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ABSTRACT

The implementation of fuel cell vehicles requires a supervisory control strategy
that manages the power distribution between the fuel cell and the energy storage device.
Some of the current problems with power management strategies are: fuel efficiency
optimization methods require prior knowledge of the driving cycle before they can be
implemented, the impact on the fuel cell and battery life cycle are not considered and
finally, there are no standardized measures to evaluate the performance of different
control methods. In addition to that, the performances of different control methods for
power management have not been directly compared using the same mathematical
models. The proposed work will present a different optimization approach that uses fuel
mass flow rate instead of fuel mass consumption as the cost function and thus, it can be

done instantaneously and does not require knowledge of the driving cycle ahead of time.
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CHAPTER 1. INTRODUCTION
1.1 Status of Electric Vehicles (Fuel Cells versus Batteries)

With the growing demand for more efficient and more environmentally friendly
automobiles, electric vehicles have come out as the most likely future of the automotive
industry. The two main types of electric vehicles currently considered are battery and fuel
cell powered vehicles. In the past two decades fuel cell and battery powered vehicles
have received unprecedented increase in research funding, and nowadays almost every
major automotive manufacturer has a prototype for a battery electric vehicle (BEV) or a
fuel cell electric vehicle (FCEV). A good comprehensive review of the recently
developed prototype vehicles is presented in [1]. Table 1 shows a summary of the most
recent FCEVs. Even with the great efforts put in the research and development of fuel
cell technology, none of these prototypes are being mass produced at the moment. The
closest an FCEV has come to mass production is Honda’s FCX Clarity [2], where a
preproduction version of the vehicle was introduced in Japan and the United states in
2008. Currently, the FCX Clarity is only available in the Los Angeles area in North

America, since it is one of the few places that have hydrogen refueling stations available.
Table 1: Current FCEV prototypes

Maker / Model Year FuelCell Size Range  Equivalent MPG Max Speed
Daimler / B-Class | 2009 90 kW 616 km 90 mpge 170 km/h
Ford / HySeries | 2007 85 kW 491 km 80 mpge 137 km/h
GM / Provoq 2008 88 kW 483 km 60 mpge 160 km/h
Honda / FCX 2007 100 kW 570 km 70 mpge 160 km/h
Toyota / FCHV 2008 90 kW 830 km 68 mpge 155 km/h

Despite the fact that during the past two decades, the automotive industry has
focused its efforts on FCEVs, today with the increased popularity of hybrid electric
vehicles (HEV), plug-in hybrid electric vehicles (PHEV) and pure electric vehicles
powered by batteries (BEV) has forced FCEVs to be put on the backburner of the
automotive industry’s research efforts. This is mainly due to the great improvement in
battery technology, which has changed researchers’ efforts to focus on battery based

vehicles.




While both fuel cells and batteries generate electricity to drive electric motors,
fuel cells derive their energy from hydrogen stored onboard the vehicle, batteries on the
other hand, obtain their energy from the electrical grid or stationary generators. Both
have their advantages and disadvantages, however, a study done by Thomas at H;Gen
Innovations Inc [3] shows “the advantages of the fuel cell vehicle are dominant if the
battery vehicle must have 480 km range to serve as a fully functional all-purpose
passenger vehicle”. The work comparison by Thomas covers three main criteria: vehicle
mass, greenhouse gases emission and vehicle cost. In terms of vehicle mass, Figure 1
shows how the specific energy (Wh/kg) of various battery types compare with the
specific energy that can be obtained from a 35 MPa and 70 MPa hydrogen tank. It is clear
to see that a 35 MPa hydrogen tank can provide the same amount of energy with half the
weight required for a lithium-ion battery stack. This difference in energy density can
prove to be a big factor, since as the required electric vehicle range increases, the weight
of the vehicle will have to increase significantly to account of the additional battery units,

which in turn reduces the vehicle equivalent fuel efficiency.

:(5)3 T Useful Specific Energy (Wh/kg)
350 +
300 +
250 +
200 +
150 +
100 4 l
50 -+
0 . . i : } = i
Pb+A NiMH  Lithium-ion USABC 35 Mpa 70 Mpa
P Goal
<€ > € >
Batteries Fuel Cell H2 Tank

Figure 1: Comparison of battery useful specific energy (Data taken from [3])

In terms of the greenhouse gas emissions, the main concemn is how does the
environmental impact resulted from generating hydrogen required for fuel cell engines
compares to the impact of the extra needed electricity generation to charge the batteries in
electric vehicles. Currently, in North America almost 50 % of the electricity generated
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comes from coal, and the average electrical grid efficiency is only 35 %. Hydrogen on the
other hand is produced using the steam reforming process which depends on fossil fuels

such as natural gas or coal with 80 % efficiency.

In terms of vehicle cost, the work done by Kromer and Heywood [4] presents a
comprehensive comparison of mass production costs for different alternative energy
vehicles with respect to conventional internal combustion engine vehicles. Their work
shows that the production cost for battery powered electric vehicles mainly depends on
the range the vehicle is expected to cover before having to recharge its batteries, as the
required range increases the cost significantly increases. For a battery electric vehicle
with 320 km range the mass production cost would be approximately $10,200 more than
conventional vehicles, while if mass produced a fuel cell electric vehicle with a 560 km
range would cost approximately $3600 more than conventional vehicles. Figure 2 shows
how the fuel cell vehicle mass production cost compares with hybrid electric, plug-in

hybrid electric and battery vehicles.

Incremental Cost Compared to Advanced ICEV
HEV-350

PHEV-10
FCEV-350
PHEV-30
PHEV-60

BEV-200

H ¥ ¥ ¥ 1 i

$0  $2,000 $4,000 $6,000 $8,000 $10,000 $12,000

Figure 2: Comparing FCEV cost with the conventional ICEV (Data taken from [4])

Essentially, the comparisons presented show that unless a significant
breakthrough in battery technology that enables batteries to achieve higher energy
densities, battery powered, hybrid electric and plug-in hybrid electric vehicles will

3



continue to be the short term solution in the automotive industry. While BEV might be
more superior for applications that do not require long range, FCEV is still the solution

that will provide an all around vehicle.

1.2 Challenges Facing Fuel Cell Vehicles

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) have received particular
attention for vehicle applications because of their smaller size, lower operating
temperature and relatively rapid start-up time. The simplest and most practical PEMFC
systems for powering a car are those where the fuel is converted directly to electricity, for
example: direct-hydrogen or direct-methanol PEMFCs [5]. There are various challenges
that face the implementation of fuel cell vehicles, the most obvious of these challenges
are: lack of hydrogen fuel infrastructure and the safety of hydrogen fuel storage on board
of the vehicle. However, an important challenge that must not be overlooked is the
overall efficiency and stability of the fuel cell. In order for fuel cells to challenge internal
combustion engines in automotive applications, they must achieve higher overall power
efficiency. One of the key areas where internal combustion engines excel is their ability
to accommodate transient load demands such as acceleration or hill climbing with a fairly
constant efficiency range. Fuel cells on the other hand, have a much slower response time
due to the fact that, the fuel cell engine itself is comprised of other smaller subsystems
such as: Air compressor, humidifier, flow regulators and pressure valves, and thus the
fuel cell engine can only respond to high transient load demands as fast as its subsystems
response. In addition to that, the fuel cell response time is limited by the rate of reaction
that takes place at the membrane assembly and is also affected by the water and thermal
management within the membrane. In their analysis of the fuel cell dynamic response,
Choa et al [6] simulates the transient power requirement by the driver in acceleration,
deceleration and start-up. Using experimental data, they show that the fuel cell response
exhibits a delay time and “undershoot/overshoot” when exposed to varying operating
conditions, furthermore, they go on to relate the response time to the air supply, fuel
supply and the water content in the fuel cell. Another problem with fuel cells is
durability. It has been shown in literature [7]; even if the fuel cell is able to keep up with
the transient power demand required by the vehicle, the constant power cycling and stop-

4



go nature of automobiles will significantly reduce the fuel cell lifetime and performance.
Adding to the difficulties is the fact that fuel cell systems are becoming more complex
due to the addition of subsystems such as heat exchangers and humidifiers to maintain

optimal operating conditions.

1.3 Hybrid Fuel Cell Vehicle

Due to the reasons mentioned previously, fuel cells are not used to support the
vehicle power demand alone, but instead, they are coupled with an energy storage device
in order to accommodate the transient power demand and improve efficiency. This
concept can also be referred to as the hybrid fuel cell vehicle, where the hybridization is
between an energy conversion engine and an energy storage device. The inclusion of the
energy storage device (such as a battery) might seem to go against the goal of
concentrating on the fuel cell powered vehicle as apposed to the battery powered vehicle,
however, the size and use of the energy storage device will be very much limited to the
bare minimum to recuperate regenerative braking energy and help the fuel cell in fast

transient power demand situations.

The main components of this powertrain layout are: the air supply system which
controls the rate at which air is supplied to the cathode side of the fuel cell, the hydrogen
supply system which controls the rate of hydrogen supply, the energy storage device that
supplies transient power and recovers regenerative breaking energy, the electric drive
which propels the vehicle base on the road loads applied to the wheels and power
conditioning components such as DC/DC Converters, which are used to boost the fuel
cell voltage to the required electric drive voltage. Also a power management unit is
needed to control the power flow from the fuel cell and from/to the energy storage
device. Most of these components are not mechanically coupled and thus a control
algorithm that uses sensors and actuators must be implemented to monitor the operation
status of the system and manage the power demand between the fuel cell and the energy
storage device. Therefore, control design is a critical factor that can have a great impact
on the overall efficiency of the system. The main role of the controller is to take the
driver command (throttle position) and based on that adjust the operation of the fuel cell

5



powertrain components. Since each component has its own control variables and must be
adjusted individually, a supervisory control algorithm is used to send control signals to
each one of the powertrain components such as the air supply, hydrogen supply, and the
power management unit. This supervisory controller is therefore analogous to the engine
control unit (ECU) in an internal combustion engine vehicle. A layout of the fuel cell-

battery hybrid powertrain is shown in Figure 3.
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Figure 3: Fuel cell vehicle powertrain

1.4 Energy Storage Device

There are two main types of energy storage devices that can be coupled with the
fuel cell to accommodate the transient power demands, these devices are: batteries and
ultracapacitors. Batteries generally have higher energy density than ultracapacitors
(batteries: 20-80 Whkg, and ultracapacitors: 15 Whkg™'), while ultracapacitors feature
high power density [8]. Choosing the appropriate energy storage device type is dependent
on the application; ultracapacitors for example are more suitable for applications with
high transient loads under short periods of time, while batteries are suitable for
applications where higher loads are required for longer periods of time. For the purpose
of building an all around vehicle that is capable of handling both highway and city

driving conditions, a battery stack was selected as the energy storage device.



The battery technology implemented in electric and hybrid electric vehicles
covers the following types of batteries: lead acid batteries, nickel-based batteries
(nickel/cadmium and nickel-metal hydride) and also lithium-based batteries, either
lithium-ion or lithium-polymer batteries. While very economical and widely used, the
lead acid battery has proven its short comings when applied in electric vehicles, due to its
low voltage potential and large size for high voltage applications. Nickel-metal hydride
have been initially considered as the front runners for the electric and hybrid electric
vehicle problem, however, their significant capacity degradation during deep cycling and
memory effects in short cycling has made them not a viable solution for automotive
applications. Lithium-based batteries on the other hand, have been widely used in
portable electronics applications such as laptops and cell phones. Due to the high voltage
potential and the light weight offered by lithium-based battery chemistries, they are
currently considered the future solution that will make electric vehicles an affordable and
sustainable solution. However, due to their high sensitivity to being overcharged, over
discharged or abnormal thermal conditions in the surroundings, there is a big safety
concern associated with lithium-based batteries and in fact they can not be implemented
without the use of an electrical and thermal battery management system, which
complicates the implementation of these batteries. Nonetheless, lithium-based batteries
are still considered future of the automotive industry and ongoing research efforts are
continually improving lithium chemistries to make them more viable for automotive

applications.

