

x̃(t) = x(t)− x0

ũ(t) = u(t)− u0
(4.19)

˙̃x(t) = ∂f

∂x

∣∣∣∣
(x0,u0)

x̃(t) + ∂f

∂u

∣∣∣∣
(x0,u0)

ũ(t) (4.20)

where f = dx/dt and

x̃(t) = [x̃1(t), x̃2(t)]T

ũ(t) = [ũ1(t), ũ2(t), w̃1(t), w̃2(t), w̃3(t), w̃4(t)]T
(4.21)

As can be seen, the control input vector is lumped in with the disturbance vector.
The general formulation of the linearized model in [42] is also applied here for both the
continuous and the discrete time domains.

The aim with the controller design is to achieve the problem objectives as follows:

• To maintain the hydrogen concentration in the desired level.

• To control the fuel overpressure, such that the stack inlet pressure on the anode side
stays slightly above the stack inlet pressure on the cathode side.

The estimation method has a limitation at very high (over 90%) H2 concentrations.
However, the pressure drop curve in Figure 4.4(a) was still capable of distinguishing between
100% and 90% HCs. The validation was not possible due to H2 sensor limit. Using the
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pressure drop curve of Figure 4.4(a), it is feasible to define a setpoint for the outlet pressure
of the PEMFC stack, knowing the inlet pressure. Therefore, following setpoints are defined:

y1d = Pair + Pset (4.22)

y2d = y1d −Rfc(100%H2) × ṁr(100%H2) (4.23)

where 0 ≤ Pset ≤ 104 (Pa). By defining the setpoint for y1 and utilizing Figure 4.4(a), a
setpoint for the stack outlet pressure, y2, can be determined as provided in (4.23).

Equation (4.23) introduces a novel approach for controlling the H2 concentration by
defining a setpoint that results in a steady H2 concentration at a designated level. To
explain more about (4.23), it is helpful to consider Figure 2.9 at the steady state with a fully
closed purge valve. In this case, the input flow rate (ṁin) will be equal to the consumption
flow rate (ṁcons) while the recirculation flow rate (ṁr) will be passing through the anode.
This is a reasonable setpoint since by slightly opening the purge valve, the nitrogen will
leave the stack and pure hydrogen flows through again.

The constraints of the problem include the actuator limitation on both the range and
the rate of change as well as the output constraints as summarized in equations (4.25 -
4.28) (for simplicity of the notation the sampling time Ts is assumed to be 1). Note that
the same constraints apply to both valves.

x̃(k + i+ 1|k) = Âx̃(k + i|k) + B̂ũ(k + i|k) (4.24)

umin ≤ ũ(k + i|k) ≤ umax (4.25)

δumin ≤ δũ(k + i|k) ≤ δumax (4.26)

y1d − γmin ≤ ỹ1(k + i|k) ≤ y1d + γmax (4.27)

y2d − βmin ≤ ỹ2(k + i|k) ≤ y2d + βmax (4.28)

where i = Hw, · · · , Hp. umin and umax are the boundaries on the actuator range. δumin

and δumax are the limits on the rate of change of the actuator. γmin, γmax, βmin and βmax

are the limits on the maximum allowed deviation from the desired trajectory for outputs.

4.3 Results

To evaluate the proposed algorithm, the MATLAB Model Predictive Control Toolbox is
used for a simulation scenario that covers variations in both the load current and the
nitrogen crossover flow rate. In fact, as stated in the model in (4.18), the N2 crossover is a
disturbance. The model has to be linearized around each operating condition. However, the
linear model around each point is valid for ∆I ≈ ±20A. Therefore, the model, as well as
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the controller parameters, need to be updated. The operating condition is defined based on
load current and hydrogen concentration which in this simulation study should stay around
100%. For the simulation, experimental data is used for the air side to help to determine the
anode pressure setpoint according to (4.22). Figure 4.7 illustrates the simulation scenario.
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Figure 4.7: The simulation scenario: (Top) Load current, (Bottom) Nitrogen crossover flow
rate [34] (used with the permission of IEEE)

As can be seen, the variation in N2 crossover flow has been considered both when the
load is fixed and when the load is varying. The anode outlet pressure is an indicator of
hydrogen concentration. This, as well as the fuel overpressure, are the controlled variables.
Figure 4.8 shows the tracking performance of the controller.

