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Transient performance is a key characteristic of fuel cells, that is sometimes more critical than
efficiency, due to the importance of accepting unpredictable electric loads. To fulfill the transient
requirement in vehicle propulsion and portable fuel cell applications, a fuel cell stack is typically
coupled with a battery through a DC/DC converter to form a hybrid power system. Although
many power management strategies already exist, they all rely on low level controllers that realize
the power split. In this dissertation we design controllers that realize various power split strategies
by directly manipulating physical actuators (low level commands). We maintain the causality of
the electric dynamics (voltage and current) and investigate how the electric architecture affects the
hybridization level and the power management.

We first establish the performance limitations associated with a stand-alone and power-autonomous
fuel cell system that is not supplemented by an additional energy storage and powers all its auxiliary
components by itself. Specifically, we examine the transient performance in fuel cell power delivery
as it is limited by the air supplied by a compressor driven by the fuel cell itself. The performance
limitations arise from the intrinsic coupling in the fluid and electrical domain between the compres-
sor and the fuel cell stack. Feedforward and feedback control strategies are used to demonstrate
these limitations analytically and with simulations. Experimental tests on a small commercial fuel
cell auxiliary power unit (APU) confirm the dynamics and the identified limitations.

The dynamics associated with the integration of a fuel cell system and a DC/DC converter is then
investigated. Decentralized and fully centralized (using linear quadratic techniques) controllers are
designed to regulate the power system voltage and to prevent fuel cell oxygen starvation. Regulating
these two performance variables is a difficult task and requires a compromise due to the conflicting
objectives. The compromise can be mitigated by augmenting the fuel cell power system with an
energy buffer such as a battery. We consider two different and popular ways of connecting the
battery and the fuel cell to the load and we refer to them as electric architectures. Various controller
gains are used to span the fuel cell operation from load-following to load-leveling, and hence, to
determine adequate fuel cell-battery sizing (hybridization level) and the associated trends in the

system efficiency.
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Chapter 1

Introduction

Hydrogen is considered as one of the best alternative fuels for augmenting fossil fuels due to high
net energy density! and its potential for zero local pollution. Proton exchange membrane (PEM),
also known as polymer electrolyte membrane fuel cells (FCs) use hydrogen and are considered for
vehicular power and portable applications because of high efficiency, low operating temperature, and
simplicity in construction. The PEM fuel cells employ hydrogen and oxygen from the air to produce
electricity, water and heat. In PEM FC, hydrogen and air are supplied to the inlet manifolds and
flow fields, and then diffuse through porous media to the polymer membrane. The membrane in
the middle of the cell contains catalyst layers, one in anode and the other in cathode. The catalyst
layer at the anode separates hydrogen molecules into protons and electrons. The membrane permits
transfer of protons, enabling the electrons to flow through an external circuit before recombining with
protons and oxygen at the cathode to form water. This migration of electrons produces electricity.

The anode and cathode reactions in PEM fuel cells are shown below

Anode reaction Hy — 2HT + 2¢~

1
Cathode reaction 502 +2H" 4+ 2¢e~ — H,O0.

The electrical characteristics of fuel cells are normally given in the form of a polarization curve
which is a relation of cell voltage versus cell current density (current per unit cell active area). The
cell voltage varies from the ideal voltage of about 1.2 V to usually below 1 V. Stack temperature and
membrane water content affect the fuel cell voltage, as do reactant pressures and flows. The voltage
decreases as more current is drawn from the fuel cell, due to fuel cell electrical resistance, inefficient
reactant gas transport, and low reaction rate. Lower voltage indicates lower efficiency of the fuel
cell. The loss in the cell turns into heat which can damage the polymer membrane. Many cells are
typically combined in a stack to satisfy the power requirements of the targetted application.

Various power applications impose stringent requirements on the transient performance of PEM

INet energy density (including average engin/motor efficiency) for diesel is 3.2 kWh/kg, for gasoline 2.8 kWh /kg
and hydrogen 2.0 kWh/kg [30].
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Figure 1.1: Configuration of a typical fuel cell hybrid power system

fuel cells. Transient response is a key characteristic feature of backup power system, sometimes
more critical than efficiency, due to the importance of accepting rapidly changing, uncertain electric
loads. Fast transient response is also essential for autonomy in start-up and fast power response.
For these reasons, every fuel cell power system is expected to produce power on demand, also known
as, a load-following fuel cell. Fuel cell response, however, is known to be limited by the complex
dynamics associated with mass and heat balances inside and outside the stack. To address these
limitations, a PEM fuel cell system is typically combined with a battery or capacitor into a hybrid
power generation system. In this work, we concentrate on the FC limitations imposed by the air
flow supply control. The FC performance objective is to avoid or reduce oxygen starvation during

transient loading.

1.1 Background

The PEM fuel cell system for portable, stationary and automotive propulsion power applications
requires both performance and reliability. The overall system should function with a high degree
of reliability under a wide range of conditions, leading to a robust fuel cell system based on the
system integration and control. A complete PEM fuel cell hybrid power system includes several
components apart from the fuel cell stack and battery, such as an air delivery system which supplies
oxygen using a compressor or a blower, a hydrogen delivery system using pressurized gas storage
or reformer, a thermal and water management system that handles temperature and humidity,
DC/DC converters to condition the output voltage and/or current of the stack and finally electric
loads [57, 71]. Figure 1.1 shows the configuration of a typical fuel cell hybrid power system which is
constructed with fuel cell, DC/DC converter and battery.

The control of a PEM fuel cell mainly consists of reactant supply, water /temperature, and power
management as can be seen in Figure 1.1. Lack of robustness in control can cause cross-coupled
failures during dynamic load changes in fuel cell system. Proton exchange membrane fuel cells, when
operating with low air flow to minimize parasitic loss associated with powering the flow device, are
prone to oxidant starvation during dynamic load changes even with optimized flow field design. The

temporarily low oxidant stoichiometry produces cell voltage drop, resulting in local temperature
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increase. Insufficient gas flow associated with dynamic load may cause accumulation of excess water,
possibly blocking reactant diffusion. Anomalous operating conditions can cause not only reversible

performance decrease but irreversible degradation [40, 61].

Hybridization in various electric power configurations with the fuel cell stack, DC/DC converter
and battery offers flexibility in managing the power demand from the fuel cell, and thus protects the
FC from transient loading [57]. For instance, a load-following fuel cell supplies the majority of power
to the load with a small energy buffer responsible for parasitic losses or start-up procedures [21]. In
a load-leveling fuel cell hybrid system, the battery complements the fuel cell power during transient
loading. Hybridization in the fuel cell power system may protect the fuel cell from harmful transition

and in addition may achieve higher fuel cell efficiency by leveling peak power demand from the FC.

The DC/DC converter is a key component for the hybridization. It is a power electric device
that transforms unregulated DC power to regulated DC bus power in the hybrid configuration. The
DC/DC converter is mostly dedicated to regulate the output voltage, masking the voltage variation
of the fuel cell stack. The wide FC voltage imposes difficulties in efficiency and reliability. Typically
less knowledge of the fuel cell dynamics forces the use of secondary energy storage such as battery
or ultracapacitor for transient response [50]. Then DC/DC converter can be a current limiter or a
filter for fuel cells to avoid transients that can lead to FC failure or degradation. In this case, the
difference between load power demand and fuel cell power is covered by the other energy sources.
Although splitting the power is an obvious way of explaining the operation of a hybrid system,
dynamic interaction arises among fuel cells, power electronics devices and battery. Specifically, the
coupled dynamics of current and voltage in the fuel cell and the DC/DC converter affect the system

performance.

The stationary fuel cell power that is tied to an external grid can provide a certain amount of
constant power, while other power sources on the grid will supply additional power that meets a
transient response. This approach leads to the idea of load-leveling with a constant load to the fuel
cell [5]. This is possible to the power conversion units. Namely, the DC/DC converter and DC/AC
inverter can operate in nearly constant power, enabling constant load to the fuel cells. Another
example of FC load-leveling is found when fuel cells are used in communication and computer
products. For example, the electric load of radio communication can be characterized as randomly
applied specific pulses with a constant power load [36]. In this configuration, active control of the
fuel cell components is not necessary because battery power covers the most transients. The load
to the stack is mostly constant power and slowly varying battery charging load. The control of
the DC/DC converter is concentrated on the battery charging/discharging [34]. In these cases, the
reactant supply system and other fuel cell conditioning units are optimally designed for the specific
power and dynamic aspects in the balance of plant for the fuel cells can be neglected.

The fuel cells for an auxiliary power unit (APU) or vehicle propulsion require dynamic power over
wide range even though battery or ultracapacitor is combined. The performance analysis of the FC
hybrid system is mostly based on specific load profiles. For example, the specific APU load profile

is presented with passively controlled hybrid fuel cell with a battery in [27]. Various electric loads
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for tactical truck, although mostly for randomly processed pulse load, are discussed in [17]. The
vehicle propulsion load is derived from specific driving cycles such as federal urban driving schedule
and US06 [21, 45]. However, these analysis results are mostly based on non-causal modeling, thus

being incapable of predicting dynamic interaction among the hybrid system components.

1.2 Literature review

To fulfill the performance requirement in vehicle propulsion and portable fuel cell applications, a fuel
cell stack is typically coupled with a battery through a DC/DC converter to form a hybrid power
system. Defining the fuel cell performance and identifying the limitation are critical in designing fuel
cell hybrid power applications. Otherwise, unnecessary protection with conservative FC operation
may results in lower overall efficiency. However, FC system identification and performance validation
outside the safe limits might cause stack degradation or failure. Therefore, physics-based model is
necessary in designing a FC hybrid power system.

The fuel cell model developed in the literature can be classified into two main categories, namely,
microscopic and macroscopic model. The microscopic model deals with performance of the local
area in the cell. For example, the FC model predicts spatial distribution of current density [66].
Due to computational load, the microscopic model is not suitable in system integration studies. The
macroscopic model is generally defined by global pressure, temperature and flow conditions. The
electrochemical reactions are considered instantaneous [1]. Recent research also shows a lot of results
in modeling the transient behavior of fuel cells based on reactants supply dynamics [52], temperature
dynamics [3] and humidity [70]. Amphlett et al. [3] showed the temperature dynamics of fuel cells.
Wang et al. [70] also presented that the fuel cell dynamics associated with humidity exhibit a time
constant that is far slower than the ones of reactants supply even though humidity has direct effect
on the membrane conductivity and thus internal resistance. Transient power performance is highly
related with the reactant pressure and flow dynamics [60]. Modeling and control of the air supply
that can respond to transient load is emphasized in [52].

The past models consider exogenous input to interface the FC with the external power demand.
In most fuel cell models, exogenous input is current and the resulting output is either cell or stack
voltage [1, 52, 60]. Rarely voltage is defined as the input load [66]. Independently from the input,
the internal dynamics of the FC follow the same physical principles.

Performance limitations due to the air supply in PEM FC have been reported previously. Reg-
ulating air flow based on the flow rate measurement at the supply manifold inlet introduces a
limitation because the actual air flow at the cathode inlet is not the same as the one at the com-
pressor outlet [48, 52, 60]. This mismatch introduces a significant complexity in tuning the air flow
controller for the actual in-stack performance objective. On the other hand, high compressor control
effort, which draws current directly from the stack, can cause instabilities in the FC power delivery
system [49]. Two performance variables, air flow and cathode pressure, become both critical to

the fuel cell performance and the system efficiency [4, 46]. Note that the hydrogen supply is more
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important than the air supply when reformer is used due to the slow dynamics of the reformer [55].

The integration and associated dynamics of the fuel cells in the hybrid power system depend
highly on the electric architecture and specific load conditions. Various electric connections between
the fuel cell and battery have been proposed in literature. Parallel connection between the fuel
cell and the battery with the electric load without any DC/DC converter is originally proposed
for submarine applications [2]. Although parallel connection does not provide active control in
power management, this design provides a first-order RC (resistor-capacitor) filter to the fuel cell
stack [50]. This way, the battery can cover the transient power demand. However, this passive
connection limits the fuel cell stack and battery size and imposes constraints in their operation, and
hence, performance [27].

The DC/DC converter isolates the voltage range of the fuel cell from the battery, offering more
flexibility and the potential for optimized performance. Hence a DC/DC converter is almost always
considered in FC hybrid system studies. A large number of studies on the DC/DC converters for
fuel cells is focused on soft voltage sources, which accounts for the cell voltage variation due to the
electrochemical characteristic at different operation conditions [67]. There is another functionality,
however, that a DC/DC converter has to perform. The DC/DC converter in FC hybrid system
handles power split and active fuel cell management. The operation principles of power split in FC
hybrid vehicle power are well summarized in [57]. In the same paper, several electric architectures
are presented with signal flows associated to interacting current and voltage, pointing to the lack of
appropriate dynamic model for analysis and control design.

Since the control bandwidth of the DC/DC converter is faster than any other dynamics in the FC,
battery and electric load, the DC/DC converter is sometimes modeled as static conversion of power.
Based on quasi-steady state assumption, noncausal optimization methods have been used to evaluate
the supervisory control in energy storage and regenerative braking strategies [13, 39, 58, 59, 64].

Most hybrid strategies associated with fuel cell applications mainly focus on protection of the
FC stack. Therefore the control command to the DC/DC converter is determined by the fuel cell
system. To prevent abrupt changes in current load to the fuel cell, first-order current load filter is
proposed in [29]. Load governors [63, 68] and model predictive control [69] have been also proposed
for current control. The control objective of the DC/DC converter varies with the specification of
the electric loads. The duty cycle control of the DC/DC converter is proposed for the purpose of
maintaining battery stage of charge [34]. Two different DC/DC converters are proposed with its own
control objective, namely, fuel cell objective and power bus objective [44]. Specifically, conventional
DC/DC converter manages the current drawn from the fuel cell based on a supervisory control
command, whereas a bidirectional DC/DC converter draws power from the battery to maintain the
DC bus voltage. The small volume and weight of a bidirectional DC/DC converter make it lucrative
for FC hybrid vehicle [18]. The bidirectional DC/DC converter controls fuel cell voltage instead of
current load [37].

In most of FC hybrid power studies, the fuel cell stack is modeled with a static polarization

relationship assuming fixed fuel cell operating parameters and avoiding the dynamical variations.
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Thus, the major objective of protecting the fuel cell from harmful transition cannot be evaluated.

1.3 Thesis overview

This dissertation focuses on the fuel cell hybrid power system which is composed of active control in
oxidant air supply, DC/DC converter and battery. Control challenges arise with a highly dynamic
electric load applied to the fuel cell hybrid power system. To define achievable performance and
limitations of the FC system, modeling and analysis of the electric architectures for FC hybrid power
system combining fuel cell system, DC/DC converter and battery are presented.

Control of energy conversion from the chemical energy of hydrogen to the electric energy results
electron flows from the fuel cell stack to the load. On the electric load side, the flow of electrons is
considered as the current, producing electric power. On the other hand, flow of electrons in the fuel
cell is equivalent to the reaction of hydrogen and oxygen molecules that is supported by the reactant
supply system. Thus current and reactant flow are considered in the same domain, and the current
drawn to the load and the reactants supplied to fuel cell need to be precisely controlled.

The electrically connected FC and compressor allow us to design a realistic air delivery con-
troller for regulating the oxygen excess ratio and to capture the FC performance limitation during
abrupt changes in the current drawn (load) from the fuel cell. The electric load in FC system is
controlled by DC/DC converter following certain objectives, for instance, regulating bus voltage or
charging/discharging battery. The interaction and tradeoff between generating the electric power
on demand and protecting the stack in dynamic load are examined. Model-based control design
is performed to regulate both the air supply into the FC and the voltage/current of the DC/DC

converter and the battery.

1.3.1 Control of power-autonomous fuel cell system

In PEM fuel cell application, dynamic performance in the range of 0.1-1 second mainly depends on
the air supply sub-system [12]. In the case of pressurized pure hydrogen supply, oxygen kinetics and
mass transport become the limiting dynamic factor. Excluding start-up and shut down periods, the
transient response associated with controlling air and avoiding oxygen starvation is an improtant
factor in PEM fuel cell system.

In Chapter 2, a low-order fuel cell system model with reactants supply dynamics is presented,
following and extending the work in [52]. Fuel cell stack and reactant flow model is based on elec-
trochemistry, mass balances for lumped volumes in the stack and auxiliary, and rotational dynamics
of compressor and motor. It is assumed that the fuel cell stack is conditioned to be in desirable
operating range of temperature and humidity using thermal and water management system. The
temperature and humidity dynamics are in general slower than the pressure, flow, voltage and current
dynamics observed during power transient [6]. The effect of transient dynamic response of electro-
chemical double-layer discharging in the stack is sufficiently short to be safely ignored [42]. The

simulation comparisons in Section 2.2 confirms the developed low-order model accurately predicts
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the air dynamics in the fuel cell stack system including the flow coupling among the air compressor,
manifolds, volumes and nozzles.

The importance of the air delivery system in PEM fuel cell is recognized with several limitations
on air supply control repeatedly reported in [48, 49, 52, 60]. The significance of the air management
arises due to its considerable parasitic losses [12]. The compressor power affects the net power of
the fuel cell significantly. For example, the air supply compressor load consumes up to 14% of stack
power [11].

In Chapter 3, we introduce another important aspect of air flow control, namely, the electric
coupling between the air supply compressor and the fuel cell when the compressor motor is driven
by the stack power and connected directly on the fuel cell stack voltage bus. A compressor driven
directly by the fuel cell bus voltage (before the DC/DC converter in Figure 1.1) introduces another
limitation to the fuel cell operation. The effect of the compressor power is simple subtracted by the
fuel cell power in order to calculate the net power in [53]. In Section 3.1, we connect the compressor
motor directly to the stack so that compressor driving current is a portion of the stack current.
Thus the stack performance is affected by the air supply control through the current drawn by the
compressor. In Section 3.3, it is shown that the oxidant air supply, consists of air compressor /motor
and flow manifold, in FC system has inherent limitations on the control of air flow to the stack
with respect to dynamic current load due to the non-minimum phase zeros. The analysis results
show us fundamental design limitations on both feedforward and feedback controller in Section 3.4
and 3.5. The electric coupling and the effects on fuel cell system performance due to parasitic losses
are qualitatively confirmed with an experimental setup of a commercial fuel cell stack system in
Chapter 4.

