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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville
Degree Master of Science in Engineering College/Dept. Engineering/Electrical

and Computer Engineering.
Name of Candidate: Roshini Sukanya Ashok Kumar

Title ADAPTIVE SLIDING MODE CONTROL FOR ENERGY MANAGEMENT OF
DC POWER USING FUEL CELLS AND ULTRACAPACITORS

This thesis deals with controlling autonomous electric power system that comprises
Proton Exchange Membrane fuel cell (PEMFC) that is considered as a primary source of
electrical energy, the DC-DC boost power converter, and the ultra capacitor. System’s
PEMFC/ultra capacitor/DC-DC boost power converter zero dynamics are analyzed and
appeared to be stable. Relative degree approach is applied for direct control of the output
load voltage, the fuel cell and ultra capacitor current/voltage in the presence of the model
uncertainties. The sliding mode observer is employed for identification of the load
resistance, which estimated value is used for generating the fuel cell/ultra capacitor
current command profile. The adaptive gain super-twisting sliding mode controller
controls the current in PEMFC. The decoupled traditional SMCs are designed for
controlling the output voltage and the fast component of the load current or voltage of the
ultra capacitor. The efficacy and robustness of the proposed three-fold SMC and 2-SMC

adaptive-gain controllers are confirmed via computer simulations.

Abstract Approval: Committee Chair <~ ZA“? d/{@/&&( 02 /2 67/ Xo/2
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CHAPTER1
INTRODUCTION

Fuel cells are now on the verge of being introduced commercially, revolutionizing the
way we presently produce and store power. In this thesis, hydrogen is used as a fuel,
offering the prospect of supplying the world with clean, sustainable electrical power. Fuel
cells, a promising next-generation power source, are widely used in both automotive and
stationary applications due to their high power density and low emissions. Fuel cells play
a vital role because they offer an alternative environmental friendly fuel for
transportation, which reduces the amount of the air pollution and thereby minimizing the
risk of global warming. Fuel cells, is a form of green technology, as they are able to
produce power for electric motors or in place of generators, they have been successfully
used to replace gasoline engines. The fact that the byproducts of the chemical reactions
involved in producing energy create water and some heat makes fuel cells a better option
as compared to what is produced in combustion of other fuels. The green energy cars
powered by the fuel cells are now replacing the gasoline powered engines. Fuel cells find
their applications in most stationary and mobile applications, and are also used in
conjunction with other power conditioning converters. A circuit model of the entire fuel
cell system would be beneficial; especially in power electronics for designing converters
associated with the fuel cell for various load applications [3,4].Fuel cells also help
designing the energy efficient buildings. Application of fuel cells in industries using
enormous amount of power can increase the efficiency by reducing the power
consumption. The Fig.1 shows the application of fuel cell system being installed in a car

and also in households.



Implementation of Fuel Cell in a Car Implementation of Fuel Cell in a Household

*

Fig.1 Applications of Fuel Cell System

A Proton Exchange Membrane Fuel Cell (PEMFC) that is in the core of the Fuel Cell
System (Fig. 1) is an electrochemical device in which the electrochemical reaction is
converter directly into electricity by combining hydrogen fuel with oxygen from the air
with the heat as the bypass [1].This thesis elaborates and resolves the coordination and
feedback control problem of the fuel cell system involving the PEMFC associated with

an impulse energy source, the ultra capacitors (UCs) when applied to high instantaneous



dynamic power systems. Systems of PEMFC/DC-DC power converter/Ultra capacitor
can serve as an emergency source of energy in the event of long term power outage or as
an electric power supply unit for cars and other autonomous vehicles. The rapid voltage
drop and a slow response to the load demand is one of the critical issues faced by the
PEMFC. This critical issue is resolved by using the energy storage devices like the ultra
capacitors and the power regulation devices like the DC/DC converters. These devices
are required to work along with the PEMFC in order to provide regulated and fast
response power to a variable load. A typical PEMFC-Ultra capacitor system consists of a
PEM fuel cell stack as the main power source, a boost DC/DC converter as the power
conditioning device and an Ultra capacitor, which is implemented as an energy
management or an auxiliary power source. This hybridization of the fuel cell system is
considered as the electrical power unit, while being used in the cars and other
autonomous vehicles, it provides increased durability and safer performance especially in
shut-down and start-up modes. Usually [3], the fuel cell is controlled separately and
power conditioned later. This is mainly due to the uncertainties in varying of pressure and
their disability to accommodate to these changes. The control challenges faced by the fuel

cell system are —
¢ Controlling the pressure variation of oxygen/hydrogen
e Disability to control the fast charge and discharge modes

¢ Increasing the efficiency of the DC-DC converter by using highly effective robust

control techniques



e Accurate stabilization of the output voltage in the presence of the system

parametric uncertainties, including rapid changes of the load

Sliding Mode Control is used in this work as the control tool for controlling the fuel ce;ll
system. Sliding mode control (SMC) is one of the powerful control strategies to deal with
uncertain control systems [5-7]. The main feature of SMC is the robustness against
parameter variations and external disturbances. The system model parameters are not
precisely known and environmental disturbance is quite difficult to determine.
Insensitivity to matched external disturbances and to matched parameter variations have
become the benchmark of SMC systems. Higher Order Sliding Mode (HOSM) control is
used to conserve the same properties of SMC and also to limit the chattering effect and
increase stabilization accuracy. Sliding mode control with gain adaptation retains the
main properties of SMC and can control the system with matched bounded disturbances,
in which the bounds are unknown. Using adaptive gain SMC and HOSM allows reducing
the control chattering. The 2-SMC algorithm with gain adaptation is used in this thesis to

control PEMFC.