Considering the simulation scenario, the controller reacts quickly without violating the
constraints. The output constraints allow the deviation of ±5000 (Pa) around the desired
trajectory, which is the case in Figure 4.8. The fuel overpressure setpoint (Pset) used in
deriving the tracking error was 5000 (Pa) while for the anode outlet pressure equation (4.23)
was used. Nevertheless, the output error has to reach zero. As illustrated in Figure 4.8, the
FOP stays within the specified range with |γmin| = |γmax| = |βmin| = |βmax| = 5000 (Pa).
Lastly, Figure 4.9 depicts the changes in the control input commands.

Because in the beginning of the simulation, the model was linearized around 20A and
100% H2 concentration, the control inputs (ũ) are initially at rest. Figure 4.9 shows the
features of the multivariable control. The pressure control valve is primarily regulating the
fuel overpressure during the load change. However, it also reacts during N2 crossover and
controls the fuel overpressure. The purge valve is largely responsible for controlling the
anode outlet pressure during N2 crossover while it also reacts during the load change. With
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Figure 4.8: Controller tracking performance: (Top) Fuel overpressure, (Bottom) Variation
in anode outlet pressure for 100% H2 [34] (used with the permission of IEEE)
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the load current increase from 20 to 50 A, the model had to be updated. In Figure 4.9, both
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control inputs comply with the constraints on the actuators where only the low constraint
is shown for this simulation scenario.

4.4 Summary

A novel technique for estimation of the hydrogen concentration on the anode side of the
PEM fuel cell was presented. The model-based estimation approach utilized the pneumatic
model of the anode as well as the pressure drop measurement across the stack, and correlated
the hydrogen content to the dynamic viscosity of the anode gas mixture. Employing a
condenser, the water on the anode side was removed after the stack. As a result, the dry
anode gas mixture included hydrogen and nitrogen only. To use the estimation algorithm
in fuel cell products, the HRB characterization was incorporated in the model. The results
of experimental validation of the algorithm were provided in various operating conditions.
Lastly, the multivariable control design based on the proposed estimation algorithm was
explained which aimed at improving the fuel economy.
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Chapter 5

Conclusions

Modeling and control of the fuel supply system in three major anode configurations were
explained in detail in this work. System modeling was carried out using the pneumatic
modeling technique. Both fuel overpressure control and hydrogen concentration control
were discussed where the MPC approach was utilized to achieve the control objectives.
The following highlights summarize the benefits of this study which were explained in the
previous chapters.

5.1 Improved system performance by enhanced fuel over-
pressure control

By maintaining the fuel overpressure in the desired region, while having an intact membrane,
the exertion of excessive pressure across the membrane could be prevented. Moreover, while
having a membrane with pinholes, the transfer of reactants to the opposite side would be
minimized. Hence, fuel overpressure control could avoid fuel starvation and membrane
damage. Fuel overpressure was actively controlled near zero with a limited deviation. The
Model predictive approach ensured that the boundaries on the control input and the outputs
were respected. As as result, the FOP stayed within the desired region in the presence
of various hydrogen transfer leaks. Furthermore, the FOP control reduced the hydrogen
emission and prevented the collapse in the cell voltage when the transfer leaks were not
large.

5.2 Model-based estimation of hydrogen concentration

The hydrogen concentration on the anode side after the stack was estimated by a model-
based algorithm which practically used the pressure drop measurement across the stack
as well as the HRB characterization. This pressure drop was correlated to the dynamic
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viscosity of gas mixtures. The estimation algorithm was validated in various operating
conditions which exhibited less than a 3% estimation error.

5.3 Hydrogen concentration control to improve fuel economy

By utilizing the proposed estimation algorithm, a multivariable control system was devel-
oped which controls the HC as well as the FOP. Controlling the hydrogen concentration
could ultimately limit the amount of fuel purged at the anode outlet in order to save more
hydrogen.

5.4 Future works

Future works include the implementation of the multivariable control system for the HC and
the FOP control in the AWR structure, using the H2 estimation method, in the presence of
hydrogen transfer leaks. Furthermore, a comparative study can be conducted to evaluate
the fuel savings of the current-based purging strategy, with the model-based multivariable
control system that uses the proposed estimation algorithm, as the basis of purging.
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Appendix A

Reduction of Hydrogen Transfer
by Constrained Control of Anode
Hydrogen Recirculation in a
Polymer Electrolyte Membrane
Fuel Cell

Leakage of hydrogen due to the formation of pinholes endangers the membrane longevity
in a polymer electrolyte membrane fuel cell (PEMFC). In this work, based upon a novel
approach, mitigation of the hydrogen transfer leak rate is achieved via controlling the speed
of the hydrogen recirculation blower (HRB) as well as fuel overpressure control. The problem
is formulated as a constrained control problem. Considering the multivariable nature of the
system, a model predictive controller is employed to meet with the objectives. Moreover,
the control limitation in presence of large transfer leaks is discussed. In order to evaluate the
controller performance, an experimental model of a Ballard 3kW test station equipped with
an HRB is utilized, where the model is derived on the basis of pneumatic modeling technique
with inclusion of the hydrogen transfer leak model. Simulation results demonstrate the
controller ability for reducing the leak rate while handling the constraints, which leads to an
improved durability for the membrane. Furthermore, it confirms the controller limitation.