1.3.2 Fuel cell power management

Although hybridization of a fuel cell system mainly focuses on protection of the FC stack, the study
of FC system efficiency is also raised [33]. The anticipated benefits of hybridization for fuel cell
vehicle differ from those for internal combustion engine (ICE) vehicle. Hybridization in ICE vehicle
enables the decoupling of the instantaneous torque and speed demands from the wheels, and in this
way, it enforces the optimum engine operation. The fuel cell hybrid electric vehicle, on the other
hand, has high efficiency at wide range of power levels so it is not clear if hybridization increases
efficiency in any significant manner to justify the increase in weight and complexity associated with
the addition of the batteries.

The efficiency of fuel cells is generally calculated by the produced electric energy as the output
and heating value of hydrogen as the input [42]. The cell voltage also can be used as indication of
the fuel cell efficiency. However, battery efficiency cannot be calculated directly because the losses
in battery during charging-discharging are varying with current. Total vehicle level efficiency can
be compared through the consumed hydrogen fuel during specific driving cycles [59].

On the other hand, efficiency of fuel cells and battery can be interpreted with internal resistance

which can be assumed to be static or dynamic impedance following the paradigm of electric circuits.
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The overall efficiency of a hybrid fuel cell power system without regenerative braking is expected to
be improved by adding battery when the demanded current is drawn from the power source which
has smaller internal resistance. Otherwise the overall efficiency of the system becomes lower even
when the fuel cell is at its optimal operating condition. For example, the fuel cell impedance in
an automotive size stack varies from 0.05 to 0.3 © [54] in certain operating point and the internal
resistance of high voltage battery pack for fuel cell hybrid vehicle is about 0.3 to 0.4 Q [35, 51]. In
this case, using the energy in battery that is charged from the fuel cells is obviously inefficient. Note
here that the loss due to the current drawn from a battery should be calculated twice because there
is charging and discharging losses to maintain the battery state of charge. Of course this comparison
is not valid for transient operation, but it raises several questions about the overall efficiency of
hybridization in PEM fuel cells.

The regenerative braking helps capture and reuse the energy improving fuel economy. Indeed a
battery-hybrid fuel cell vehicle equipped with regenerative braking improves efficiency up to 15% [13].
The efficiency gain in a fuel cell hybrid vehicle depends on the hybridization level or the degree of
hybridization [33]. The hybrid system efficiency can be worse than the stand-alone fuel cell in some
driving cycles [21, 58, 64]. Also, efficiency of a hybridized auxiliary power unit (APU) or distributed
power generation, which has no energy recovery apparatus like regenerative braking, is not yet
addressed.

These unexplored issues highlight the importance of defining the achievable performance and
limitation of a fuel cell power system before hybridization. Hybridization in fuel cell power system
is achieved through filtering the current from the fuel cells to avoid imposing transients that can
lead to FC failure or degrade its life. This conservative approach may lead to unnecessarily lower
overall efficiency. Therefore our goal in Chapter 5 is to first examine the capability and limitation
of fuel cell power system first before adding secondary power source such as battery or capacitor.
In Section 5.1, the dynamic behavior of voltages and currents between the input source and the
output load of the DC/DC converter is explained by a simple transient model. The actual converter
operates by switching pulse devices, but it is approximated here by an average model that captures

transient dynamics within the bandwidth of the switching frequency.

In the controller design stage presented in Section 5.2, the DC/DC converter controller is treated
separately from the fuel cell controller and is responsible for meeting the fuel cell requirement
during power transient. In other words, the boost converter controller is first designed for the best
performance, and then in Section 5.2.1 each controller is re-tuned sequentially in favor of the other
because there is a direct conflict between the performance objectives of the fuel cell and the converter.
Specifically, limiting the current drawn from the fuel cell with DC/DC converter enhances fuel cell
performance but degrades the voltage regulation performance in DC/DC converter. In Section 5.2.2
we introduce coordination in a combined system controller with optimal gains. The coordinated
control accounts for the interactions between the two systems and allows us to construct a controller
for the optimum performance. The result of the dynamic model analysis and control study in this

work provides the insight on the fundamental system controllability and limitations in handling
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transient load in a fuel cell power system.

1.3.3 Electric configuration of FC hybrid power

Managing the power split between the fuel cell and the battery in a hybrid system depends on the
connection of the FC with the battery. We refer to the various configurations of connecting the fuel
cell and the battery as electric architectures. There are several electrical configurations that have
been considered for hybrid (FC and battery/ultracapacitor) systems [57, 67].

Figure 1.2(a) shows a typical load-sharing or load-leveling fuel cell hybrid vehicle configuration
that extends FC power using the high voltage battery. The DC/DC converter boosts the stack
voltage of the FC to the battery voltage, drawing the current from the stack. The battery current
supplements the FC current in order to satisfy the power demand. In automotive propulsion appli-
cation, regenerative braking is used to charge battery. The DC/DC converter control problem gets
simplified when a high voltage battery is connected in parallel between the DC/DC converter and
the load. The battery supports the main electric bus voltage, and the duty cycle of the DC/DC
converter controls the current drawn from the fuel cell.

Direct-hydrogen PEM fuel cell system can be used as load-following power source for various
applications. Load-following FC without high power buffer battery is already applied to the vehicle
propulsion [24]. The purpose of the electric architecture in the hybrid fuel cell power system in
Figure 1.2(b) is to avoid large-size batteries and to meet the electric load mostly with the fuel cell.
In configuration (b), the major power flows from the FC to the load directly without DC/DC con-
verter. A small amount of battery current flows through the bidirectional DC/DC converter during
charging/discharging. This configuration can be more efficient than configuration in Figure 1.2(a)
because it avoids the DC/DC converter losses and weight. However it relies more than configuration
(a) on the ability of the FC to follow the load demands. In any FC electric hybrid configuration,
the coupled dynamics of currents and voltages in fuel cells and DC/DC converter will affect the
overall dynamics and ultimately dictate the final control calibration independently of steady-state
efficiency.

The dynamic coupling between the voltages and currents among the fuel cell, battery and the
traction load is captured in Chapter 6. A converter controller is then designed to boost and regulate
the voltage at the converter output. Good regulation of the voltage at the converter output is
typically achieved by large current drawn from the fuel cell and it is typically followed by small
currents drawn from the battery. The converter controller can be tuned to avoid causing abrupt
current draw from the fuel cell. In Section 6.2, various DC/DC converter controller gains result
in different levels of power split between the fuel cell and the battery, spanning load-following to
load-leveling. It is thus possible to assess the effects of control calibrations on the power split, FC
oxygen excess ratio, compressor behavior, and vehicle efficiency.

In Section 6.3, we introduce coordination between the bidirectional DC/DC converter and the
FC into a combined system in the electric hybrid configuration of Figure 1.2(b). To address the
control of the FC hybrid system, a fuel cell model with voltage input is applied. The bidirectional
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DC/DC converter control with optimal gains emulates the FC load-following power split scenario as
in Section 6.2, but with smaller-size battery. The control design accounts for the limitations in the
fuel cell system and allows us to construct a controller for the smallest possible power assist level
without compromising the fuel cell operation. The results of fuel economy and battery sizing with
the dynamic model and control in this work provide insight on the necessary hybridization of a fuel

cell power system without employing cycle-dependent optimization.

1.4 Contributions

System-level design is not only valuable design tool, but also the key to successful FC applications.
While the PEM FC system has been studied from different disciplinary perspectives as we have
reviewed in literature, the interdisciplinary features of fuel cell systems have remained unexamined.
In this dissertation, fuel cell system is explained on multidisciplinary basis, connecting the weakest
link between the fuel cells’ own dynamics and power electronics with modeling and control design.
The electric architecture and configuration study in this work provides a comprehensive approach
to evaluating the control performances in fuel cell hybrid power.

The major contributions of the dissertation are as follows.

e A simple but accurate, low-order FC system model has been developed to describe the dy-
namic performances, which is adequate to apply in hybrid power system analysis. Control
design limitations of a power-autonomous fuel cell system in air supply arise when the air
supply compressor is powered directly from the FC. The coupling between the power and flow
paths through a compressor driven fuel cell stack is clarified. It is shown that the inherent
design limitations due to the non-minimum phase zeros dictate the performance of the system.
A control strategy combining feedback and feedforward controller is proposed and used to

demonstrate those limitations in the FC air supply in simulations.

e The direct conflict between FC oxygen excess ratio and the output voltage of the DC/DC con-
verter is elucidated when the FC is augmented with a DC/DC converter to form a stand-alone
power generation. A model-based controller is designed to achieve the two performance objec-
tives using decentralized control and compared with multivariable control architectures. An
average continuous-in-time modeling approach that approximates the converter switching dy-
namics is applied. It is shown that coordination between the air compressor and the converter

controllers provides a small improvement over a decentralized controller.

e The control coordination in the fuel cell system and DC/DC converter is expanded to the

applications in FC-battery hybrid system in light of the two configurations in Figure 1.2.

— The control problem is reformulated for FC power system with a battery connected di-
rectly to the high voltage DC bus. It is shown that adding a secondary power source
mitigates the tradeoffs between the FC and the DC/DC converter, while another tradeoff
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between the FC and the battery performance arises. Controller design is performed for
the FC-battery hybrid system to define the hybridization level. It is shown that the model
developed for FC hybrid power application is capable of evaluating the system efficiency

as well as transient performances.

The controller design of FC hybrid with low voltage battery is performed. The controlla-
bility and performance limitation are revisited for minimum size of battery. It is shown
that a small battery achieves adequate load buffering without compromising the fuel cell

protection and system efficiency.



Chapter 2

PEM fuel cell system model

We first develop a phenomenological model of the PEM fuel cell stack, mainly focusing on air supply
dynamics. The fuel cell stack and reactant low models are based on electrochemistry, mass balances
for lumped volumes in the stack and peripheral volumes, and rotational dynamics of compressor
and motor. Electrochemical models are basically developed for the relation between equilibrium cell
voltage versus current density of the cell. The empirical equations have been established for cell
voltage of PEM fuel cells from electrochemical theory and experiments [1]. The results presented
the steady-state voltage-current relation for a particular set of operating conditions include reactant

gas concentration, pressures and operating current.

In a dynamic model for fuel cell voltage and current, the reactants supply has an important
role in fuel cell performance because characteristics of PEM fuel cells are dominated by kinetics of
hydrogen and oxygen. To concentrate on air (oxygen) dynamics of the fuel cell system, we assume
that the fuel cell system is fed by pressurized high-purity hydrogen and the hydrogen supply control

is perfect for tracking the anode pressure to the cathode pressure.

We also neglect humidity and temperature dynamics because they are slower than the air flow
dynamics. The temperature and humidity dynamics in fuel cells are slower than the dynamics
observed during fuel cell power changes which are the condition we focused in the study. Temperature
and humidity models are developed with heat and mass balance equations in fuel cells. However, fast
transient in temperature humidity excursion do not occur within the dynamics of transient power [3,
70]. Additional considerations associated with controlling the system humidity and temperature
depending on the operational pressure are still under debate [22]. To concentrate on the dynamics
of the air supply, the humidity and temperature of the fuel cell stack is assumed to be controlled

perfectly by dedicated hardware and controller.

13
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Figure 2.1: Stack polarization

2.1 Fuel cell system model

We consider a fuel cell stack with active cell area of A, = 280 cm? and n = 381 number of cells with
75 kW gross power output that is applicable for automotive and residential use. The performance
variables for the FC power system are (i) the stack voltage vy that directly influences the stack
power generated, Pr. = vgls, when the load current I is drawn from the stack, and (ii) the

oxygen excess ratio A, in the cathode that indirectly ensures adequate oxygen supply to the stack.

Stack voltage is calculated as the product of the number of cells and cell voltage vs; = nvg.. The
combined effect of thermodynamics, kinetics, and ohmic resistance determines the output voltage of

the cell, as defined by

Vfec = E— Vact — Vohm — Uconc (21)

where FE is the open circuit voltage, v,.: is the activation loss, vopm is the ohmic loss, and veone
is the concentration loss. The detailed formulation of the FC voltage, also known as, polarization
characteristic can be found in [52].

In steady state, FC voltage is given as static function of current density iy, = I /Ay and
several other variables such as oxygen and hydrogen partial pressures p,,, and p,, , cathode pressure
Dea, temperature Ts; and humidity \,,. Although we assume instantaneous electrochemical reaction
and negligible electrode double layer capacity, the FC voltage has a rich dynamic behavior due
to its dependance on dynamically varying stack variables (p,, ,Peas Py, Tsts Am). Figure 2.1 shows
examples of the stack polarization with different cathode pressure and stack temperature conditions.
In this thesis, we assume compressed hydrogen supply as shown in Figure 2.2, which simplifies the
control of anode reactant flow. We also assume that the stack temperature and humidity is controlled
accurately and with negligible lag. The cooler and humidifier are neglected for this work because
their power requirement are smaller than the compressor power [8].

In this study, we concentrate on the dynamic behavior of the variables associated with the air
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Figure 2.2: Fuel cell reactant supply system

flow control, namely, oxygen pressure p,, , total cathode pressure p.,, and oxygen excess ratio in
the cathode A, which is a lumped parameter that indicates the amount of oxygen supplied versus
oxygen consumed. All variables associated with the air supply and the stack performances are
defined in the following sections. The transient voltage excursions in the stack are minimized with
precise control of reactants. However, the flow dynamics of the oxygen and hydrogen reactants are
governed by pressure dynamics through flow channels, manifolds and orifices. Also, fuel cells are
required to have an excessive amount of oxygen and hydrogen flow into the stack to avoid stagnant
vapor and nitrogen films covering the electrochemical area.

Depending on the load (current) drawn from the fuel cell and the air supply to the fuel cell, the
stack voltage varies between 220 V to 350 V. The air is supplied by a compressor that is driven
by a motor with maximum power of 15 kW. At its maximum rotational speed of 100 kRPM the
compressor provides 95 g/sec of air flow and generates a pressure increase of 3.5 atm. The maximum
compressor air flow is twice the air flow necessary to replenish the oxygen consumed from the stack
when the maximum current is drawn Is; ey = 320 A. The maximum FC current is defined as the
current at which the maximum FC power is achieved. Drawing more current from the fuel cell

results in rapid decrease of the stack voltage, and thus power due to concentration losses [42].

2.1.1 Dynamic states

Details of the model used in this study can be found in [52, 54]. Several simplifications and mod-
ifications have been employed to allow us to concentrate on the fast dynamics associated with the
integration of a fuel cell with a DC/DC converter, by mainly focusing on the air dynamics. Specifi-
cally, the following assumptions are made: (i) All gases obey the ideal gas law; (ii) The temperature
of the air inside the cathode is equal to the bulk stack temperature which is, in turn, equal to the
temperature of the coolant exiting the stack; (iii) The properties of the flow exiting the cathode such

as temperature and pressure are assumed to be the same as those inside the cathode and are the
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ones that dominate the reaction at the catalyst layers in the membrane; (iv) The gases in the anode
and cathode are fully humidified and the water inside the cathode is only in vapor phase assuming
any extra water turns to liquid and is removed from the channels; (v) We neglect flooding of the gas
diffusion layer; (vi) Finally, the flow channel and the gas diffusion layer are lumped into one volume,
i.e., the spatial variations are neglected. Note here that all these assumptions are made to isolate the
potential problems associated with non-hybridized load-following fuel cell that supports its external
and auxiliary loads through its bus. By assuming perfect humidity and temperature regulation, we
do not wish to underestimate their importance nor the challenges associated with the specific control
task. We present the model dynamic states first and then in Section 2.1.2, we describe the nonlinear
relationships that connect the inputs with the states and the outputs (performance variables and

measurements for control).

The mass continuity of the oxygen and nitrogen inside the cathode volume and ideal gas law

yield
dpo RTst
dt2 = M, Ve (Weyin = Wo out = Wo, ret) » (2.2)
de2 RTst
= — (W n w ou 2.3
dt MN2 ‘/ca ( No s No» t) ( )

where V., is the lumped volume of cathode, R is the universal gas constant, and M, o, and M, —are

the molar mass of oxygen and nitrogen, respectively.

The rate of change of air pressure in the supply manifold that connects the compressor with the
fuel cell (shown in Figure 2.2) depends on the compressor flow into the supply manifold W,,, the
flow out of the supply manifold into the cathode Wc, in and the compressor flow temperature T¢,.

dpsm RTcp

= Wc - Wca.in 24
dt Ma,atm‘/sm( P i ) ( )

where Vi, is the supply manifold volume and M, ¢, is the molar mass of atmospheric air.

The compressor motor state is associated with the rotational dynamics of the motor through
thermodynamic equations. A lumped rotational inertia is used to describe the compressor with the

compressor rotational speed w,

dwep 1

dt - J(;p (TCW - TCP) (25)

where 7, is the compressor motor torque and 7, is the load torque of the compressor.

2.1.2 Nonlinear static relations

The nonlinear relations that connect the dynamics states (pressure and rotational speed) through

the right-hand side of equations (2.2) - (2.5) are described in this section.

The inlet mass flow rate of oxygen WO2 in and nitrogen VVN2 .in can be calculated from the inlet
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cathode flow Weq i as follows

W in = MWca ino (26)
o2 1 + Watm ’
11—z atm
W in = #Wca in 2.7
oty 1)

where To, atm is the oxygen mass fraction of the inlet air

Yo, ,atmM Oy

z = 2.8
oz 2t yo2,athO2 + (1 - yo2,atm)MN2 ( )
with the oxygen molar ratio y,,_ atm = 0.21 and the humidity ratio of inlet air
M
Watrm = v ¢atmpsat (29)

yoz,ai&m]\4o2 + (1 - yoz,ai&m)]\41\r2 Patm — ¢atmpsat

where pgqat = Psat(Tst) is vapor saturation pressure and g, is the relative humidity at ambient

conditions which is preset to the average value of 0.5.

