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THESIS ABSTRACT

MODELING A FUEL CELL SYSTEM FOR RESIDENTIAL DWELLINGS

Christopher P. Trueblood

Master of Science, May 11, 2006
(B.E.E., Auburn University, 2004)

56 Typed Pages

Directed by S. Mark Halpin

Fuel cells produce electricity by combining hydeagand oxygen to form water.
Fuel cells have unique electrical characteristia$ gerformances that warrant
examination and discussion. From the hydrogencediarthe electrical load, a polymer
electrolyte membrane fuel cell system is explaiaed modeled with empirical
equations. An ensuing simulation in Simulink exg®a fuel cell’s limitations and

provides avenues for successful integration insademntial applications.
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|. INTRODUCTION

Fuel cell power systems have potential to meetenodociety’s growing energy
needs. Residential dwellings, in particular, canddit from fuel cells as a remote power
source and as a backup power supply. A fuel getesn model may be examined and
applied to residential applications where varyiogds are prevalent.

By making water from hydrogen and oxygen, fuelscate able to produce
electrical power efficiently. The fundamentalsadfypical fuel cell are illustrated in Fig.
1 [1]. Hydrogen, acting as the chemical energyamus fed into the fuel cell to the
anode and exposed to the electrolyte. A hydrogelecule contains two electrons and
two protons. Due to the unique nature of the eddde, only protons pass through to the
cathode. Electrons remain on the anode and cagadéectric potential between the
anode and cathode. When a load is connected asshd-ig. 1, electrons flow from the
higher potential anode to the lower potential cdéhthrough the load and complete the
circuit. Several fuel cell types have been devetbpy varying the electrolyte and
modifying the chemical half-reactions. More detailfuel cell types and characteristics

may be found in Sections IlI, IV, and V.
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Il. MOTIVE

A fuel cell phenomenon has captured interest fsgholars since William
Grove’s discovery in 1839 [2]. Recently, moderalfcell developments have emerged
as a promising technology with many desirable beneEnvironmental enthusiasts look
to fuel cells for their cleanliness and theoretmatential for zero emissions. As water,
heat, and electricity are the only products ofdeal fuel cell system, integrating fuel
cells into industrial, commercial, and residentrerkets nationwide gives hope to
environmentalists who seek to reduce pollutionaadte. Researchers and engineers
look to fuel cells for their unique characteristidsuel cells can be scaled down to fit
inside a mobile phone and scaled up to sit onyabbitck, producing megawatts [3]. The
size of a fuel cell system does not directly affesefficiency because no mechanical or
thermodynamic processes occur inside a fuel €tily chemical reactions occur,
allowing fuel cells to exceed efficiency limitat®of internal combustion engines and
gas turbines, as these heat engines are limitéldeb@arnot cycle. Fuel cell and heat
engine efficiencies over a range of power geneandaweels are compared in Fig. 2. Note
that Fig. 2 represents technologies as of Novera@@4, and the given efficiencies are

based on the lower heating value (LHV) of the {aé!l
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Fig. 2. Efficiency of fuel cells and comparable pger generation systems

Not only do fuel cells surpass heat engines irtigfficy, they also surpass batteries in
energy density. A typical fuel cell system maynhbere than ten times as energy dense
than a comparable lithium battery system [4], @rading researchers and engineers to
develop smaller and lighter power sources for haltlalectronics and transportation.
Additionally, fuel cells have no moving parts, aing them to operate quietly and more
reliably than conventional generators [3]. Whetegnated into stationary applications,
guality heat produced from a fuel cell can be usdueat water and warm a building.
Those who view fuel cells as an efficient, enviramtally friendly power source
of the future cannot overlook the most challenghgrtcoming of fuel cell systems.
Hydrogen production and storage currently restfisg$ cell markets by its high cost and
undeveloped infrastructure. Hydrogen may be reéorfnom hydrocarbon fuels, such as
natural gas, methane, and gasoline, resultingcmstly and pollutive energy source [3].

For comparison, a fuel cell system powered by reémt natural gas releases about one-
4



third less carbon dioxide than an internal comlmnséingine generating equivalent
power. Alternatively, extracting hydrogen from emathrough electrolysis requires an
electrical source and is generally about 65 toéisent efficient. Solar or wind power
may be used to perform environmentally friendlycalaysis but is cost prohibitive.
Several fuel cell systems take advantage of thalffueel infrastructure by including
onboard reformers so that natural gas or otherdegtbon fuel may be supplied at the
point of use. However, until an infrastructure fiyxdrogen production and storage
develops, fuel cell systems will remain aloof.

Besides lacking a hydrogen infrastructure, fuelgatesent many engineering
challenges. A fuel cell or stack of fuel cells sahbe instantaneously turned on. Some
types, such as the solid oxide fuel cell, operateraperatures exceeding 600° C. These
high temperature fuel cells take at least severatsito turn on. Low temperature fuel
cells, such as the polymer electrolyte membrankeckle operate below the boiling point
of water and take only a few minutes to turn oreg&dless of the fuel cell type, fuel
cells do not respond well to power transients ticaur in supplying a dynamic load.
Under rapid load changes, such as starting a hwap or accelerating quickly in an
automobile, the fuel cell alone may not be ablprtivide adequate power. Fuel cell
systems must be engineered so that they can bébosieds stationary and mobile power
sources to meet society’s dynamic electric loaldse fuel cell system model examined

in this thesis centers around residential end-use.



[ll. AN ELECTRICAL ENGINEERINGAPPROACH TOFUEL CELLS
Engineering a fuel cell system in its entiretyuiegs extensive knowledge of all
components that link a fuel source to an electtaad. The elementary system shown in
Fig. 3 depicts a typical fuel cell system that bardivided into chemical, mechanical,

and electrical components.

