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Abstract

1”4

This thesis is a sample of what we can do to reduce the complexity of a fuel cell controlle
and research carried out in the moohg of arenewable energy sources like fgell. This thesis
mainly deals the control of the fuel cell under variation of different parameterd
implementation of the system in VHDRAs we know that not any voltagmurce, weathat is
traditional energyourceor fuel cell system behagasanideal source.The output of these cells
dependauponsomeparameter of the cell. To control the output voltage @ifel cell we need

some controllert may be digital or analog.

At the present timePWM has becomean integral part of all the electronic systefrhis
technique has sonmalientfeature due to which it has repladehe traditional use of digitally
just on offsignal to control the switching action of the converidrere are twdasictechnique

of PWM generatim, analog and digitalThe disadvantages of the analog methods are that they
are prone to noiseand they change with voltage and parature changehey suffer chages

due to component variatiof.o overcome the problenassociatedvith the aralog technique
various types of digital techniquare availablelmplementation of these techniques in VHDL

has done.

First we have synthesized the whdgstem using MatlatSimulink then VHDL code for
various topology of digital technique of PWM gertema. After behavioral Simulation and
verification d the results this VHDL code hagownloaded to SPARTABE FPGA. After
downloading the code in FPGA tdame debugging &s done for the architectur€he overall
work done in this thesis aims to promotefpssional activity in the area of fuel cell controller
and low power electronics used in the modern, agth an important focus on theesign,
development,simulation, and verification and to examine the possibility of using Field
Programmable Gate Aays (FPGA) for the rapigrototyping of a PI+PWM digital electronic
controller usedn apowersystem consisting of a 2V 96V fuel cellsystemwhich is made up

of two main componentyel cell stack and boosbnverter.

Key terms PWM, BoostConverter, FPGA, PEM fuel cell.
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Chapter 1

Introduction
Now this is the age of VLShnd this technology habecomeadvanced and more

prominent,due to development of EDA tool§o design aNovel system often means that the
design should reach certain goal under certain constraint appliedridtid perform better in
the operating limit for which the system has to be desighistic modelling of any complex
system plays the vital roli@ the design of the systerfihe goal of this thesis is to examine
the possibility of FPGAbasedhardwareprototyping for a complex fuel cell systesyp that
we can use this systeaontrollerefficiently for controlling thevoltage.Traditional method

are nd able to cope with increased complexity and demand of very higher level of system
integration and relatively short time to marketNowadays functional descriptioand
hardwareimplementationhas broughtto be closer with the help of recent advancement in
CAD methodologies/languag&he chief contribution of this work is tdemonstrate control
techniquedased on system level digitahguagewhich canshow the possibility of using an
FPGA based digitalcontroller to reduce the system complexignd alsoincrease its

reusability
1.1 Advantage ofmodding of fuel cell

Successful innovation often means a design that achieves a desirable cluster of
performance characteristicsybjectto certain constrains and holistic modelling aafmplex
technicalsystemscan constitute the first step towards novel designs of peglormance 1.

FCS (fuel cell system)s a good energy sources to provide reliable power at steady state;
however, due to their slomternal electrochemical and thermodynamic characterishey, t
cannot respond to electrical lo&dnsients as quickly as desired. They are connected to the
power grid through power electronieterfacing devices, and it is possible to control their
performance by controlling the interfacidgvices. Modeling of €S can therefore be helpful

in evaluating their performance and for designmgtrollers [2. Modelling of any complex
system gives a mathenwl description and providesveay to implement the whole system

on a single platformHolistic modellingof conplex technical systems can constitute filet

step towards the creation of novel circuit designkigh performanceJ]. A holistic, system

level, approach to the design adevelopment of an electronic system enables altopn



design methodology, whicbegins with modelling aidea at an abstract level, and proceeds

through thdterative steps necessaryftwther refine this into detailed systern].
1.2 Advantages of FPGA based design

Field programmable gate array are a special classof CAdgartages offered bfPGA
are [4.

U Cost.reduction

U Confidentiality:.

U Embedded system

U Improvement of contrglerformance
Fuel cell output voltage depends upon various design parayatdrit is a unique function
of theseparameters. Tdesign a controller fothis energysourceis a complex problenihis
problem can be shoxut with the helpof prototyping and behavioural synthesis of the
controller on the FPGA.