Lithium-based batteries are classified into two types: lithium-polymer and
lithium-ion based. While lithium-polymer batteries have shown great potential with their
ability to be formed in different geometrical shapes, they are ever more sensitive to
temperature and charge limits, thus they present even more safety concerns. Lithium-ion
type batteries are divided based on the cathode material, with the most popular being
cobalt based, manganese based and lithium iron phosphate cathodes. A comparison
between the voltage potential obtained from each type cathode is shown in Table 2. The
comparison first shows the significant difference in voltage potential between lead acid

and nickel-metal hydride and lithium based batteries. Also shown is how different
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cathode materials impact the voltage potential, where manganese based cathodes result in
the highest potential of 4.0 volts. The cathode material selected for the battery stack
considered in this study is Lithium iron phosphate (LiFePo4). While LiFePo4 has a
relatively lower potential voltage, it also shows higher energy density, which means
lighter wight in automotive applications. In addition to that, it is currently the least

expensive of any of the different lithium-based batteries.

Table 2: Different battery chemistries comparison

Type Cell Voltage Energy Density
Lead Acid 2.1V 0.14 MJ/kg
Nickel-Metal Hydride 1.2V 0.36 MJ/kg
LiFePO4 33V 0.495 MJ/kg
LiMn204 40V 0.400 MJ/kg
LiCoO2 37V 0.518 MJ/kg

1.4.1 Battery Degradation
One of the main problems with hybrid powertrain configurations is the cycle life

of the energy sources. In the case of hybrid configurations where fuel cells are the energy
conversion devices, power management is normally designed to favor longer lifespan for
the fuel cell engine by limiting its transient response and also the magnitude of its
response. The lifespan of the battery on the other hand is mainly considered by designing
power management strategies that will either sustain the state of charge of the battery at a
certain level or prevent deep discharge cycles. The battery however is still subjected to an
extensive amount of charge/discharge cycles, which will have a great impact on its cycle
life, even if those cycles are partial cycles and not deep discharges. In order to examine
the impact of these cycles on the battery life, it is first very critical to look at the principle
of battery electrochemistry. A schematic to illustrate the operation of a lithium based
battery is shown in Figure 4. The chemical reactions that take place are divided into the
anode half and the cathode half, for the case of cobalt-based cathode material, the

chemical reactions become:
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Figure 4: Battery electrochemistry

Essentially, the chemical reactions describe the removal of lithium ions from the
anode and addition in the cathode. This process takes place when the battery is being
discharged. In the case of charging the battery, the process is reversed and lithium ions
are extracted from the cathode and inserted in the anode. Deep discharges of the battery
will result in a very important phenomenon known as the formation of passivation layer
SEI (Solid Electrolyte Interface) [9] on the surface of the anode. This passivation layer is
mainly created in the first charging cycle of the battery and results in a significant loss of

lithium that is normally cycled between the anode and the cathode.

Another phenomenon that takes place during deep discharge and charge cycling is
the formation of a surface film on the anode side. This surface film however, has less to
do with the battery cycle life loss than the increase in the battery internal resistance. The
last main phenomenon that contributes to battery degradation is the loss of electrode

active material particularly on the anode, which causes fracture of the graphite plane due



to excessive mechanical stresses and blocking of the intercalation site by undesired

species intercalation

1.5 Power and Energy Management

Essentially, the implementation of a hybrid fuel cell powertrain configuration has
two main purposes: Allow the vehicle to recapture braking energy by storing it in the
battery stack and also allow the vehicle to handle any transient demands imposed by the
road loads. In general there two main types of hybrid powertrain configurations: parallel
or series. As the name might intuitively imply, in a series configuration the battery acts as
a buffer between the fuel cell engine and the electric drive and thus the fuel cell’s only
function in this configuration is to maintain the state of charge of the battery. In the
parallel configuration on the other hand, both the fuel cell and the battery stack are
connected to the electric drive. Within a parallel or series configuration however, there is
another dimension to the configuration, which is to have a plug-in or non-plug-in battery

stack as shown in Figure 5.

(H2 Fuel | Fuel | o Electric H2Fuel | o Fuel | [ Electric
| Tank | Cell | Drive Tank | Cell | Drive
Wall | ) _J __]

| Plug y—){ Battery ) Battery
a) b)

Figure 5: a) Plug-in hybrid configuration b) Non-plug-in hybrid configuration

The focus of the research presented in this thesis is hybrid fuel cell powertrains in
a non-plug-in parallel configuration. Thus, this simplifies the energy management since
the energy needed to drive the vehicle is strictly coming from the hydrogen fuel tank or
recuperated energy stored in the battery through generative braking. From a total power
demand point of view, the addition of a battery stack in parallel means the power needed
to move the vehicle at any time instant can follow three options to the electric drive: 100
% from the fuel cell, 100% from the battery or a combination of both the fuel cell and
battery. Which means choosing the appropriate distribution between the battery and the
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fuel cell adds another dimension to the design process of such powertrains. The power
between the fuel cell and the battery must be split in a way that gives the highest
efficiency and prolongs the cycle life of the powertrain components. This can only be
achieved with a power management strategy implemented at each time instant using a

feedback controller.

In general, power management in hybrid powertrains can be classified into three
main categories: load leveling, load following and rule based. A load leveling strategy
would utilize the battery power for handling the quick transient power demands of the
electric drive and thus allowing the fuel cell to operate in a more steady state conditions.
A load following strategy splits the power demand between the fuel cell and the battery
stack in a way that optimizes a predefined goal (be it fuel consumption or component
health), thus with this strategy has two functions: to handle the transient demands and to
also share the overall loads of the driving cycle with the fuel cell. The rule based type
power management strategy is simply a combination both the load leveling and the load
following strategies. It operates by establishing a set of control rules that manage the
operation of the system components to either be load leveling or load following
depending on the status of the fuel cell and the battery. Finding the most appropriate
power management strategy will obviously vary depending on the application. However,
it is critical to obtain a direct comparison between these power management strategies to

see how each one impacts the overall vehicle performance and life time cycle.

Before designing such a power management strategy, it is critical to establish
design goals. These goals can be either based on reducing the vehicle fuel consumption
or improving the cycle life of the powertrain components. Thus, the design of the power
management strategy becomes an optimization problem with a set of predefined goals.
However, achieving both of these goals at the same time might present a dilemma in the
design of power management strategies, since as the fuel consumption is reduced the
impact on the fuel cell and battery cycle life might be too severe. Therefore, a
compromise between optimizing the power management strategy for fuel consumption

and prolonging the fuel cell and battery life is needed.
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1.6 Direction of Present Research

Given the brief introduction, this research work will focus on the design and
implementation of a power management strategy for a fuel cell-battery hybrid vehicle. In
particular this research work will look into the implications of selecting different control
methods for power management in hybrid powertrains. The main question investigated
in this study is “how does the control method impact the performance of the power
management strategy?”’, where the performance will be defined in terms of efficiency,
fuel consumption, and also battery cycle life. This question will be investigated by
designing from scratch several controllers for power management for the same vehicle
application. Performance measures will then be developed to directly compare the
effectiveness of each control method. The investigation will be carried on by using both
mathematical simulation and also experimental setup. The experimental setup serves as a
prototype for a small fuel cell vehicle powertrain, and will to an acceptable degree of
accuracy simulate the road loads experienced by a vehicle in city driving conditions.
Using the experimental setup, it will be possible to monitor the current, voltage, speed
and torque measurements of the system and thus, these variables can be used in a
hardware-in-the-loop configuration to implement the designed power management

controllers.
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CHAPTER 1I. LITERATURE REVIEW
2.1 Control Methodology
A literature survey shows that various forms of control methods have already

been considered and implemented for power management between the fuel cell engine
and an energy storage device. These control methods can be summarized:

1. Classical PID control methods

2. Rule based control methods

3. Optimization control methods
The theory behind and the existing work done on each one of the above control methods

will be explained in this section.

2.1.1 Classical PID control methods

One of the most commonly used control methods in literature are the PID
classical control method. Jiang et al. [10] presented a PID controller for an active FCV
configuration (i.e., the fuel cell is connected directly to the voltage bus). Thounthong et
al. [11] on the other hand presented a PID controller for a passive FCV configuration (i.e.
the fuel cell is not connected directly to the voltage bus). In both of the mentioned PID
controllers, the battery state of charge and the battery current are used in feedback loops
to generate the fuel cell current command. The ultimate goal in this control method is to
monitor and maintain the state of charge of the (SOC) battery at its nominal value of 60
%, this is because as the battery is charged and discharged more frequently, its internal
resistance increases over time resulting in increasing the voltage loss. Thus, maintaining a
nominal SOC will extend the battery life and improve its performance. In the case where
the SOC of the battery drops significantly below the reference value, a current request is
sent to the fuel cell in order to charge the battery. The magnitude of fuel cell current
request is also controlled by the power needed to drive the vehicle. In order to satisfy
both the battery SOC and the vehicle power demand, two control loops are required,;
battery current control loop and a fuel cell current control loop. Therefore, the main
variables that impact the control algorithm are: the measured battery SOC and the
measured battery current. A PID controller is used to compare the calculated SOC with a

reference value to generate a battery current demand signal. This generated signal is then
13



used as a reference value for the battery current. Another PID controller is then used to
generate a fuel cell current demand based on the difference between the battery current

and its reference value.

The main advantages of the PID control method for hybrid fuel cell vehicle
powertrains are its simplicity and ease of implementation, and also the fact that PID
controllers are easily tuned. In addition to that PID controllers are commonly used in a
wide range of applications and are the most basic form of control and thus there are

various methods and rules to designing PID controllers.

The downside of using this type of control method is the fact that the controller
does not take into consideration the fuel consumption or the overall efficiency of the
powertrain. The PID control method focuses two objectives, which are maintaining the
SOC of the battery at a desired level and sharing the transient load of the vehicle between
the battery and the fuel cell. While this might improve the battery and the fuel cell
expected life cycle and enable the vehicle to take on any transient road loads, it does not
take into account minimizing the fuel consumption and maximizing the efficiency of the
powertrain. Also the PID control parameters might be designed initially for a certain
driving cycle or several driving cycles, however, this does not guarantee that the control
parameter selected will function as designed given a change in driving conditions that has
not been considered when designing the control parameters. In other words, the PID
control parameters must be variable to accommodate for all possible driving conditions or

driver requirements.