Heat & | Humidifier / Clean
Wate| Compressor Air

A

Depleted @
H, Rich Electricity
Fuel
Depleted H
y
Reformer / R Humidifier /
Purifier Compressor

Fig. 3. Basic Fuel Cell System Block Diagram

In most fuel cell systems, hydrogen must be reforfnem the source fuel, purified,
humidified, and compressed before it can entefubkcell stack. Humidified and
compressed oxygen or air is also needed to eredudéh cell stack. As the electrical
engineering associated with these chemical and amécdl processes is minimal, a basic
understanding is necessary only for completen&sselectrically engineer the system, an
engineer must have appreciable knowledge of tHectlkestack performance, power
conditioning electronics, and load characteristiThese three sections, shown as shaded

blocks in Fig. 3, are detailed in Sections IV, M, VII, and VIII.
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A fuel cell stack’s details, characteristics, @adformances vary among different
types of fuel cells. Fuel cells are generally si@sd by the type of electrolyte used,
primarily because the electrolyte dictates the éadlls operating temperature range [1].
The operating temperature, in turn, dictates thewrnhof fuel processing required
(reforming and purifying) and the startup time loé system [1]. The electrolyte also
affects the half-reactions taking place within thel cell. In some fuel cells, water is
produced on the anode side of the cell rather thamrathode side. Nevertheless, the
overall chemical reaction remains the same:

O, + 2H, — 2H,0 1)
The most popular and widely available fuel celhis polymer electrolyte membrane fuel
cell (PEMFC). Using a solid polymer ion exchangenmbrane, the electrolyte is an
excellent proton conductor [1]. The polymer musikiept at temperatures below 1@0°
making thermal management important, and requirk=aat 99.99% pure hydrogen to
reduce the potential for contaminating the memhrdecause a PEMFC operates
between 0° C and 100° C, it has the most rapidugtaime (about a minute or two) of all
fuel cells. PEM fuel cells are able to responccker to dynamic loads than other fuel
cell types and operate with an electrical efficierenging from 40 to 60 percent [1].

The second most popular fuel cell is the solidlexuel cell (SOFC). The
electrolyte consists of a solid ceramic, nonpormmes$al oxide and operates between
500° C and 1000° C. Because SOFCs operate atdmgberatures, they assist with
internal fuel reformation, allowing non-pure hydeogrich fuels. However, thermal
expansion and sealing mismatches make fabricdtmgell difficult. Solid oxide fuel
cells have such a long startup time (several hoursore) making them only practical

7



for powering loads that are always on. Solid oXids cells operate with electrical
efficiencies ranging from 40 to 60 percent.

The remaining three major types of fuel cellsramdten carbonate fuel cells,
alkaline fuel cells, and phosphoric acid fuel celdone of these three types are as
popular as the PEM fuel cell, but their charactessare worth noting for completeness.
Molten carbonate fuel cells (MCFC) have an alkalbonate electrolyte that forms a
highly conductive molten salt but only at about 680 A carbon dioxide source is
required for this fuel cell, and GO plays a key role in the fuel cell’s half reactions
Aside from the internal chemical reactions, a MQ#e@trays similar characteristics to a
SOFC [1]. Alkaline fuel cells (AFC) use concenggipotassium hydroxide as the liquid
electrolyte and operate between 50° C and 200C&bon dioxide poisons the sensitive
electrolyte, so alkaline fuel cells are mostly fssful in space applications [1]. Lastly,
as the name suggests, phosphoric acid fuel ceB@P use liquid phosphoric acid as the
electrolyte. These fuel cells operate at abouf ZD(Mproduce electricity about 40 percent
efficiently, and were “the first fuel cells to ceothe commercial threshold in the electric

power industry” [3].



V. FUEL CELL STATIC CHARACTERISTICS

Because the PEMFC is the most popular and hasighest technology-readiness

level [5], it will be used as the example fuel dell the remainder of this thesis.

Regardless of the type of fuel cell used in a systeael cells loosely exhibit similar

electric performance. The electric potential msdi between the anode and cathode

varies primarily with the amount of current drawarh the fuel cell stack (temperature

and pressure also affect the fuel cell’'s perforreand he voltage/current relationship

(polarization curve) for a single fuel cell, adapfeom [1], is shown in Fig. 4.

Theoretical EMF or Ideal VoltageN
/Region of Activation
104 Polarization Total Loss
> (Reaction Rate Loss)
o Region of Concentration
e Polarization
S (Gas Transport Loss)
E Region of Ohmic Polarization
0.5 (Resistance Loss)
0

Current Density (mA/crf)

Fig. 4. Fuel cell polarization curve showing voltge/current characteristics

If the fuel cell performed as an ideal voltage seuthen the polarization curve would

match the horizontal theoretical EMF line for alkient densities. The ideal or



equilibrium voltage Ee;) varies with temperature and pressure, defineth@yollowing

modified Nernst equation [6]:

P EPI/Z
Eeq:_£+A_S[ﬁ-r_Tref)+ Rl:r [ﬂn e = (2)
2(F  2[F 2[F Pio

In the above equatioG is the change in Gibbs free energy or usable gresgociated
with the reactionF is Faraday’'s number (96,485 C/md)is the change in entropy,
is the fuel cell temperature on the Kelvin scalg,is the reference temperature or room
temperature (298.15 K), amtlis the molar gas constant (8.3145 J/K-mol). Tise term
(containingAG) represents the theoretical voltage at room teatpesx determined from
Faraday’'s Law. This value is a constant 1.229 énvhydrogen and oxygen react to
form water. The second term of the equation (domg AS) accounts for changes in
absolute temperature with respect to standard tondi[7]. The last term accounts for
product and reactant activities, as defined by Bleriihe variableBy,, Po,, andPyxo
represent the partial pressures of hydrogen, oxym@hwater vapor, respectively,
usually measured as a fraction of standard pressurese pressures can affect the
dynamic response of the fuel cell and are detailéfection V. The resulting equation
for Eeq With only temperature and pressure variables is:
P, P2
E., =1.229-(85x10°*){T - 29815)+(4.308x10°® )T Eﬂn{MJ 3)
H,0