The schematic of a PEMFC system in the AWR configuration is depicted in Figure A.1,
using the piping and instrumentation (P&ID) diagram. According to this figure, the system
is composed of three actuators on the anode side, namely, the pressure control valve, the
purge valve, and the HRB. The pressure control valve regulates the fuel overpressure while
the purge valve is responsible for the anodeH2 concentration control to prevent performance
deterioration. The purge valve can either be controlled dynamically [34], or periodically [40].
The reason behind purging is to reestablish pure hydrogen flow in the anode. Due to nitrogen
and water crossovers, the anode H2 concentration drops and consequently, the PEMFC
performance is impaired. Therefore, fuel purging temporarily replenishes the anode with
pure hydrogen flow.

70



In this work, fuel overpressure is dynamically controlled. However, purging is carried out
periodically where a load-based purging strategy is used. This stems from the fact that N2
and water crossovers vary depending on the current, and this directly affects the rate of
performance drop which has to be compensated by purging.

Furthermore, the HRB speed is controlled to reduce the hydrogen leakage due to pinholes,
which are typical sources of membrane degradation. Controlling the fuel overpressure in
the presence of membrane pinholes impedes oxygen leakage to the anode. This leakage
accelerates the cell degradation due to fuel starvation. Therefore, fuel overpressure deals
with the effects of transfer leaks indirectly. The aim here is to directly impact transfer leaks
via constrained control of the HRB.
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Figure A.1: The schematic of the 3kW PEMFC test station with anode recirculation

A.1 Modeling of the PEMFC with anode recirculation

The AWR configuration in Figure A.1 consists of different components including, a pressure
regulator, a pressure control valve, a PEMFC anode, a condenser, a purge valve, and an
HRB. Moreover, the system is comprised of pressure sensors and mass flow meters (MFM).
The air side dynamics is not included in this work, except for monitoring the cathode inlet
and outlet pressures of the PEMFC stack.

Employing the pneumatic modeling approach in [14], the AWR structure is described by
pneumatic variables such as pneumatic resistors and capacitors. These resistors reflect
friction forces in the gas flow channels while capacitors indicate the storage potential of
the components. Considering a laminar flow regime [34], all pneumatic variables are also
laminar where the pressure drop (∆P ) across each pneumatic resistor (RL) is proportional
to its flow rate (Q):

∆P = RLQ (A.1)

In analogy to electrical systems, Figure A.2 illustrates the equivalent circuit of the AWR
configuration with the use of pneumatic variables. The inlet pressure regulator is described
via a voltage source as it provides a fixed pressure. Pressure variables in Figure A.2 are
pointing to the same nodes as in Figure A.1. Both the pressure control valve and the purge
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valve are modeled as variable resistors since they are actuators. However, only the pressure
control valve is among the control inputs, and the purge valve only operates in the ON-OFF
mode periodically according to the load demand. H2 consumption and N2 crossover are
represented via current sources and placed at the inlet and outlet of the PEMFC stack,
respectively [40]. Furthermore, the H2 transfer leak is also described by a current source
and is placed at the outlet side of the stack to reflect the total leakage. Finally, the dynamic
behavior of the HRB is captured by a controllable current source as changes in the HRB
speed affect the pumped flow.
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Figure A.2: The equivalent electrical circuit of the PEMFC test station with anode recir-
culation using the pneumatic variables

A.1.1 State-Space Model

According to Figure A.2, the following differential equations are valid:

CfcṖ1 = Qin −Qc +Qr −
P1 − P2
Rfc

(A.2)

CcṖ2 = P1 − P2
Rfc

− P2 − Pout

Rc
+QN2 −Qleak (A.3)

Pin − P1
Rv1

= Qin (A.4)

P2 − Pout

Rc
= Qr +Qo (A.5)

To select the control input variables, a nonlinear transformation is used such that a linear
state-space model is obtained. As described by (A.4), Rv1 at the denominator introduces a
nonlinear term. Therefore, Qin is chosen as the control input. The recirculation flow, Qr,
is also a control input:

Qin = Pin − P1
Rv1

= u1 (A.6)

Qr = u2 (A.7)
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The actual control inputs are the valve input voltage (Vi), and the HRB control voltage
(Vhrb). The purge valve operates in the ON-OFF mode which causes the output flow (Qo)
to vary significantly. This is considered as a disturbance in controller design.