1.3 PWM Technique

A modulation technique that generates variable width pulses to represent thadargfli
ananalog inpussignal.Pulse Width Modilation (PWM) has now become artegral part of
almost all embedded systems. It has been widely accepted as control technique in most of the
electronic appliance®ulse width modulation (PWM) is a powerfechnique for controlling
analog circuits with a processor's digital outputs. PWM is employed in a wide variety of
applications, ranging from measurement and communications to power control and
conversion.There are various methods depending upon archieeetod requirement of the
system. Their design implementation depends upon application type, power consumption,
semiconductor devices, performance and cost critdreseall determire the PWM method
[5]. Digital methods are the most suitedrfofor designing PWM generators, becausey

are very flexible and less s&tive to environmental noise][5

1.4 Fuel Cell systemimplementation in system level language

This thesisdescribes holistienodelling of the fuel cell different techniques of the voltage
conveter, and different techniques digital controller design, and hardware prototyping of a
2.4 kW fuel cell energy system for supplying avéc voltage load.There are certai
advantageof this thesissuch asthe modelling of fuel cellparameter evahtion of fuel cell

hardware prototyping of the digital controli@l+PWM).



The experimental validation has dobg takingSimulink of fuel cell system as referenée

fuel cell system has developed in VHDL which allows FPGA based protgtyfun
controller part, after thatexperimental validation has done through comparison between the
referenc§ MATLAB/Simulink) and VHDL implemented system.
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Chapter?

An Introductio n to the Fuel cell and its Modeling
2.1 Introduction

A fuel cell is a device that converts the chemical energyfoélaandan oxidantdirectly

into electricity. Operating principal of fuel cell is almost similar to that of the batbery,

unlike a battey a fuel cellis a renewable source of energyhich runs continuouslyif we

supply fuel and an oxidant to it.

In a fuel cell, the samieasic chemical reactionas occur in traditional method of generation

of heat,but generate electricity directly as alectrochemical devic& his direct conversion

of chemical energy to electrical energy is more efficient and generates much less pollutants
thantraditional methods that based combustion of reactants.

The basic physical structure or building blockadiuel cell consists of an electrolyte layer in
contact with a porous anode and cathode on either side. A scheepaéisentation of a fuel

cell with the reactant/product gases and the ion conduction flow direthiengyh the cell is

shown inFig. 2.1.

2e —»

Load

Fuel . —— Air
] ‘ Positive l—
>
Ly -—
Negative ion 1
Unused fuel and —¢— — Unused air and
products gases l T l products gases

Anode Electrolyte  Cathode

Fig.2.1Schematic of Fuel Cdl
Thereare different technologiesf fuel cell. They are commonly classified according to their

operating temperature and/or the type of electrolfdae to certain advantages (high



efficiency, low operating temperature)f PEM (polymer electrolyte membrandjiel cell,

over other fuel cellnowadays people prefer PEMFC to other conventional type fuel cell.
Polymer electrolyte membrane (PEM) fuel cells are the most popular type of fuel cell, and
traditionally use hydrogen abke fuel. PEM fuel cells also have many other fuel options,
which range from hydrogen to ethano biomassderived materialsThese fuels can either be
directly fed into the fuel cell, or sent to a reformer to extract pure hydrogen, which is then

directly fed to the fuel cell5].
2.2PEMFC Functionality

Fuel cells generate electricity from a simple electrochemical reaction in which an
oxidizer, typically oxygen from air, and a fuel, typically hydrogen, combine to form a
product, which is water for the typictuel cell. Oxygen (air) continuously passes over the
cathode and hydrogen passes over the anode to generate electricpypdiyct heat and
water As the name suggestth between the anode and cathode termjntilere is a
membrane (electrolyte) can a@nduct only positive charge ionSulphonated polymer
(NAFLON) can be used as a membrane of the PEMFC.

The reactions are shown below.

Reaction at Anode:
2H, - 4H" +4¢e 1)

Reaction at Cathode

O, +4H" +4e - 2H,0 )
The electrorfreedat anode travelshrough another wire and react with the oxygen as well as
proton thus water is produced/hen the electron travels throughkternal circuitelecticity
is also produced.
Cathode and anode both hasfeanneletched intat, which disperse the Kgas equally over
the surface of the catalyshdividual fuel cells can then be combined into a fuel cell stack to
take a desired power from the fuel cell.eTiumber of fuel cells in the stack determines the
total voltage taken from the stack of fuel cell, and the surface area of each cell determines the

total current.
Modeling of PEMFC.:

To achievedesirable performance characteristics, undertain constrats, Holistic
modeling of complex technical systems can constitute the first Bhepmodel offuel cell
separatedh two partsas denoted ifig.2.2[6]:



lac Dynamic model

Curent Voltage rebuildingl__,,

Vdc
decomposition /v v
Static model v

Idc

Fig.2.2Fuel Cell Model

u Static Model:

The static model describes the static behavadf fuel cdl, i.e. the value of static fuel cell

voltage as a function of the static current of the fuel cell.
i Dynamic Model:

The dynamic model based on the small variation of the cell voltage as a result of small
currentvariation. Themodel is valid only for themall variation of current around a fixed
steadypoint; this is based on the assumption that the fuel cell is a linear system for small

signal variation in current.