2.1.2 Rule based control methods (fuzzy logic controllers)

While in some textbooks they are referred to as “heuristic controllers”, essentially
the rule based control methods use a set of predetermined rules that dictate the powertrain
behavior and the power distribution between the fuel cell and the energy storage device.
A simple example of rule based controllers is presented in [12] for hybrid electric vehicle
applications, where the power split is between an internal combustion engine and a

battery stack. The first step is for the controller to determine the mode of operation of the
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powertrain, generally speaking there two main modes: traction and regenerative braking.
The mode can be determined by comparing the power command to drive the vehicle with
the power needed to slow down the vehicle, if the power command is higher than the
brake power then the mode of operation is traction; otherwise it is safe to assume that the
vehicle is in regenerative braking mode. In the case when the vehicle is operating in
traction mode, the power split is dependent on the SOC of the battery. If the SOC of the
battery is below the specified threshold, then the engine is forced to supply power to both
propel the vehicle and recharge the battery. If on the other hand, the SOC is higher than
the threshold range, the power required to propel the vehicle is obtained entirely from the
battery. In cases when the required power to propel the vehicle is above the engine’s
limit, both the battery and the engine combine to propel the vehicle. A similar rule set

would be applied in the case of a fuel cell and any type of energy storage device.

There are two ways to implement the rule based controller, either using Boolean
logic or fuzzy logic control. Both types of controllers are based on a set of “if-then” rules,
where input variables are compared to the rules in order to determine the output
variables. However, the main difference between Boolean logic and fuzzy logic is that
Boolean logic assigns the input to either a true or false (a value of 1 or a value of 0),
while fuzzy logic allows the input to a range of values between 0-1. Thus, the difference
between the fuzzy and Boolean is in the transition from one extreme rule case to another,
where fuzzy allows for a more smooth transition. In addition to that, fuzzy logic classifies
the input and output variables into “membership functions™ described linguistically with
words such as “high” or “low”, where the definition of these membership functions
depends on the control designer. An example of a membership function could be the
range of power demand to propel the vehicle, if the power demand is greater than zero
kW and less than 1000 kW, then the input corresponds to the “Low” membership
function and so on a power range could be defined for “medium” and/or “high”
membership functions. The use of the membership functions allows the designer to
classify the input and output variables as they would be perceived by a human operator,

and thus the rules can be set based on the membership function as well.
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The fuzzy logic control method can be used to implement a power management
controller by using the command power required to propel the vehicle and the SOC of the
energy storage device as inputs and the fuel cell current as the output of the controller.
Implementation of this type of control can very well be found in recent literature
publications for fuel cell electric vehicles. One of the earlier works on power
management with a fuzzy logic based controller is presented by Jeong et al. [13], where
the load sharing between a fuel cell and a battery stack is controlled by managing the
state of charge and current of the battery. Different types and sizes of energy storage
devices have also been used for fuel cell vehicles, Kisacikoglu et al. [14] presented a
fuzzy logic controller for an ultracapacitor based FCEV. Gao et al. [15] on the other hand
utilized a fuzzy logic based controller for a hybrid vehicle that used two types of energy

storage devices; a battery and an ultracapacitor.

While fuzzy logic controllers might seem as a good solution for the power
management controller problem, there lays a major obstacle in designing fuzzy logic
controllers. The main difficulty with fuzzy logic controllers is how to determine the
appropriate number of member functions or range of values for the input and out
variables. In other words, fuzzy logic controllers require training data in order to
correctly form the membership functions and set of “if - then” rules. In most of the
studies presented previously, the membership functions and rules were formed based on
the common sense knowledge of the designer about the behavior of the energy storage
device and the fuel cell. While designing the fuzzy logic controller based on common
knowledge of the sub systems might work, it does not guarantee the vehicle will achieve
optimal operation. One way to overcome this problem is to run experimental tests to
provide the training data needed, however, this might not be feasible, especially when the

vehicle is still in the design process.

2.1.3 Optimization control methods
As previously stated, the main goals for the hybrid control strategy are

maximizing the overall efficiency of the powertrain, minimizing the overall fuel

consumption and also maintaining the state of charge of the energy storage device within
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an acceptable range. If formulated mathematically, then these goals can be used as the
constraints for a simple mathematical optimization problem. Essentially, the goal of the
optimization would be to find the most fuel efficient power split between the two energy
sources in a hybrid powertrain, while maintaining acceptable operating conditions. In
[16], [17] and [18] it can be seen that this type of optimization has already been
investigated for hybrid electric vehicles, where the two energy sources are an internal
combustion engine and a battery stack. In this case the optimization problem can be
defined as: for a given driving cycle find the control law (or power split parameter) that
will optimize the overall fuel consumption of the vehicle over the entire drive cycle.

From this definition, it is now possible to form a cost function:

tfinal
Je= f medt (3)
0

Where i, is the flow rate of the fuel consumed, and thus, the cost function J; is
the amount of fuel consumed over the driving cycle period from time /=0 to t=t5;nq;. The
other aspect of the optimization is the SOC of the battery stack, which can be accounted
for as a constraint on the optimization problem:

SOCfinal = SOCinitial (4)
SOCmin < SOCinitial < SOCnax (s)

Now that the optimization problem is formulated, solving it can be done using
several well known mathematical optimization algorithms. A good example that is often

used is Pontryagin’s minimum principle [19].

The same principle can also be applied to fuel cell electric vehicles, however,
since the energy storage device is to be strictly charged from the fuel cell (i.e. not plug-
in) an equivalent fuel consumption in terms of the hydrogen fuel must be considered. Li
et al [20] presents a detailed procedure on using the optimization control method for fuel
cell electric vehicles. In his work Li uses a combination of fuzzy logic type controller
along with an optimization scheme; where in this case the control variables to be

determined are the fuzzy logic parameters. Thus, Li uses a fuel consumption cost
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function in order to optimize the fuzzy logic controller parameters. Doing so solves the
problem with fuzzy logic controllers mentioned previously, which is the uncertainty in

selecting the appropriate membership function parameters.

In addition to being able to maximize the fuel efficiency of the powertrain,
optimization techniques can also be used to size the vehicle components. For example the
work done in [21] optimizes a fuel consumption cost function to determine the best ratio
of fuel cell to battery size in a fuel cell electric vehicle powertrain. However, a big
disadvantage with optimization methods is the need to know the driving cycle ahead of
time in order to optimize the cost function, which makes it difficult to implement in real-
time vehicle applications. Although some researchers [22] have proposed using the GPS
(global positioning system) to predict the driving route that the driver intends on taking
and thus, using this data to optimize the control strategy as the vehicle begins the trip.
While it is an innovative way to optimize the controller, using the GPS might not always
be feasible, not mentioning the added vehicle cost to install a reliable GPS unit. Thus,
even with the optimization techniques, there is still a need to develop a real time
controller that does not require knowing the drive cycle ahead of time. Nonetheless, even
if the optimization method is not applicable in real-time, it can still be a good designing
technique used to obtain reference data to develop real-time controllers, such as the work
done in [20] to design the fuzzy logic controller parameters. It can also be used as a

system component sizing technique during the designing process of hybrid vehicles.

2.2 Thesis Outline

The main focus of this work is the design of a hybrid fuel cell vehicle power
management control strategy. In particular this work is focused on hybrid configurations
where a battery stack is used as the energy storage device. As can be seen from the
literature review, there have been various types of controllers designed for managing the
power split between the fuel cell and the battery stack. However, the literature review
also shows that there is still room for improvement in the power management control
strategy, some of the obvious problems with the current control strategies can be

summarized as follows:
18



- Fuel efficiency optimization methods require prior knowledge of the driving cycle

before they can be implemented

- The impact on the fuel cell and battery life cycle are not considered when

designing power management control strategies

- There is no standardized method to evaluate the performance of different control
methods

- Lack of direct comparison of different control methods for the same vehicle

application

Thus, based on these drawbacks of the current control strategies, the scope of work of

this project can be outlined by the following steps:

. Stepl.

Step2.

Step3.

Stepd.

StepS5.

Size the components of a fuel cell-battery hybrid vehicle powertrain

Develop mathematical models for each component of the hybrid vehicle

powertrain

Design and implement an improved power management controller

Develop performance measures that can be used to evaluate the

performance of different control methods

Validate the effectiveness of the controller experimentally
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CHAPTER I1I. CONTROL DESIGN

3.1 Mathematical Models

The mathematical models for each one of the vehicle components are
implemented in MATLAB/Simulink. The vehicle chosen as the application case for this
study is the SAE Baja vehicle designed and built by undergraduate students at the
University of Windsor [23] . The main advantages of using the SAE Baja vehicle is its
availability for experimental testing, simplicity of powertrain components and also
relative ease of mathematical modeling. The SAE Baja vehicle typically has a top speed
of 50 km/h and acceleration of 0-30 km/h in 4 seconds. This type of vehicle is normally
referred to as a “Low Speed Vehicle”, and is often used to complement primary vehicles
in industrial and transportation applications, such as warehouses, factories and airports.
Despite the fact that the SAE Baja vehicle does not fall under an actual road vehicle
weight class, the conclusions obtained from this study can still be generalized and
considered when designing control algorithms for fuel cell vehicles. The powertrain

configuration for this study is shown in Figure 6.

...............

Curtis Controller
Vehicle Motor |
Controller [~~~ ""===-====m Drive
H-5000 || DCpC [+ ACDC
FuelCell |- Converter ——!-— g«}« Inverter
Li-Ion Battery

Figure 6: Vehicle configuration

Normally, the SAE Baja vehicle is equipped with a 10 Hp internal combustion
engine, therefore, a SkW fuel cell engine, a 10 Ah Lithium-ion battery stack and a 13 kW
AC Induction motor were selected to propel the SAE Baja vehicle. Due to its higher
efficiency, an AC induction motor was selected to drive the SAE Baja vehicle. The main
parameter used to select the motor is the torque required to propel the vehicle. The

selected AC motor has rated torque and speed of 100 Nm and 6000 rpm, which is
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sufficient to propel the SAE Baja vehicle at a speed of 30 km/h and maximum road slope
of 15 degrees. In order to control the AC motor and interface it to the DC bus, a vector
drive controller/inverter combination that are normally used for electric fork lift utility
vehicles was selected. The advantage of the selected motor controller/inverter is that it is
capable of operating at a relatively low voltage. The motor controller/inverter is rated at
48 Volts and 350 Amps. The fuel cell selected for this application is the H-5000
manufactured by Horizon Fuel Cell Technologies [24], which has a rated power of 5kW,
output voltage range of 64 V — 114 V and a system efficiency of 40% at 72 volts. The
fuel cell does not incorporate a fuel reformer and thus the fuel is 99.99% pure hydrogen
gas. A DC/DC converter is required to match the voltage of the fuel cell with the electric
drive voltage (48 Volts). However, in this project the DC/DC converter and fuel cell will
be simulated using a programmable power supply, thus, a DC/DC converter was not

selected.

Lithium-ion batteries are classified in terms of the cathode material used to
transfer ions from a typically graphite anode (LiC¢). The lithium ion battery selected for
this project uses a lithium iron phosphate (LiFePQO,) cathode material. Lithium iron
phosphate batteries have an average open circuit voltage of 3.3 Volts, although not as a
high as lithium ion polymer batteries (4.2 V), lithium iron phosphate cathode material is
significantly less expensive. Thus, in order to match the voltage requirement for the
electric drive, at least 15 lithium iron phosphate cells have to be connected in series to
provide 48 volts. The capacity of the cells selected is 10 Ah, in order to obtain higher
capacity more cells have to be connected in parallel, however, in this project 10 Ah is
considered sufficient since the powertrain will be simulated over a maximum 30 minutes
driving cycle. Choosing a low capacity also helps in illustrating the change in the SOC of
the battery during the driving cycle simulation.