The supply manifold model describes the mass flow rate from the compressor to the outlet mass
flow. A linear flow-pressure condition is assumed for the flow calculation due to the small pressure

difference between the supply manifold and the cathode

Wca,in = kca,in (psm - pca) (210)

where k¢q i, is the supply manifold orifice flow constant and spatially invariant cathode pressure p,

is the sum of oxygen, nitrogen and vapor partial pressures

Pca = po2 +pN2 + Psat- (211)

The rate of oxygen consumption W, et in (2.2) from the stack current I; is given by

TLISt

w. 2 4F

Oq,TCt = Mo

(2.12)

where n is the number of cells in the stack and F' is the Faraday number.

The outlet mass flow rate of oxygen W, ,u and nitrogen Wy ou used in (2.2) and (2.3) are

calculated from the mass fraction of oxygen and nitrogen in the stack after the reaction

WO2,out M02p02 Wca,out; (213)
‘]\4021)02 + MN2pN2 + Mypsat
M
Wy, out v, Doy Wea,out- (2.14)

‘]\4021)02 + MN2pN2 + Mypsat
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The total flow rate at the cathode exit W, out is calculated by the nozzle flow equation [31]

because the pressure difference between the cathode and the ambient pressure is large in pressurized

stacks.
CrA 1 9 -1 2 9 .
v Y Y-
Wca,out _ D _Tpca (patm) Y 1 — (patm) for ]M > (_) (215)
v RTst Pca -1 Pca Pea y+1
and
CpA 2 \Tm » 9 \ 7
Wca,out _ D _Tpca,y% ( ) for Yatm < (_) (2.16)
vV RTs v+ 1 DPca v+ 1

where ~y is the ratio of the specific heat capacities of the air, Cp is the discharge coefficient of the

nozzle, A is the opening area of the nozzle.

The compressor flow W, is modeled by applying the Jensen and Kristensen nonlinear fitting
method [52] as functions of the pressure ratio psm/Patm, the upstream temperature Tyyy,, and the
compressor rotational speed wc,. The temperature of the air leaving the compressor is modeled

based on [52] with a map of the compressor efficiency 7.,

(it’l) T 1] . (2.17)

The compressor motor torque 7., is calculated assuming a simplified DC motor model with a

Tatm
Nep

Tcp = Tatm +

static electromechanical relation of applied motor input voltage v.,, and back emf

Kt
Tem = ncmR—
cm

(Vem, — kywep) (2.18)

where k;, k,, and R, are motor constants and 7., is the motor mechanical efficiency. The as-
sumption of a voltage-controlled DC motor instead of frequency/amplitude controlled AC motor
implies instantaneous generation of motor torque (vem t0 Tem relationship), neglecting all the high
frequency dynamics associated with more realistic and modern switching drive. Our assumption can
be justified because the switching frequency of the drive and the motor flux dynamics are faster than
the dynamics of the combined motor-compressor inertia in Equation (2.5). Even the implementation
of a filter that minimizes the switching ripples preserves the highly dynamic (almost instantaneous)
relationship between the motor control command (v, in our case) and the torque generation 7¢y,.
One will need to convert the voltage control command v, derived to current or frequency/amplitude
control command when specific motor and drive design are specified. The torque consumed by the

compressor is calculated from the thermodynamic equation

y—1

o Cp Tatm <psm > v _ 1] ch (219)

Tcp =
Wep Tep

Patm

where C), and correspond to the specific heat capacities of the air.
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The compressor motor power P.,, provided by the compressor motor is calculated using the

compressor motor voltage input v.,, and its rotational speed wp

P, = ;’; (Vem — kowep). (2.20)

This power can be supplied directly from the fuel cell or from an auxiliary power source.

We assume vapor is saturated in the anode without flooding or nitrogen diffusion. We also assume
that the anode pressure is regulated to follow the cathode pressure. Controlled anode pressure can
be achieved either with anode recirculation [38] or dead-ended anode outlet [52]. Based on these

assumptions, the hydrogen pressure that affects the FC voltage is calculated

Pan = Pca; (221)
Py, = DPan — Psat- (222)
The oxygen excess ratio
W, n
Ao, = T2 — (2.23)
WO2 ,rct

corresponds to the ratio between the oxygen supplied and the oxygen reacted in the cathode. The
oxygen excess ratio is typically regulated at )\(T)Zf = 2 to reduce the formation of stagnant vapor and
nitrogen films in the electrochemical area. Values of A, lower than 1 indicate oxygen starvation

and has serious consequences in the stack life.

2.1.3 Input and output in the fuel cells

The nonlinear model based on the state equations (2.2)-(2.5) involves the four states

T
T = Po, Pn, Wep psm:| . (224)

Given the four states, we can formulate state equations with the control actuator signal v.,, and a
exogenous input from the electric load outside.

Traditionally, the current have been chosen as an input in the fuel cell model. Thus Equation
(2.1) produces the cell voltage vy, and the stack voltage vy given the stack current I or current
density ¢s.. The input of the fuel cell model is actually the controlled electric load with external
device and the choice of the electric load is depends on the applications. For example, the voltage
of the cell can be an input of the fuel cells to analyze spatially distributed current density [66]. The
resistance input may be more realistic to define the electric load to the stack [6].

In the causal model described in this chapter, either the stack current or voltage can be chosen
to be the input of the system. When the stack current is used as the input, the stack voltage shows
dynamic behavior with respect to the current density and the pressure conditions. If the stack
voltage is used as the input of the system, the dynamic behavior of the stack current represent the

performance of the fuel cell system. The input current or voltage is implemented as a boundary
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Table 2.1: Fuel cell stack system parameters

Symbol Variable Value
n number of cell in fuel cell stack 381
Agc fuel cell active area 280 cm?
Jep compressor and motor inertia 5 x 107° kg-m?
Vea cathode volume 0.01 m3
Vi supply manifold volume 0.02 m?
Cp cathode outlet throttle discharge coefficient 0.0124
Ar cathode outlet throttle area 0.00175 m?
ksm. out supply manifold outlet orifice constant 0.3629 x 10~° kg/(s-Pa)

condition, which is shown in dynamic model for battery cell [28]. When the input is the current
from the fuel cell stack, the stack current calculation is straitforward from Equation (2.1) given the
pressure conditions. If the stack voltage is chosen as an input, the stack current is calculated by
solving Equation (2.1) implicitly as is in [66].

The decision of input and output for the fuel cell system model here is dependent to the specific
electric architecture of the fuel cell hybrid. In the case of electric architecture shown in Figure 1.2(a),
the current from the fuel cell stack is determined by the DC/DC converter, thus the current is used
as an input to the fuel cell model. On the other hand, fuel cell is controlled by it own voltage instead
of current in the electric architecture shown in Figure 1.2(b) [32, 58]. The details of integration and

control in electric architecture are presented in Chapter 5 and 6.

2.2 Simulation validation

Model validation is performed through simulation comparisons between the 4 state model developed
in Section 2.1.1 and 2.1.2, and the originally developed 9 states’ model [52, 54]. The parameters
used in the four state model are summarized in Table 2.1. The dynamic response of the performance
variables, which are the stack voltage vy, the stack and net power, Ps; and P,,.; and oxygen excess
ratio A, , are compared.

To demonstrate the FC model characteristics, a series of step changes in stack load (current)
and compressor motor input voltage are applied to the stack in Figure 2.3. During the first four
steps, the compressor voltage is controlled so that the oxygen excess ratio at 2 is maintained using a
simple static feedforward controller. The remaining steps are then applied independently, resulting
in different levels of oxygen excess ratios. Also the same current and actuator inputs are applied to
the nine state model.

During a positive load step, the oxygen excess ratio drops due to the depletion of oxygen, that
correlates well with the drop in the stack voltage. The step at ¢ = 18 seconds shows the response
due to an increase in the compressor input while keeping the stack current constant. The opposite

scenario is shown at ¢ = 22 seconds. The response between the 18th and 22th seconds shows that

T
IThe nine states are x = [ Mo, My, My, Wep Psm  Msm  Mwan Wwea Prm in [52]. Note here
that the mass and the pressure of Oz or N2 are equivalent terms based on the assumption of the ideal gas law.
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even though the stack voltage vs; and power Py increase, the net power P, = Pst — P, actually
decreases due to the increased parasitic loss (Pep, ).

The comparison shows that the equations (2.2) - (2.22) capture the dynamics of voltage and
starvation characteristics when humidity and temperature are well controlled. The assumptions
in this work eliminate the states of the model in [52], which are return manifold (p,,), hydrogen
and vapor pressures (or mass) (mH2, My an 1A My cq), and supply manifold mass mgy,, but all
performance variables and remaining states in (2.24) match well with the original nine state model.

Several other control-oriented fuel cell model derivatives of [52] can be found in literature. The
simplest is a two-state model [9, 43], where one dynamic state is cathode pressure used for stack
voltage calculation and the other is for compressor dynamics. This two-state model is adequate
to model stack power and parasitic losses, and thus is used for vehicle power management system.
Drawback of the two state model is, however, that the dynamics inside the fuel cell system, for
example, the oxygen excess ratio, can not be captured. The lack of compressor model in another
simplified model [63] renders it incapable of describing auxiliary power losses. Finally, another four-
state model in [60] has no distinction between oxygen and nitrogen species; thus dynamics of the
oxygen excess ratio can not be captured.

We will next analyze the performance limitation and design the controller based on the model

developed in this chapter. Also experimental confirmation will be performed in Chapter 4.



Chapter 3

Air flow control of

power-autonomous FC system

The purpose of this chapter is to examine the dynamic limitation associated with the air supply to a
high-pressure FC power system which will be augmented with DC/DC converter. To investigate the
coupling between the electric requirements and the FC power constraints, it is desirable to establish
an analytic model for the fuel cell with DC/DC converter and design the overall system. Then
the dynamic behavior for fuel cell power system and associated control issues will be covered in
Chapter 5 and 6.

The transient response associated with controlling air supply and avoiding oxygen starvation is
a key performance factor in PEM fuel cells fed by compressed high-purity hydrogen. The oxygen
is supplied through the air supply system and it is typically forced by a blower or a compressor.
Although the compressor absorbs a significant amount of power and increases the fuel cell parasitic
losses, it is preferred to a blower due to the higher achievable power density (kW/m?). A blower
is typically not capable of pushing high flow rates through the small channels associated with high
power density FC stacks. Analysis of the tradeoff between FC power density and parasitic losses
from the air supply device can be found in [11]. Comparison of the dynamic flow capabilities of
an FC system with a blower and a compressor can be found in [23]. It is shown that the two
systems are dynamically similar in providing air flow through the cathode channels. The blower
spends time spinning its rotor inertia, which is typically larger than the compressor inertia, whereas
the compressor needs time to push the air and elevate the supply manifold pressure. Compressor
produces significantly higher operating pressures than a blower.

The goal of this chapter is to examine the performance limitations and tradeoffs associated
with the compressor-driven air supply in a high-pressure power-autonomous FC system as shown
in Figure 3.1. The importance as well as the limitations of the air supply system in PEM FC is
recognized. Regulating air flow based on the flow rate measurement at the supply manifold inlet

has a potential limitation because the actual air flow at the cathode inlet is not the same as the

23
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Figure 3.1: Power-autonomous FC stack system

one at the compressor outlet [48, 52, 60]. On the other hand, high compressor control effort to force
faster air in the stack can cause instabilities when the compressor draws current directly from the
stack [49]. The tradeoff between satisfying net power requirements and maintaining optimum air
supply in the stack during load changes is first defined in [54]. We show here that this difficulty is
more critical when the compressor motor draws its power directly from the fuel cell as in the case
of an autonomous fuel cell. The control limitations achieving fast air flow control in the stack is the
result of two non-minimum zeros in the air supply control system. We clarify and quantify these
limitations and design controllers that illustrate these limitations in simulations.

The performance limitations are analyzed based on a low-order fuel cell model described in
Chapter 2 and Section 3.1. In Section 3.2, the physical problem is formulated into the general
control form. The performance measures and control difficulties are summarized in Section 3.3. In
Section 3.4, we discuss various feedforward control architectures based on load current measurement
and compare them analytically and with simulation. Finally the design of feedback control based

on air flow measurement is presented in Section 3.5.

3.1 Power-autonomous fuel cell system

In the high pressure PEM fuel cell system described in Chapter 2, a compressor supplies the air flow
necessary for the reaction which depends on the current drawn from the fuel cell, I as shown in
Figure 3.1. The air supplied to the cathode should exceed the air necessary for reaction for several
reasons [7, 54]. The oxygen excess ratio (OER), defined as A, in Equation (2.23) of Chapter 2, is
a convenient lumped variable to define the control objective in FC air supply. Regulation of A, to
a higher enough value can provide enough oxygen into the FC stack to prevent oxygen starvation,
but the overall efficiency may decrease due to unnecessary power losses in the air compressor. In
this study, we consider the air flow control problem associated with regulating oxygen excess ratio
at a fixed desired value (/\gif = 2), which has been shown to provide adequate supply of oxygen and
optimum power generation in the fuel cell stack in [52].

We focus on the dynamic oxygen excess ratio during transient loading. We consider the regulation

problem where the compressor is driven directly by the fuel cell, as is shown in Figure 3.1. The total
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Figure 3.2: Interaction between the air compressor and the FC variable in a power-autonomous FC
stack system
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current drawn from the fuel cell stack, I is defined as the sum of the net current I,.;, which is the
current delivered to the load, and the current drawn by all of the FC auxiliaries, particularly the
compressor load, I,

Ist = Inet + Icm (31)

as shown schematically in Figure 3.1 and in a signal flow diagram in Figure 3.2.

Here it is considered that the compressor motor contributes to the largest percent of FC parasitic
losses through the current drawn I, directly from the stack bus®. Figure 3.3 depicts the compressor
motor power P, and net FC power P,.; when the net current load I,.; is drawn in steady-state.
To calculate the current consumed by the compressor, we assume that the compressor motor has
an ideal power transformer. The transformer supplies the necessary power P, dictated by the DC

motor control signal ve,, in (2.20) by drawing a current I.,, at the FC stack bus voltage vg;
Icm = Pcm/vst- (32)

Thus, the compressor motor current is implemented so that P,,, is simply drawn from the stack

through a DC motor control unit instantaneously.

LA 75 kW fuel cell stack is typically supplied by 15 kW compressor power [12, 52].
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Figure 3.4: General control formulation

The FC air supply interacts with the FC stack through an electrical and an air flow path as
shown in Figure 3.2. The electrical coupling is established by the stack voltage vs; through Equation
(3.2). The FC stack voltage vs; is given by the polarization curve in [52, 54]. The air flow through
the compressor depends on the FC stack supply manifold pressure pg, through Equation (2.5) in
Chapter 2. As can be seen in Figure 3.2, the effect of the compressor voltage command v, to the
oxygen excess ratio A, is also influenced by the interaction between the compressor and FC stack

through the air flow path and the electric path.

3.2 Control problem formulation for FC air supply

The control objective of regulating the oxygen excess ratio A, in the fuel cell stack can be achieved
by a feedforward and/or feedback control using a compressor motor voltage command v, during the
load (current) changes. Since the performance variable ), is not directly measured, we regulate

A

compressor, Wey,.

o0, based on two measurements, namely, the demanded load I, and the air flow rate at the
Linear control techniques are used throughout this paper to analyze the inherent control dif-
ficulties and to design a controller for the system. A nominal operating point of 40 kW FC net
power (67% of the maximum FC net power) is used for the linearization of the nonlinear FC stack
system. Deviations from the nominal net current I2., = 169 A, compressor motor voltage command
v? = 164 V and associated nominal oxygen excess ratio /\‘(’)2 = 2 are considered to define the control

cm

problem in the general control configuration [ z y |7 =G [ w u |7 with

GZU} GZU
Gyw Gy

G= (3.3)

as shown in Figure 3.4. Specifically, the control of the FC air supply can be described as a disturbance

rejection problem with performance variable z = 0A,, = A, — )\?)2, control input u = v, =
Vem, — 2, and disturbance input w = 01per = Inet — 12,
The plant transfer functions G, from u to z, and G,,, from w to z of the power-autonomous

FC are

—0.00741(s + 101)(s — 19.2)(s + 3.15)(s + 3.09)
(s +71.3)(5 + 19.6)(s + 3.28)(5 + 3.12)
—0.0103(s + 67.7)(s + 19.4)(s + 3.29)(s + 3.09)

G = (s +71.3)(s+19.6)(s + 3.28)(s + 3.12) (3.5)
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Figure 3.5: Plant transfer function from I,,¢; to )\02 (Gw) and from ve,, to )\02 (Gu)

As can be seen in (3.4) and (3.5) G, and G,,, are both stable and have zero relative degree. The
transfer function G, indicates a minimum phase system while G, has a non-minimum phase
(NMP) zero ¢, = 19.2.

Figure 3.5 shows the frequency responses of the normalized plant transfer functions G, and G,,.
As can be seen in the frequency response plot, G,, has a phase lag associated with non-minimum
phase behavior, whereas G, resembles a static gain. The flat frequency response of the G.,, can
be physically explained by the direct effect of the net current I,,.; on the stack current I, which
statically affects the mass flow rate of the oxygen reacted in the cathode W, rct, which, in turn,
affects the OER defined by Equation (2.23). Note that while I,,.; affects statically the W, ret Which
is the denominator of OER in (2.23), it barely affects the cathode pressure p., (by depleting oxygen)
and thus causes insignificant variation in oxygen flow in the cathode W, i,, which is the numerator
of OER in (2.23).

The non-minimum phase zero in G, is unavoidable in power-autonomous fuel cell system. The
actuator u affects performance variable A, through the flow path and the electric path (see Fig-
ure 3.2), with mutual conflicting results. An increase in the compressor command increases the
air flow to the FC, and consequently increases the oxygen excess ratio )\02 , but an increase in the
compressor command also increases the FC parasitic load I.,,, thus decreases the oxygen excess
ratio. The interaction of these two and opposite contributions introduces the non-minimum phase
behavior. Moreover, it is important that the NMP behavior is always present independently of the
type of compressor or blower in air supply, as long as the power for the air supply component is
from the stack itself without an energy buffer such as battery.

Regulating the oxygen excess ratio can be implemented by a feedforward controller since the
disturbance input I,.; can be measured directly. The design limitations associated with NMP
dynamics in G, and the design of feedforward control are discussed in Section 3.3 and 3.4.