Based on the work in [27], hydrogen transfer leak rate is a function of leak size and fuel
overpressure. Assuming a fixed leak size, the following model represents H2 transfer leak
rate:

Qleak = k(l)(P2 − P2c) (A.8)

where P2 is the stack anode outlet pressure and P2c is the stack cathode outlet pressure. k is
a coefficient determined by the leak size l. This will be clarified in section A.1.3. Replacing
equations (A.4-A.8) into (A.1) and (A.2), the state-space model of the system is given as
follows: 

Cfc
dx1
dt

= −1
Rfc

x1 + 1
Rfc

x2 + u1 + u2 − w1

Cc
dx2
dt

= 1
Rfc

x1 − ( 1
Rfc

+ k)x2 − u2 + kw2 + w3 − w4

(A.9)

where the state vector x(t), the control input vector u(t), and the disturbance vector are
expressed in (A.10).

The anode pressure at the inlet and outlet sides of the stack are chosen as state variables.
As already mentioned, the anode input flow rate as well as the recirculation flow rate
are selected as control inputs. The hydrogen consumption flow rate, the stack cathode
inlet pressure, the nitrogen crossover flow rate, and the output flow are included in the
disturbance vector. 

x(t) =
[
x1(t)
x2(t)

]
=
[
P1(t)
P2(t)

]

u(t) =
[
u1(t)
u2(t)

]
=
[
Qin(t)
Qr(t)

]

w(t) =


w1(t)
w2(t)
w3(t)
w4(t)

 =


Qc(t)
P2c(t)
QN2(t)
Qo(t)



(A.10)

The output variables are decided according to the control objectives as explained in section
A.2.1: 

y1(t) = x1(t)

y2(t) = kx2(t)
(A.11)

Using the matrix notation, the state-space model is expressed in the following:
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ẋ = Ax+

B︷ ︸︸ ︷[
B1 B2

] [ u

w

]

y = Cx

(A.12)



A =


−1

RfcCfc

1
RfcCfc

1
RfcCc

−1− kRfc

RfcCc



B =


1
Cfc

1
Cfc

−1
Cfc

0 0 0

0 −1
Cc

0 k

Cc

1
Cc

−1
Cc



C =

1 0

0 k



(A.13)

The state-space model in (A.12-A.13) comprises of system parameters that should be iden-
tified. The parameter identification was discussed in [33] and is summarized in Table A.1.

Table A.1: The model parameters on the anode side

Parameter Value Unit
Cfc 6.8× 10−9 ms2

Cc 9.8× 10−9 ms2

Rfc 2.3× 108 (ms)−1

Rc 0.5× 108 (ms)−1

A.1.2 Actuator modeling

The control input vector in (A.10) consists of the anode input flow rate (Qin) and the
recirculation flow rate (Qr). However, the actual actuator commands include the valve
input voltage and the HRB input voltage.

The dynamic behavior of the pressure control valve is described via the nonlinear function
f , which relates the flow rate through the valve (Qv) to the pressure drop across the valve
(∆P v), and the input voltage (Vi):

Qv = f(∆P v, Vi) (A.14)
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where according to Figure A.2, Qv and ∆P v are as follows:

Qv = Qin (A.15)
∆P v = Pin − P1 (A.16)

Once the controller determines u1(Qin), using ∆P v and f , the input voltage can be derived.
Details of the valve model are provided in [33].

The hydrogen recirculation blower is controlled by an input voltage that is applied to a
Brushless Direct Current (BLDC) motor. To accurately model the HRB, knowledge about
the BLDC motor is required. A more practical approach is to obtain a model reflecting the
HRB’s role in the system in a real scenario. This results in determining the recirculated
flow by the HRB for various stack anode inlet pressures and input voltages as stated by the
function g:

Qhrb = g(Phrb, Vhrb) (A.17)

where based on Figure A.2, this can be written as follows:

Qr = g(P1, Vhrb) (A.18)

As previously mentioned, N2 crossover decreases the H2 concentration on the anode side.
Depending on the hydrogen gas concentration (xh), Qr can be different for a same in-
let pressure and input voltage. Therefore, (A.18) can be extended to include various H2
concentrations:

Qr = g(P1, Vhrb, xh) (A.19)

Therefore, the model in (A.19) is used as the HRB model without having to include the
BLDC motor characterization. The HRB dynamic behavior is shown in Figure A.3 for
various stack inlet pressures and input voltages. Since in this work, the purge valve operates
periodically, the H2 concentration remains close to 100%. Therefore, in Figure A.3 only the
pure hydrogen case (xh = 1) is illustrated.