2.2.1Static Model

The static model oé fuel cell canbe modelledon the basis of the followingmpirical
equation 6].

Vge = Ep - blog(aiy,) - rig. - mexpnig,) ©)
Where Ep = current of fuel cell at a current of 0 amp.
igc = fuel cell static current.
Vy= fuel cell static voltage

a,b,r,m,nare fuel cell empirical parameters

2.2.2 Dynamic Model

Fuel Cell Electrochemical Model

Empiricalformula for fuel cell voltage if7]:

Vfc =B - Vact - Vcon -V,

ohmic (4)

cell

Where E.¢ is the thermodynamic potential of the ¢éll; is activation overvoltag&/onmic iS

ohmic overvoltage and.., is concentration overvoltage.



I. Nernst voltage(Ecer):
The overall reaction in a PEM fuel cell can be simply writien
2H,+0, - 2H,0 (5)

The Nernst equaih for the hydrogen/oxygen fuegll for the above reactiois [8]:
Ecell = EOceII +E_§n I:)HZ +1|n Pozg

el 2F 2 H ()

Where T is the cell temperature (KRy. is the partial pressure of hydrogen at the anode

catalyst/gas intgace (atm), andPo, is the partial pressure of oxygen at the cathode

catalyst/gas interface (atr).ce;is a function of temperate and can be expressed gis:

Eyen = Eocen - ke (T - 228 (7)

0,cell

[I. Activation loss (Vac):

The activation overvoltage is theltage drop due to the activation of the anode and the
cathode Tafel equationgiven below,s used to calculate activati overvoltage in a fuel cell
[9]:

Vact:'[21+22T+23T|n(002)+Z4T|n(ti)] (8)

Where i is cell operating current arsl 1 , 3 2 are par@meic coefficient of fuel cell
,Co2 is the concentration of dissolved oxygen at liquidigtexface. Thesalue of G, can be
estimated by usinfL0]:

I:)02

| A ©)
5.0810%¢ T

Coz =

[1l. Ohmic loss(Vonmic)

Ohmic lossof fuelcellusigo h moé sis: | aw
Vohmic: ti (Rel + Rpr)
(10)
Where Ry is the resistance produced by membrane to electron o Rp, is the
resistance to proton flow.

Rer is usually considered to be constant quantity wheRass given by the following
equation11]



-, L
AN (12)

Where | is membrane thickness (cmj is the cell active are&n), and } , is specific

resistivity of membrane for the electron flojv, . cwiigh, for the Naflontype membrane
can be given bj12]:

& s P 2 2 50
18164+ 00357 3+00628 | 8 02~ |
é ({‘ A =~ (;; 303= (; A = g
ron= - — 12
5 .
& - 0634- 38~ P xp@l@e—
é cA s

IV. Concentration Voltage Drop

During the reactiomprocessconcentration gradients can be formed duséss diffusions
from the flow channels to the reaction sites (catalyst surfaces). At high current densities, slow
transportation of reactants (products) to (from) the reaction sites is the main reason for the

concentration voltage drdf3]. This voltages given by[1].

Veo,=- B. In% '
Jmax - (13)

Where B represents a parametric coefficiewit, @ndj represents the actual cent density of
the cell (A/cnf) andjmaxis the limiting currentlensity.

Applying assumptionthat parameters for individual t®kcan be lumped togetherrepresent
a fuetcell stack the output voltage of the fuekll stack can bevrittenas[14]:

= N v = Ncell(E

cell *¥cell

-V

ohmic

B Vcon) (14)

Where;Neei = Number of fuel cell in stack

cell ~ a ct

Vcen = fuel cell voltage
Ecen = Thermodynamipotential of the fuel cell.

Vact,Veon Vonmic are lossedntroduced imo the fuel cell

V. Double layer charging effect:

In a PEM fuel cell, the two electrodes are separated by amsehtbraneKig. 2.1) which
only allows heH" ions to pass, buirevents the motion of electrofd,[13]. Theelectrons at
the anode willflow through theexternal load and@omes tothe surface of the cathode, to

which the protons of hydrogen will be attracted at the same time. Thus, twocthayees of



opposite polarity are formed across the boundary between the porous cathode and the
membrand7], [15]. These two layer separated by the membrane act as double charged layer,

which can store electrical energlye to this property this can breated as a super capacitor

+ Vnhmic -
\VARVARVA ¢
I%Jhmic
¢
Rect
Ve — C
V_fc
Reon
+
ENernst
\ 4
o

Fig.2.3Equivalent electrical circuit of PEM fuel cell.