The equilibrium voltage can occur only when no eatiflows from the fuel cell. A
typical fuel cell stack may contain many individgalls connected in series, resulting in
an ideal stack voltage that is a multiplesgf. The direct current flowing out of a fuel

cell varies directly with the electrodes’ area®r €valuating a fuel cell's characteristics,
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the current is normalized to a current densityresvé on the abscissa axis of Fig. 4. The
curve in Fig. 4 can be divided into three polaiatregions: activation, ohmic, and
concentration [1]. These operating regions affieetfuel cell’s voltage and
consequently, its efficiency. The specific polatian factors are considered
overpotentials\act, Vonmic, aNdVeonc) and negatively contribute to the fuel cell’s agjé.
The resulting voltage between the anode and catisode
Ve = Eeg ™ Vaa = Vomic = Voone 4)

Each overpotential term varies with current, terapee, and pressure. The
concentration overpotentidV{c) is pronounced at high currents yet is negligibléhe
activation and ohmic regions. Furthermore, opeggé fuel cell in the concentration
region results in a rapid decrease in power owpdtefficiency, and it increases the risk
of damaging the cell [1]. Fuel cells are not opedan this region, allowing the
concentration overpotential term to be ignored detepy [5]. The activation
overpotential Yact) occurs because the reaction kinetics are sluggssh certain
activation energy must be overcome for the readtarccur. The activation
overpotential is represented as a function of tsman empirical equation [6]:

Voo =6 +6 T +& T UnC, +&, [T Oni (5)
The coefficients{) are parameters unique to an individual fuel c&le variable
represents the fuel cell operating current, @pdis the concentration of oxygen, defined
as [6]:

Co, =P, (197x107 [&*" (6)

11



The remaining overpotentiafynmic, accounts for the fuel cell’s resistance to eteddr
flowing through the electrodes, resistance to ftowing through the electrolyte, and
contact resistance. Using Ohm’s Law, this ovenpindéis directly proportional to the
product of the fuel cell’s internal resistance andent, and may be expressed as [6]:
Vo = Romie 1= (& + & T +&,0) 00 (7)

The parameter& and&; are two or three orders of magnitude smaller taaresulting in
a nearly linear ohmic polarization region.

By knowing the voltage/current relationships, alftell’s efficiency and power
characteristics can be determined. The efficieaf@yfuel cell can be calculated from the

following equation from [1] and [7]:

_E cell
n=2 ®)

€q
The variableAH is the change in enthalpy of the reaction, andre@bleu; represents
the fuel utilization percentage to account for @ineount of fuel that is actually converted
in the fuel cell [1]. The quotient &G andAH under standard conditions is 0.830,
indicating that an ideal fuel cell can be at m@&¥o8efficient [1]. For illustrative
purposes, the Ballard Mark V fuel cell, operatedemstandard conditions with 95% fuel
utilization, has the following efficiency/voltagelationship [7]:

n=0641V,,, 9)

The resulting efficiency curve overlays the polatian curve when scaled appropriately

as shown in Fig. 5, adapted from [7]:

12
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A fuel cell’s electrical power output is the protlot the cell voltage and current. The
power characteristics over the fuel cell's opeatimnge may be expressed in terms of

power density, as shown in Fig. 6 for the BallardrkiV fuel cell [7].

Power (W/cm2)
©c o o or
O MWk o o

o

0.5 1.0 1.5
Current Density (A/crd)

Fig. 6. Power verses current density

The dashed vertical line crosses the fuel cell’'simam power point and thus sets the

practical operating limit for the fuel cell.
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V. FUEL CELL DYNAMIC CHARACTERISTICS

Knowing the fuel cell’s voltage, current, effic@n and power relationships are
necessary for electrically engineering a fuel sgfitem. However, the above description
did not account for the fuel cell’'s dynamic respan&uel cells exhibit a characteristic
called charge double layer capacitance [7]. Whatidgen is split apart in the
electrode/electrolyte interface (part of the membralectrolyte assembly), hydrogen’s
electrons collect on the electrode’s surface amgribtons are drawn to the electrolyte.
An electric charge accumulates on or near thereléetelectrolyte interface and acts as
an electrical capacitor. The effect of this chattgable layer capacitance is significant
when the fuel cell’'s current changes due to a dyo&wad [6]. As the voltage across a
capacitor cannot change instantaneously, a fuk$ eglitage will not immediately follow
its current. The delayed voltage change affeasatiivation overpotential but not the
ohmic overpotential. This delay may be represeated capacitor paralleled with a

resistor, yielding a time constanj 6f [7]:
r=CIR, (10)
The variableR, represents the activation resistance, determigietiMiding the steady

state activation overpotential by the fuel cellrent [7]:

Ry =2 (11)

[
The capacitancé;, is determined by the physical properties of thed €ell and typically

equals to a few farads for an entire fuel cellls{&g.
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Another noteworthy characteristic of a fuel cédick is its reactant flow
dynamics. To consider these dynamics, includifgces of reactant partial pressures, the
following operating conditions are assumed. Hyeérogs provided to the anode inlet at a
constant pressure. Excess or unused hydrogeaitisulated from the anode outlet to the
anode inlet. Additionally, air is supplied at anstant pressure to the cathode. If the fuel
cell current increases, the reactant consumpti@wauld also increase, resulting in an
implied reduction in partial pressures [5]. Intfabe current drawn from a fuel cell
directly determines the quantity of hydrogen angigen that are needed to react inside
the stack and to maintain an energy balance [6}.aRuel cell, the relationship between
the rate of hydrogen consumption and the fuelaetlent is [5]:

mHz‘used :E (12)