Besides the feedforward control, additional measurement from the plant can be used to improve

the performance and/or the robustness. Specifically, a feedback controller based on the compressor
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Figure 3.6: Plant transfer function from I,.; and v, to air flow error Wc’”pef — W, which are denoted

as Gy and Gy, respectively

flow measurement W, will be considered in Section 3.5 similarly to [49] and [53]. The feedback
control can be applied so that W, tracks the reference air flow command Wcrpef , thus defining the

measurement y
Y= ngef - ch (36)

for the general control configuration in Figure 3.4. The demanded air flow rate ngef is based on

the stack load measurement, I, and the desired oxygen excess ratio )\gezf , as defined in [53]
Wil = Wit (L, X7) (3.7)

so that the oxygen excess ratio can be regulated to the desired value /\(T)Zf at steady-state when the
compressor air flow W, satisfies the reference value W2¢/. The plant transfer functions Gy, and

Gy are

o 0.198(s — 81.9)(s + 68.3)(s + 3.13)(s + 1.07) (3.8)
ve (s +71.3)(s + 19.6)(s + 3.28)(s + 3.12) '

G ~0.274(s + 71.9)(s + 19.2)(s + 3.34)(s + 2.9) (3.9)
YOO (54 713) (s + 19.6)(s + 3.28)(s + 3.12) '

for the same operating point defined previously.

Figure 3.6 shows the frequency responses of the normalized plant transfer functions Gy, and
Gyu- As can be seen in the figure, G, resembles a static gain similarly to G, in Figure 3.5.
This flat frequency response is consistent with the system physics because the net load current I,
disturbance directly affects W/ (I5;) through Equation (27) of [53], but it causes minor changes in

the compressor air flow W,,, in the open-loop plant.

The existence of a non-minimum phase zero in G, is unavoidable in a power-autonomous fuel

cell system. The control command u affects the measurement y = Wc’;ff(lst) — W¢p through the
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flow path and the electric path. Specifically, an increase in the compressor command increases the
air flow at the compressor W,,, whereas an increase in the compressor command increase the FC
parasitic load I, and consequently the demanded air flow Wchef (Is¢). The NMP zero ¢, = 81.9
in the response from u to y imposes feedback bandwidth limitation on the ability to track the air
flow requirement Wchef (Ist). Therefore, high gain control on the compressor command can cause
instabilities when the compressor draws current directly from the stack, which is empirically observed
in [49].

The differences in performance z and measurement y as shown by the frequency responses in
Figure 3.5 and 3.6 introduce more difficulties in the control design. The differences in Gy, and G,
characterize the different dynamic behavior of z and y, and thus the design of the feedback controller
using the measurement y needs to take into account the performance variable, i.e., the oxygen excess
ratio A, . Prior work in [48, 52, 60] reports in a qualitative manner that regulating the cathode
oxygen flow based on the compressor air flow rate measurement has a potential limitation because
the actual air flow at the cathode of the FC stack is not the same as the one at the compressor,
thus causing significant problems in regulating oxygen excess ratio inside the stack. The detailed
design limitations on feedback control and control design that takes these limitations into account

are covered in Section 3.5.

3.3 Performance measures and constraints

While the controller architecture for FC air supply already has been described in [49, 52] as a com-
bined feedforward and feedback control based on the load current and air flow rate measurement,
this paper examines the fundamental limitations for the first time. Generalized bounds on con-
trol performances are established to clarify and quantify the control difficulties. For performance

evaluation, we consider the disturbance response ratio [19]

TZ’U}
GZUJ

R.p = (3.10)

which is the ratio of the closed-loop response T, to the open-loop response G,,,. The disturbance
response ratio is a measure of the performance of the controller in rejecting the disturbance w = 1.
Given a feedforward controller K, and feedback controller K, as in Figure 3.7, the closed-loop

response T, is

Tow = Gow + Gou Koo + Gou Ky (1 — GuKuy) ™ (G + GyuKuw)- (3.11)

We consider the integral constraints upon R, for the control system of the plant (3.4)-(3.5)
because there exists a non-minimum phase zero in G,,. Since the system is open-loop stable, G,

is minimum phase, and G, has a NMP zero (., if T, is minimum phase? then the Poisson integral

2The existence of non-minimum phase zero in T, cannot be determined without the controller, so that the
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Figure 3.7: Control configuration with feedforward/feedback control

for NMP zeros of G, (from Proposition V.7 in [19]) is

/OO 10g | Tou (jeo) W (G, )i = 0 (3.12)
0
and -
/ 108 | Bons () [V (Co ) = 0 (3.13)
0
where 2
W(szw) = <Z2 +Zw2 . (314)

Integral constraints upon R, due to the NMP zero in G, in (3.13) dictate that if |R.,| < 1 over
any frequency range, then necessarily |R.,,| > 1 at other frequencies since W((,,w) > 0, Vw. Design
tradeoffs imposed by Poisson integral in (3.13) are valid with arbitrary measurements, thus they can
be applied with any feedforward and feedback controller.

Also we examine the step response of the disturbance response ratio R, with the normalized

integral square output error

1

and compare the closed-loop performance associated with various controllers using the cost function

Jx :/ Z2dt. (3.16)
0

3.4 Feedforward control design

Since the disturbance input I, is measured, we can apply feedforward control. In the case of a
feedforward controller K, using the disturbance measurement directly as shown in Figure 3.8, the

response of z to w is
Tzw = sz + quKuw- (317)

Using the performance measures and the insight from the integral constraints in the previous section,

various feedforward controllers are compared and analyzed.

condition of T, will be confirmed after the control design.
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Figure 3.8: Feedforward control configuration when the disturbance is measured directly

3.4.1 Feedforward cancellation controller

A cancellation control that perfectly regulates the performance variable z in the presence of distur-
bance w may be achieved with a dynamic feedforward controller. The ideal dynamic feedforward

controller K,,, = ngf"l, that yields T,,, = 0, can be derived based on a plant inversion
Kt = =G G (3.18)

The resulting cancellation controller K¢ is, however, unstable due to the non-minimum phase zero
¢, of G,,. Implementation of the controller in (3.18) is not desirable due to the exact cancellation
of NMP zero. As perfect disturbance cancellation using feedforward controller K4¢e! is not a robust
option, it is necessary to evaluate the disturbance rejection performance of various other feedforward

controllers.

3.4.2 Dynamic and static feedforward control

Since the ideal feedforward controller in (3.18) is unstable due to the non-minimum phase zero ¢,

in G4, a minimum-phase approximation ézu such that

C:—s
CG+s’

G = Gau (3.19)
can be applied to replace G, in (3.18). The transfer function G, is minimum phase, but maintains

the magnitude of G,. The resulting quasi-cancellation controller K7¢% is
Kred — —_G7GLy. (3.20)

The frequency response of dynamic feedforward controller K¢ and K4¢a! can be seen in Figure 3.9.
The magnitudes of two controller transfer functions are identical, though the phase of K¢ differs
by 180 degrees at high frequency from the phase of Kgd¢al,

It is shown in [26] that assuming G, is approximated by a static function the feedforward
controller, K¢ realizes the minimum achievable normalized integral square output error (using

Theorem 2 in [56]) due to a unit step disturbance

1 2
min ||~ Rz |3 = o = 01044 (3.21)
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In our case, the load disturbance directly affects the oxygen excess ratio, thus G.,, can be approxi-
mated as a static gain indicated by the near pole-zero cancellation in (3.5) (see Figure 3.5). Therefore
it is expected that the K7¢% can achieve very good disturbance rejection as indicated by the small

values for the measures ||1R.,[|3 and Jx,, in Table 3.1.
2

We also compare the performance of dynamic feedforward control with a static feedforward

controller. The static feedforward controller

Kstatic — _ (3.22)
has the desired property that the disturbance is completely rejected at DC. The feedforward con-
troller K$tati¢ is realizable only if the DC gain of G, is not zero, as in the case for this system.

Also static feedforward control can be easily implemented by a look-up table.

The disturbance response ratio R.,, for K¢ and K3tetic feedforward control is shown in Fig-
ure 3.10(a). The closed-loop frequency response of each controller explicitly shows tradeoffs due to
the Poisson integral in (3.13). At low frequency ranges, both controllers perform well with |R.,,| < 1,
while |R.,| > 1 at high frequency ranges. The similarity in the disturbance response at low fre-
quency between the dynamic and static feedforward controller can be explained by the frequency
response of K¢ and K3!4tic as shown in Figure 3.9. The magnitude and phase of the dynamic
controller K% are similar to the ones of K3t below the frequency of 10 rad/sec. The distur-

bance response with dynamic feedforward K7¢% is slightly larger than the one obtained by the static

feedforward at high frequency due to the small improvements achieved between 6-40 rad/sec.

The disturbance response of both the dynamic and static feedforward controllers to a 20 A step
change in load current, corresponding to a power step from 40 to 45 kW, is shown in Figure 3.10(b).
Both feedforward controllers show similar oxygen excess ratio A, recovery after the initial excursion.
The two controller also achieve similar values for the measures J, Ao, and ||§sz|\§ as shown in

Table 3.1. The initial disturbance responses following a load step change at 0.2 seconds shows a
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Figure 3.10: Disturbance rejection performance with K¢ and K$te¢ feedforward controller

. . . . l . ' .
larger excursion in oxygen excess ratio with K¢ than the one observed with K3!*¢ matching the

high frequency behavior in Figure 3.10(a).

The initial excursion of A, corresponds to the largest A, deviation from the nominal value,
and thus is the most critical value for oxygen starvation and stack life. This excursion is important
enough to warrant further analytic investigation of its value and occurrence. The initial excursion
of z = d),, during a load step change with Kreal controller can be determined analytically from
Tow

Tow = Gaow+ GoKL
sz z
= G Gug g +i
. — S
= G (1 — gz T s) . (3.23)
Then the H* norm of R,,, with dynamic feedforward control is
[ Rzl oo :SUP‘l_ CZ_J‘ =2 (3.24)
w C + jw

attained at infinite frequency. This value implies that the disturbance response of dynamic feedfor-
ward control is twice as large at high frequencies (w > 100 rad/sec in our problem) as the initial
excursion of the uncontrolled plant for a given step disturbance. The || R,y oo is independent of the
location of the non-minimum phase zero ¢, and always equals 2 with dynamic feedforward control
if there exists a NMP zero in the plant G,,. Since all air flow devices powered directly by the
FC cause a NMP behavior in the G., response, all autonomously powered FC system will, thus,
have a significant drop in oxygen excess ratio response if a similar dynamic feedforward controller

is applied.
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In the case of the static feedforward controller that exactly cancels the current disturbance at DC
(zero frequency), the initial excursion depends solely on the mismatch between the dynamics from
the disturbance to the performance G, and the dynamics from the control input to the performance
Gy The initial excursion of A, during a load step change with K static controller can be calculated

from T,

Tow = Gow+ GouKJ0H
= G —G.u gZ((S; (3.25)
This time, the H* norm of R,,,
[Rewlloo = sup 1-— % =1.87 (3.26)
attained at w = 60 rad/sec, while the infinite frequency response of the |R.,,| is
lim [R.| = 1.71, (3.27)

This corresponds to the initial excursion of the oxygen excess ratio with static feedforward control
Kstatic  which is 1.71 times larger than the one observed in the uncontrolled plant as shown in
Figure 3.10(b). Due to the smaller initial A, excursion and ease of implementation, the stack

feedforward control K32 is more preferable than the dynamic feedforward control K76

Note here that a static feedforward controller which regulates A, at steady-state can be imple-
mented by measuring the FC stack current I, instead of the net (load) current I,¢;. The I-based
feedforward control has been proposed in [53] for the case where the compressor was not powered
by the FC stack. When the compressor current is drawn from the fuel cell stack, a portion of the
stack load is proportional to the control effort. Therefore the total stack load current is no longer

pure disturbance.

The disturbance response ratio of I-based controller is compared with static feedforward con-
troller in Figure 3.11(a). The response with Is;-based control shows larger disturbance amplification
than the one with K3!4%¢ at high frequency ranges (over 10 rad/sec). In mid frequency, the dis-
turbance rejection performance is better with I -based control. This tradeoff between the better
mid frequency response versus the worse high frequency responses follows the integral constraints in
(3.13). There is a small DC error with the I ;-based controller because linearization is not accurate
away from the nominal operating point. The step response in Figure 3.11(b) reflects the frequency
responses of Ig-based control. The initial excursion to step load using the Ig-based controller is

larger than the one of the static I,,¢;-based feedforward controller and recovery time is reduced.
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Figure 3.11: Disturbance rejection performance of Is-based control
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Figure 3.12: Disturbance rejection with a filtered feedforward controller

3.4.3 Static feedforward control with filtered command

The NMP zero dynamics of G, and the associated integral constraints impose a stringent tradeoff
between our ability to achieve simultaneously a small initial excursion and a fast recovery in A,
during step change in the load current. A compromise in favor of reducing the initial excursion can
be achieved by filtering the static feedforward controller as shown by the schematic of Figure 3.12.
Integral relations applied to Equation (3.13) are still valid even after adding a filter to the control
command. The disturbance response ratio in Figure 3.13(a) shows the disturbance attenuation over
all frequency ranges. The disturbance attennuation at high frequency improves as the time constant

of the filter, 7

filter?

increases. Meanwhile, the disturbance rejection performance at low frequency
deteriorates following the Poisson integral constraint in (3.13). The step responses in Figure 3.13(b)
show the tradeoff in time domain as well. An increased 7,,,,., reduces the amount of initial excursion,
but decreases the recovery time after the initial excursion occurs. Figure 3.14 summarizes the tradeoff

between the initial excursion and the recovery time in oxygen excess ratio during step disturbances.

The integral square output error .J,  —also increases as 7,,,., increases (in Table 3.1). Larger
2

T

filter

increases the recovery time and J, Ao despite the reduced initial excursions. The deterioration
2
in Jy__ can be seen by comparing the areas in Figure 3.13(b). The performance measure 1R I3
2
is similar to J Ao, 38 shown in Table 3.1. Although K7¢* and K3'**¢ are not necessarily the optimal

controllers since G, is not exactly static, the associated closed-loop performance is better than the



36

AIR FLOW CONTROL OF POWER-AUTONOMOUS FC SYSTEM

Magnitude

10

Disturbance response ratio R,

107 froveeemrren

I, p 20A step

10 10
Frequency (rad/sec)

T 0.05 T T T T
0
-0.05} T
-01} -7
. -0.15}
je}
<
° o2t
static —0.25} static
uw uw
== T 001 _03} == Tt 001 | |
T 0L Tiiter 01
= =~ Tt 04 -0.35f = = T =04
-+ open-loop -+ open-loop
-04 . . . -
102 100 0.2 0.4 0.6 0.8
Time (sec)

(a) Disturbance response ratio

(b) Step response

Figure 3.13: Disturbance rejection performance of static feedforward with filtered command
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Controller R[5 I
s 2 Oq
Kreal 0.1044 | 0.0632
K static 0.1051 | 0.0633
Kgtatie with 7, = 0.01 | 0.1114 | 0.0650
Kgtatie with 7., =0.1 | 0.1551 | 0.0760
Kgtatic with 7,,,,.. =04 | 0.3008 | 0.1052

Table 3.1: Performance measures |1 R, |3 and J X, during step disturbance
2

one obtained after the filtering.

3.5 Feedback control design

While the best performance can be achieved with the feedforward control proposed in Section 3.4,
feedforward control is sometimes sensitive to uncertainties. Feedback control based on additional
measurements could mitigate the sensitivity to modeling error and device aging, so the performance

of feedback controllers are studied next.

3.5.1 Cancellation with feedback control

Cancellation control that perfectly attenuates disturbance response in the performance variable z
may be achieved with a feedback controller. For the general control configuration with a feedback

controller K, depicted in Figure 3.15, the closed-loop response from w to z, T4y, is given by
Tow = Gow + GouKuy(1 — GyuKuy) Gy (3.28)

where Gy, Gy, Gyw and Gy, correspond the plant transfer functions in (3.4) and (3.5) of Sec-
tion 3.2. Since G,y # 0, Gyw # 0, and G, Gyu — G2uGyw # 0 in our problem, a feedback controller
K., = K¢

uy» Where
KC o sz

wo szGyu - quGyw

(3.29)

yields T, = 0, and thus may achieve perfect cancellation from the Lemma II1.5 in [19]. However,

the NMP zero (, of G, does not satisfy the multiplicity bound

Mzw (Cz) > My (Cz) + Myw (Cz) (330)

that ensures stability from Proposition IV.6 in [19]. Notably, the closed-loop system with the

cancellation controller K§, in (3.28) is unstable internally.
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w | Grw
Gyw
Gyu ) y

Figure 3.15: Control configuration with feedback control

3.5.2 Proportional integral feedback controller

The oxygen excess ratio A, regulation with feedforward control Kstatie or Kreal shows the best
integral square output errors from the results in Section 3.4. A simple, proportional and integral
(PI) controller

K
Kuy = Kp <1 + ?1> (3.31)

is added to the static feedforward controller K31%“  based on measuring the difference between W,
and Wcrpef in (3.6), so that a zero steady-state flow error and oxygen excess ratio can be achieved
despite model uncertainties.

The disturbance response ratios and step responses in Figure 3.16 show the differences between
the measurement (compressor flow) and the performance output (oxygen excess ratio) with different
feedback control gains Kp and K;. As can be seen in Figure 3.16(a), the disturbance response
increases at both low and high frequency ranges as K p increases. Larger feedback gain Kp leads to
fast settling in compressor air flow (in Figure 3.16(e)), but overcompensates A, and thus results in
larger A, excursion and slow recovery in Figure 3.16(c).

Increase in K also leads to increased disturbance response, but only at low frequency ranges
as can be seen in Figure 3.16(b). With small K the feedback control looses its control authority
and the feedforward controller determines the performance. The feedback control gains are chosen
as Kp = 0.01 and K; = 10. The closed loop system performance with these feedback gains is very
similar with the response obtained with the static feedforward controller in Section 3.4.

The feedback control designed in this section reduces the sensitivity function S = 1/(14 L) as can
be seen in Figure 3.17. In a case of feedforward control, the sensitivity of the system with respect
to uncertainties is equal to unity at all frequencies. Although it is hard to notice in the figure,
there exist the frequency ranges where the sensitivity function |S| > 1 in the case of combined
feedforward /feedback control, which follows the Bode integral relations [20].