Circuital model of fuel cell by considering all the effect discussed above is shdWwnarB,
where the resistances are the equivalenstance for different types of fuel cell losses.
This model of fuel cell is described pbj:

dvc_ 1. 1
Rk B2V’ 15
d c™ ¢ ° (13)
WhereV; is the dynamic voltage of the equivalent electrical capacit@rened Uis the time

constant, dependant of the cell temperature given by the equation

t = C-(Ract + Rcon) (16)

We can write (4) as given below

Vie = ENernst- Vohmic™ Ve (17)



2.3 MATLAB Simulation Results of all type losses and thermodynamic

potential
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Graph 2.1 Ohmic Loss(function of electrolyte thickness) Versus Current Density

We canseein the above graphat constant electrolyte thickness ohmic loss is increasing with
the increase in the cell current density, and for fixed current density ohmic overvoltage is

increasng with the increase in the electrolyte thickness.
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Graph 2.2 Activation Loss (function of limiting current) versus current Density
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In the above graph we can see that at a fixed value of limiting current activation loss is
increasing with the increase in Cell cuntrélensity, and at a fixed value of the current density
activation loss increasing with increase in limiting current

If the exchange current is very large, the syswthsupply large currents witlvery small
activation ovevoltage If a system has an &emely small exchange current density, no

significantcurrent will flow unlesdargeactivation overpotential is applied.

o3 1 1
: : ] alpha = 0.3
0.25 ; i i ﬁl— alpha =0.6- -
i E i : alpha = 0.8
= : : . ]
S o= ! E i ;
1 : 1 : :
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] 1 T . \
2 015 ; ! : i
= | i i i
'-E | i 1 |
2 | = e :
0'1 L) 'i' - L) n
1
0_05 A A A A I | A il JI A 3
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Current Density(A'cm®)
Graph 2.3 Activation Loss(function of transfer coefficient) versus fuel cell current density

Activation loss shown in the above grapgbBrgph?2.3) is increasing with the increase in the
cell current density, however it is decreasing with the increase itrahsfercoefficient
(denoted as alpha in the graphm.order to simulate the entropy of fuglater and oxidant

we have taken the valué different parameteias given irtable 2.1

Table 2.1
Name of parameters Value
Temperature 353(K)
Reference Temperature 298(K)
Moles of Hydrogen 2.016
Moles of oxygen 31.999
Enthalpy of O2 at standard 0
state
Enthalpy of H2 at standard 0
state
Moles of H,O 18
Enthalpy at standard state of -285 826
water in liquid phase(J/mol)
Enthalpy at standard state of -241 826
water in gas phase(J/mol)

11
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Summary:

Fuel cell is a renewable source of eneif@ye to double charge layer effefitgl cell can act

like an ultra capacitor. There are different types of losses associated with fuel cell, which
causes reduction in the cell vadte. In this chapter the modeling of different type of losses
and thermodynamic potential has discussed. Dynamic model of fuel cell converted into the
electric circuital model, consists of resistar{eguivalent to losses), electrical capacitance
and a vttagesource(Enems)-

13



Chapter3

Buck and BoostConverter

Circuit Topologies




Chapter3

Buck and Boost Converter Circuit Topologies

3.1 Introduction
Buck andboost Converter used fBwitched Mode PoweSupply abbreviated as SMPS is

nothing but adc-to-dc switching converteior the conversion of unregulated dc input voltage

to regulated dc output voltag&he switch employed in SMP$ s t ur naeddd O6 BR O
(referred as switching) at lsigh frequencywith the helpof an external switching circuit.
During O0ONOG s ttlettransistof actindhas a svikch wikk e in saturation mode
with negligible voltage drop across the collector and emidgrminals of the switchyhereas

i n O OF F aransistaa acting ds la switetill be in cutoff mode with negligible current
through the collector and emitter r@nals. Unlike in the voltageregulating switch, a linear
regulator circuitalways remains in the active regjomhich results in low efficiecy, only
applicable to low power application. SMPS is well suftachigh power applications.

3.2 Buck Converter working principle

T he operation of the buck convertenvisry simplewith an inductor and twewitches &
transistor and a diode) that contté inductor.Two switches come into action and alternate
between connecting the inductor to voltage source to store energy in the inductor and
discharging it into the connecting loakthe inductorL and capacitor C ifrig.3.1 contributes
into the filterig to avoid from the currengind voltage ripplaespectively Diode in the

figure is a freewheelindiode to ensure a continuous flow of the current into the cirdtie

output voltageof the circuit can be controlled by the duty cydlegiven byD :t;_n. Output

voltagev, is always lower than input voltagehence, we caalsocalt hi s converter

Convertero.
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Fig.3.1 Schematic of Buck Converter

There are two basic modes in which Buck Converter operates:

(a) Continuous mode:

A buck converter operates @aontinuousmodeif current through inductoneverfalls to

zero,during the commutation cyclés operating principle is described by thig.3.2. When
the switchshownabove is closed, the voltage agsdhe inductor i¥ = V;-V,. The current

through inductor rises linearthAs the diode is reverse biased by the voltage sourte,
current flows through it.