The variablem . ., represents a gas's consumption rate in molesgoens, and F is

Faraday's number. Likewise, the expression forgexyconsumption is [5]:

aF (13)

rnOZ,used =

For dynamic analysis, the ideal gas law and motesexvation principle may be utilized.
The generic equation relating reactant flow with terivative of partial pressure is [8]:

d _RIT
dt ¥ Vol

— m \

(m 'gas,out - mgas,used ) (14)

gas,in

The symboNoal is used to represent the anode/cathode volumesithstfV so that it is

not confused with voltage. The reactant flow ratto the anode/cathoden(,;,) is a

known quantity and will be considered as a condtaniynamic analysis. The reactant

) may be obtained from a feedback loop when
15
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flow rate out of the anode/cathodef



the above equation is simulated as a control sysi@ysolving the above differential
equation using Laplace transformations for each thaspartial pressures for hydrogen,
oxygen, and exhaust vapor can be determined arsditsuied into the Nernst equation to
determineEy [9].

An equivalent circuit model of a fuel cell candssembled from knowing a fuel
cell's polarization curve and dynamic response attaristics. The schematic shown in

Fig. 7 presents such a model [6].

Vact g Rt —— C Veell
+ -

Fig. 7. Electric circuit model of a fuel cell

The activation voltage under steady state conditroay be taken directly from the
equation presented fog in Section IV because the double layer capacitaesembles
an open circuit in steady state. However, to regmethe activation voltage dynamics,
the double layer capacitan&®, must be considered in parallel with the activatio

resistanceR,. Therefore, the true representation of the atitimavoltage is:

R i —c M
Vact_Ract [ﬁl C dtj (15)

16



The complete fuel cell circuit model may now bemected to the power conditioner
subsystem. Power conditioning theory for inclusioa fuel cell system model is

detailed in Sections VI and VII.

17



VI. POWERCONVERTER

Power conditioning electronics are necessary tmect a fuel cell source to an
electric load. The low dc voltage produced byel fiell coupled with its limited peak
power capabilities prevent fuel cells from beingedily connected to many loads. For
residential applications, most electric loads regjai single-phase ac voltage source of
either 120 V or 240 V RMS. Furthermore, loads reqg large amounts of power to
start, such as motors and compressors, will consaare power on startup than properly
rated fuel cells can provide. The power conditigniinit of the fuel cell system can be
divided into two sections: power conversion fraw lvoltage dc to high voltage ac and
power supplementation to aid in supplying peak pdwoe load.

A typical fuel cell’s voltage may range from abdwu2 V open circuit to 1.0 V
under light loading to 0.5 V under heavy loadifichis wide voltage swing is magnified
when many fuel cells are stacked together and ateden series. A fuel cell stack may
contain about 50 individual cells for kilowatt unidr more than 100 cells for larger
stacks. Fuel cell stacks may be connected inlp&fat increased power output, as
parallel arrangements will increase the currenpoubf the source without increasing the
stack voltage. Considering a single fuel celllstaith 50 cells, the general operating
voltage may range from 25 V to 50 V — a factorwbétvoltage variation. The fuel cell
stack’s widely varying voltage must be converteditgle phase, three-wire 240 V ac to
power a residential load. Power conversion of tlaisire can be broken into two stages,
shown in Fig. 8:

18
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Fig. 8. Power conversion block diagram

It is possible to rearrange the converters showkign8 so that low voltage dc is
converted to low voltage ac, followed by a low agke ac to high voltage ac conversion.
However, this dc-ac-ac configuration is larger amate costly than the dc-dc-ac
configuration shown in Fig. 8 [10]. Furthermorayhng a high voltage dc link between
the fuel cell and load allows supplemental powerses to be connected to a constant dc
bus. Many types of dc-dc boost converters andcdoaeerters exist. For the purposes of
modeling a fuel cell system, both converters magreyzed without detailing specifics

of the internal MOSFETS, IGBTSs, transformers, amtlictors that are typically found
inside such converters. Rather, both convertesshvarziewed as single entities where
the output is a function of the input. In thiseahe dc-dc boost converter may be

expressed as a set of equations in the Laplaceiddirig:

Vg (S
Vboost (S) = ;aiké ) (16)
k
D= [kP,DC +%j [6\/boost,ref _Vboost (S)) (17)

The duty ratioD, is regulated with a PI controller (with proporta and integral
coefficientske andk;, respectively) fed from the output error (voltatiference between

a predefined reference/desired voltage and thebotput). IfD is zero, no voltage

19



conversion takes place;0f is near 80%, maximum voltage boost occurs. Sihyjlghe
dc-ac inverter may be expressed as a set of eqsdtid]:

Ve =MD, in(2770600) (18)

m= (kP,AC + kl%} I:ﬁvAC,ref _VAC (S)) (19)

The output voltageiac, relies on another PI controller to regulate tregloiation

index,m. Like the boost converter duty ratio, the inverteddulation index varies
between zero and one. The inverter can only pducac voltage peak less than or
equal to the input dc voltagefos). Many inverters are designed to output the ddsac
voltage at a modulation index of about 0.8 so thatoutput voltage can rise, if needed,
in response to transients. The above equationstdefossless boost converter and
inverter. To simulate the power loss incurredfiy ¢converters, the power output may be

divided by the collective efficiencies of the boostverter and inverter.
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VII. POWERSUPPLEMENTATION
The second section of the fuel cell system’s paveaditioning unit consists of
power supplementation to aid in supplying peak pawe load. To accomplish this
goal, one or more temporary energy storage medimuost be employed. The three most
common and practical sources for supplemental pavwesultracapacitors, batteries, and

the power grid. Preferred connections for eaclplaupental power source are illustrated

in Fig. 9.
+ dc link
Fuel Cell DC-DC DC-AC Electric
Stack Converter Inverter Load

Fig. 9. Supplemental power source connections.