3.1.1 Fuel Cell Model
Obtaining a dynamic model that accurately describes all operating aspects of the
fuel cell is a very challenging task. In order to obtain a complete fuel cell model, all the

auxiliary devices such as the air compressor, the fuel (hydrogen) pump, heat exchangers
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and flow regulators on each side the cathode and the anode must be considered. Despite,
the fact that such model would give a great insight into the relationship between the fuel
consumption, fuel cell operating conditions and the different energy management
schemes, the model would be very nonlinear and would very much complicate the overall
vehicle model. Alternately, for the purpose of developing a vehicle controller, the fuel
cell model is simplified by modeling the fuel cell as a voltage source. Thus, the fuel cell
model considered for this project is a simplified version that mainly takes into
consideration the electrical and fuel flow rate behavior in the fuel cell. Figure 7 shows a

schematic of the model.

ife
+
g — Vi
Vfc =V open circuit ~ Vlosses (lfc’ msz) -
Figure 7: Fuel cell model
The reactions that take place at the fuel cell anode and cathode are:
Anode Reaction: H,—2H" +2¢” (6)
1 _

Cathode Reaction: -2'02 +2H" +2¢—>H. ,0 (7)

From the anode side reaction it can be seen that for every molecule of water
formed, there are two electrons passed through the load circuit. The energy required to

form one mole of water is referred to as the Gibbs free energy of formation (A@'f). In

order to find the reversible open circuit voltage, it is assumed that there are no losses and
thus, all of the Gibbs free energy is converted to electrical power. The charge transferred
for every mole of water formed can be determined using Faraday’s constant (F) and so

the reversible open circuit voltage (V,.) is [25]:

Vo = Ag, _ -237,000 J/mole — 1.229 Volts
oc = TOF mole e T (8)
(2 e Ctamt) (96400C/mole)
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It is important to note that the Gibbs free energy varies at different temperatures.

Thus, the A§f value that will be used for calculating the open circuit voltage is taken to

be at standard room temperature (7p = 25 C). The open circuit voltage variation with

different temperatures (V) can be calculated as follows [25]:

~44.43]/(mol.k)
2(96400)

Vr=Vo+ (T - To) (9)

The voltage and current response can be characterized using the polarization
curve shown in Figure 8. The polarization curve represents the maximum cell voltage and
the drop in voltage as the current density is increased. The voltage losses are divided into

three types: Activation losses, ohmic losses and concentration losses.
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Figure 8: Fuel cell polarization curve

Ohmic losses are associated with the material resistance to transfer charge. Two
ohmic losses are considered, the polymer membrane resistance to transfer ions and the
electrodes resistance to transfer electrons to the load circuit. The ohmic loss represents
the linear part of the polarization curve, thus, it can be represent using ohms law with a

constant resistance, which is estimated to be R=0.07565 ohms for this work [26].

The Activation voltage loss is associated with the energy loss required to initiate
the reduction and oxidation reactions at the fuel cell anode and cathode. Normally, the
activation losses are dominant at lower current density levels. The physical nature of the

activation voltage loss can also be explained at a microscopic level of the electrochemical
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reaction that occurs at the electrode surface. The separation of electrons and ions results
in the accumulation of electrons (negative charge) between the electrode and the
electrolyte on the anode side, while ions (positive charge) build up on the cathode side.
This physical phenomenon is known as the electrical double layer, it is very important to
consider when modeling fuel cell behavior because in order to transfer the positive
charge through the electrolyte, a voltage drop is required, and this voltage drop is the
activation voltage loss. The activation voltage loss (V,..) is calculated using the Tafel
equation [25]:

Vit = %ln (lf) (10)

Where, R is the universal gas constant, T is the temperature, a is the charge

transfer coefficient; if. is the current drawn from the fuel cell and i, is the exchange
current density. The exchange current density depends on the electrolyte and electrode
material, in the case of PEM fuel cells, the electrolyte is a polymer while the electrode is
a porous carbon plate containing platinum catalyst. For this of electrolyte-electrode
combination, the exchange current density is estimated as:

ip = Ap(5x107%) (11)

Where, Ay is the fuel cell active area.

The concentration loss is associated with the change in fuel and oxidant
concentration as their flow rates increase. The concentration voltage loss (V.onc) i
dominant at higher current density levels. The voltage loss due to change in concentration
is evaluated by considering the partial pressures of the reactant gases (py,, po2) [25]:

_RTl 1
Vconc"ﬁn ;;P_lo/z? (12)

The partial pressures are calculated based on the purity of the fuel and air fed to

the fuel cell (x%,y%), and also the rate of utilization of hydrogen and oxygen gasses
(Unz, Up2):
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Pu2=(Pruer) (x%)(1 — Uyy) (13)
Po2=(Pair) y%) (1 — Up,) (14)

Knowing the fuel cell demand current, the number of cells in the stack (N) and the
molar masses of hydrogen and oxygen (My,, My, ), the mass flow rates (my,, M,p,) in

kg/s can be calculated as follows [25]:

N(i¢)(M
gy = (lfc;(F H2) (15)
_ N(ig)(Mo2) (16)
floz = —F
The hydrogen fuel and oxidant utilization rates are defined as [25]:
_ Fuel Consumption Rate  N(ig)(My,) .
B2 = Fuel Supply Rate  (2F)(iinfye) (x%) an
N(i¢c)(Mo2)
Uye = - 18
% = 2P g %) a

3.1.2 DC/DC Voltage Converter
In order to accommodate for the fuel cell voltage drop, a DC/DC converter is used

to maintain a constant voltage output while varying the output current. The converter
used is a current controlled buck converter (i.e. the fuel cell voltage is reduced to match

the DC bus voltage). The model for the DC-DC converter is obtained from the circuit

diagram shown in Figure 9.
i L e
+e . Y- e+
\
D
Vﬁ C L Vd‘
T

Referencer, + D
Measuredyy, - I

Figure 9: DC/DC voltage converter circuit
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The main components of a DC-DC converter are a transistor switch and two
energy storage elements a capacitor and an inductor. The basic principle of operation can
be summarized by two states of the transistor: Open and Closed. When the switch is
closed the circuit is shorted and thus the input voltage is not isolated from the load and
current can only flow to the inductor and so its energy level increases. When the switch is
opened on the other hand, the inductor discharges its energy to the to the capacitor across
the load terminals As the transistor switch is opened and closed constantly at a certain
duty cycle rate, the output voltage of the converter becomes a function of the duty cycle
of the transistor switch and the input voltage of the converter. The relationship between
the input and output voltage is:

VOut
—_—=D 19
Vinput a9

Where, D is the duty cycle. The above circuit can be modeled by writing the
voltage loop equations for the case when the IGBT switch is open and when it is closed,

thus the governing equations are:

dve(® 1. :

c;t = E(IL — lioaq — iLdp) (20)
dip(t) 1

;E ) = E(——Vc + Vcdp + Vge) (21)

Where, V. is the voltage across the capacitor, iy is the current through the
inductor, ijg,q4 is the current drawn by the load. The above equations were used to

implement a mathematical model in the MATLAB/Simulink environment.

3.1.3 Lithium Battery Model
The battery is modeled based on the equivalent electric circuit model shown in

Figure 10. In this model, the battery electrical behavior is represented using two basic
elements, a resister and a voltage source. The resistor element represents the internal
resistance of the battery. The internal resistance takes into account several fundamental
phenomena in battery chemistry. These phenomena are ohmic resistance (in the

electrolyte, electrodes and battery terminals), the charge-transfer resistance associated
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with the reactions taking place at the electrodes, and the diffusion resistance which has to
do with the transport of reactants and products between the electrodes and the
electrolytes. More complicated models already exist in literature that take into account
the double layer capacitance effect by adding a capacitor element in parallel with the
resister element in the equivalent circuit model. However, for the purpose of designing a
control based model, the capacitance effect will be ignored, as it has little impact on the
controller design. The overall voltage output at the battery terminal as a function of the
state of charge of the battery (SOC) is determined by subtracting the internal resistance
voltage loss from the open circuit voltage of the battery (V,):
VBart (SOC) = ng(Voc(SOC) — IR;(SOC)) (22)

Where, ng is the number of battery cells in series.
R.

— . O+

© o

O-
Figure 10: Battery equivalent circuit model

The open circuit and the internal resistance as a function of the SOC are typically
determined by experimentally testing the battery cells. In a study to develop a
mathematical model for lithium iron phosphate batteries, Khateeb et al. [27] performed
discharge tests on a Lithium battery cell in order to develop a relationship between the
battery depth of discharge (SOC), the open circuit voltage and the internal resistance. The
experimental results were curve fitted and the voltage drop across the battery terminals is
represented using the following equations:

R = 0.20139 + 0.58863(1 — SOC) — 0.81697(1 — SOC)?
+ 0.79035(1 — SOC)3

V, = 3.95587 — 1.42918(1 — SOC) + 2.83095(1 — SOC)*
—3.7497(1 - SOC)3

(23)

(24)

27



Obtaining accurate SOC measurements is very critical in order to obtain an
accurate battery model and to design a proper management system. The SOC is defined
as the “ratio between the difference of the rated capacity and the net amount of charge
discharged from a battery since the last full SOC on the one hand, and the rated capacity
on the other hand” {28]. Several methods have already been developed for estimating the
SOC, some of these methods are: discharge tests, coulomb counting and the Kalman
filter. The advantages of each method vary depending on the application. For example,
the Kalman filter method is more accurate, but requires more computational power and a
more accurate mathematical model of the battery. The coulomb counting method is the
most used method currently, and it gives fairly good accuracy. However, it requires
accurate battery current measurements. In this work, the battery SOC is estimated using
the coulomb counting method. This method requires consistent measurements of the
battery discharge/charge current. The battery current is then integrated over the time
period that the current is discharged/charged from the battery. The SOC is then calculated
as follows:

fidt

S0C(©) = 1- g

(25)

3.1.4 Vehicle Model

Since the main goal for modeling he vehicle is to capture the transient vehicle

load demand, the vehicle model considered is a two dimensional model. The vehicle is
modeled using the simple longitudinal vehicle dynamics equations, where the total road
loads acting on the vehicle are calculated based on the aerodynamic drag, rolling
resistance, acceleration and road grade loads. The vehicle parameters used in the
mathematical model are shown in Table 3. In order to simplify the mathematical model,
there are several assumptions that were made in regards to the vehicle dynamics aspects.

These assumptions can be summarized as:

- Dynamic effect of weight distribution are not considered for the rolling resistance

calculations
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- Rolling resistance is assumed to be distributed equally on all tires (assumes front

and rear tires have the same tread pattern and size)

- Rolling resistance and aerodynamic drag are assumed to be perpendicular to the

direction of vehicle velocity

- Only the frontal area of the vehicle is considered when calculating the

aerodynamic drag on the vehicle

- The inertial forces due to the rotating parts in the vehicle are not included in the

calculations

Table 3: Vehicle parameters 23]

Vehicle mass (m) 308.45 kg
Frontal area (A) 0.9 m’
Drag coefficient (Cy) 0.6
Rolling coefficient (C;) 0.014
Air density (p) 1.204 kg/m®
Wheel radius () 0.1397 m
Top Acceleration (a) 1.9637 m/s®

Given these simplifications, the mathematical equations that describe the road

loads can be expressed as:

Frotal = Frolling + Fprag + Fcradient + Facceleration (26)
Froiting = mgCrcoso (27)

Fprag = %pCde (28)

Fgradient = mgsin® (29)

Facceleration = ma (30)

Where; V, a, and w are the vehicle velocity (m/s) and acceleration (m/s?). The

electric motor drive is modeled based on its characteristic curve and efficiency maps
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shown in Figure 11 and Figure 12. The motor and controller parameters are determined

based on estimates provided by the motor manufacturer.