When the switch is opened tb®de D becomes forward biased.

Currenti, decreases.
The rate othange of curreri can be calculated from:

di,

v, =L
dt (3.1)

Increasan current during on state can be calculated ffb&j:

T
. _ (::'VL _ Vi - V0
DL,on - | IL dt - L 'Ton (3.2)

0

The decrease in inductor current is giverj16]:

Toﬂ‘
- ~V _ - VO
DI o = nfdt — T Totr
0 (3.3)
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The energy stored in each componaiie end of commutation cycle T is the equal to that at

the beginning of the cycl@hat means curremt will remain same at t=0 and t=T.

We can write the following equation with the help of above éguations adl 6]:

V. -V \"/
: 2 Ton = _OToff

L L (3.4)
(Vl - Vo)'DT =V (1_ D)T (3.5)

Where D = Ton
T (3.6)

4 Ton - Tor
Switching pulse
>
_____________ Vb
Voltage Vo

Current

Fig.3.2 waveform of an ideal buck convert currentand voltage in continuous mode

(b)Discontinuousmode:

Sometimes the energy required by the load is small enough taahsferred in a time
lower thanthe commutationtime. In this case the current through the inductor fall to zero
before the commutatioperiod (time period of the switch stat&he various current and
voltage component waveform is depicted in the Fig.3.3. In figgns the voltage across the

diode Vb is output voltage, Vis the voltage across the inductor angsithe inductor curren
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Ton Tof

Switching pulse

Vb
Voltage Vo

Current

Fig.3.3 Voltage and current of an ideal buck converter operating in Discontinuous mode.

In this mode of operatiomductor is completely discharged at the end of the commutation

cycle
(v - v, )DT =v,aT (3.7)
So the valuef d=2_Yo p
Vo (3.8)

3.3 Boost Converter working principle:

A boost converte(in Fig.3.4) is adc to dc voltage converter with an outpdt voltage
greater than inputlc voltage. Thisis an SMPS containing deast two semiconductor
switches(a diode which act as freewheeling diode two ensure a path of the current during the
off state of otheswitchand a transistoconnecting in series of the source voljadeélters
made of capacitor andinductor is used to reduce the ripple in voltagedacurent

respectivelyis usedat the output stage of the converter.
Operating principle:
The basic operating principle of the converter consists of the two distinct states.

U In on state, switch is closed, resulting in an increase in the inductor current.
U In off state, switch is open, resulting in decrease in the inductor current.

There are two basic modes in which Boost Converter operates:
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(a)Continuous mode:
As like the buck converter in continuous mode discussed ainas mode of Boost

converter, the current through the inducty gever falls to zero. Figlsshows a typical

VL

()

Fig.3.4  Boost Converter(step up chopper)

waveform of current and the voltages
During the on state, switch S is closadiich makeghe input voltagdv,) appear across the
inductor, which in turns results in change in inductor currefit) during a time interval

qgi.Rate of change of currens given by[17]:

O, _v
Dt L (3.9)
At the end of the ostate the increase in inductor currergisgen by[17] :
DT
DL,on :1 ﬁ/i dt :E\,i
Lo L (3.10)

During the oftstate the switch s is opersp the inductor currerfiiows through the loadhe

evolution ofi_ s assuming voltage drop across diode is zero and a large cap&citor

di,
dt

VvV, - v, =L
(3.11)

Variation of i during the Offperiod is:
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DT
DL,off = ﬁ(Vi LVO)dtz k LVO (1' D)T
T

(3.12)

The energy stored in each component at the end of commutation cycle T is the equal to that at

the beginning of the cycl&hat means overall change in current is &m:

D Lon + D Loff = O (3.13)
SubstitutingDi Lon @andDi .« by their expression in above equation we[d&}
: : Vi (vi- vo)
Di,,+Di,=—DT+———Z7(1- D)T=0
This can be written d4.7]:
Mo — 1
v, 1-D (3.15)

The abovesquation revealthat the output voltage will be always greater thamtivpltage

'Y Ton T off

0

Fig.3.5 Voltage and Current of a Boost Converter operating incontinuous mode

(b)Discontinuous mode
In this mode inductor current falls to zero dursmall part of the periodDuring the on

time, i max (att = DT) is

i =YipT
L (3.16)
During the Offperiod,i, fallsto zeroat &' T [17]
- (Vi- vo)ar ~0o
L (3.17)

Using thetwo previousequationsd is:
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v, D

a= .
VO- Vi (3.18)
Load currents given by the average diode currgii]
== L e
2 (3.19)

Replacing maxandd by their respective expressimtie following relatioryields[17]:

_vDT vD _ vDT

"ol Vo vi 2L(v, - v,)

(3.20)
Output and input voltage ratio can be eegsed afl7]:
2
Vo _ 1+ Vv, D. T
Vi 2L, (3.21)
4 To, 5T
O - | .
Vo v Vo
Vimm — — — — — s
o I N .
VAV — — — S V|
I S N R
e o |
iy
0 DT T j

Fig.3.6 Voltage and current of a Boost Converter operating indiscontinuous mode.