The non-minimum phase zero ¢, in Gy, affects the closed-loop stability, so that the bandwidth of
a stable closed-loop system with feedback control is limited by the NMP zero, e.g., wpw,y < ¢, [47].
However, this feedback control limitation only implies control bandwidth bounds on regulating
the measured output y, and does not necessarily imply degradation in the performance output z
because there are differences between the response of G, and Gy,. As can be seen in Figure 3.16,

although high feedback gain improves the tracking of the compressor flow (measurement output y),
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Figure 3.18: Schematic of the fuel cell stack system with air flow control using compressor

it deteriorates the regulation of oxygen excess ratio (performance output).

In conclusion, a low gain feedback controller combined with static feedforward map could provide

a control design with adequate performance, robustness and complexity. The compressor control

command can be written as

Vem (1)

ol () +vlh (1)

f(Inet)

K p (W (La(t) = Wep(8)) + K1 / t(

W2 (I (7)) — Wep(7)) dr|  (3.32)

cp

and the air flow control architecture is shown in Figure 3.18. The feedforward control is implemented

as a look-up table, whereas the linear feedback control is based on the nominal operating point.



Chapter 4

Experimental confirmation

In this chapter, the model developed in Chapter 2 and the limitations identified in Chapter 3 are
qualitatively confirmed with experiments. The experimental setup consists of a small and com-
mercial fuel cell system (Nexa™ by Ballard Power System Inc.), an electric load and measurement
devices installed at the Fuel Cell Control Laboratory in the University of Michigan. Nexa™ fuel
cell stack system is an example of power-autonomous fuel cell system supplying power to all its
auxiliary components from its own stack power except during start-up and shutdown. Nexa™ has
its own dedicated proprietary controller and safety systems so the experimental data collected cor-
respond to the closed-loop behavior of the system. An external controllable load is used to test the
Nexa™ behavior.

Using this experimental setup, the closed-loop system response with the model and control design
developed in Chapter 2 and 3 is compared with the response of the Nexa™ system and a qualitative
confirmation of the model and controller is achieved. Although the qualitative confirmation is a
weaker result than a full validation, the comparison presented here provides some level of confidence
in the simulation model. Moreover, the comparison shows that all the previous modeling and
control analysis results can be applied to a much smaller fuel cell stack system (1.2 kW) than the

one originally used (75 kW).

4.1 System operation

The Nexa™ is fully automated, air cooled fuel cell system with internal air humidification, and is
designed to be integrated into portable and back-up power. The rated net power is 1200 W at full
load with the stack voltage at 26 V. The stack has a total of 47 cells connected in series. Hydrogen is
supplied from the compressed tank through the safety system and ambient air is used as oxidant to
the cathode through a built-in blower. The supply pressures to the stack are 5.0 psig for the anode
and 2.2 psig for cathode. The operating temperature is 65 °C which is controlled by another blower

in an air-cooled configuration. The operating pressure at fuel supply inlet is chosen at 20 psig.
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Figure 4.1: Experimental setup

Figure 4.1 depicts the Nexa™ fuel cell system, measurement and safety hardware. The ex-
perimental setup consists of the following equipment. An electric load (RBL488 TDI Transistor
Devices—Dynaload Division), an analog-to-digital converter board (National Instruments™ PCI-
6024E with 12 bit resolution, 200 kS/s maximum sampling rate) and NI™ LabVIEW™ are used.
The RBL488 load is adequate to test and analyze fuel cells with constant and transient power capa-
bilities. Sensors are designed and installed to measure the stack voltage, and the current of the fuel
cell stack and also the auxiliary load current. To accommodate the high voltage of the stack (from
26 to 50 V) to the adequate range for the A/D board, a simple resistor ladder with precision power
film resistors (in 21:1 ratio) is implemented. Two closed-loop hall effect sensors (CLSM-50LA from
F.W. Bell), which can pick up the current up to the frequency of 200 kHz, are installed for the net
current and auxiliary current measurement. During the experiment, the oxygen excess ratio is not
measured since there is no available space for the measurement of air flow rate before the cathode
inlet. Also typical air flow rate measurement, for example, the thermal anemometry (hot wire) flow

sensor can not be used for humid air after the humidifier.

Figure 4.2(a) shows the steady-state relation between the stack current and the stack voltage, or
the polarization curve, of the experimental FC. The regions of activation, ohmic and concentration
losses in voltage can be discerned in the voltage versus the stack current plot. The overall trend
in the polarization curve is similar to Figure 2.1, which is determined by Equation (2.1). In the
power-autonomous FC system, the auxiliary load affects the performance of the FC system. The
power performance is determined by the stack characteristics and auxiliary power for the air blower
and the cooling fan. As can be seen in Figure 4.2(b), the steady-state net power to the load is a
function of the net load current of the FC, which is similar to Figure 3.3. The net power of the
experimental FC increases monotonically as the net current increases to the rated maximum. Note
here that the current density of the experimental FC is not shown because the active area of the cell

is not disclosed from the manufacturer.
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Figure 4.2: Steady-state performance of the Nexa™ FC system

4.2 Experimental comparisons

Various models have been already proposed for the Nexa™ fuel cell stack system. A steady-state
polarization model is presented and the cell-to-cell voltage variations are observed in [72]. System
identification techniques are used for the parameterization of an equivalent electric circuit based on
electrochemistry principles [10]. The parameters for the equivalent electric circuit of the Nexa™ are
identified with impedance spectrum measurement. An equivalent electric circuit with static correc-
tion for the temperature effects is proposed [62].

The experiment is designed to show the transient responses of the voltage or the current of the FC
during the net current or the voltage changes, respectively. Due to the differences in the power and
the flow device used by FC in the model and the FC in the experiment, the experimental validation
is performed qualitatively instead of comparing the exact measurement.

We achieve here only a qualitative confirmation of the model and controller using the experi-
mental setup due to the differences between the fuel cells considered in the 75 kW fuel cell stack
system model and the 1.2 kW power experimental set-up. Although the difference in the power
range is important, the most important difference in the two systems is the operating pressure. The
compressor-driven FC in the model operates at high pressures whereas the blower-driven FC in the
Nexa™ experimental apparatus operates at low pressures. To compare the response of the two sys-
tems, the current and voltage load ranges for the simulation are chosen to be low (60/300 Amperes
and 250/350 Volts) in order to ensure operation of low pressure range to avoid the effect of the

cathode pressure variation.

4.2.1 Net current input

The experimental data during a command of net current input are shown in Figure 4.3(a). A net
load current increase from 20 to 30 A is applied to the experimental FC within 0.02 second at

0.2 second. A pure step change in net current is not applied in order to avoid the effects of the
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Figure 4.3: Experimental comparion - net current step

control logic in the electric load and the power cable between the stack and the load. The rate
of change of 10/0.02 = 500 A/sec is fast enough to excite the dynamics of the experimental fuel
cell. When the net current load increases, the stack voltage immediately drops following the current
input. Then there is a slow voltage decrease that matches the response of the measured auxiliary
current which increases rather slowly as shown in Figure 4.3(a). Due to the slow auxiliary current
increase, we postulate that a filtered feedforward controller similar to the one analyzed in Section 3.4
is used by the Nexa™ control system. In Nexa™ FC system, the air supply blower and cooling
fan are actually controlled by a pulse width modulation (PWM) command and thus the auxiliary
current measurement exhibits continuously pulsing results. The averaged current is calculated and
plotted over the measured current.

Simulation is also performed during a change in net current from 60 to 90 A. The air supply con-
trol is based on feedforward control from the net current measurement. The first order filter is added
to the feedforward control, which is shown in Section 3.4. The filter time constant 7,,.. = 0.4 sec-
ond is chosen to match the dynamics of the auxiliary current load. As can be seen in Figure 4.3(b),
the voltage dynamic behavior of the FC model is similar to the results of the experiment. The
simulation result in the compressor motor load I.,,, the stack current I,; and voltage v, supports

our conjecture about the air supply control strategy in the Nexa™ .

4.2.2 Stack voltage input

A stack voltage input is also applied to the experimental FC, which is shown in Figure 4.4(a). When

the stack voltage is used as the input of the system, the dynamic behavior of the stack current
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Figure 4.4: Experimental comparison - voltage step

represents the performance of the fuel cell system. Simulation results with voltage input are shown
in Figure 4.4(b). Although the input of the fuel cell stack system is the stack voltage, the air
supply dynamics of the fuel cell system are same as in the case of the current input model. The
same air supply control is applied with filtered feedforward command based on the net load current
measurement. Most features of the dynamic behavior of the experiment are predicted well with the
simulation. The net current shows overshoot after the step voltage decrease, followed by the increase

in auxiliary current load.

In the experimental comparisons with two different input situations, the model developed in
Chapter 2 and the control design analyzed in Chapter 3 shows the ability to describe transient
power performance of the FC. Here the oxygen excess ratio behavior is not verified experimentally
due to the lack of OER sensor. Based on the transient responses in the net load current and the
auxiliary load current, the changes in oxygen excess ratio are expected to be as in Figure 3.13(b).
In the case of the experimental FC system, reducing the occurrence of large excursions in oxygen
excess ratio is more critical due to the unknown pulsating loads typically observed in power supply
applications. Thus, we postulate that the feedforward control is passed through a slow filter, and
hence the initial excursion of the oxygen excess ratio is not affected by the air supply control during
step changes in current or voltage. The advantage of filtered command in air supply is reduced
disturbance ratio at high frequency current input (see Figure 3.13(a)), while the disadvantage is
slower recovery after the initial excursion, as can be seen in Section 3.4. If there exists a supervisory
controller that manages power drawn from the FC, high frequency current input can be filtered by

the DC/DC converter while low frequency current disturbance rejection in regulating Ao, can be
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achieved by the air supply control. The final two chapters cover these issues on integration of the
FC with DC/DC converter and battery.



Chapter 5

DC/DC converters for fuel cell

system

In this chapter, we present controller design and performance analysis of an autonomous FC power
system which is augmented with a DC/DC converter for regulated voltage power source. We show
that there is a tradeoff between the bus voltage regulation and oxygen excess ratio in the FC without
hybridization. This combination of FC and DC/DC converter is applicable for the stationary system
for back-up power or distributed power generation. In this case, the control objective of DC/DC
converter is dedicated to boosting varying FC voltage to constant output voltage at the power bus.
To investigate the coupled dynamics with currents and voltages in the fuel cell power system, it
is necessary to establish an analytic model for the fuel cell with DC/DC converter and design the
integrated system. In this chapter, it is shown that the dynamics of the DC/DC converter represents
the coupling of currents and voltages of the fuel cell and the DC/DC converter.

We also present the control design for the bidirectional DC/DC converter. The control problem of
bidirectional DC/DC converter arises when charging/discharging the battery to buffer the FC load.
Control effects of the bidirectional DC/DC converter are not known yet, because the bidirectional
DC/DC converter manifests the FC stack voltage and not the current, and the voltage dynamics
of the fuel cell have not been discussed before. We show here control design of the bidirectional
DC/DC converter for the FC hybrid architecture.

In the last part of this chapter, the effects of the DC/DC converter control on the fuel cell system
and the DC/DC converter are shown. The decentralized control scheme is applied to individual
controllers for the fuel cell system and the DC/DC converter. The current drawn from the fuel
cell is determined by the closed-loop performance of the DC/DC converter. Using the DC/DC
converter to shape the FC current can resolve the oxygen excess ratio regulation problem. Filtering
the current from the FC limits the ability of the DC/DC converter to regulate the bus voltage,
and thus it introduces a new tradeoff between oxygen excess ratio and bus voltage. The simulation

results show that there is a tradeoff between the two performance objectives, FC oxygen excess ratio
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Figure 5.1: DC/DC boost converter

and the output voltage of the converter. Finally, a model-based, multivariable optimal controller is

designed to moderate the performance conflict.

5.1 DC/DC converter

In this study, two kinds of DC/DC converter for fuel cell application are considered. First, the
unidirectional DC/DC converter transforms the DC fuel cell stack power to output voltage-current
requirements of the external power devices that connect to an FC system. Here we consider a boost
converter (shown in Figure 5.1) that can be used in PEM fuel cell applications. The voltage and
current at the DC/DC converter input are the FC stack voltage vs; and the net FC current I,

respectively. In steady-state, the converter functionality can be described by

vstInet = vbusIdc;

(1= d) et = ILge. (5.1)

The bus voltage vp,s and the output current I, are associated with the duty cycle d of the solid state
switch in the circuit. The inductance of input inductor L;,, the capacitance of output capacitor
Cout and the resistance of the load Rj,qq are shown in Figure 5.1.

In the area of fuel cell power applications, bidirectional DC/DC converter is considered, specif-
ically in a load-following fuel cell system that the FC power meets most of power demand while
small-sized battery covers some transients and start-up/shutdown [70, 72]. Bidirectional converter
has an ability to match high voltage fuel cells with low voltage battery when fuel cell is directly
connected to the DC bus in a hybrid configuration, as shown in Figure 1.2(b). Figure 5.2 depicts
one of the bidirectional converter topology for low voltage battery and high voltage DC bus.

5.1.1 DC/DC converter model

In this study, the DC/DC boost converter is selected for 50 kW power and based on 400 V output
voltage with nominal input voltage is 250 V and thus nominal input current is 200 A. Ideally the
input power is processed in a converter with 100 % efficiency. Actual efficiency is slightly less than

100 % due to the losses in the inductor, capacitor, transformer, switch and controller circuit. A
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Figure 5.2: Bidirectional DC/DC converter [65]

typical boost converter for PEM fuel cell application has about 95 % efficiency when the voltage
boost ratio is approximately two [67].

Increasing L;, reduces the ripple of the input current. Although large L;, protects the stack
from high frequency AC current, the associated increase in resistance might decrease the converter
efficiency. The size of Cyy is usually determined by the ripple specification of output voltage.
Other considerations such as the voltage and current limit of the capacitor should also be accounted
especially due to high voltage and current values associated with FC applications. For the subsequent
dynamic analysis, the values of inductor and capacitor are selected to be as L;, = 1 mH and
Cout = 1200 pF.

An average nonlinear dynamic model can be used to approximate the boost converter switching

dynamics [41]

dlne
Lin dt i = Ust — (1 - d)vbusu
dUbus Ubus
Cou = (1—=d)lpet — . 5.2
t (1= d)Inet R (5.2)

The inputs to the converter, based on realistic FC operation, are the duty cycle d, the input
voltage vy, and the output current, Iy. = Vpys/Rioad- Linearization and Laplace transformation

from these inputs to the output voltage vp,s provide the following transfer functions [15]

Vbus — Gd(s)d + GU(S)Ust - Zout(s)jout (53)
Vbus,n (1—dn)?Rioad,n _s
G o (1_dn)Rload,ncout Lin
als) = 2 1 (-d.)?
s+ S+
Rioad,nCout LinCout
1-d,
LinCouy
GU(S) — N inCout (17d )2
52 + s+
Rload,ncout Lincout
1
_ Cout
Toals) = T
§° + -
Rioad,nCout LinCout

where d,, is the nominal duty cycle and Rjoq4,, is the nominal load resistance. The transfer function

Zout 18 called converter impedance and represents the effect of small load (current) changes to vpys.
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Figure 5.3: Open-loop dynamics of G4 for different load levels

As can be seen in the zero at the origin of Z,,:, the steady-state output voltage is not affected
by changes in load. This capability to reject load disturbances (variation in I,,;) and regulate the
output voltage (vpys) is desirable. However, a zero at s = 0 corresponds to a derivative of the
disturbance input causing large deviation in vp,s during a step change in load. Thus, although the
zero at the origin helps the steady-state performance, it deteriorates the transient performance. The
impedance can also represent the dynamics of Rj,qq t0 vpys When the electric load is purely resistive
which is typical for automotive or backup power applications.

The output voltage dynamics depends on nominal power level and input voltage which are re-
flected in the open-loop transfer function through different d,, and Rjoq4,» values. It can be shown
that the characteristic equation given by the denominator of the transfer function of the transfer func-
tions in (5.3) has under-damped behavior for typical combinations of Li,, Cout, dyn, and Rjoed,n. The
damping ratio decreases when power increases or Rjoqq,n decreases in ¢ = m \/m .
The gain and phase Bode plots of the transfer function G4 in (5.3) shown in Figure 5.3 describes
the open-loop dynamics (from control input d to performance variable vpys).

Low damping of the open-loop dynamics causes undesirable output oscillations that can be
reduced with judicious control design as discussed below. As the Bode plots indicate, the open loop
converter has fast dynamics with natural frequency wy, = (1 —dp,)/v/LinCout approximately at 1000
rad/sec. The fast converter dynamics cause abrupt changes in I,,.; and act as a disturbance to the
fuel cell. Therefore, the converter control design has to reduce this high frequency disturbance to

the fuel cell by providing damping, or in other words, filtering the current I,,.; drawn from the FC.

5.1.2 DC/DC converter control

The converter control objective is to maintain constant bus voltage despite variations in the load

and the input (fuel cell) voltage. In the fuel cell application, the converter operates in large range of
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power. We thus consider disturbances in Gjoqq = 1/Rjoad that can capture the large load variation
better than the output current I,,; formulation in Equation (5.3). Nonlinear control techniques
in [16] were employed to handle large variations in converter loads. We employ linear control tech-
niques similar to [15] and formulate the bus voltage regulation problem using the control structure
in [25].

In the DC/DC converter model described in Figure 5.1 and Equation (5.2), the only control
input is the duty cycle of the DC/DC converter. The duty cycle, the actual control command to
the DC/DC converter, is controlled in order to achieve the following objectives: (i) protect the fuel
cell system from abnormal load including transient and (ii) maintain the DC-bus voltage vpys. In
our case, the fuel cell is augmented with the DC/DC boost converter, matching the voltage of the
DC-bus, vpys to the desired value U;ig . By changing the duty cycle, the net current of the fuel cell
and the bus voltage can be regulated, but not independently from each other.

Figure 5.4 shows the controller design for a DC/DC converter. Dual loop control (voltage/current
control) can be implemented for the DC/DC boost converter [41]. Both current of the fuel cell, I,

and voltage of the bus, vp,s are controlled by the feedback controller.