An ordinary capacitor may not be powerful enougbupply adequate supplementary
power for a residential fuel cell system. Manyhtealogical advances in
electrochemistry have given rise to ultracapacitdrisese devices are constructed similar
to batteries in that the terminals are two ele@sodnmersed in a separated electrolyte.
Unlike battery electrodes, ultracapacitor electeoldave an extremely high surface area,
often 500 to 2,000 ffg, allowing them to discharge high power level&][1Such

ultracapacitors range in capacitance from 10 FT0@F but operate at very low voltage
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(around 2.5 V) [11]. Ultracapacitors are bestesiifor parallel connection at the lowest
system voltage level, namely, the fuel cell terrsres shown in Fig. 9. For connection
in parallel with a fuel cell, many ultracapacitoesed to be connected in series simply to
adhere to the voltage rating of individual capasitoThese capacitor banks must be
individually balanced, either actively or passivedg that the capacitors do not exceed
their voltage ratings [11].

Ultracapacitors have higher power densities trattelies, yet batteries have
higher energy densities than ultracapacitors. dfoee, a battery pack is well suited to
aid a fuel cell in moderate and elongated powepkampentation. Many battery types are
well developed, such as lead-acid, nickel metatilgd and lithium ion. For stationary
applications where mass and volume are not criteszdbrs, lead-acid batteries may be
the preferred type due to their low cost. Regasitd the type of battery used, no battery
pack can be directly connected in parallel witlhua tell. Voltage mismatches due to the
fuel cell stack’s and battery pack’s independetitiage fluctuations indicate that a
practical battery pack must be connected to thie Wgdtage dc link between the boost
converter and inverter, as shown in Fig. 9. Bgtpercks often exceed 200 V and may
maintain voltages high enough so that the battack jiself can serve as the boost
converter’s reference voltage. For example, aasihg V lead-acid battery may operate
at 10.5 V when nearly discharged. A pack of twerggrly-discharged batteries will
resultin a 210 V pack. If the pack voltage sea®s$he dc link voltage, then the inverter
will be able to supply 120 V ac RMS at 81% moduwlatiindicating that the power
conditioner subsystem can adequately supply adypmusehold electric load when the
supplemental battery pack is nearly empty. Adddity, a battery pack must be
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connected to the dc link via a charge controllethst the batteries will be charged and
discharged according to their ratings.

The third common supplemental power source igptveer grid. If the power
conditioner subsystem is synchronized with the payvel, then it can operate in parallel
with a local distribution line, as shown in Fig. Bny supplemental power needed will
flow seamlessly to the load, eliminating the nemdultracapacitors and batteries.
However, stationary fuel cell systems are mostlysodered for remote, off-grid locations
or for backup power when the grid is down. In theases, the supplemental power grid
connection is no longer an option. The analysihis thesis assumes that a power grid

connection is not available.
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VIIl. RESIDENTIAL LOAD CONDITIONS

Because a fuel cell’s purpose is to power an etelctad, having an
understanding of the load characteristics is @itic a fuel cell system’s success. The
electrical load in residential dwellings varies elglthroughout a typical day. Over fifty
percent of residential energy is used for heatregtilation, and air conditioning
(HVAC), hot water, and refrigeration [12]. The raiming energy used in a household
may come from cooking appliances, lighting, coneaoe appliances, such as washing
machines and dishwashers, and personal electrauicls,as computers and televisions.
A mid-sized house (about 2,500)ftypically draws 1.9 kW average power daily, with
peaks varying from 9 kW to 15 kW [12]. Daily residial power consumption may be
classified into three categories based on loadimglitions: startup transients, short-term
loads, and long-term loads.

Startup transients occur when large motors staxtAC units and vacuum
cleaners, among other motor-driven appliancesieta@ef power surges when turned
on. These motor-starting transients generallylésst than five seconds, but cause
residential power consumption to reach a maximuime most severe startup transients
originate from HVAC systems. A mid-sized house rhaye a 3-ton (10.6 kW) heat
pump that pulls over 15 kW the instant the unitsnpressor turns on. Although this
particular startup transient is large, the peakgrasurge lasts only fractions of seconds

and decays rapidly as the motor begins to turduelcell’s supplemental ultracapacitors
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could aid in supplying peak power during startgmsients as demonstrated in the second
case study of Section X.

The second power demand category is short-terdiriga Many power hungry
appliances operate only for fractions of hoursglileg to the consideration of short-term
loading characteristics for a residence. A heatpuormally does not run continuously
for more than several minutes, nor do hair dryemefigerators. However, when
devices such as these operate, they draw notickalky amounts of power. For
example, a 0.7 kW washing machine, a 1.4 kW vacciganer, a 1.8 kW hair dryer, a
4.5 kW hot water heater, and a 4.5 kW air conditigrunit may run simultaneously on a
given day. These devices consume 12.9 kW collglgtivout each one operates
continuously for only fractions of an hour, fittitige necessary characteristic for short-
term loading. Fuel cell systems must be able pplsushort-term power requirements
when scenarios like the one mentioned occur. Adeks supplemental batteries could
contribute most of the supplemental power duringytsterm loading intervals.

The third power demand category is long-term lngdiOvens, lights, televisions,
and computers are examples of loads that may @pfmaan hour or more in residential
dwellings. The power demanded during long-terndilog is less than the power
demanded during transient and short-term conditidiierefore, a properly rated fuel
cell could charge the supplemental battery packhduong-term loading. A fuel cell
system, at minimum, must be able to supply longitirads without any supplemental

power sources.