A.1.3 Hydrogen transfer leak characterization

The model in (A.8) states that the H2 leak rate is proportional to the outlet pressure
difference between the stack anode and cathode, via the parameter k. Depending on the leak
size, k can be different. Figure A.4 illustrates the leak rate as a function of ovepressure for
various leak sizes using the ex-situ measurement setup for the Ballard bus-type membrane
[27]. This leak characterization is used in the control design. A more accurate way of placing
Qleak in the model is to include it on both the inlet and outlet sides of the stack, but it has
been included in the outlet in this work, because this is where transfer of hydrogen can have
the most significant impact on the downstream cathode hydrogen emission concentrations.
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A.2 Controller design

Reducing the hydrogen transfer leak rate and controlling the fuel overpressure are the
objectives of control design. Various disturbances are affecting the system as are introduced
in (A.10). There exist constraints on both the actuator commands and the output variables.
Therefore, constrained formulation of the control problem is used and the objectives are
tackled by the MPC approach. The MPC ability to handle multivariable constrained control
problem as well as providing an optimal control input, make MPC a suitable choice for this
work. Application of the MPC method for industrial control tasks has largely increased
during the recent years [37]. Based on an internal model of the system, MPC is able to
predict the system output, ŷ, over the prediction horizon Hp. Moreover, it determines a
control input, û, over the control horizon, Hu, that minimizes the output error as well as the
changes in control effort. This is acheived by minimzing the cost function J in (A.20) [37].

J(k) = ‖Ŷ(k)− T (k)‖2Q + ‖∆Û(k)‖2R (A.20)

where Q and R are weighting matrices for the output error and the control effort, respec-
tively. Y(k), T (k), and ∆U(k) are the vectors of appropriate sizes. In the case of having a
precise model, the actual and predicted values are equivalent, i.e., ŷ = y and û = u.

Figure A.5 depicts the control problem architecture. Considering this, the control input
u1 together with ∆P are used to calculate the actuator signal (Vi) to the valve via f−1.
Similarly, the control input u2 and P1 are utilized to derive the HRB voltage (Vhrb) via
g−1. Model mismatch is reflected by the error inputs e1 and e2. Assuming a precise
actuator model is available, f.f−1 = g.g−1 = 1. Since Figure A.5 accounts for controller
implementation, it possesses a major advantage.
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Figure A.5: The architecture of the control problem

A.2.1 Control problem formulation

To meet the objectives of the control problem, output setpoints are defined as follows:

y1d(t) = P1c + OVP (A.21)
y2d(t) = kP2c +M = kw2(t) +M (A.22)
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where OVP is the desired fuel overpressure. y2d(t) is chosen to minimize the leak rate
described in (A.8), where M is a leak reduction level depending on the leak size l.

In addition, there exists a number of constraints on both the actuators and the outputs
variables. Using the actuator model, actuator limitation can be described in terms of Qin

and Qr. Formulation of the problem constraints are as follows:

x(k + i+ 1|k) = Adx(k + i|k) +Bdu(k + i|k) (A.23)

u1min ≤ u1(k + i|k) ≤ u1max (A.24)

∆u1min ≤ ∆u1(k + i|k) ≤ ∆u1max (A.25)

u2min ≤ u(k + i|k) ≤ u2max (A.26)

y1d − γmin − ε1 ≤ y1(k + i|k) ≤ y1d + γmax + ε1 (A.27)

y2d − ε2 ≤ y2(k + i|k) ≤ y2d + β + ε2 (A.28)

where i = Hw, · · · , Hp with Hw as the starting point for penalization. Ad and Bd are the
discretized form of A and B, respectively. u1min and u1max are the valve active range in
terms of Qin that is between 0 to 10−4kg/s. ∆u1min and ∆u1max are the limits on the slew
rate of the valve input, which in terms of ∆Qin are ±10−4kg/s2. Moreover, γmin and γmax

are the maximum allowed overpressure deviations from the desired value which are chosen
at ±5000Pa. Finally, u2min and u2max are the recirculation flow limits that are set at 0
and 5× 10−4kg/s, respectively. Furthermore, ε1 and ε2 are the slack variables to relax the
output constraints [37].