AC Motor Characteristics

20 .
15 5
10 &
0
Torque (Nm) 16 8 500 1000 Speed (RPM)

Figure 11: AC Motor characteristics

AC Motor Efficiency

00
Torque (Nm) 0 3 00‘ Speed (RPM)

Figure 12: Motor efficiency map

3.2 Controller design
3.2.1 Modes of Operation

Based on the road loads, and SOC of the battery stack, the hybrid powertrain
operation can be characterized by three main operation modes. These operation modes

are: hybrid drive, charge sustaining, and regenerative braking. At any time the operation
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of the hybrid powertrain by one or a combination of these modes. The modes of operation

are illustrated in Figure 13.

Voltage Bus Voltage Bus

(e (me) B e
1 Converter +— Fuel Cell : 1 Converter '] Fuel Cell

i

Battery I Battery

Electric — Electric —
Drive —t— Drive ’

a) b) |

Figure 13: Modes of operation: a) hybrid drive b) regen/charge sustaining

At each operation mode, the power management controller adjusts the
contribution of the fuel cell and battery in the hybrid powertrain. The power split between
the battery and the fuel cell can be defined by the degree of hybridization (DOH), which
is normally used as the ratio between the rated powers of the fuel cell to the rated drive
power when sizing the vehicle components. However, in this project the term DOH is
used to refer to the instantaneous power split between the fuel cell and battery. DOH is
defined as:

Instantaneous Power Supplied by Fuel Cell
DOH = (31)
Instantaneous Power Demand

The instantaneous power demand by the vehicle electric drive is determined by
knowing the vehicle speed and torque required at the wheels:

Pyrive = (Torque)(Speed) (32)

The torque at the wheels is normally not a measured parameter, and cannot be
determined unless the road loads are known ahead of time. However, it is directly related
to the driver pedal command, where it represents the driver's response to two factors: the
resistance force and the desired speed, in other words, the driver will either press or
release the pedal depending on how fast he/she wants to drive and also how much

resistance force (air drag, rolling drag and gravity) the vehicle is facing. The pedal
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position is determined using the classic cruise control example, where a PID controller is
used to adjust the driver "pedal position" from -1 to 1 depending on how well the vehicle
is matching the command speed. Physically, a pedal position from 0 to 1 represents the
driver using the accelerator, while a pedal position from 0 to -1 represents the driver
using the brake. Using this simple controller, the pedal position at each speed command
is determined and the requested torque is calculated by multiplying the pedal position by
the rated vehicle torque as shown in Figure 14. Thus, DOH can be determined
instantaneously during the drive cycle. The value of DOH will vary depending on the
mode of operation and control method used. If the powertrain is in hybrid/charge
sustaining mode, then DOH will vary from 0 — 1 depending on the power split between
the fuel cell and the battery. If the powertrain is in regenerative braking mode, DOH will

be zero.
Desired Speed ] PedalPosition
PID e -
Measured Speed” —
Motor Torque
Request ——.— RatedTorque |

Figure 14: Pedal position

3.2.2 Constraints

The main constraints on the power management controller are related to the life of
the fuel cell and the battery. As discussed in the introduction, fuel cells have trouble
dealing with high transient demands. In fact, it has been shown experimentally that
frequent high rate current demands can damage the fuel cell and significantly reduce its
expected life. Thus, the rate of current request sent to the fuel cell has to be subjected to
limitation. The exact rate limit value is determined based on previous studies [29], and is

selected to be +/- 2 A.s™.

The second constraint is related to the battery life and thus its SOC level and
operating range. The battery must at all time have enough capacity to recover energy

from regenerative braking. Based on the driving cycle and the rated deceleration of the
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SAE Baja vehicle, it was determined that there must be at least 10% of the battery
capacity room available for storing regenerative energy. Thus, the battery SOC must at
all time be less than 90%. However, as was discussed previously, the average operating
SOC of lithium ion batteries impacts the degradation of the battery capacity over time,
and so the range must be selected to prolong the battery life. Several research studies
have done experimental testing in order to find the ideal operating range for the battery
[30]. Based on these studies it was decided that the battery SOC would be maintained at

an average value of 60%.

3.2.3 PID Controller

The ultimate goal in this control method is to monitor and maintain the state of
charge of the battery at its nominal value of 60 %. In the case where the SOC of the
battery drops significantly below the reference value, a current request is sent to the fuel
cell in order to charge the battery. The magnitude of fuel cell current request is also
controlled by the power needed to drive the vehicle. Thus, in order to satisfy both the
battery SOC and the vehicle power demand, two control loops are required; a battery
current control loop and a fuel cell current control loop. A PID controller is used to
compare the calculated SOC with a reference value to generaté a battery current demand
signal. This generated signal is then used as a reference value for the battery current.
Another PID controller is then used to generate a fuel cell current demand based on the
difference between the battery current and its reference value. The controller is explained

by the diagram in Figure 15.

SOC_Ref I Batt_Ref I FC
+
PID % PID |—
SOC 1_Batt_Mea

Figure 15: PID Controller diagram

3.2.4 Fuzzy Logic Controller
The two input variables to the fuzzy logic controller are the pedal position and the

SOC of the battery. Similar, to the PID controller, the fuzzy logic controller aims at
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maintaining the SOC at nominal level, for this reason the first control input to the fuzzy
logic controller is the SOC of the battery. The second input variable is selected to be the
driver pedal position. The output variables of the fuzzy controller are chosen to be the
degree of hybridization (DOH), and also battery recharge current supplied from fuel cell
(FC Current). While, normally DOH is used when sizing the vehicle components, it is
used in this controller as the main output control variable. The value of DOH ranges from
0 to 1, with O representing a full battery vehicle (powered by battery only) and 1
representing a full fuel cell vehicle (powered by fuel cell only). Thus, DOH represents the
fraction of power that the fuel cell contributes to the overall vehicle power demand. Once
the DOH is determined from the controller, it is multiplied by the required vehicle power
to obtain the required fuel cell power. A lookup table is then used to convert the power
requirement into current requirement. The controller block diagram is shown in Figure
16.

SOC I DOH
Pedal Position FC Charge
Fuzzy Logic Current

Controller

Figure 16: Fuzzy logic controller

Before choosing the membership functions, specific test cases were run using the
simulation model in MATLAB in order to determine how the overall system efficiency is
affected by different degrees of hybridization. The test cases are: acceleration (0 - 25
km/h in 3.5 seconds), deceleration (25 - 0 km/h in 3.5 seconds), driving at constant speed
(30 kmv/h) and hill climb (10 degrees grade). The results from the acceleration and

deceleration tests are shown in Figure 17.
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Figure 17: Acceleration efficiency test cases

It is clear to see that the DOH has a significant impact on the overall system
efficiency, where the efficiency improves as the fuel cell power contribution is reduced
(i.e. the DOH decreases). Thus, the range and categories of the DOH membership
functions can be selected based on that. The membership functions for DOH are shown in
Figure 18, where it is classified into three modes of operation: Low, Medium and High.

The medium mode of operation was chosen to cover the largest span of possible DOHs,

and thus reducing the fuel cell's transient response.

DOHMWRW Charge Curent Membership Functions ,
1
0 4 ‘ .4 . S—————————
01 0 02 035 04 045 05 05 ¢t 15 2 25 3 35 4 45 5
FC Cuxrent

Figure 18: Output membership functions

The second output variable is the fuel cell charging current (FC Current), this
variable is strictly dependent on the SOC of the battery and is not impacted by the vehicle
power demand. The membership functions for FC Current are shown in Figure 18, where
it is divided into three levels: L (Low), M (Medium) and H (high) ranging from minimum

0 amps to maximum 5 amps. The membership functions for the SOC and pedal position
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input variables are shown in Figure 19. The SOC of the battery is classified into three
main categories Low, Medium and High to correspond to a nominal SOC of 60 %. The
pedal position on the other hand is varied from -1 to 1, where all negative values are
categorized as "regen" mode and the positive values are divided into 4 sections: quarter,

half, three quarters and full pedal displacement.

SOC Mambeeship Functions Pedal Position Memmbership Functions
b L M H - Ragen Quarter Half Three Qtr Full
0.5 .05
0 R T L - , :
0 10 20 30 40 50 60 70 B0 9 100 .3} 08 06 04 02 0 02 04 06 08 1
SOC Pedasl Position

Figure 19: Input membership function

The output of the controller is determined by a set of “if-then” statements based
on the linguistic definition of the membership functions. For example if the SOC is in the
“L” low range, then regardless of the pedal position, the DOH output of the controller
will be in the “H” high range. The output of the controller is shown in Figure 20.

Figure 20: Surface plot of the fuzzy logic controller output

3.2.5 Optimization approach

The problem of designing a power management strategy for hybrid vehicles can

be formulated into an optimization problem, in which the cost function is the fuel
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consumption. However, as mentioned in the introduction, global optimizations are not
feasible due to the need to know the driving cycle ahead of time. Thus, a local
optimization will be used instead. The local cost function is based on the fuel flow rate
supplied by the fuel cell. Since in the hybrid fuel cell-battery vehicle all of the energy
supplied essentially comes from the hydrogen fuel, the energy withdrawn from both
sources must be converted into equivalent hydrogen fuel flow rate. This was
accomplished as follows:

rheq = g + c(fhyge) (33)

The fuel cell and battery equivalent fuel mass flow rates are defined using the
higher heating value of hydrogen (141.9x10° ] /kg):

it = ibattvbatt_OC 1 (34)
batt = 1 41.9x106j Effe Effy a0
igVv 1
fcVfc (35)

Mfe = 141.9x109 Eff,,

Where, Effs. and Effy,.are the fuel cell and battery efficiencies respectively. The
fuel cell efficiency is obtained by a lookup table from the manufacturer, while an average
value is used for the battery efficiency. Another parameter that must be included in the
optimization is the SOC of the battery. In order to incorporate the SOC of the battery in
the optimization problem, the battery equivalent fuel flow rate is multiplied by a variable
factor “c”. This variable is varied between 0 — 2 depending on the SOC of the battery and

can be defined as follows:

(s0c — S0Cmax + S0Cmi)
1 — 2

SOChax — SOChin
2

c= (36)

The value of ¢ essentially manipulates the total fuel flow rate depending on the
SOC of the battery. By doing so, the optimized power split will be high enough to take
into account charging the battery when the SOC is too low, or discharging it when the

SOC is too high. The relationship between “c” and the SOC is summarized as:

If SOC =40, thenc =2
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If SOC =50, thenc=1.5
IfSOC =60, thenc =1
If SOC =170, thenc =0.5
IfSOC=80,thenc=0

In this equation, SOC,,,x and SOCy,;,are the maximum and minimum allowed
SOC of the battery. As mentioned in section 6.2, the average SOC will be maintained at
60%, thus, SOC ., and SOC,,;,, are 80% and 40% respectively.

This optimization problem is solved without using any complex mathematical
algorithm,; instead a simple for-loop is used to find the least hydrogen fuel flow rate while
varying the requested power to drive the vehicle from 0 — 3000 Watts and the SOC in the
range between 40% to 80%. The result shown in Figure 21 is a relationship between the
requested power, the SOC of the battery and the DOH, which can be implemented in the

controller as a two dimensional lookup table.