25



IX. INCORPORATING THEFUEL CELL SYSTEM IN SIMULINK

The mathematical equations for a fuel cell and grovenditioner presented in the
previous sections may be modeled and simulatedy@scomputer. The fuel cell model
alone can be examined for its response charadtsrtiie to various dynamic loads.
More importantly, the fuel cell system model mayused to evaluate necessary
supplemental power requirements for residentiailog leading to optimal selection of
ultracapacitors and batteries. The MathWorks’ $athon and modeling package, Matlab
and Simulink, provides an appropriate software fookimulating the complexities of a
fuel cell system. Simulink models consist of biedonnected by signal lines. A block’s
output signal is a function of its input signal andy be a simple math operation, a user-
defined expression, a transfer function in anotttenain, or many others. Simulink
treats all inter-block signals in the time domaia deamlessly converts signals to and
from other domains, such as the Laplace and Z dwmnaihen controllers, integrals, or
transfer functions are used. Creating electrizabds in Simulink poses several
challenges. The signal lines connecting blockssamgly numbers or arrays of numbers.
Therefore, a single signal line can either repreaamltage or a current, but not both.
Electric circuit analysis in Simulink must be maetélas a system of equations. A

demonstration of Ohm’s Law can be modeled as showng. 10:

26



-~ Current

g —

_ Scope

(@) (b)

Fig. 10. Simple circuit (a) and equivalent represgation in Simulink (b)

Simulink does include a power system blockSehPower Systems, where actual circuit
elements like the one in Fig. 10a may be drawnaaradyzed. However, the
SmPower Systems blocks are extremely processor intensive and resuhndesirably long
simulation run times. The fuel cell system preednn this text is modeled using
standard blocks.

The fuel cell system model consists of two majdrsystems, the fuel cell stack
and the power converter. A time dependent loalized as a varying resistance, serves
as the model’'s input. The outputs, shown in theral system model in Fig. 11, include

the power demanded by the load and power delivieyatie fuel cell.

A A

Load E

Time Varying
Load

Load (Ohms)  Vload (V RMS)
x -
Load Power Demand
Vstack (V) P Vstack (V) lload (A RMS)

L—P» Current Request (A)
Power Converter

Istack (A)
L
X - »
Fuel Cell Stack Fuel Cell Power Delivered

Fig. 11. Overall fuel cell model in Simulink

Scope
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When the simulation begins, the time varying loasistance is fed into the power
converter, along with the initial fuel cell stac&ltage. The power converter outputs an
ac voltage and current required to supply the loadditionally, the power converter
implements appropriate power conversion and scélasgd on the fuel cell stack
voltage. The output load voltage and current $gyaee used to calculate the load power
needed to be drawn from the fuel cell stack. Wiheitded by the stack voltage, the load
power demand translates into a dc current requestegeds back into the fuel cell stack.
The fuel cell stack subsystem models the circoitnfiFig. 7 by evaluating all underlying
equations that govern the stack voltage outpue dymamically changing stack voltage
is sent back to the power converter to close thp.loThe difference between the load
power demanded and the fuel cell’s power deliveesdlts in the amount of
supplemental power needed to satisfy the load cetelgl

The fuel cell stack subsystem consists of blocissagnals that implement the
fuel cell equations discussed in Sections IV andd¢ounting for steady state and

dynamic conditions. The fuel cell subsystem isngiho Fig. 12.
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Fig. 12. Fuel cell subsystem

Several blocks in the fuel cell subsystem warratussion. The input current request
must pass through a limiter, as the fuel cell’s mmaxn current draw cannot be exceeded.
Additionally, the current request must be positreeause the fuel cell is designed to
operate only as a power source. The modeled &lletwrrent cannot equal zero because
it is used in a natural log function to calculatéivation resistance. The blocks
containing user-defined expression utilize theakalgu or u(i) to represent the input
signal. The Nernst potential and activation resisé blocks take multiple inputs and
require the incoming signals to be multiplexedistrated by the thick vertical bar. As
the fuel cell equations are for a single fuel dbl output voltage must be scaled by the
number of cellsN, to represent the entire stack voltage. The megmlaick is present at

the output only to provide an initial condition fetack voltage. The reactant flow
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subsystem, shown in Fig. 13, models the hydrogéwitgan the anode and the oxygen

and water vapor activities in the cathode.

H2_flow P
H2 Flow -
Rate (slpm) H2 slpm to mol/s moliffﬁzctlon
D, B N/@2'F) % > (1)
I (A) — pH2
pH2 Limiter
anode constant
anode
AirFlow P! 6.805¢-4 flow constant | ambient
- Pambient Pressure
Air Flow - mole fraction
Rate (slpm) Air slpm to mol/s of 02
| N/(4*F) % > (3
— pO2
pO2 Limiter
cathode constant
cathode
flow constant
. - )
AirFlow P 6.805e-4 Pambient érr'gl:;lse&le o
Air Flow - mole fraction
Rate (slpm) Air slpm to mol/s of H20
H20 H20
| N/(2*F) % » | o
— pH20
pH20 Limiter
cathode constant
H20
cathode
flow constant
H20 . Ambient
Pambient Pressure H20

Fig. 13. Reactant flow subsystem

As described in Section V, the hydrogen and airftates are held constant, and the input
current request dictates the amount of reactardeteehus affecting its partial pressure.
The blocks in the reactant flow subsystem implentlemfpartial pressure differential
equations for hydrogen, oxygen, and water vapamiters are placed on the output

partial pressures to simulate practical pressurgdtions inside the fuel cell stack.
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The power converter subsystem, shown in Fig. IeHets the dc-dc boost

converter and the dc-ac inverter described in 8edfi.