3.4Simulink model of Buck Converter:

L

BT

Sprese

Fig.3.7 Simulink model of Buck converter

20



Above Simulink model has simulated with theneerter parameter value given in table 3.1.

Voltage and current of the above Simulink modddwtk converter is shown in Fig&3

Table 3.1
Converter parameter Value
Source voltage 12(v)
Reference voltage 8(v)
L 4.1 pH
RL 3e4dn,
C 300 pF
RC 5e-3 A
fs 100kHz
Load resistance 1n
1[] T T T T T
e
s 9f T
=2
D 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3
time(second) w107
1[] T T T T T
=
= -
=
=
D 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3
time(second) x 107

Fig.3.8 Voltage and current of the buck converter (shown irfig.3.7)
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Fig.3.9 Buck converter voltage at steady state

Result description

Output voltage= 8.0015v.
At t =7.5C10 *svoltagereached aits steady state.

At steady state conditiofshownin Fig.3.14)

Output current ripple 8.0017(A)-7.9967 (A) =0.0050(A)

Voltage ripple= 8.0012(v)-7.999(v) =0.0022(v)

Ton=.0000006 s

Toff =.00000@4 s
T=10°s.

T 66C10°

— 0on

Duty cycleD=—">=——7—=.66

Output voltage of Buck Converter is given by the relation:

Voutput = D-Vinput
= B6C12(v) = 0.792(v).

This is approximately equal to our reference voltage) (8
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3.5 Simulink model of Boost Converter:

s

0F =i ol

duty raio

FivM Bloar!

=

T
b

* 2
u

Fig.3.10 Open loop Boost Converter
Value of converteparametes; whichwe have taken in order to simulate the Simuhmédel

shown in Fig.3.Qis given in table 3.2.

Table 3.2
Converter parameter Value
L 75uH
R. 80mn,
RC 5mn,
C 1.68uF
Fs 100kHz
Vs SV
Load resistance 120n,
Reference voltage 12v
Duty cycle 0.6
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0 000 0 001 10 00 0% 00% o 004
fimefs)
Fig.3.11 Output current of the Boost converter( shown in Fig.3.1p
! | T .r | | | | T
| J i i - i i
: l— e —— e frm— e Fr——— e b -
U . : ! T : T
P J J i | | 1 | |
0 0.005 on 0015 0 0025 003 0035 0 0045

fime(s)

Fig.3.120utput voltage of theBoostconverter( shown in Fig.3.10Q

Result Demonstrationof Boost converter shown in Fig.3.10
D=.61
Voltage to be regulated 5 v
Reference voltage 12v

v = Vi, _ 5
°“ 1-pD 1-.61

=>Reference voltageutput voltage.

°12v
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i
-
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duty ratic2
BV to 12V converter
L=
ScopeZ2
FID )
[

Fig.3.13 Simulink model of Closed Loop Boost Converter
Value of parameters that we have takearuter tosimulate the Simulink model shown

Fig.313is given in table 3.3.

Table 3.3

Parameter Name Value
Source voltage 5(v)
Reference voltage 12 (v)
fs(PWM frequency) 100kHz
Proportional constant of Pl controller 0.1
Integral constant of Pl controller 0.34
Inductance(L) 159.8uH
Capacitance(c) 225uF
RL(resistance in RL branch) 80e3n,
RC(resistance in RC branch) 563 A

L oad Resistance 10 n,
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L
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liffée{ %)

Fig.3.14 Output current of closed loop Boost Converte(in Fig.3.13

12 ,r"' ] ,
|:|_.||.|J .................................................. —

f
S-S SO SO USSP SSRGS -

| i
g ,J .................................................. -

| E
_1!... ...:..... —

| | | | ] | | |
] 0,008 ()] 0018 [i]iF] 0.0 00 0035 004 0045 008

Fig.3.15 Output current of the closed loop Boost Convertefin Fig.3.13

In close loop converter a Plcontroller is introduced to set the didycle value,so that
outpu voltage immediatelyollows thereference voltage

Closed loop converter including Plcontroller is a better solution for a system, where input
voltage is changing with any parameter. This controller adjusts the duty cycle of PWM by

scaling the error ghal by somédactor, depending upon previous error

Summary:

Different types ofswitching mode power supply have studiedin this chapter. These
converters are likdc equivalent of AC transformer, with an objective, to convert the idput
source from ondevel to another level efficiently. Closed loop converter, with a PID
controller is well suited for the application where input voltage is varying with some of the

source parameter and another converter parameter.
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parameté

Chapter 4

Fuel Cell System

4.1 Introduction
A fuel cell power syster{Fig.4.2) is a closed loop systeropnsisting of fuel cell stacl

PI+PWM controller and a ewerter, because the direct currerdc] output of a fuel cél

stack will rarely be suitable for direct connection to an electrical load, so some kind of power
conditioning is alwaysequired This may be as simple as a voltage regulator, dc-@c
converter.This thesis deals with a boost type power conditiomdrich is discussed in
chapterthree The switching of théoost converter is done through a PI+PWNtcoller. In

this thesis we havsimulated two models of fuel celn first model we have takentane
varying flow rateand in second model we have talsvitched load to simulate thehavior

of fuel cell under time varying load.

4.2 Modeling of Fuel Cell System Using Matlab/ Simulink
Fuel cell blockin Fig.4.1 is modelled using the holistic modeling described in the chapter
second

V; Boost Converter

A\ 4

Fuel cell
stack

\ 4

<

==y

-

PWM P PI le— .
CONTROLLER |~ CONTROLLER

Reference voltage

Fig.4.1 Block Diagram of closed loop fuel cell system

The whole model of fuel cell stack consists obtparts as described in chapt2rn section
2.3.Dynamic model obne fuelcell based on the electrochemical model of fuel isgll]:
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ol ————
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Fig.4.2 Dynamic model of fuel cell

4.3 Simulation of fuel cell model under time varying load

L]
= Diacke
]
L}
AW
[ F
FE Tnom
“IH 0p Te
e ' - i~
i~ Ir_1n K >
Flow rate nebecion [—rry s
L fex f >
H_H2
A 0z »
< : L -I
 __ ] "l' .

boost comverter

Fig.4.3 Simulink model of fuel cell system with varying flow rate

Whole fuel cell system model is shownFig.4.3, consists of a stack of 68 fuel cedl 48v to

96 v boost converterflow rate regulator and selecta,controller consists of PPAWM to

control the switching action of boost converter.

We usedSimulink model shown irFig.4.3 to examine the effect of flow rate variatidn.this

model we havdaken aflow rate regulatorand aflow rate selectorModel of flow rate

selector isshown inFig. 4.4.
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: s -] — =1
Fr_reqg in = Ramp_Fr
Add —
(] ==
i Soew

Fig.4.4 Model of flow rate selector
U Relation of flow rate with current is given by therelation:
Flow rate(lpm) =60000.R.T.Nc.i_fc(2F. (Pf.101325).Uf_H2/100.x/100) (4.1)
Where R = Gasconstant,
T = temperaturén (k)
F= Faradayod6s constant
Pf = fuel pressurelfar)

Uf _H2 =fuel (Hy) utilization factor

Nc = Number of fuel cell in stack

iz = Fuel cell current (A).

The closedoop boost converteig. 4.5) consists oninductorof 500puH, a resistance of

1

2 1, capacttance c000puF, alow pass filterwhich has a transféunction——— , a
0.001s+1

P1 controller,discretePWM generatoand aswitch transistor)

Gto

Fuses S [
q Llfcl:lr;“J +
+ P B 4 a 1

PV Seneratar

= 1
* v —_— UBus
—“ QO1E+1 E Ec - Ec  do
Uraf’

Transter Fon
Doty Cycd
o T -] s

Fig.4.5 Model of boost Converter
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P1 controller is used to comtrthe duty cyte by scaling the error voltagénally the output
stage of the converter is loaded By element of 2.4W and a time constant of 1 sec

(R=L=Vpoos:/power =(963/2400)Transfer function of Ptontroller is given by:

a 1 0
G, =K 4.2
LR PP @2
WhereKp is proportional gain, which we have taken 0.005 lénd integra gain, that we
have taken 0.15

Fuel cell parametersthat we have taken for simulation

Table 4.1
PEM fuel cell parameter Value
OperatingTemperaturdOp_temp)| 338K
Fuelflow rate Maximum 85lpm (litre per minute)
Composition of fuel 99.95%
Air flow rate 372 Ipm(litre per minute)
Composition of air 21%
pressure of air 6 bar
pressure of fuel 1 bar
Limiting current 0.00578A
Area of fuel cell stack 50.6 cnd
Y 14
3 -0.9477
3 0.0033
% 7.5X10°
3 -1.915 X10'
Equivalent capacitance 3F
Thickness of membrane 0.0178Cm
Ror 0.0003n),
B 0.016(v)
Number of fuel cell in stack 68

The parametery can have a valuas high as 14 under ideal, 100% refatihumidity
conditions pJ.
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4.3.1Simulation Results of the fuel cell system model with

varying flow rate :

fuel flow rateflpm)
=
-
i

J 1
6 8 10 12 14 16 18
time(s)

Graph 4.1 Flow rate versus time
In the above graph flow rate has changedsfi®m 16 Ipm to 85lpm, during thetime
interval3.5 s

3 ! | !