Ust l lRload

ref Vbus

v
bus o o |4, pe/pc
N Y _% 1 Converter _L‘Let

Figure 5.4: DC/DC boost converter control

In this control scheme, the outer loop controller C, is composed of a proportional-integral (PI)
controller for zero steady-state error in DC-bus voltage U;ig . Then the output from C, can be the
virtual reference of I,.;, which becomes the current drawn from the fuel cell when the converter
connects to the fuel cell. Nonlinear logic such as slew rate limiter, saturation or any kind of filter
can be added to shape the current from the fuel cell stack [67]. A proportional controller (P) is used
for the net fuel cell current controller C;. Both P and PI controllers for C, and C7, respectively,
can be tuned sequentially using classical control techniques. The C,, and C; controllers can also be
tuned using single-input, single-output classical proportional, integral and derivative (PID) control
tuning techniques for regulating vp,s. Indeed, adding a proportional feedback C; around the I,.:
measurement is equivalent to a derivative controller around wvp,s which is needed to dampen the
typically under-damped DC/DC converter dynamics, which is shown in Section 5.1.1.

We choose to apply a model-based linear quadratic regulator approach after transforming the

C, and C7 controllers to state feedback as follows. The controlled duty cycle d is

KI'U

d(S) = —Kpylnet (5) - KP'U'Ubus(S) - Ubus(s) (54)

and formulated as state feedback when an integrator ¢, where dq/dt = vpys, is added for the wvp,s

regulation objective. The optimal state feedback gains Kp,, Kp, and Ky, can be selected from a
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linear quadratic regulator design [25]. The controller gains are derived based on the minimization

of a quadratic cost function

= [ e vbus]QlI”“

Vbus

+uTRu + ¢q"Qrqdt. (5.5)

With known gains, two equivalent controllers, C, and C; are separated

KPU KIU
CU(S) - KD + KD S
Cr(s) = Kbpo. (5.6)

Figure 5.5 shows simulation results of the boost converter with two degree of freedom controllers
(solid line) and the open-loop performance (dashed line). The feedback controller gain is determined
by the LQR weight matrix @ = I, Q7 = 10000 and R = 0.1. First, a step decrease of input voltage
from 250 V to 225 V is applied to emulate fuel cell voltage which corresponds to 70 mV average cell
voltage drop. During this change, shown in (a), the duty cycle d increases and draws more current
from the input source. The performance variable vy, recovers within 0.1 second. The controller
can be tuned to handle the input voltage change faster at the expense of faster transient in current
drawn from the fuel cell I,,.;. The graphs in column (b) show the closed-loop response during a load
change. The load change corresponds to increase in power from 50 kW to 55 kW. In this situation,
steady-state voltage regulation is not a problem because the DC gain of the impedance transfer
function Z,,; is zero as discussed in Section 5.1.1. Nevertheless, the controller we design reduces
d for a short time. This decrease helps filter the sharp and oscillatory current in I,.; that would
have occurred otherwise (shown in dashed line). Here it can be observed that the closed-loop I,
increases and settles to the next steady-state level in both input voltage change and output power
change. This behavior clarifies the causality between the fuel cell and converter dynamics, where

the fuel cell becomes a current source in the output voltage regulation problem.

5.1.3 Bidirectional DC/DC converter model

In a case of load-following fuel cell hybrid system depicted in Figure 1.2(b), the major power flows
from the FC to the load directly without a DC/DC converter. Here a small amount of battery current
flows through the DC/DC. This configuration has an advantage on efficiency because it avoids the
DC/DC converter losses. The size and power requirement for bidirectional DC/DC converter is thus
relatively smaller than the ones for the DC/DC converter in Section 5.1.1. Here we consider 10 kW
power bidirectional DC/DC converter that boosts 24 V battery power to the stack bus voltage, or
charging the battery with fuel cell power.

Given the topology in Figure 5.2, the switches of the converter operate only in two different

switching states, leading to the simplified analytic model shown in Figure 5.6. An averaged model
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based on duty cycle d can be described in [65]

d 1—-d

Linalbt = —T’Ust + Vbt (57)
d 1-d 1

Cout —vst = Iy — ——vg + Ine 5.8

tdtv t N Rloadv t T Lnet (5.8)

where vy is the battery voltage and Ip; is the battery current, respectively. For the subsequent
dynamic analysis of the bidirectional DC/DC converter, the values of inductor and capacitor are
selected to be as L;, = 13 uH, Cyyr = 10000 puF and the transformer ratio of N = 5.

Figure 5.7 shows open-loop dynamics of the bidirectional converter with respect to changes in
load resistance Rjqq, fuel cell current I,.;, battery voltage vy and duty cycle d. During the changes
in the load resistance or fuel cell current, the stack voltage varies abruptly, which may increase in
the fuel cell current also. The battery current changes much and stays away from zero when the
other operating conditions vary. This can cause aggressive battery use especially when we consider
small-sized, low voltage battery for load-following fuel cell configuration. By changing the duty
cycle, the fuel cell stack voltage and the battery current can be regulated, but no independently

from each other.

5.1.4 Bidirectional DC/DC converter control

The control objectives of the bidirectional DC/DC converter depend on the electric architecture. It
was qualitatively described that the controller that splits load to the FC and battery can be achieved
indirectly by adjusting bus the stack voltage using battery and bidirectional DC/DC converter [58].
The dynamics of bidirectional DC/DC converter are tied with the load current, fuel cell net current,
battery voltage, and the control input, duty cycle d as can be seen in Equation (5.8).

Figure 5.8 shows the controller design for a bidirectional DC/DC converter. Dual loop control
(voltage/current control) can be implemented, which is similar to the one shown in Section 5.1.2.
Here both current of the battery, I; and voltage of the fuel cell, vs; are determined by the feedback
controller. We can again choose to apply a model-based linear quadratic regulator approach after

transforming the C, and C} controllers to state feedback as follows. The controlled duty cycle d is
d(s) = —Kprlp(s) — Kpyvsi(s) — ——1Ipe(s) (5.9)

and formulated as state feedback when an integrator ¢ is added for the Ip; regulation objective. The
optimal state feedback gains Kp;, Kp, and Kj; can be selected from a linear quadratic regulator

design. With known gains, the two equivalent controllers, C, and C7, are separated

Kpr  Kipr
C p—
I(S) KP'U + KP’US
Cy(s) = Kpy. (5.10)

The details in control results are shown with the hybrid configuration in Section 6.3.
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5.2 Coordination of the DC/DC converter with the fuel cell

Here we first consider the integration of the fuel cell with the controlled compressor, and the con-
trolled DC/DC converter in autonomous power supply. This integration exactly follows the hybrid
configuration of the FC in Figure 1.2(a) except battery is not included. In an industrial application,
the fuel cell with its compressor and compressor controller is viewed as one component and the
DC/DC converter with its controller as another as shown in Figure 5.9(a). Typically, these two
components are provided by different manufacturers based on some initial specifications. The two
controllers are calibrated separately and small corrections are performed after the two components
are connected. This control architecture is called decentralized, and the calibration is called sequen-
tial, because one controller is tuned and then the other is re-tuned to minimize interactions between
the two components. The process is sometimes tedious and can be suboptimal even after many
iterations.

Another tuning methodology that chooses the right calibration by taking into account the com-
ponent interaction is called multivariable and results in a centralized controller as shown in Fig-
ure 5.9(b). Decentralized control is successful if there is minimal coupling between the two systems.
In our case, the performance variables )\02 and wvp,s are conflicting with each other and result in a

challenging calibration problem.

5.2.1 Decentralized control

When the fuel cell with its compressor and compressor controller is viewed as one sub-system and
the converter with its controller as another, two different control objectives, oxygen excess ratio
regulation in the fuel cell and bus voltage regulation in the DC/DC converter are pursued by two
controllers.

The control objective of regulating the oxygen excess ratio A, can be achieved by a combination
of feedback and feedforward control by measuring the compressor air flow rate W, and the demanded
load current I,,¢;. Figure 3.18 in Chapter 3 shows the feedback and feedforward controllers which
are designed to regulate the oxygen excess ratio in an autonomous fuel cell power system.

Regulating air flow in power-autonomous fuel cell system has inherent performance limitations.
The volume of supply manifold including humidifier and heat exchanger after the flow meter causes
significant lag or delay on regulating oxygen excess ratio inside the stack [52, 60]. On the other

hand, using a large compressor control effort may overcome the limitation above at the risk of
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causing instabilities when the compressor draws current directly from the stack [49]. These control
performance and limitations in the FC air supply are analyzed in Chapter 3. The oxygen excess
ratio \,, regulation with combined feedforward/feedback control shows the best results within the
inherent limitations. Then the load current to the fuel cell stack is shaped (filtered) to improve the
performance of the closed-loop air supply dynamics. The selection of control gains in the DC/DC
converter mainly handles the bus voltage regulation. This calibration allows us to modify the fuel
cell current request based on its impact on oxygen starvation.

Figure 5.10 shows the simulation results of the fuel cell power system with two decentralized
controllers during a step load resistance change to the DC/DC converter input. The step size of the
resistance load change matches with the increase of the output power from 40 kW to 45 kW so that
the output power reaches to the 45 kW when the bus voltage vp,s of the DC/DC converter settles to
nominal value of 400 V. The net fuel cell current I,,¢;, which is the output of the DC/DC converter
and the input to the FC in Figure 5.10, is filtered as a results of the integration with DC/DC
converter, but the net current overshoot with the effort of regulating the bus voltage, consequently
affecting the oxygen excess ratio, that is the performance output of the FC. The compressor command
Vem 18 determined by the controller designed in Section 3.5.

As can be seen in dashed line in Figure 5.10, when the converter controller acts fast to regulate
Vpus, there exists large excursion in A, . The control gain of the case DEC1 is determined by LQR
weight matrix of @ = I, Q; = 1000 and R = 0.1. The duty cycle d reacts faster after the step load
change in Rj,qq in order to regulate vy,s. The following increase in d causes a sudden current load
I,¢¢ increase, which causes unacceptable /\02 excursion. The effect of load increase becomes severe
due to the compressor current I, drawn from the FC, which can be estimated by observing the
compressor input v..,, the stack current Is;, and the net current I,.:.

Detuning of the converter controller is necessary to avoid this fast interaction in the fuel cell.
As can be seen from the result of the fuel cell controller in Chapter 3, reducing high frequency
current load by changing the bandwidth of the DC/DC converter control is desirable to reduce large
excursion in the oxygen excess ratio (see Figure 3.16). The solid line (DEC2) shows the simulation
results after the detuning by the LQR weight matrix of @ = I, Q7 = 100 and R = 0.1. Now the
duty cycle reacts slower than the tune of DECI, filtering the FC net current and avoiding the large
Ao, excursion. For these converter gains, the output voltage vpys recovers slowly demonstrating
performance tradeoffs between the oxygen excess ratio regulation and the bus voltage regulation.
Full state feedback control is introduced in the next section to allow coordination between the
DC/DC converter and the compressor controller and check if it is possible to improve further both

performance variables Ao, and vpys.

5.2.2 Full state feedback control

As we have seen in the previous section, the two performance outputs are conflicting. It is, thus, not
clear if any control design can improve the performance of both outputs. A centralized, model-based

controller is designed to define the optimal signals within the conflict. The approach is known as
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linear quadratic regulator (LQR). We employ linearization of the state-space representation of the
FC model in Chapter 2 and the static feedforward control design in Chapter 3, and the DC/DC

converter of Section 5.1 at 40 kW power level

t = Ax+ Byu-+ B,w
y = Cyx+ Dyu
z = C,z+ D,,u (5.11)

where the state z, input u, disturbance w, measurement y, and performance variable z, are

r T
r = POy PNy Wep Psm Inet ’Ubus}
w = Gload
r T
u = Vem d}
: X T
y o= [ Wil W g, |
r T
z = )\Oz vbus:| . (512)

The units are pressure in bar, rotational speed in kRPM, mass flow rate in g/sec, voltage in V, and
current in A. Note here that the static feedforward control from I,,.; measurement to the compressor

control from Section 3.4 is included into the plant model above.

To eliminate steady-state error, integrators on the two measurements, Wchef — Wep and vp) ., are
added to the controller. And it is assumed that two outputs can be directly and instantaneously

measured. The state equations of the integrators are

A || W =W (5.13)
dt | go o

where Wcrsz from Equation (3.7). The augmented plant, which combines the original states, z, and

the integrator, ¢, is represented by

wLllasll)

The optimal control law uses a state feedback with integral control

A0
c, 0

By,

u + w = Auxq + Buatt + Buaw. (5.14)

Dy,

Po,
Vem . q1
u = [ ‘| = _KLQR : _KI,LQR [ ‘| . (5.15)
q2
Ubus

The sixteen unknowns elements of the controller gain Kror and K7 rgr are derived based on the
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minimization of a quadratic cost function

J = / 27Q.z 4+ uTRu+ qF Qrqdt
0

[eS)

T
/ Ia
0

that explicitly depends on the performance variables A, and vp,s through the weights Q., Qr

crQ.c. 0
0 Qr

zo +ul Rudt = / tTQx, + u” Rudt (5.16)
0

and R. The actuator cost is added to the cost function through the weight R to prevent excessive
actuator inputs, which is especially useful for the air compressor controller. Different coefficient in

Qs and R can be applied in J for tuning the optimal control law (5.15), so that the control gain is
[ Kror KrLop } =R'B; P (5.17)

where P is the solution to the Algebraic Riccati Equation (ARE)
PA,+ATP+Q - PB,R'B'P=0 (5.18)

which can be solved using MATLAB.

The linear simulation result of the coordinated controller is shown in Figure 5.11. The detuned
decentralized controller (DEC2) is also shown with dash-dot line for comparison. Same step re-
sistance change input is applied intending to increase output power from 40 kW to 45 kW. The
centralized controller CEN is tuned to match the wvp,s settling of the detuned, decentralized con-
troller DEC2, but performs considerably better than the decentralized controller in regulating A, .
The relatively slow recovery of A, from CEN controller is a drawback, but A, excursion is reduced
significantly. The voltage recovery of the centralized controller CEN1 ensures 5 kW power increase
in 0.4 seconds same as the decentralized controller. The control strategy based on LQR design can
be observed with the response the duty cycle d in the solid line. The duty cycle initially drops to
protect the FC while waiting for the air supply to increase. When the compressor ramps up then d

increases rapidly to recover the output voltage vpys.

The responses shown in this section is based on the assumption that all system states x are
known. In practice, a state estimator (or observer) is needed to estimate the system state 2 from

available measurements y. The design of a state observer is presented in the following section.

5.2.3 Observer design

The estimate of the state &, used in the calculation of the control input (Equation (5.15)) is deter-
mined by a state observer based on Kalman filter design. Besides the measurements for integrator
states, which are y; = W, and y2 = vpys, the FC system and the DC/DC converter has available

measurements such as y3 = I, Y4 = vg and ys5 = L. Also supply manifold pressure yg = psp, is
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measured. The observer state equations are

A% + Byu+ Byw + L(y — )
§ = Cyi+ Dyu (5.19)

&>
Il

Based on the Linear Quadratic Gaussian method, the optimal gain L is
_ orTyr—1
L=SC, W, (5.20)
where S is the solution to dual of the ARE
SAT + AS +V, + SC, W, C,S = 0. (5.21)

The positive definite matrices, V, and W, represent the intensities of process and measurement

noises, respectively. The weight matrices chosen are

Ve = diag [1 1 1 1 1 1|+aB,Bl

W, = 1x10%diag [1 1 1 1 1 1] (5.22)

The V,, is in the form used in the feedback loop recovery procedure [14]. Using this procedure,
the full state feedback loop gain properties can be recovered by increasing the value of a. The value
of a chosen in this design is 1 x 107!, Figure 5.12 shows the response of observer error based on the
measurements in linear simulation. The initial errors of all states are set at 1% of deviation from
nominal points.

The nonlinear simulation of the system with output observer feedback is shown in Figure 5.13.
A step change in resistance input is applied intending to increase the output power from 40 kW to

47.5 kW. The bus voltage recovery and A, excursion of the output-based CEN matches with the
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performance achieved with DEC2, with minor improvement in A, excursion. The oxygen excess
ratio shows less deviation with CEN, but the penalty comes with the bigger output voltage drop.

Based on the nonlinear simulations and baring in mind that there will be a small mismatch
between the model used to design the centralized controller and the plant, we conclude the following.
The coordination between the air supply compressor and the DC/DC converter controllers cannot
outperform a well tuned decentralized controller, especially, when the tuning of the DC/DC converter
controller is based on the understanding the FC stack system limitations. This understanding can
be established by the methodology of Chapter 3, applied to a FC model of Chapter 2.

The optimal control tuning based on the quadratic cost function in (5.16) manages the oxygen
excess ratio from the communication and coordination in the system. However, the consequence
of the increase in the bus voltage drop in Figure 5.11 raises questions associated with the power
quality. The performance of the controller needs be evaluated with the load profiles for the specific
applications, and the vehicle propulsion loads will be applied to compare the performance of the

decentralized and multivariable controllers in Chapter 6.



Chapter 6

Control of FC hybrid electric

vehicle

This chapter presents details of the electric configuration and control in the fuel cell hybrid system,
performing system analysis with transient response characteristics. First, the control methodology
for FC air supply and DC/DC converter in Chapter 5 is extended to the FC hybrid vehicle con-
figuration in Figure 1.2(a). Hybridization in FC system with added battery offers more degrees of
freedom on the system performances, which depends on the controller architecture and strategy. As
a result, it is expected that battery added to support the voltage bus will relieve the major conflict
between regulating A, and vpys shown in Chapter 5. On the other case, added battery will affect
the performance of the fuel cell along with the bidirectional DC/DC converter in the configuration
of Figure 1.2(b). In both cases, control of the (unidirectional or bidirectional) DC/DC converter
manages the power split between the FC and the battery in hybrid configurations.