C1 ) > Eff_Converter
Load —
(Ohms) Load Limiter Converter
Efficiency
Vioad (V RMS)
High Voltage
DC Link
Vstack um/(1-u@) AC Voltage Magnitude B
\% X
) DC-DC »{x
Boost
a] PID « PID QU rms signal
Duty Ratio Boost Modulation Inverter Sine Wave RMS Calculator
Limiter Pl Controller Limiter PI Controller
Boost Reference Inverter Reference
Vboost_ref Vi f
00SLIET voltage (V) e \voltage (V) lload (A RMS)

Fig. 14. Power converter subsystem

The load resistance, serving as the system inpdtyided into the inverter ac voltage to
generate a load current. Furthermore, the boasterter and inverter efficiencies are
factored into the model by scaling the load curemyropriately. The corresponding load
power profile (or power demanded by the load) magétermined by multiplying the ac

output voltages and currents over the duratiomefsimulation.
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X. FUEL CELL SIMULATION CASE STUDIES

To demonstrate the fuel cell system model simutatiwo case studies are
presented. The first simulation case study exasrime fuel cell's current-voltage (I-V)
polarization curve, current-power (I-P) curve, alytamic response to a variable step
load. The general fuel cell parameters match thase other sources, [5], [7], [9], and
[13], whose authors have parameterized the BaN&ak V fuel cell stack. Reactant
flow parameters were adopted from [5] and [9], pader conditioner parameters were
adopted from [11] and [14]. These parametersisied in the Appendix using Matlab
syntax. To simulate the fuel cell stack’s I-V ceythe overall system shown in Fig. 11
was modified by breaking the fuel cell stack’s emtrrequest feedback signal. The
current request can now be fed directly by a sobloek so that currents, ranging from
zero to 300 A, could be explicitly applied to theelf cell stack. The fuel cell stack

voltage was plotted against the current valuesadyxe the I-V curve shown in Fig. 15.
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Fuel cell stack |-V curve

Fuel Cell Stack Voltage (V)
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Fig. 15. Fuel cell stack I-V curve from simulation

Note that the I-V curve shows the activation anthimhpolarization regions, as described
in Section IV. The concentration region is notwhdecause the fuel cell does not
operate in that region. The stack voltage ranges L2 to 43 V and will be useful when
implementing the dc-dc boost converter controlted aelecting ultracapacitors. Similar
to the I-V curve, the I-P curve was generated logatiy applying the same range of

current values and plotting the output power, showkrig. 16.
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Fuel cell stack power curve
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Fig. 16. Fuel cell stack I-P curve from simulation

The fuel cell’s maximum power point occurs at 24%foducing 3.696 kW. It is not
advantageous to operate the fuel cell at curreeter than 249 A, thus setting the upper
limit of the current limiter inside the fuel cetlbegk subsystem.

The fuel cell’'s dynamic response may be examinedsing the original system

model presented in Fig. 11 and applying the foltayload profile:

Simulation Load Load
Time (s) | Power (W)| Resistanced)
0-2 1 57,600.0
2-7 500 115.0
7-12 2000 28.8
12 -15 1000 57.6

Table 1. Time varying load profile for first casestudy
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Note that in Table 1, the load resistance is irelgreelated to the load power by the

square of the ac RMS voltage. The power demantteehne fuel cell stack must

account for power converter inefficiencies (eacB%#b), as shown in Fig. 17, resulting

in higher overall power demanded from the fuel.cell

Power demanded from the fuel cell stack for 500, 2000, and 1000 W steps

2500

10007”’7’”’F”"Y””F”"‘””V’””””Y’””

(M) %0®IS (18D 8N4 Woly papuewsaq Jamod

Time (s)
Fig. 17. Power demanded from fuel cell stack for@, 2000, and 1000 W load steps

Due to the double layer capacitance effect andaaaflow dynamics, the fuel cell

stack’s voltage and current do not change instamtly a change in power. This

phenomenon as it applies to the present load prisfillustrated in Fig. 18.
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Fuel cell stack response to 500, 2000, and 1000 W steps
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Fig. 18. Fuel cell voltage/current response to 502000, and 1000 W load steps

Even though the voltage and current respond sltavilynamic loads, their product
results in a rapid power response. As long asothe power does not exceed the fuel cell
stack’s maximum power, the fuel cell presentedia tase study will be able to respond
adequately to dynamic loads based on the assunagdatéristics in Table 1 and Fig. 17
[15].

The first case study may be applied to resideldads that are purely resistive
and do not have any transients. Electric stovesn® water heaters, and incandescent
light bulbs are likely to fit the step load profijeesented in the first case study.

However, it is necessary to examine the fuel ¢altlss response to transient loads and
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loads that exceed the fuel cell stack’s maximumerowsuch scenarios are presented in
the second case study.

A heat pump is an ideal candidate for evaluativegimtegration of a fuel cell
system into a residence, thus serving as the fiadise second case study. Because a
heat pump is usually the single largest electradlm a house, it may be used to evaluate
a fuel cell system’s limitations. When a heat pwstapts, it produces a rapid and
powerful transient, resulting from the compressartuction motor starting. The power
levels incurred at the peak of the startup transiey exceed 15 kW, far beyond the
rating of a residential-size fuel cell. As disasn Section VII, ultracapacitors are best
suited to supply additional power in large quaesitbut in small bursts. By simulating a
fuel cell stack during transient and overload ctiads, the necessary supplemental
power can be determined, leading to an optimahcdpacitor selection. This second
case study involves two major model changes fraafitet case study. First, two fuel
cell stacks are considered instead of one. Tlukstaperate in parallel with each other,
not changing the overall stack voltage but doubtivegcurrent output. Two fuel cell
stacks having the same parameters from the fisgt study will produce a maximum of
7.4 kW. Secondly, an additional subsystem is add@elculate the capacitancesf)
needed to supply adequate supplementary pdg) (o the system for a given load
profile. The supplemental capacitance subsysteshas/n in Fig. 19 and described by