Figure 21: Fuel flow rate optimization surface plot

Figure 21 shows that most of the time the optimal fuel flow rate is achieved if the

DOH is highest, i.e. if the fuel cell is used as the main power source with minimal supply

from the battery. This comes as no surprise since the most efficient way to transfer

hydrogen power to the electric drive is by going directly from the fuel cell. However, that

is not always true since maintaining the SOC of the battery between 80%-40% is a
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control objective. Thus, it can be seen that as the battery SOC is increased, the DOH
becomes smaller favoring the battery over fuel cell in order to bring down its SOC, on the
other hand, as the SOC is decreased below its average, the DOH becomes higher to
recharge the battery. In addition to that, the efficiency of the fuel cell varies as the power
request is increased, this also plays into finding the most optimal DOH, and can be seen
in the variation of DOH as power request is increased. To summarize the method of local
optimization is implemented varying the degree of hybridization parameter DOH to find
the value that minimizes the equivalent fuel flow rate. The values of DOH are varied
between 0.1 (minimal fuel cell usage) to 0.9 (maximum fuel cell usage) instantaneously
at each power request from the electric drive. The process is illustrated in the flow chart

shown in Figure 22.

Instant Power Demand

Vi - ’ “
Instant Battery State of | Vary Power Split from
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Figure 22: Optimization approach flow chart
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3.3 Performance measures
3.3.1 System Efficiency
In this study, the efficiency and transient response of the fuel cell are considered

the main performance measures. The fuel cell and battery efficiencies are defined as

follows:
IpcVrc
= 7
Blfrc = Gitn) (HHV) (37
V,
Effgar = 2 (38)

VBatt_oc(SOC)

Where, my, is the hydrogen fuel mass flow rate (kg/s), HHVy, is the higher
heating value of hydrogen fuel (141.9 MJ/Kg), Vg, is the measured battery voltage at its
terminals, and Vg, oc(SOC) is the open circuit voltage as a function of the state of
charge of the battery. Thus, the overall system efficiency can be derived using the
following "If-Else" statements:

If power demand > 0, then:

Eff — Pdrive (39)
SYSEEM T (thyz) (HHVigz) + (gar) (Veare 0c(SOC) ) /EffecEffpc

Else, if power demand < 0, then:

Eff — I(lBatt) (VBatLOC (SOC))l (40)
system (mHz)(HHVHZ) + lPdrive'
Else, if battery power < 0, then:
Ef _ FParive + |(Igaee) (Veate 0c(SOC))| (41)
system (my;) (HHVy)

3.3.2 Fuel Consumption
In addition to the overall system efficiency, the miles per gallon of gasoline

equivalent (MPGGE) is also an important measure that gives an insight as to how the fuel
cell vehicle compares to internal combustion engine vehicles in terms of its fuel

consumption. The conversion to the equivalent miles per gallon of gasoline is done on the
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basis of the hydrogen fuel energy content compared to the gasoline energy content. The
energy content of liquid gasoline fuel is 115,000 BTU per gallon, while the energy
content of gaseous hydrogen fuel is 113,738 BTU per kilogram, thus, the energy in one
gallon of gasoline is equivalent to that in 1.012 kilogram of hydrogen fuel. Therefore, the
MPGGE is calculated as follows:

Miles ) ( kg of H, )
kg of H, gallon of gasoline

MPGGE = ( (42)

The total fuel mass consumed during a driving cycle can be calculated by
integrating the fuel mass flow rate over the driving cycle time period. However, in order
to accurately measure the amount of fuel consumed for the entire driving cycle, the initial
and final state of charge (SOC) of the battery must also be taken into consideration. In
other words, if the battery is assumed to have a 60% initial SOC, then the amount of fuel
required to recharge the battery back to its initial SOC must be considered when

calculating the total fuel mass as shown in Eq.(16):

t
Mgyel consumed () = f Myriving (t)dt + Mrecharge () (43)
0

The second term (Myecharge) in the equation above, represents the fuel mass

required to recharge the battery back to its initial state of charge. This term is determined
by first calculating the amount of energy required to recharge the battery from its final
SOC to its initial SOC:

AErecharge(t) = [Q(SOC(t) — SOC;)]Vnom (44)

Where, AE ¢charge 1S the energy in Watt-Hour, Q is the rated battery capacity in

Ampere-Hour, V,,on, is the nominal battery voltage, SOC (t) is the final state of charge,
and SOC; is the initial state of charge. Then, the total hydrogen mass consumed in
recharging the battery can be calculated using the hydrogen fuel Higher Heating Value
(141.9 MJ/Kg):

3600s Kg 1
Mrecharge (t) = AErecharge(t) ( hour ) (141.9 X 106 1) (Effmeffpc) (45)
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Where, Effy . and Effzc are the battery and fuel cell efficiencies at the final SOC
of the battery.

3.3.3 Battery Cycling
As stated in the objectives section, one of the main design goals of the hybrid fuel

cell vehicle controller is to operate the powertrain in a way that prolongs the battery life.
The main function of the battery in the hybrid vehicle powertrain is to recover the
regenerative braking energy and also supply the pulse power demand that the fuel cell
cannot handle. Thus, the battery will be forced to go through a high number of
charge/discharge cycles depending on the driving cycle considered. These
charge/discharge cycles however, are referred to as “partial state of charge” cycles.
Although lithium ion batteries do not suffer from “memory effect” (loss of capacity as a
battery is charged after partial discharge) like nickel cadmium batteries, the number of
partial SOC cycling has an impact on the battery degradation process. Kato et al [30]
developed an experimental procedure for testing the effect of partial SOC cycling on
lithium ion degradation process. It was shown that although the degradation greatly
depends on the operating temperature, it was greatest as the number of partial cycles
increased at an average SOC of 75% and smallest at average SOC of 50%. The
degradation increased again at an average SOC of 25%.

The impact of the control algorithm on the battery life is somewhat indirect, since
the control algorithm dictates the fuel cell current command only, and by changing the
fuel cell current, the battery current changes accordingly to supply more or less current to
the voltage bus. Thus, the battery life cannot be taken into consideration directly when
designing the control algorithm; however, it can be used as a performance measure once
the controller is designed. Consequently, the ability to predict battery life and
degradation becomes a very important topic, but it is also a very complex problem that
researchers still do not have an answer for, mainly due to the different processes and
stress factors that take place in batteries as they age. Several research works have
attempted to solve this problem using experimental data or artificial neural network
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modeling [31], [32], however, neither is applicable in this project do to the lack of battery
data. For that reason, the main performance measure will be the number of battery
charge/discharge cycles. Therefore, the controller that results in the least number of

battery cycles will be deemed most appropriate to prolong the battery life.

For the case of the SAE Baja vehicle in this project, the vehicle model developed
earlier was simulated with a battery only powertrain configuration, in order to examine
the battery performance if it were to be used by itself without the fuel cell. The federal
test procedure (FTP-72) drive cycle, also known as the Urban Dynamometer Driving
Schedule (UDDS) [33], was used for testing the powertrain performance. This driving
cycle is mainly used to simulate city driving conditions, where the vehicle is forced to
accelerate and decelerate very frequently. The battery SOC during the FTP 72 cycle is
shown in Figure 23, where the SOC decreases by 50%. Figure 24 shows the number
charge/discharge cycles that the battery would have to go through if it were operated
alone without the fuel cell, which means charge cycles are only a result of the
regenerative braking, and not a charge sustaining control algorithm. The results obtained
when operating the vehicle as a battery powered electric vehicle is used as a comparison

standard when developing the power management controllers.
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Figure 23: SOC - Battery only simulation
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CHAPTER 1IV. SIMULATION RESULTS

The Federal Test Procedure (FTP-72) drive cycle also known as the Urban
Dynamometer Driving Schedule (UDDS) was used for testing the powertrain
performance. This driving cycle is mainly used to simulate city driving conditions, where
the vehicle is forced to accelerate and decelerate very frequently. Thus, it is suitable for
this study, since the main goal is to improve the transient behavior of fuel cell powered
vehicles. However, in order to accommodate the maximum speed of the SAE Baja
vehicle (60 km/h), the drive cycle was scaled down by a factor of 1.5, resulting in a 20.63
km/h average speed over a distance of 8 kilometers driving cycle. The speed profile over

time is shown in Figure 25.
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Figure 25: Simulation driving cycle

4.1 Power demand

The vehicle power demand and fuel cell power contribution for each control
method are depicted in Figure 26. The transient power demand required to propel the
vehicle through the driving cycle is satisfied; however, the fuel cell contribution varies in
each control method. In general the fuel cell power contribution is limited by its transient
constraints, and thus it is clear to see that the fuel cell power does not follow the vehicle
power demand. The portion of the vehicle power demand not met by the fuel cell and the
regenerative braking power are covered by the battery. Note that the battery power
contribution is simply the vehicle power demand minus the fuel cell power contribution.
The fuel cell power demands in each graph show the similarity between the optimization
approach and the fuzzy logic approach, where both of these approaches use the variable
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Degree of Hybridization (DOH) meaning the percentage of power demand covered by
the fuel cell. The PID controller on the other hand is somewhat independent of the power
demand and is more concerned with the SOC of the battery stack and thus, the fuel cell

power profile does not follow the overall power demand profile as the other two

controllers do.
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Figure 26: Simulation results: power demand

All three control methods allow the powertrain to meet the road load power
demand. The main difference between each control method is the transient response of
the fuel cell. It is desirable to have the fuel cell operate in a less transient manner and
more steady state in order to prolong its life time. Comparing the response in Figure 26,
the PID control method seems to operate the fuel cell in a more steady operation;
however, the difference is not significant enough to have a major impact on the fuel cell

operating time.

4.2 Battery SOC variation
The change in the battery SOC during the simulation is shown in Figure 27. Due
to the fact that the simulation time is less than 30 minutes, the variation in the SOC is

kept within 5%. However, it is clear to see the impact of the control strategy on the SOC.
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Both the PID and fuzzy approaches are more charge sustaining than the optimization
approach. The change in SOC shows how aggressive each control method is in
maintaining the battery SOC. This is in fact the main difference between hybrid vehicle
control strategies. Most control strategies operate around keeping the SOC closer to a
previously defined value, in this case 60% is that value, however, keeping the SOC
around that value implies more charging cycles for the battery, which as was discussed
earlier contributes to the reduction of battery capacity over lifetime. In addition to that,
charging the battery constantly will also have an impact on the total fuel consumption
which is discussed in the next section. Thus, there is a tradeoff in the way the SOC is

maintained that prolongs the battery life and also optimizes the fuel efficiency.
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Figure 27: Battery SOC

Comparing the SOC variation between the control methods presented in this
project (Figure 27), the PID and fuzzy logic methods are clearly more aggressive in
maintaining the SOC of the battery, as it is closely kept near the nominal value of 60%.
The optimization method is more flexible, because it is based on minimizing the fuel
consumption as opposed to maintaining the battery SOC; however, it still keeps the

battery SOC within an acceptable range.

The behavior of the battery SOC during the driving cycle gives insight on the
general power management strategy using each control method. In general with the PID

controller the battery stack is utilized as a load leveling power source to only buffer the
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transient vehicle power demands and allow the fuel cell to operate at more steady state
conditions. This can be seen in the SOC curve of the PID controller, where the battery
experiences several spikes in the SOC (to accommodate transient demands that are too
fast for the fuel cell), however, overall it is kept within a close range to the initial SOC.
With the optimization approach on the other hand, the battery is utilized as a load
following power sources used to share the total vehicle power demand with the fuel cell
in order to improve the overall fuel consumption of the system. This can also be seen in
the SOC response, where the battery in the optimization approach experiences the
deepest decrease in the SOC. This indicates that the battery is sharing the total vehicle
loads with the fuel cell, and not just handling the quick transient demands. Finally, the
fuzzy logic approach is a simply a set of rules that dictate the operation mode of the
system depending on the SOC of the battery and the total power being demanded by the
electric drive. Thus the battery in the fuzzy logic control method is utilized in a
combination of load leveling and load following, and therefore the SOC of the battery
when using the fuzzy logic controller tends to fluctuate in between the optimization
controller curve and the PID controller curve, which represent the “extremes”. The
impact of the SOC strategy on the fuel consumption and the battery life are discussed in

the next sections.