Therefore, the convex cost function in (A.20), the linear equality constraint in (A.23), and
the convex inequality constraints (A.24-A.28) form a convex problem where any local opti-
mum is also a global optimum. Solving this optimization function may encounter feasibility
issues which can be resolved by softening the constraints (using the slack variables). How-
ever, actuator constraints can not be violated.

A.3 Simulation results

Using the experimentally validated model of a Ballard 9-cell liquid-cooled PEMFC stack
[33], the controller performance is evaluated in presence of a variable load, dynamic current-
based purging, and hydrogen transfer leaks. In addition, the simulation uses an experimental
data set for controller evaluation. Figure A.6(a) shows the simulation scenario where the
load variation and purging signals are illustrated. As mentioned, the purging period (Tp) is
a function of current where for 80A, Tp = 30s, while for 20A, Tp = 60s with the duty cycle
of the valve at 7% and 3% of the period for each case, respectively.

The load variation encompasses both rising and falling edges of load demand. During the
acceleration at around 250s, both fuel overpressure and hydrogen leak rate follow the desired
trajectories and stay within the output limits as shown in Figure A.6(b)&(c), respectively.
y1d is chosen at 5000Pa while y2d is set at kP2c with M = 0. Therefore, the aim is to
reduce the leak rate to zero. Control inputs Qin and Qr are shown in Figure A.7(a).
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Figure A.6: (a) The simulation scenario including the load change and the purging action,
(b) The fuel overpressure tracking and the output constraints, (c) The hydrogen leak rate
and the lower output limit

However, during the load deceleration at 100s and 387s, a considerable output deviation
from the setpoints can be observed. A more severe load decrease at 100s causes a larger
deviation compared to 387s. According to Figure A.6(b), fuel overpressure remains within
the constraint during the transients caused by the load decrease at 100s and 387s, and tracks
y1d afterwards. Furthermore, the H2 leak rate follows y2d. Respecting the lower constraint
on y2 is crucial, i.e., y2 < y2d results in Qleak < 0 which directs the air flow into the anode,
causing fuel starvation. In Figure A.6(c) the leak rate stays above zero which confirms that
the lower constraint on output y2 is met.

During the load decrease at 100s and 387s, the control input Qin reaches the lower limit
as shown in Figure A.7(a). Despite a larger load drop at 100s, because of simultaneous
purging at 100s, Qin stays at the lower limit for a shorter time compared to 387s (when no
purging occurs). The explanation behind this is that when the purge valve is closed, the
only way to reduce the pressure is to discharge the flow via consumption or through the
pinholes. The latter is among the control objectives which should be reduced. Hence, the
former is the way for pressure reduction. By opening the purge valve, the pressure drops
quicker since an alternative route for gas flow is opened.

Figure A.7(b) illustrates the controller limitation. In Figure A.6 and Figure A.7(a), k
resembles a small/medium leak range. However, when the leak size becomes large, the
leakage of hydrogen during the transient is higher. Therefore, for larger leak sizes the
controller is no longer capable of preventing a higher hydrogen loss. This is also a practical
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Figure A.7: (a) The controller inputs Qin and Qr, (b) The controller limitation for large
H2 transfer leaks

limitation, where the ability to minimize fuel loss is no longer effective when the leaks
become large, and the defected cell should then be replaced.

The model predictive control toolbox in MATLAB is used for simulation with the sampling
time of the controller at 0.1s to cope with the fastest plant dynamic.

A.4 Conclusions

Employing a model-based constrained control approach, mitigation of small to medium hy-
drogen transfer leakage in PEM fuel cells with AWR configuration was presented. Problem
objectives are achieved by controlling the HRB speed and regulating the pressure control
valve. A load-based purging strategy was utilized where nitrogen crossover was also in-
cluded in the model. The system was described via an experimentally validated pneumatic
model of a Ballard 9-cell PEMFC. Actuator modeling was also discussed and included in
the structure of the control problem. Using experimental data, the controller performance
was evaluated during the load variation where both the tracking performance and the con-
straint handling were demonstrated. Finally, the controller limitation was explained which
revealed a higher hydrogen loss during transients for larger leak sizes. Future works, include
a more precise model of the hydrogen transfer leak as well as the implementation of the
proposed method in a product environment.
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