(20).
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Fig. 19. Supplemental capacitance subsystem
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Equation (20) is based on the energy equation éapacitor,
W=1[CV? (21)

whereW is the energy stored in the capacitor &nd the voltage across the capacitor.
By assuming the capacitor fully discharges, theacapr’s voltage will be driven to zero.
The energy stored in the capacitor can be detedrbgentegrating the supplemental
power needed by the system during the transieng lifrhts of integrationtgar: andteng,
represent the transient start time and end time r{line transient power is met by the
fuel cell stack). Itis important to address tin@wn limitations of (20) and its affect on
the supplemental capacitance result. A capacitmiteige approaches zero as the
capacitor discharges, indicating that a capacibonected in parallel with a fuel cell
stack never fully discharges. Furthermore, eactemental increase in supplemental
capacitance alters the fuel cell stack’s respongdetze fuel cell stack’s ability to meet

the power demand. This characteristic introducesralinearity in the model and has
been neglected. An iterative approach must be takehtain more-accurate capacitance
values. Fortunately, the proposed linear modgbutsta capacitance higher than needed

so that if this model were to be used in practice,system power demand will be met.
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The simulated heat pump that serves as part ddb#tehas the following

characteristics:
Line Voltage | 240V ac RMS
Start Current 75 A
Run Current 18 A
Time Constan 0.5s

Table 2. Heat pump specifications

An equivalent expression for the heat pump po®gy) (nay be derived from the

characteristics in Table 2,

-t

php = prun + (pstart - prun)Eerhp (22)

-t

Py, = 432+1368[&% (23)

wherep,yn andpsart are the run power and start powers, respectivetgrikned by the
product of the line voltage and corresponding eufrassuming unity power factor.

While starting a motor at unity power factor is nedlistic, it is necessary to make this
assumption to stay consistent with the given loadilpr The heat pump startup transient
will decay in about five time constantstg), indicating that the heat pump described
above will transition from start to run in about 8éconds. In addition to the heat pump,
a static load of 1.0 kW is added to the load peafdl simulate the base load of a

residential dwelling. The load profile is shown iig.R20.
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Load power profile for heat pump simulation
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Fig. 20. Load power profile for heat pump simulaton

When simulated, the fuel cell stack pair provideel dutput power shown in Fig. 21.
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Fuel cell response for heat pump simulation
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Fig. 21. Fuel cell response to heat pump simulatio

The ultracapacitor’'s capacitance was determined tiee model in Fig. 19 to be 45.9 F
to supply all necessary supplemental power to thd.|GAn iterative approach is required
to obtain truly accurate results, even though itasknown how much an iterative
approach would affect the present value. The aisgtyssented in both the first and
second case studies may be extended to differavitfBé@ cell types and simulated with
a variety of load profiles.

The fuel cell system model may be adapted forrdereng battery capacities to
aid the fuel cell stack in meeting short-term pkeds. As both startup transients and

short-term loads are anticipated to exceed thedelektack’s power limitations,
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determining supplemental battery capacities to releett-term peak loads will follow a
similar simulation as the one presented in thersg@case study. For this reason, the

supplemental battery determination simulation wascoasidered any further.

42



XI. CONCLUSION

The fuel cell model presented in this text hasi®eamined from many levels.
Although many fuel cell types exist, the PEM fudl && exceeds other types in
development and marketability. The PEM fuel celtk, along with necessary power
conditioning electronics, has been modeled fodesgial applications. The core of the
model centers around the set of equations govethméuel cell’'s output voltage and
current, accounting for activation and ohmic ovéeptials, the double-layer capacitance
effect, and reactant flow dynamics. A known load igohay be applied as an input to
the model so that the fuel cell stack can be exadiar its response. Furthermore, the
model can serve as a tool to determine optimallsupgntal power sources needed to
supply loads with severe startup transients, sucbsagential appliances that use
induction motors. By implementing the model in 8lmk, the fuel cell system can be
adapted and modified for various other analysdse material presented in this thesis has
created avenues for future work. Future analysig Imegperformed by applying a load
impedance as the system input rather than a Isstaace. A load impedance may
introduce both real and reactive power demanddirigao varying power factors. A
second consideration for future analysis is impleting an iterative procedure to
determine supplemental capacitances and to actmumbnlinearities. Ultimately, this
thesis will allow an engineer to explore fuel celts anly for the advancement of

research but also for the betterment of society.
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XIll. APPENDIX

Matlab code for simulation parameters and variabtalization:

% FUEL CELL PARAMETERS

T =300; % K, Temperature

R =8.314; % Gas constant

F =96485; % Farady's constant

N = 35; % Number of cells

E0 =1.229; % V, Thermodynamical potential
kE = 8.5e-3; % Temperature correction constant

z1 =-.944; % Parameters for activation overpot ential
z2 = 3.54e-3;

23 =7.8e-5;

z4 = -1.96e-4;

z5 =3.3e-3; % Parameters for ohmic overpotentia

26 = -7.55e-6;

z7 =1.1e-6;

A =232; % Cell area
Cdl = .035*A; % Farads

I_max =249; % A, determined from I-P curve
I_min=.01;, %A

% REACTANT FLOW PARAMETERS
xH2 =.9999; % fraction of hydrogen
x02 =.21; % fraction of oxygen
xH20 =.01; % fraction of vapor

Va =.0159; % Anode volume (m"3)
Vc =.0025; % Cathode volume

ka = .004; % Anode flow constant
kc =.001; % Cathode flow constant

H2_flow =8; 9% slpm
Air_flow = 120; % slpm
Pambient=1; % atm

pH2_max =5; % atm
pH2_min =.001;
pO2_max = 5;
pO2_min =.001;
pH20_max = 5;
pH20_min =.001;

46



% POWER CONVERTER PARAMETERS

Vac_rms = 240; % V RMS

Vboost_ref = 400; % V DC

Vac_ref = Vac_rms*sqrt(2); % V magnitude
kP_DC =5; % Boost converter propo
kl_DC =5/2; % Boost converter integ
kP_AC = .05; % Inverter proportional
kl_AC = .05/.015; % Inverter proportional

Eff_Converter = .95 * .95; % percent
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