In this chapter, the FC hybrid models comprising of the fuel cell, the DC/DC converter and
the battery are developed. Complete forward-facing, causal models for a fuel cell hybrid vehicle are
designed for component evaluation and detailed control simulation. The performance is evaluated
for each component and system in dynamic simulation of the forward-facing model. Interactions
among the driver command, vehicle dynamics, traction motor load, DC/DC converters, battery and
fuel cells are highlighted. The baseline performance with decentralized controller is established and
multivariable control design also is applied and compared as is in Chapter 5, assessing the effects of
control calibrations.

Specifically, the air-supply sub-system and its dynamic control is implemented and evaluated
during simulation analysis. The model captures the dynamic effect of the air supply compressor,
which results in major power losses in a direct hydrogen fuel cell system. The different control
strategy and tuning for the DC/DC converter is considered to achieve the power split and fuel cell
protection. To focus on the modeling and control of FC hybrid power system, a battery model,

which can capture the dynamic behavior between voltage-current relations, is used.

65
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Figure 6.1: FC HEV powertrain causality flowchart (a)

In this work, regenerative braking is not included to concentrate on the interaction between the
FC, battery and the load. The model for regenerative braking can be added to charge the battery
by the current from the motor after isolating the fuel cell. The electric architectures considered in
this work is also applicable to auxiliary power unit (APU), which usually has no energy recovery
devices, by replacing the vehicle propulsion load with other electric loads. Cold start and shut-down

are not considered in this work.

6.1 Fuel cell hybrid vehicle models

The fuel cell hybrid vehicle models in this chapter include not only the forward-facing vehicle and
traction motor model but also complete causal models for the fuel cell system in Chapter 2 and 3,
the DC/DC converter in Chapter 5 and the battery.

Figure 6.1 depicts the causal flow chart of a fuel cell hybrid vehicle model in the electric archi-
tecture of Figure 1.2(a). The fuel cell system model in this work captures dynamic performance
in power including effects of parasitic losses. As can be seen in the block diagram of the fuel cell
system, the disturbance input to the fuel cell system is the net current I,.; and the performance
output is the stack voltage vs;. The model also predicts oxygen starvation from the dynamics of its
air supply system. In the causality flowchart, the fuel cell system model includes air supply system
with flow and electric coupling from the input command of air compressor motor, which is developed
in Chapter 2 and 3. The compressor command input v, is controlled to prevent oxygen starvation
during the vehicle operation.

The DC/DC converter maintains the bus voltage that supplies power to the inverter/motor and
auxiliaries, and the battery matches additional power for the load or captures the remaining power
from the fuel cell. The dynamic model of DC/DC converter developed in Section 5.1.1 is applied, so
that the DC/DC converter connects the fuel cell system with the battery and the vehicle propulsion
load with the duty cycle input d. The disturbance inputs of the DC/DC converter model are the
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fuel cell stack voltage vs; and the DC/DC output load current Iz.. The outputs of the DC/DC
converter model are the fuel cell net current I,,.; and the bus voltage vp,s. The load current to the
DC/DC converter, I, is defined from the traction load current Ij,.q4 and the battery current Iy, or
Iic = Tioad — Ipat- Thus the traction power is drawn from the fuel cell and the battery. Here the
battery is modeled with the voltage input vp,s and the current output Ip.

Figure 6.2 depicts another causal flowchart of the fuel cell hybrid vehicle model in the electric
architecture Figure 1.2(b). In this case, the DC bus line is directly linked with fuel cells, leading to
varying bus voltage [32]. This configuration is realized in hardware with the bidirectional DC/DC
converter located between the battery and the load. Although the flow chart looks similar to the
one in Figure 6.1, the major difference is that the positions of fuel cell system and battery, which
are switched with each other. The inputs and outputs of the FC and battery are also switched, such
that now input of the fuel cell system is the stack voltage vy instead of I¢. The control of the
bidirectional DC/DC converter manages battery current I, and thus the voltage of the fuel cell
stack is controlled. In the two causal flowcharts, the motor, motor control unit (MCU) and vehicle

parts are commonly used.

6.1.1 Motor, motor control unit and vehicle model

In an FC electric hybrid drive train, the driver control command directly manipulates the torque/power
of the traction motor. In actual vehicle, the driver command is interpreted as a variable fre-
quency/amplitute command through the DC/AC inverter and AC machine. In this work, inverter,
motor and control unit are modeled as a DC motor with the driver torque demand, the speed of the
motor w,, and the DC-bus voltage vp,s as inputs and the load current I;,,q as output. The values
of the traction motor parameters are shown in Table 6.1.

The motor torque T, generated following the driver command forms the traction force of the
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Table 6.1: Traction motor parameters
Variable Value
Traction motor constant | 0.15 V/(rad/sec)
Traction motor constant 0.15 N-m/A
Resistance 0.002 Q

Table 6.2: Baseline vehicle characteristics

Variable Value
Total vehicle mass 1591 kg
Aerodynamic drag coefficient | 0.312
Frontal area 2.06 m?
Rolling resistance coefficient 0.02
Radius of wheel 0.3 m
Accessory load 500 W

vehicle. The vehicle speed is the output of first order vehicle dynamics associated with its mass
and other parameters through the traction force. In driving cycle simulation, the driver command
is the output from a proportional-integral (PI) controller that is designed to track the speed of a
given cycle. For this study, the fuel cell hybrid vehicle characteristics are assumed to be based on a

compact sedan. The values of the parameters for the vehicle model are shown in Table 6.2.

6.1.2 Battery model

The battery current is determined by an internal resistance model
Upt = Vo — RintIpt. (6.1)

The battery open circuit voltage v, and the internal resistance R;,; are static functions of the battery
state of charge (SOC) as shown in Figure 6.3 (a) and temperature T. The internal resistance of the
battery also changes with sign of the current, or charging/discharging as shown in Figure 6.3 (b).
Assuming the battery is placed in parallel with the DC/DC converter, as shown in Figure 6.1,
the terminal voltage of each battery module is determined by the DC/DC converter (vp: = vpys/31)
and the battery current is then
Vo(SOC,T) — vpt

Iy = . 6.2
bt Rint (SOC, sign(Iy), T) (62)

Table 6.3: Battery parameters

Variable Value
Capacity 18 Ah
Charging efficiency 0.9

Maximum allowable voltage | 16.5 V
Minimum allowable voltage | 9.5V
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Figure 6.3: Battery model

Here we assume that the battery temperature is maintained constant with an external cooling
circuit. The battery parameters are based on the Lead-Acid type battery in ADVISOR model [35]
and summarized in Table 6.2.

The SOC is calculated from the battery current and the capacity of the battery (1/kp:)

(6.3)

dsocC - koot Iy >0
at

—Mptkoedpe  Tpe <0

where my,; is the battery charging efficiency. Figure 6.3 (c) shows the block diagram of the battery
model and the relationship between the battery parameters, R;,; and v,, and the state of charge.

To ensure proper shut down and start-up power from the battery, the battery should remain half
charged. The SOC of each of the 31 battery modules is indeed maintained at 0.6 as shown later
by regulating the bus voltage at 400 V. Note that at SOC=0.6 a battery module has open circuit
voltage of 12.9 V (Figure 6.3 (a)), thus 31 modules at SOC=0.6 can be connected in parallel with
the 400 V bus.

6.2 Control of FC hybrid power - part (a)

We first consider decentralized control as in Chapter 5, combining the fuel cell with its compressor
and compressor controller and the DC/DC converter with its controller as another. Two different
control objectives, oxygen excess ratio regulation in the fuel cell and bus voltage (or battery SOC)

regulation in the DC/DC converter are pursued by two controllers.
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The dynamic coupling between the voltages and currents among the fuel cell, battery and the
traction load is captured by a dynamic model of the DC/DC converter as shown in the electric
hybrid configuration of Figure 6.1. A DC/DC converter controller is then designed to boost and
regulate the voltage at the converter output. Good regulation of the voltage at the converter output
is typically achieved by large current drawn from the fuel cell and it is typically followed by small
currents drawn from the battery. The converter controller can be tuned to avoid causing abrupt
current draw from the fuel cell. In this work, various DC/DC converter controller gains result in
different levels of power split between the fuel cell and the battery. It is thus possible to assess the
effects of control calibrations on the power split, FC oxygen excess ratio, compressor behavior, and
vehicle efficiency.

In the last section, we introduce coordination between the DC/DC converter controller and the
FC controller, which follows the one in Chapter 5, into a combined system controller with optimal
gains that emulates an FC load-following power split scenario. The centralized control accounts for
the limitations in the fuel cell system and allows us to construct a controller for the smallest possible
power assist level without compromising the fuel cell operation. The results of fuel economy and
battery sizing with the dynamic model and control in this work provide insight on the necessary

hybridization of a fuel cell power system without employing cycle-dependent optimization.

6.2.1 Hybrid power management

The control objectives for fuel cell hybrid power train are as follows: (i) protect the fuel cell system
from abnormal load including transient (ii) maintain state of charge of the battery (iii) maintain the
DC-bus voltage vpys (iv) regulate the current (from both the fuel cell and battery) to the optimized
values if supervisory control demand exists. A control strategy for splitting power between the fuel
cell and the battery is implemented based on controlling the duty cycle of the DC/DC converter.
In our case, the fuel cell is augmented with the DC/DC boost converter, matching the voltage of
the DC-bus, vpys to the desired value v;jf . By changing the duty cycle, the net current of the
fuel cell and the voltage of the battery which is equal to the bus voltage can be regulated, but not
independently from each other.

Dual loop control (voltage/current control) is applied for the DC/DC boost converter as shown
in Chapter 5 (see Figure 5.4). Both current of the fuel cell, I,.; and voltage of the bus, vp,s are

controlled by the feedback controller. Regulating vp,s to a vgef

s 1s equivalent to regulating I; to zero

due to the integration achieved naturally through the battery state of charge (see Figure 6.3). The
regulation at zero battery current ensures that the battery serves as a power assist device without
an explicit supervisory controller.

If there is a pre-defined current command from the supervisory control or fuel cell system itself,
the current loop (inner loop), C; control can be used without the outer loop C,. The demanded
current can be drawn from the fuel cell as fast as the control bandwidth of the inner loop allows.
The supervisory command may decide the fuel cell current for optimal efficiency in terms of energy

management or dynamic FC limitations such as oxygen starvation. Many FC manufacturers bundle
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Figure 6.4: Vehicle speed on the FTP cycle

their FC with a fuel cell controller unit that broadcasts the maximum FC current that is safe to
draw from the FC. This signal can then be used with the inner loop controller C;, eliminating the
C, controller. Nonlinear logic such as a slew rate limiter, saturation or filter can be added to shape
the current demanded from the fuel cell stack. However, current control can lead to conservative
operation of the fuel cell or excessive battery use. Due to the complexity and uncertainty in the
fuel cell system, control of battery current has lower priority most times. Thus it is necessary to
implement high fidelity logic that can handle the fuel cell and battery performance with extensive
optimization.

The outer loop through the selection of C, gains mainly handles the bus voltage regulation if
there exists no supervisory control command. We define the DC/DC converter loop time constant
Tae as the time needed to regulate wvpy,s within 63 % of vng after a load disturbance Ij.. This
time constant also defines how fast I,,.; is drawn from the FC and should be tuned to match the
dynamic performance of the fuel cell system. The C, calibration allows us to modify the fuel cell
current request based on its impact on oxygen starvation or other dynamic limitations. The dual loop
controller in (5.4) shows that the dual loop can manage the fuel cell system and battery performance
in hybrid power and achieve different power split levels depending directly on the controller C), gains

and the achieved closed loop time constant 7.

6.2.2 Effects of control strategy on fuel efficiency and hybridization level

The simulation results from the causal model for the fuel cell hybrid powertrain show the impact of
different sub-system control designs on the hybrid design. Two different control calibration emulating
load-following and load-leveling scenarios were designed to demonstrate the characteristic of the fuel
cell operation. Both control strategies use decentralized control to show the effect of controller
design on the performance of oxygen supply and power split. Simulation comparison is performed
first using the FTP (Federal Test Procedure) driving cycle, which emulates an urban route as shown
in Figure 6.4. Battery and FC sizes are fixed in the simulation analysis to concentrate on the effect
of the control strategy (effect of C,, calibration).

Figure 6.5 shows the simulation results for a portion of the FTP driving cycle with two different

power control calibrations. First a controller calibration, that results in a load-leveling FC hybrid,
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Figure 6.5: Power split in the FTP driving cycle with respect to control calibration

is considered which uses limited FC power and relies on transient power from the battery. The
power split is achieved by the DC/DC converter control in (5.4) with low bandwidth (74.=2 s) in
the voltage loop. The other strategy shown is a load-following FC, which uses the FC power to the
maximum whenever needed. The control calibration was performed by changing the bandwidth of
the DC/DC converter response, i.e., fast response of the DC/DC converter for load-following FC
operation (74.=0.6 s).

During cycle simulation, the operating characteristics of the FC hybrid vehicle depend on the
control calibration. Although both the load-leveling and load-following FC hybrid show limited FC
net power below 36 kW, maximum power from the battery differs from 17 kW (load-leveling) to
7.5 kW (load-following). As can be seen in Figure 6.5, battery power is mostly used as transient
power assist in load-leveling FC hybrid.

The changes in control calibration have limited effect on the fuel cell in the case of FTP driving
cycle (mild power demand), leading to FC usage up to current density of 0.43-0.53 A /cm? as can be
seen in Figure 6.6 (a) and (b). Even though load-following operation of FC shows higher power use in
FC (0.53 A/cm?), the histogram distribution (in the bar graph) shows similar overall characteristics.
In both cases, the FC operates in the region of system efficiency over 45 %.

Simulation comparison is also performed on a portion of the US06 driving cycle which represents
driving with hard-acceleration and high power demands as shown in Figure 6.7. Figure 6.8 shows
the simulation comparison with two different power control calibrations during the portion of the
US06 cycle. During aggressive demands in propulsion power, the operating characteristics of the
FC depend on the control strategy. The load-leveling FC hybrid shows limited FC power up to
40 kW and uses battery power up to 30 kW. The load-following FC tuning uses FC power to satisfy

approximately the maximum transient vehicle power demand of 50 kW.

In both cases, accurate air-supply and power-assist ensure regulation of oxygen supply in safe
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Figure 6.8: Power split in a portion of US06 driving cycle with respect to control calibration

regimes as can be seen in Figure 6.9 (a) and Figure 6.10 (a). The oxygen excess ratio A, is well
regulated around the desired setpoint ()\(T)Zf = 2) without large excursion, which could cause oxygen
starvation. The regulation is achieved despite the large currents drawn from the fuel cell, 0.7 A /cm?
and 1 A/cm? for the load-leveling and load-following calibrations as shown in Figure 6.9 (b) and
Figure 6.10 (b). As the power demand of the traction motor changes, deficit power from fuel cell is
naturally covered by the battery for a short while. Battery current is not used when power from the
fuel cell follows the motor load. The changes in SOC of the load-leveling system are larger than that

of load-following system, but battery usage for power-assist is minimal in both cases as intended.

It is observed that the hydrogen fuel economy is almost invariant to the control tuning, being
66-67 MPGE (miles per gallon equivalent to the energy stored in one gallon of gasoline) on the
FTP cycle and 44 MPGE on the US06 cycle as can be seen in Figure 6.11. As it is shown in
Figures 6.6, 6.9 (b) and 6.10 (b), aggressive fuel cell use, which might lower the fuel cell efficiency
during a load-following FC calibration, is only effective for a short period. Thus the hydrogen fuel
consumption shows no difference overall with respect to control calibrations. However, the results
in battery usage ASOC (0.51 % in load-following vs. up to 5 % in load-leveling for US06) and
maximum power (15 vs. 30 kW) suggest that it is feasible to accommodate a smaller size battery,
saving weight and volume in load-following FC. Thus, FC transient power response and not efficiency

is the key consideration in sizing the battery in a hybrid FC vehicle.

As can be seen in Ao, and the battery current profile in Figure 6.10, minimizing battery power
with load-following calibration is followed by larger deviation in oxygen excess ratio than that with
p

¢ results in abrupt I, variation

load-leveling calibration. High bandwidth in regulating vy, to v;,,
and thus drop in Ap,. It is more clear in Figure 6.12 that there is a tradeoff between the two
performance variables, namely, the battery SOC and oxygen excess ratio. The oxygen excess ratio

regulation degrades when the SOC variations are reduced. Therefore, decision in controller tuning
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and battery sizing should be done under the specification for maximum allowable oxygen excess
ratio deviation.

In the controller tuning, actuator limits should be also be taken into account. Specifically, in
a high-pressure FC system with an air supply compressor, the dynamic behavior of the compres-
sor imposes additional limitations through its surge and choke characteristics. Surge causes large
variations in flow and choke is an upper limit to the compressor air flow. In a fuel cell system
there is a potential for both compressor surge and choke during an abrupt decrease and increase,
respectively, in the applied compressor voltage command v.,,. Figure 6.13 shows the compressor
transient response with load-following FC on a portion of the US06 cycle. As can be seen in the
Figure 6.13, the transient responses are mostly within the region of safe compressor operation, not
falling into the surge region (left solid line) or choke region (right solid line). A more sophisticated
control for surge prevention by manipulating current load can be found in [68].

Another significant compressor consideration arises from its parasitic loss and its effects on the
FC system efficiency at low loads. Lowering the minimum air flow rate in the compressor helps in
achieving high efficiency in low power ranges [59]. The minimum air flow rate in the compressor
can be as low as 5 g/s (the air flow at the maximum power is 95 g/s) with the controller described
in this work. Also note here that the fuel cell model in this work is not turned off anytime during
simulation because 500 W of accessary load is always applied independently of the vehicle speed. The
simulation result shows that the FC efficiency is always over 40 % mainly because of low minimum

air flow rate explained above (see all histograms of driving cycle simulations).

6.2.3 Centralized control

In fuel cell hybrid power systems, the performance variables, oxygen excess ratio and battery SOC,

are defined through the interaction between the fuel cell system and DC/DC converter. Controller
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bandwidth of the DC/DC converter mainly determines SOC by wvp,s regulation and Ao, through
controlling current from the FC, I.;. Another control design that takes into account directly the
tradeoff between small excursions in A, and SOC is called multivariable control and it results in a

centralized controller as shown in Figure 6.14.