B 1

25

]
=
i
i
j

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

utilization%s
g

—
=
.
i

Graph 4.2 Utilization of fuel and oxidant (air)
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in 0
NH2 B NH2
in

H2

Cell utilization is defined as =

We observed iirapi .2, asthe fuel flow rate hagcreaseditilization of fué has decreased

120 ,
: : : : : : : i —— Air
i i i i i i s | — Fuel
100 s e A e e e n
[ S S A B A S
=5 H H H : H : H H
€ 5 5 5 | 5 | 5 5
B B0 e A e oo -
E H | H . H | H H
2 : : : 3 : 3 : :
§ A0 e e B R -
o H H H | H | H H
[=]
ks | | | 1 | 1 | |
e S I R B S S
(0] SR e e ST e P P O SR EP R PP —
20 | | | | | | | |
0 2 4 6 8 10 12 14 16 18
time(s)
Graph 4.3 Consumption of fuel and oxidant(air) versus time
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Graph 4.4 Stack efficiencyversus time
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Stack efficiency of the fuel cell system is definedhesatio of maximunrated poweto the
power taken at thimad. It has (shown ifGraph4.4) decreased with increase in flow rafe

fuel.

. S Lo S S b S A |

-
=]
i

i

[21]
ch
H

fuel cell voltage(v)

B0 S— SN NN S S N i

. j i i

Graph 4.5 Fuel cell voltage versus time
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T ol . o I A T il
& 1 T
S z z
P [ TR - SRR FOURRR R PRS- R — ? .................................. : ................................ _—
E
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=%
1 A =I I 1 [

6 8 10 12 14 16 18
fime(s)

Graph 4.6 Fuel cell current versus time
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hoost current(A)
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T

Graph 4.7 Boost output voltage versus time
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Graph 4.8 Boost output current versus time
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Mermst voltage(v)

fuel cell power(w)

T # T T T
| .1 J | I [ 4
B 8 10 12 14 18 18
time(s)

Graph 4.9 Nernst voltage versus time

2500=

=F

T ? ! ! 1 T
: L]
i i i I i | A
8 8 10 12 14 18 18
time(s)

Graph 4.10 Output power versus time

4.3.2Result Demonstration

Att =0 s, thedcdc converter applies 96 dc to the RL load (thaitial current of thedad
is 0OA). The current(Graph 4.6) increases until the value of 3A. The flow rate is
automatically set in order to maintain the nominal fuel utilizatidre dc bus voltage is very
well regulated by theanverter(Graph4.7). The peak voltage of 23v dc (Graph4.7) at the
beginning of the simulation is caused by the transient state of the voltage regulator.

35



Att = 8s, the fueflow rate is increased from 1Bres per minute (Ipm) to 85 Ipm during 3.5
s (Graph.1), reducing by doing so the hydrogenilization (Graph 4.2). This causes an
increasing of the Nest voltage (thermodynamic potentia{{sraph 4.9), so the fuel cell

current will decreasg(Graph 4.6). Therefore the stackonsumption(Graph 4.3) and the
efficiency(Graph.4) will decreas.

4.4 Simulation of fuel cell system model under time varying load
In order to simulate the fuel cell system under theatian of load we have taken

anotherSimulink model (Fig. 4.6) to examine the regulation ¢ifie outputvoltage with the
variation of the load w#h time.

L [—j

- ,_m|
AT Tl ]
= d T
>
(ﬁ‘ o = 2 d
= DG Gamener < > 2
i T T
— nt *
FC.Tnom |
[remm | wasos
e
Crex F——p=
o
o .
— N
= R — N
rﬁ- :
ow rate < .

Fig.4.6 Simulink model of fuel cell system underswitchedload

In this Simulink model we have uséde entirecomponent same as first Simulink model,
except for thdime varying load.The \ariationof theload is done through two parallelad
connecting at the terminal of the RL loaehoseconnectivity is changed at a regular interval

of 5swith the help of a switchto see the changes in the output voltagerent and the rated
power.
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4.4.1 Simulation Result s

Graph 4.11 Load switching pulse
Switching of the load of fuel cell system has done througkuliiehingpulse shown in the

Graph 4.11.

Graph 4.12 Fuel cell voltage versus time

With the change of loaduel cell voltage has changéshown in Gaph 4.12)
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