4.3 Fuel consumption
The next step is to compare the fuel consumption (in kg of H2 fuel) of the vehicle
over the 8 kilometers the vehicle travels in the FTP-72 driving cycle. Figure 28 and Table

4 summarize the amounts of fuel consumed using each control approach.

Table 4: Fuel consumption

Distance Total Fuel H?2 Density @ 35 Gas Tank
Traveled Consumed (kg MPA (kgH2/L) Volume (L)

PID Method 8 km 0.008920 0.014 0.6372
fuzzy Method 8 km 0.008875 0.014 0.6339
Optimization Method 8 km 0.008601 0.014 0.6144
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Figure 28: Fuel consumption

It is hard to make conclusions on which driving cycle is more fuel efficient based
on this result due to the small difference in fuel consumed; however, if the storage tank
volume is taken into consideration (assuming hydrogen is stored at 35 MPA) the
optimization method saves approximately 20 mL to drive a distance of 8 km. Thus, if the
vehicle is designed to have a driving range of 400 km for example, then the optimization
control method would save approximately 1 liter of fuel storage room. This number can
become even more significant when taking into consideration a midsize sedan or a van as
opposed to the SAE Baja vehicle. The MPGGE for each case was also calculated, and it
was determined that over the FTP driving cycle, the case with PID controller scores an
MPGGE of 488, the case with fuzzy logic controller scores an MPGGE of 570.14, while,
the one with optimization based controller scores an MPGGE of 585.35. In all cases the
MPGGE calculation takes into account both fuel needed to drive the vehicle and the fuel
needed to recharge the battery to its initial SOC. Note that the obtained MPGGE values
are for the 308 kg Baja vehicle and this explains why they seem so high compared to
actual road vehicles, for example the Honda FCX Clarity has a marketed MPGGE value
of 72.8. Nonetheless, the MPGGE value gives a good comparison of the performance of
each control methodology. Although, the difference is very small, it is clear to see, as
expected, that the optimization method requires the least amount of fuel to get through

the driving cycle.
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The overall system efficiency curve for each control method is shown in Figure
29. In the case of a non-plug-in hybrid configuration, the system efficiency. essentially
corresponds to the fuel consumption since all energy comes from the hydrogen fuel.
However, since in this study the efficiency definition changes depending on the mode of
operation, it is important to see how the overall system efficiency compares between the
three control methods. The results reflect the overall slight advantage that the

optimization approach offers.
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Figure 29: System efficiency

4.4 Partial SOC battery cycling

Figure 30 shows the statistical count of number of charge/discharge cycles the
battery goes through when using each control method. As mentioned before, the number
of discharge/charge cycles is directly related to the battery life. The goal is to always
minimize the number of times the battery goes through a complete charge/discharge
cycles. Although the battery is not discharged entirely over a period of 20 minutes, the

partial SOC cycling is also critical, and can be used as a performance measure.

Figure 30 also shows the total number cycles from each control method is fairly
close; however, the difference is in the magnitude of discharge and charge cycles. In
order to quantify the numbers shown, they can be compared to the battery-only electric
vehicle case results shown previously in Figure 24. The total number of discharge cycles

obtained with hybrid vehicle is around 84 with a PID controller, 86 with a fuzzy logic
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controller and 90 with an optimization based controller. The total number of discharge
cycles obtained with the battery-only simulation on the other hand is 34 cycles. This
comparison already shows the impact of using a hybrid configuration on the battery life,
where using the fuel cell to charge the battery results in a significant increase in the

partial SOC cycle count.
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Figure 30: Battery cycle count
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Going back to Figure 30, when considering the battery in discharge mode, it is
clearly shown that the number of cycles at small magnitudes is very much the same as all
three controllers if the discharge magnitude is less than 0.1% change in SOC. However,
as the magnitude of the change in SOC increases, the optimization approach seems to
have the largest number of discharge cycles. This can be seen at 0.5 %, 1%, and 2%
change in SOC magnitudes, where the optimization approach has a total number of cycles
of 32 compared with 21 for PID and 24 for fuzzy logic. In the case of charging cycles, the
PID control method has the largest number of charging cycles at most magnitudes, with a
small of decrease at lower SOC change magnitudes. This can be justified by the fact that
the PID controller is more focused on charging the battery to a desired SOC, where the
SOC is constantly monitored and maintained at 60%. The optimization approach on the
other hand, has the least number of charge cycles when compared with the other two
control methods, which is expected given how it optimizes the fuel consumption by
limiting the fuel cell contribution. Overall, the optimization approach seems to have the
most impact on the battery life by forcing it to go through more discharge cycles.
However, determining how much that increase in the number of cycling has on the
battery life is a different research area in on its own, and there is no clear way of telling
whether a slight increase in the cycle count is as significant as the fuel consumption
savings to the designer. A summary of the total number of charge/discharge cycle count

is shown in Table 5.

Table 5: Charge/discharge cycle count

PID Fuzzy Optimization
Discharge =~ Charge | Discharge @ Charge | Discharge Charge

0.1% 63 45 62 49 58 47
0.5% 17 19 19 14 21 19
1.0% 2 3 5 5 7 2
2.0% 2 2 0 1 4 3
3.0% 0 0 0 0 0 0
5.0% 0 0 0 0 0
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CHAPTER V. EXPERIMENTAL
5.1 Experimental Setup

The ultimate goal of this research is to eventually be able to implement a full
sized fuel cell vehicle that is capable of performing at the same level as its equivalent size
internal combustion engine vehicles with much improved energy efficiency. While
MATLAB/Simulink provides an excellent platform to design such a vehicle, the
robustness of the design must be validated on the real electric powertrain components.
Thus, an experimental test bench is needed to validate the designed power management
control methods. The test bench implemented in this research is explained by the

schematic in Figure 31.
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Figure 31: Test bench schematic diagram

The test bench serves as a prototype for the electrical and some of the mechanical
components of the fuel cell vehicle powertrain. The test bench is constructed using an

“HIL” [34] (Hardware in the Loop) configuration, where parts of the powertrain are
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simulated using mathematical models. With HIL, it is possible to implement the designed
control algorithms in real time even with only part of the electric powertrain components
available. The HIL test bench is implemented using a National Instruments data
acquisition card which means that the control algorithms must be transferred from the
MATLAB/Simulink environment to the NI Labview environment. This was done by
implementing the control algoﬁthms using lookup tables that were constructed by
varying the input variables of the fuzzy and the optimization control algorithms. The
main sensors used on the test bench are the current, voltage and speed sensors, all of
which are Hall Effect sensors. The data is collected in real time and used to determine the
hybrid controller output. The rest of the test bench components are broken-down in the

next section.

5.1.1 Vehicle Loads

In order to simulate the vehicle powertrain, the road load must be simulated on
the electric motor drive, which can be done by coupling the electric motor to a
dynamometer. A dynamometer can be defined as “an instrument for measuring energy
expended” [35]. There are several types of dynamometers used in experimental test
benches. Dynamometers are normally characterized based on their operation range. Some
dynamometers can only act as loads on the vehicle drive, while others can simulate loads
acting on the vehicle drive as well as regenerative braking. For the purpose of simulating
a fuel cell vehicle, it is important that the dynamometer can simulate both driving loads
and regenerative braking. The simplest forms of dynamometers are inertia
dynamometers. An inertia dynamometer is simply a rotating flywheel that is coupled to
the vehicle drive either directly or via a chain or a belt drive. By knowing the geometry
and mass of the rotating flywheel, it is possible to calculate the torque required to
accelerate the flywheel. Due to its simplicity and ease of instrumentation and control, an
inertia dynamometer is selected to be the load for the test bench. This idea was mainly
inspired by an existing work done at the University of Waterloo, where a flywheel
dynamometer was used to simulate hybrid regenerative braking [36]. The main
disadvantage with this type of dynamometer is that it is only capable of simulating

acceleration loads, thus, the road slope, wind resistance and rolling resistance of the
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vehicle will not be simulated. Nonetheless, this is still a valid simulation of the fuel cell
vehicle, mainly because the driving cycle simulates “stop-go” city driving conditions,
which is mainly characterized by frequent acceleration and deceleration. Thus, the impact

of wind resistance and rolling resistance is not as critical.

As mentioned in the previous sections, the vehicle chosen as the application in
this research is the SAE Baja vehicle. Thus, the flywheel design specifications are chosen
to simulate the loads the Baja vehicle experiences in acceleration and deceleration. The

total kinetic energy the selected flywheel can store is shown in Figure 32.
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Figure 32: Flywheel kinetic energy

The flywheel dimensions are chosen based on the following equation:

2
| _ T _ Myehicte@"  Myenicle 7" 2 (46)
flywheel = E = a - a = TMvenicte”

Where,

Iriywheet = 'Z'mflywheeﬂ'2 (47)

5.1.2 Electric Motor

There are several options for the electric motor drive, such as an AC Induction,
Switched reluctance, DC Brushed and Brushless motors. The main factors that dictate the
selection of an electric motor type are: Cost, weight, complexity of control and

efficiency. Due to its higher efficiency and relatively lower cost an AC induction motor
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was selected to drive the SAE Baja vehicle. Also these days induction motor control has
come a long way that it is not very difficult to find a low voltage motor
inverter/controller. The motor is sized based on the Baja vehicle loads at different road

grades which are shown in Figure 33.

In order to control the AC motor and interface it to the fuel cell and battery DC
bus, a vector drive controller/inverter combination that are normally used for electric fork
lift utility vehicles are selected. The advantage of the selected motor controller/inverter is
that it is capable of operating at a relatively low voltage range, thus allowing the selecting

of a smaller battery stack. The motor controller/inverter is rated at 48 Volts and 350

Amps.
200 + Sizing Motor
—4&— 0 Degrees Road Angle
=150 + —+—5 Degrees Road Angle
g —8—10Degrees Road Angle

—%—15Degrees Road Angle
—MotorTorque

2100 A

Torqu

0 t : { { f t : §
0 400 800 1200 1600 2000 2400 2800 3200
Motor RPM

Figure 33: SAE Baja vehicle driving loads

5.1.3 Battery and Fuel Cell

In order to reduce the complexity of the system and also cost of acquiring a fuel
cell engine, the fuel cell is simulated using a programmable power supply. The power
supply allows its output to vary according to a mathematical model that represents the
fuel cell output voltage under different current load conditions. The battery stack on the
other hand is constructed from scratch using lithium iron phosphate battery cells that

output a nominal individual cell voltage of 3.3 volts. Thus, in order to supply the 48 Volts
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required by the electric drive, 15 battery cells are connected in series to give an average

of 50 volts and total capacity of 10 Ah.

Despite their significantly higher energy density and light weight, lithium based
batteries are very sensitive to being over charged or over discharged. In fact, a lithium
iron phosphate battery cell could easily die or lose a significant percentage of its capacity
if discharged below 2.1 or charged over 3.6 volts. For that reason, a lithium battery stack
must be coupled with a battery management system (BMS) that ensures each battery cell

is not over charged / discharged.