We apply a model-based linear quadratic regulator approach for the whole FC-DC/DC-battery
hybrid system, which is similar to the approach in Chapter 5. This coordinated control preserves
the control authority on oxygen regulation and power distribution in the same way as decentralized
control, and in addition introduces interaction between the FC and the converter controllers. The
resulting optimal control produces additional command to d through the estimated deviation in A, .
Moreover, the v, command is now shaped through its effects to current drawn from the battery
Iy

A linear model is reformulated for FC-battery hybrid system from the previous section. Again,
the operating point is set at Ao, = 2, and vpys = 400 V when fuel cell stack provides Pp.; = 40 kW.
The linearized plant is denoted by

t = Ax+ Byu-+ Byw
y = Cyx+ Dyu
z = C,rx+ D,u (6.4)

where the state z, input u, disturbance w, measurement y, and performance variable z, are

r T
T = PO, PNy Wep Psm Inet vbus:|
w = Iload

r T
v = | v d ]

- T
y o= [ wgl w1y
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z = [)\02 Ibt }T (6'5)

To eliminate steady-state error, the integrators on the two measurements, W(fpef — Wep and 177,

are added to the controller. The state equations of the integrators are
d | @
dt q2

where W</ from Equation (3.7). The LQR control law is determined to minimize the cost function,

(6.6)

= [ Wcrsz —Wep ]
I

which is similar to the one in Section 5.2.2.

Note here that the centralized controller penalizes deviations of the battery current I; instead of
Upys in order to minimize the use of the battery. As can be seen from the decentralized load-following
FC hybrid scheme (in Figure 6.10), reduced Ip; helps minimizing SOC indirectly. The information
that is required for the centralized controller is collected by the state estimator designed from the
various existing measurements, namely, the stack current I, the stack voltage vs: and the supply
manifold pressure pg,, similar to the scheme in Chapter 5.

This communication and coordination help obtain accurate control in air delivery and improve
transient FC performance. Communication between the FC controller and DC/DC controller yield
optimized performance in coordinated control, resulting in reduced battery usage. Figure 6.15 shows
the simulation result of the centralized control for the portion of the US06 cycle. As can be seen in
the figure, the maximum current from the battery is limited to 30 A or 12 kW power, compared with
the 15 kW maximum power obtained from the load-following decentralized control in Figure 6.10.
The variation in SOC is 0.39 %, which is lower than the 0.51 % achieved through the load-following

decentralized control in Figure 6.11.

6.3 Control of FC hybrid power - part (b)

In previous section, it is shown that model-based control calibration in FC hybrid power system
determines the power split and the hybridization level. Given the analysis results, applying small-
sized battery or batteries, instead of 31 series of batteries, will reduce the vehicle volume and weight
since the changes in hybridization level has no effects on overall system efficiency. However, the
electric configuration used in previous section constrains us to use large-sized battery because a
large series of batteries needs to support high voltage DC bus.

The electric configuration in Figure 1.2(b) allows us to use separate voltages in the stack and
the battery, thus enables to accommodate smaller battery (see also Figure 6.2). Reducing weight of
the battery and power electronic devices will improve even better efficiency unless it compromises
on performance [58]. In this section, the performance analysis and evaluation is performed with
control design and battery sizing. To compare the performances directly with the previous results,

the vehicle mass is not changed even with small-sized battery.
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Figure 6.15: Fuel cell and battery operating characteristics of hybrid vehicles for a portion of the
USO06 cycle - centralized control

6.3.1 Hybrid power management

Here we apply decentralized control with the fuel cell control design in Chapter 3 and the bidirectional
DC/DC converter control in Chapter 5. As shown in the flowchart of Figure 6.2, the fuel cell model
uses the stack voltage as the input in this case. Although the stack voltage is the input of the fuel
cell system model instead of the fuel cell current, the air supply dynamics of the fuel cell system has
not changed as can be seen from the experimental results in Chapter 4. The same air supply control
in Equation (3.32) is applied with net load current and the compressor air flow rate measurements,

which is shown in Chapter 3.

The control design in the bidirectional DC/DC converter follows the same procedures as in
Section 6.2, except that the bidirectional DC/DC converter protect the FC from severe voltage
load variations, instead of the current load changes. The stack voltage load can vary following the
changes in traction load as shown in Figure 5.7, which could result in oxygen starvation. Therefore
the control objective of the bidirectional DC/DC converter in the electric configuration of Figure 6.2
is as follows: (i) protect the fuel cell system from large changes in (voltage) load (ii) protect the

battery from large current draw. These objective can be captured in a quadratic cost function

J:/OOO[Ibt Ust]Q[Ibt

+uTRu + ¢TQrqdt. (6.7)

Ust

where the integrator ¢ corresponds to the battery state of charge, dq/dt = Iy, and the optimal state
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feedback control is given in Section 5.1.4
d(s) = —KprIp(s) — Kpyvst(s) — TIbt(S)' (6.8)

In the quadratic cost function both vs; and Ip; are penalized. The weight on the stack voltage vg;
penalizes the variation of the fuel cell load. An increase in the weight Q(2,2) results in a controller
that allows less fuel cell load variations, which consequently causes higher battery currents in order
to follow the vehicle traction load. The weights on the battery current and the integrator affect
the regulation performance on battery current and state of charge. Increases on these weights will
results less battery assist in hybrid mode and might cause violation in maximum fuel cell current

limit or oxygen starvation.

6.3.2 Battery sizing

With the electric architecture of fuel cell hybrid with bidirectional DC/DC converter, the battery
size (or number of battery modules) can vary unlike the case in Section 6.2. Finding minimum
number of batteries will minimize the vehicle weight, and thus maximize the hydrogen fuel econ-
omy if the overall system efficiency is conserved. The optimal battery size in FC hybrid has been
determined using dynamic programming [64]. The dynamic programming technique can also define
the power split with constraints on fuel cells and battery performance. The optimization results is,
however, dependent to the specific cycle and the implementation on real-time, causal controller is
not straightforward.

Here we design a bidirectional DC/DC converter controller to split power between the FC and
battery first. Then the number of batteries that satisfies the FC and battery constraints is determined
with driving cycle simulation comparison. Since the nominal battery voltage is 24 V, the battery
pack is designed with series of two batteries and several parallel connections. Tradeoff between the
fuel cell and the battery performance is now realized as constraints in the current and voltage of both
the FC and battery. The control gain tuning of the bidirectional DC/DC converter is performed
in favor of the fuel cell performance on oxygen starvation and maximum current. To minimize the
size (or number) of the batteries, the fuel cell load needs be operated as the load-following hybrid.
After several simulation trial to find the same fuel cell dynamics with the load-following hybrid in
Section 6.2, the LQR weight matrix are chosen as @) = diag [ 5 750 }, Q;=0.01and R=1x106
for Equation (6.7). As can be seen in the weight matrix, the weights on Ij; and the integrator are
much smaller than the one used for vs;. This combination of weights produces a controller that
protects the fuel cell from oxygen starvation at the cost of larger battery usages.

Simulation analysis is performed with different number of battery modules. Table 6.4 shows
the battery usage with different number of batteries in two driving cycles. The constraints on
battery voltage are shown in Table 6.3. The battery model used here is the same with the one in
Section 6.1.2. For the US06 driving cycle, the battery voltage exceed the maximum allowable in

the case with 8 batteries. Exceeding the maximum battery voltage will result in overcharging with
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Table 6.4: Battery usage comparion

Min. voltage | Max. voltage
No. of batteries (>9.5) (£ 16.5)
FTP | US06 | FTP | US06
8 11.34 | 12.06 | 16.72 | 16.72
10 11.61 | 12.21 | 16.11 | 16.05
12 11.80 | 12.32 | 15.58 | 15.58
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Figure 6.16: Power split in a portion of US06 driving cycle

high current. When the number of batteries is 10, the changes in the battery voltage are within
the allowable range. As the number of batteries increases, the battery loads decrease with smaller

variation observed in the voltage. We choose 10 batteries for the following performance validation.

Simulation comparison is also performed to see the operating characteristics on the portion of
the US06 driving cycle as shown in Figure 6.7. Figure 6.16 shows the simulation result in power split
during the portion of the US06 cycle. As can be seen in the figure, fuel cell power almost follows
the vehicle traction load and the power-assist from the battery is minimal as intended. Battery
usage is actually smaller than the one observed at the load-following hybrid (9 kW versus 15 kW,
see Figure 6.8).

Figure 6.17 shows that the oxygen excess ratio A, is well regulated around the desired setpoint
()\gezf = 2) without large excursion, which could cause oxygen starvation. The Ao, regulation is
achieved despite the large stack voltage variations, which result in current densities up to 1 A/cm?
as shown in Figure 6.18. Overall operating characteristics of the fuel cell are similar as in the load-
following hybrid in Figure 6.10 or the centralized control in Figure 6.15. Since the number of batteries
is reduced to about one-third of the one with the load-following FC in Section 6.2, variations in the
battery SOC are larger than the ones observed in previous designs. Here the control strategy does
not regulate the battery SOC directly. However, the weights on I;; and its integrator determines

the battery performance, and thus the SOC remains within safe ranges.
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The hydrogen fuel economy on the FTP cycle is 65 MPGE and on the US06 cycle is 45 MPGE.
As expected, observed that the hydrogen fuel economy is same as the results in Section 6.2 because
the hybrid operation characteristic is similar to the load-following hybrid in Section 6.2. Note here
that the actual hydrogen fuel economy of the system with the smaller battery will be improved if
one considers the reduction in the vehicle weight due to the reduced battery and power electronics
weight.

In this chapter, we design decentralized and multivariable controllers regulating the bus voltage
and preventing fuel cell oxygen starvation using dynamic causal models for a direct-hydrogen fuel cell
and a DC/DC converter. Various controller gains are used to span the fuel cell operation from load-
following to load-leveling, and hence, determine the required fuel cell-battery sizing (hybridization
level) and the associated trends in the fuel economy. Two candidate electric architectures are
considered and the control strategies and tunings for these architectures are presented.

The proposed controllers directly manipulate actuator commands, such as the DC/DC converter
duty cycle, and achieve a desired power split. The controllers are demonstrated through simulation
of a compact sedan using a mild and an aggressive driving cycle. Our results provide insight on the
strategy and calibration of a fuel cell hybrid electric vehicle with no need for a supervisory controller

that typically depends on optimal power split during a specific driving cycle.






Chapter 7

Conclusions

Prompt response is essential in fuel cell power applications. Transient performance requirement is
sometimes more critical than efficiency, given the importance of accepting fast changing and unpre-
dictable electric loads. The fuel cell response is, however, limited by the complex dynamics associated
with mass and heat balances inside and outside the FC stack. To mitigate these limitations, a fuel cell
stack is typically combined with a battery through a DC/DC converter into a hybrid power system.
Hybridization may protect the fuel cell from harmful transitions that can cause oxygen starvation.
In addition, hybridization may lead to higher fuel cell efficiency, although the anticipated efficiency
improvements are not same as the ones observed in ICE hybrid systems. Hybridization, finally may

introduce unnecessary weight and complexity associated with the addition of batteries.

The dissertation addresses modeling, analysis and controller design of FC power combining a
fuel cell system, a DC/DC converter and a battery in various electric configurations. We design
controllers using linear quadratic optimization techniques and span the fuel cell operation from load-
following to load-leveling, and hence, determine the required fuel cell-battery sizing (hybridization
level) and the resulting trends in the system efficiency. The controller designed optimally manages
the air and the electron flow, balancing the slow power response of the fuel cell stack without
overestimating or underestimating its transient capabilities. Our optimal control scheme utilizes

minimal battery power, defining minimal hybridization needs in FC autonomous power systems.

The ultimate goal of this work is to contribute to the fuel cell technology in the areas of control
and coordination, specifically for hybrid power applications where many power sources are employed.
There is an intense interest right now about augmenting FCs in the power grid. Depending on the
connection (parallel, series, etc) the control methodology and the dynamic load capability change.
This work will also augment the recent research in power management of fuel cells for optimal fuel
economy in transportation applications. Given the emphasis on coordination issues and multidisci-
plinary aspects, this work will contribute to the core system technology used for design assessment of
the other future energy systems. Eventually our work on multivariable dynamic energy systems can

be augmented to address reliable distributed energy by defining requirements on the minimum com-
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munication among the embedded controllers in distributed power sources and the need for energy

storage.

7.1 Air flow control in power-autonomous FCS

This dissertation fist focused on the question of the best transient performance (or limitations)
of the stand-alone fuel cell system as a power source before hybridization. To this end, a simple
but accurate, low-order FC system model is introduced to describe the necessary flow and electric
dynamics using a combination of physical principles and empirical relations. Model validation is
pursued through experiments on a 1.2 kW, 47 cell low pressure FC stack.

The coupling between the electric and flow paths in a compressor-driven fuel cell stack is clarified
for the first time. This coupling imposes control limitations with regard to NMP zeros in the
air flow control path affecting both performance and measurements. The control problem is then
formulated in the general control form, and the theory of fundamental limitations is used to clarify the
difficulties in avoiding oxygen starvation during load changes. Although the load changes are known
(measured) their effects cannot be completely attenuated because NMP zeros make the application of
cancellation controllers unfeasible. The design tradeoffs imposed by the Poisson integral associated
with the NMP zero are then summarized. Finally, a combined feedforward and feedback control is

designed to achieve adequate performance and illustrate the performance limitations in simulation.

7.2 Control design of FC hybrid power system

The second question addressed in this dissertation is the control calibration and associated efficiency
benefits of various hybrid fuel cell electric architectures. System integration and control issues are
also associated with various electric architectures with the fuel cell stack, DC/DC converter and
battery. To investigate the coupled dynamics associated with current and voltage in a fuel cell
power system, we include a DC/DC converter that transforms unregulated DC power from the FC
to regulated DC grid power. We have demonstrated performance tradeoff in achieving the stack and
grid objectives.

Despite many publications that debate on the size and efficiency of the DC/DC converter and
battery, dynamic performance and control design issues have not been addressed. In this work, we
show development of a low level controller that directly manipulates physical actuator inputs, and at
the same time, it offers calibration parameter for power optimization. Although these issues cannot
be all treated fully in a comprehensive way, our work is distinct in that we focus on the physical
connection and also control difficulties. We include the dynamic interaction of voltage, current, flow,
pressure arising from physical interconnection instead of managing power in higher level.

In this work we considered a compact sedan fuel cell electric hybrid with a compressor driven
75 kW proton exchange membrane fuel cell, a DC/DC converter and a battery, and assess the

effect of different control calibrations and strategies in the power split, the vehicle efficiency, the
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battery utilization and the FC oxygen starvation. A forward-facing (causal) model is used and the
assessment is performed for two different driving cycles with mild (FTP) and aggressive (US06)
accelerations.

The overall controller automates two processes. First, it adjusts the FC air flow through a
compressor motor command to minimize oxygen starvation periods. Second, it regulates the bus
voltage or the battery current through the duty cycle of the DC/DC converter. The FC compressor
controller is novel because its calibration balances the benefits from the instantaneous flow increase
and its drawbacks from the increase in the FC load (parasitic losses). Once the FC controller is tuned,
a DC/DC converter controller is designed to transform the unregulated FC voltage to regulated bus
voltage.

Different gains in the converter controller achieve different transient responses in the bus voltage
regulation. Fast voltage regulation corresponds to a load-following FC calibration with high FC
utilization and low battery utilization (50 kW in FC power versus 15 kW in battery power for
the aggressive cycle). Slow voltage regulation results in a load-leveling FC calibration that does
not exhibit any significant benefits when compared to the load-following calibration. The control
calibration has minimal effect on fuel economy primarily because typical driving cycles can be
accomplished by a well controlled FC with efficiencies up to 45 %. A smaller battery size (10 versus
31 packs) can reduce the vehicle weight and volume without adversely affecting the FC performance
(efficiency, oxygen excess ratio) or requiring operation close to the compressor surge and choke limits.

The control design in this work deals with actual current and voltage instead of power unlike
many other papers, respecting their causal relationship. Also the designed control system does not
require inner loop controllers that realize the power split command from a supervisory controller
since the designed controllers manipulate directly physical actuators setting in the FC stack system
and the DC/DC converter. Therefore applying and re-tuning our control methodology to various
hardware configurations can be done directly without cycle dependent optimization.

Although the analysis of FC hybrid power system is based on vehicle propulsion application, any
PEM FC hybrid system, such as auxiliary power unit or distributed power source, will benefit from

the control design and analysis we performed in this thesis.

7.3 Future Study

Fuel cell vehicle: The transient performances and control limitations in PEM FC system depend on
the air supply system as we have shown in this study. The air supply system also has an important
role in the overall system efficiency of the PEM fuel cell stack. The operating pressure is one of
the major factors in integrating the air supply system, including a compressor or blower, manifold,
channel and orifice design. Since vehicle propulsion applications impose strict requirements on the
size and weight, optimizing the overall FC system efliciency is highly dependent on both the air
supply system design and its control. The combined control and optimization will be the next step

in designing an air supply system for fuel cell vehicle.
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In a fuel cell electric hybrid vehicle, the regenerative braking helps capture and reuse the energy
and also may result in fuel economy improvement. In this study, regenerative braking was not con-
sidered to generalize the problem for the FC hybrid power system for not only vehicular application
but also portable and stationary power. The FC hybrid power train model with regenerative braking
will show detailed results, including the effect of the regenerative braking over the fuel economy.

System coordination and communication: In an electric architecture of the fuel cell hybrid power
system, the communication issues arise with system coordination. The communication in centralized
control in this study may have advantages over the non-causal communication with such as power-
request and power-available signals. The power-request signal, which is mainly an interpretation of
driver power demand, and the power-available signal, which includes expected air supply into the
stack based on the request, are both predictive information that can differ from the real system. Thus
these signals may lead to inaccurate or conservative operation in fuel cell power. The communication
and coordination presented in this work have the capability of monitoring the state of the system
and manipulate physical actuators in real time.

The drawback of the coordinated, centralized control is the increase of computation for measure-
ment and state estimation. Although the centralized control achieves similar performance as the
results of to decentralized control, additional communication in centralized control will eventually
help improving the system robustness in the area of such as monitoring and fault detection. Thus
the centralized control in FC hybrid coordination needs to be extended to the communication study,

which defines minimal communication among the hybrid power components.
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