5.2 Experimental Results
5.2.1 Model Validation

The main difference between the experimental setup and the mathematical
simulations is in the simulated vehicle loads, where in the experimental setup, the
flywheel can only simulate acceleration resistance forces acting on the vehicle (i.e at
constant speed operation, the electric drive will be under no loads). Thus, with a flywheel
type dynamometer, the only method of increasing the load acting on the electric drive is

by either increasing the top speed or decreasing the time duration of the driving cycle.
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Figure 34: Accelerated driving cycle

The experimental cycle is shown in Figure 34. Given the risks associated with

spinning the flywheel dynamometer at high speeds (greater than 1000 rpm), the driving
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cycle duration is decreased instead resulting in an experimental driving cycle input that

takes only 200 seconds (3.33 minutes) to run.

In order to quantify how the experimental setup matches the desired simulation,
the mathematical model in MATLAB/Simulink was modified by adjusting the driving
cycle to the accelerated cycle. Also, the longitudinal vehicle dynamics model was
modified to only take into consideration the inertial forces acting on the vehicle. A direct
comparison of the electrical power demanded by the load in the experimental setup and
the mathematical simulation model is shown in Figure 35, where both the simulation and
experimental power demands are calculated based on the electrical measurements of the

system (i.e. power = Total current x Bus Voltage).
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Figure 35: Total power demand comparison

From the comparison, the experimental power demand seems to follow the
general acceleration and regenerative braking patterns of the expected power demand in
the simulation, however, there are several points on the curve where the experimental
power demand significantly overshoots the targeted simulation power demand in
acceleration mode or undershoot the simulation in regenerative braking. These
discrepancies can be explained by three main factors that are not considered in the
simulation model. The first obvious reason is the accuracy of the mathematical model
used in the simulation. As mentioned in the previous sections the model for the electric
motor drive is constructed using an efficiency lookup table, thus, it does not take into

consideration time delays, controller tuning or efficiency losses in the system due to AC
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to DC power conversions. The second factor is due to the fact that the speed of the motor
in the experimental setup is controlled using PID controller that adjusts the command to
the motor controller based on the measured speed of the motor. Thus, any overshoot in
the PID controller output will result in an overshoot in the motor response and thus, the
DC bus will experience a spike in the current demand. The third factor that the simulated
loads do not match the experimental loads can be attributed to the braking method used to
slow down the electric motor. In this experimental setup, the AC motor drive is
configured to use electromagnetic braking to slow down the motor shaft, which means
the motor drive would become an Eddy Current brake reversing the electromagnetic field
to act against the load torque and thus slowing it down. Thus, as the motor is commanded

to slow down, the DC bus experiences a quick and sharp spike in the supplied power.

A second comparison was done between the measured output speed at the motor
shaft and the output speed in the simulation model. The comparison is shown in Figure
36. In general the magnitude of the measured speed matches the simulation speed when
the vehicle is in acceleration. However, in deceleration, the motor shaft speed does not
match the simulation speed and thus results in a less amount of regenerative braking
power sent back to the battery stack. This can also be seen in the experimental power
curve shown in Figure 35, where the magnitude of negative power in the experimental
results is noticeably less than the simulation results.
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Figure 36: Speed comparison
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5.2.2 Controller Qutput Validation
The main objective of the experimental setup is to be able to validate if the

comparison results between the three control methods obtained in the mathematical
model do in fact remain true for the real system. As shown earlier the power demand
obtained using the experimental setup does not exactly match the mathematically
simulated power demand, thus, a direct quantitative comparison is not very indicative of
whether or not the experimental results match the simulation results. Instead, the results
are compared by considering the patterns of how the outputs of controllers behave with

respect to each other.

In the case of the battery SOC variation during the accelerated driving cycle, the
results are shown in Figure 37. Although, the battery SOC does not vary significantly
(less than 1% change), the pattern in the SOC variation using each control method is
indicative of whether or not the controller is operating as expected from the simulation
model. Once again the difference between the three control methods is how aggressive
they are in maintaining the SOC of the battery, from Figure 37 it is clear to see that the
PID control method is the most aggressive in maintaining the SOC of the battery and
hence, the SOC stays the closest to 60%, while using the other two controllers we can see

that the battery is allowed to discharge deeper.
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Figure 37: Experimental SOC variation

The battery SOC data collected from the experiment in general seem to support

the simulation results and can be summarized as follows:
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The PID controller forces the battery to contribute to help the fuel cell only when
the vehicle is under high transient power demands that the fuel cell is not capable
of providing. Thus, the PID control method in the experimental setup works as a

load leveling power management strategy.

The fuzzy logic controller operates in different modes depending the SOC of the
battery and the total power demand, thus, allowing the battery to make a slight
contribution to the overall power demand, while also buffering the transient

power demands from the fuel cell.

The optimization controller is the most reliant on the power from the battery, and
thus the deepest SOC change is seen in the results graph. Essentially, this
controller finds the most optimum power split between the fuel cell and the

battery, without worrying about deep cycle discharges in the battery.

The total fuel consumption using each control method is considered next. The

results are shown in Figure 38.
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Figure 38: Experimental fuel consumption

The results show that the optimization approach has the least fuel consumption

over the driving cycle, which coincides with the mathematical simulations. However, the

amount of fuel saved is on the order of 0.0000111 kg, which corresponds to a hydrogen
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fuel tank of 0.02417 liter. Thus, the difference between using the fuzzy logic or the
optimization approach would be a hydrogen fuel tank volume savings of 0.00079 liter,
which is very insignificant even when considering a longer traveling distance. Table 6

shows a summary of the results.

Table 6: Summary of experimental fuel consumption results

Distance Total Fuel H2 Density @ 35 Gas Tank
Traveled Consumed MPA (kgH2/L) Volume (L)

PID Method 8 km 0.0003656 0.014 0.02611
fuzzy Method 8km 0.0003495 0.014 0.02496
Optimization Method 8 km 0.0003 0.014 0.02417

The last comparison criteria between the control methods is their impact on the
battery health, which is indicated by the number of charge/discharge cycles the battery
has to go through during the driving cycle. Figure 39 shows the total number of
charge/discharge cycles from the experimental results. Since the total change in the SOC
is very small, only the total number of cycles is considered, meaning that each change in
the sign of the SOC is counted as a beginning of a charge or discharge cycle, regardless
of the magnitude. The PID control method results in the largest number of cycles in the
battery, which can be explained by the goal of this method which is to keep the SOC near
60% at all times. The fuzzy and the optimization approaches result in a very close
number of charge/discharge cycles. Therefore, even if the magnitude is small, the results
obtained from the experiment are very similar to the simulation results if the small cycle

count is considered from Figure 30.
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Figure 39: Experimental battery cycle count
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Chapter VI. Conclusions and Recommendations

6.1 Conclusions

Considering the direct comparison results presented in the previous chapter, it is
difficult to make a conclusion on which control methodology is the most appropriate for
this application, since that really depends on the priorities of the designer. The results
have clearly shown that the instantaneous optimization results in the least fuel
consumption and thus most efficient hybrid configuration. However, the results also
show that savings in the fuel consumption are small when compared to fuel consumption
numbers of similar cars that are currently on the road. The other main factor that was
considered in the comparison is the battery cycling using each control method. In general
it was shown using both the simulation and experimentally, that the optimization
approach results in the least number of cycles if the cycle magnitude is very small (on the
order of 0.1 % SOC) however, when looking at cycles with larger magnitudes, the
optimization approach forces the battery through the most charge/discharge cycles. Thus,
there seems to be a tradeoff between improving the fuel consumption of the vehicle or
improving the degradation time of its powertrain components. Deciding which factor is
more important will depend on the application. Also it should be mentioned that although
it is true that partial SOC cycling can result in battery capacity degradation, there is still
no clear indication of how much the partial SOC cycling the battery can withstand before
it starts to degrade. Overall, the comparison between the three control methods is shown
in Table 7.

Table 7: Summary of comparison

PID Fuzzy Logic Optimization
Strategy Load leveling Rule based Load following
Fuel Efficiency Lowest In the middle Highest
Battery Cycling Small cycles Small cycles Big cycles

To summarize, the main accomplishment of this work is in presenting an
alternative local optimization approach that does not require prior knowledge of the
driving cycle and a set of performance measures to evaluate the effectiveness of the

proposed approach. In order to validate the effectiveness of the optimization approach,
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standard performance measures that consider battery life, fuel consumption and system
efficiency were developed. In addition to that, the experimental setup used to validate the
simulation results presents a platform for further work that can be done in the area of

power management and electric vehicle powertrain design.

6.2 Recommendations
The recommendations are divided into two parts: future work on power

management strategy and improvements on the experimental setup.

6.2.1 Future Work on Power Management Strategies
Perhaps one of the most useful conclusions taken from this research work is

pertaining to the impact of power management control methods on the life cycle of the
battery stack. While the method used to evaluate the battery health (cycle counting)
represents a good indicator of the degradation in the battery capacity, it is not an accurate
way to evaluate the state of health of the battery stack. Thus, there is a need for an
accurate way to evaluate the battery health with minimal reliance on experimental data.
Another improvement area in the presented power management evaluation method is in
evaluating the fuel cell degradation. This work does not take into consideration the life
cycle of the fuel cell system, since constraints are already imposed on the rate and top
limit of the fuel cell output. However, the power management strategy could have an
impact on both the fuel cell and the battery stack, thus there needs to be a method to
evaluate the degradation in the fuel cell capacity.

6.2.2 Improvements on the Experimental Setup
While using a flywheel to serve as an inertia dynamometer for experimental

validation is a quick and less expensive method, it has its drawbacks. One of the main
disadvantages of the experimental setup used in this research is its inability to apply loads
on the motor while rotating at constant speed. For that reason, the test bench could be

improved with one of the two following options:



Option #1 Expand on the existing inertia dynamometer: The existing inertial
dynamometer that was built has its own drawbacks such as lack of control over load
applied and inability to simulate loads at constant speeds. However, these problems can
be fixed by adding an electric eddy brake dynamometer to the existing setup. With this
option, the ability of the inertia dynamometer to simulate regenerative braking along with
the ability of the electric eddy brake to generate loads at constant speeds can be combined
to form a complete four quadrant dynamometer test bench setup. The proposed idea is
depicted in the following schematic in Figure 40. The main advantage of this setup is

lower cost associated with inertial and eddy current brake dynamometers.

Simulating
Vehicle Load

Drive Motor
Under Test

Figure 40: Option #1 for improving the test bench

Option #2 Use an electric motor dynamometer: While the combination of an eddy
current brake and inertia dynamometers presents an ideal economical option, it is still not
as flexible as using an electric motor to apply loads on the motor under test. From a
safety point of view having a big flywheel rotating at high speed might not be feasible for
simulating driving conditions with high regenerative braking energy. Thus, using a
flywheel-electric brake combination will limit the range of vehicles that can be simulated
on the test bench. An electric motor dynamometer on the other hand can accommodate a
wide range of vehicle sizes given the appropriate control methods. The proposed
schematic is shown in Figure 41:

Simulating
Vehicle Load

Electric Motor
(ACorDC)

Drive Motor
Under Test

Figure 41: Option #2 for improving the test bench
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Either an AC or a DC motor can be used for the dynamometer, the selection will
most likely depend on the efficiency and ease of control of the dynamometer and also

cost.
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