The objective of the thesis is to control the power system that comprises three controlled
components: PEMFC, an ultra capacitor and a boost DC-DC power converter, in the

presence of model uncertainties using sliding mode control techniques.
The structure of the thesis is as follows.

Chapter 2 elaborates the physical description and the working principle of the PEMFC in
detail. The need for PEMFC and its preference over the other types of the fuel cells is

also briefly summarized.



Chapter 3 focuses mainly on the boost DC-DC converter, in which the output voltage is
controlled directly. In this chapter, the different types of DC-DC converters are studied

and their significance of usage in this fuel cell system is elucidated.

Chapter 4 explains the performance and necessity of the energy management device

(Ultra capacitor) and also explains the vitality of UC in the field of green technology.

Chapter 5 derives the combined math model of the Fuel Cell/Ultra capacitor/ DC-DC
boost converter system using the equations of chapters 2, 3 and 4.The control problem is

formulated.

Chapter 6 unfolds the concept of sliding mode control. Different types of Sliding mode
controls are studied and analyzed, in order to choose the control appropriately for the
various components of fuel cell system. The sliding mode observer is employed for
identification of the load resistance, whose estimated value is used for generating the fuel
cell/ultra capacitor current command profile. The simulation results of various controls

are studied for better understanding of operations of various sliding mode control

techniques.

Chapter 7 is the backbone of the entire thesis, since it elaborates the controller design for
the Fuel cell System. Relative degree approach is applied for direct control of the output
load voltage, the fuel cell and ultra capacitor current/voltage in the presence of the model
uncertainties. Adaptive second order super-twisting control, in terms of the oxygen
pressure, is used to control the PEMFC current. Traditional sliding mode controllers
control the DC-DC boost power converter and the ultra capacitor in a charge/discharge

mode.



Chapter 8shows the simulation results of the fuel cell system dynamics as derived in
chapter 5. The theoretical results are verified with the simulation results. The comparative

study of the simulated and theoretical values are analyzed and rectified accordingly.
Chapter 9 summarizes the results of the thesis and draws a conclusion.

Chapter 10 includes the references.



Chapter 2

PHYSICAL DESCRIPTION AND MATH MODELING OF PEMFC

2.1 Overview of Fuel Cell Technology

There are currently six main types of fuel cells: Proton Exchange Membrane (PEMFC),

Direct Methanol (DMFC), Alkali (AFC), Phosphoric Acid (PAFC), Solid Oxide (SOFC)

and Molten Carbonate (MCFC). All of these types share the same basic theory of

operation but are very different in their construction and applications [4].

Types of Fuel Cell Efficiency Operating Applications
Temperature

Polymer electrolvte 40% - 80% with 175° F (80°C) Transportation — cars,

membrane (PEMFC) Combined heat and buses, boats, trains,

power(Cogeneration)

scooters, bikes and trucks
Residential — household
electrical power needs
Portable — laptop
computers, cell phones,
medical equipment.

Direct methanol (DMFC) | 40% 120 - 150° F(50-80°C) Portable — cell phones,
laptop computers, vacuum
cleaners, highway road
signs

Alkali(AFC) 60-80% 250-500°F(120-260°C) Space Vehicles

Phosphoric acid(PAFC) | 40-80% 300-400°F(148-205°C) Waste water management-
Generates power from
methane gas

55-85% 1800°F(982°C) Commercial purposes like
office buildings, hospitals,
hotels and airport
terminals

Molten 55-85% 1200°F(650°C) Commercial purposes like

CarbonateMMCFC

office buildings, hospitals,

Fig:2 Comparative study of various types of Fuel Cells




The Fig.2 illustrates the comparative study of the six different types of fuel cells. The
thesis mainly focuses on the PEM Fuel cell. The most attractive fuel is hydrogen as it
does not produce any harmful byproducts, only water. This allows oxygen to be used as
the oxidant, which is readily available in the atmosphere [5]. Inside a fuel cell, there are
three layers, the anode, electrolyte and the cathode. Each type of fuel cell uses different
materials for each of these layers, but the basic operating principle remains the same. The
fuel is injected into the anode side and is reduced to positive ions and free electrons by
the anode. The free electrons flow in the opposite of the positive ions, exit the cell and
are used by external circuitry to provide power. The positive ions flow through the
electrolyte and when they reach the cathode, they are reduced through another chemical
reaction with the oxidant. This reaction recombines the positive ions with the free

electrons that return from the external circuitry [4].

Theoretically, one of these cells can produce around 1.18V [6], but when under load, the
voltage drops to around 0.7V [5]. At such a low voltage, it is hard to harness the power
for residential consumption. To solve this multiple cells are stacked in series, effectively

increasing the voltage and the power.

The general efficiency of fuel cell systems is in the range of 40-50% and can be increase
up to 85% by using excess heat and steam to drive turbines for cogeneration of electricity
[7]. Along with efficient and reliable operation, fuel cells have drastically reduced
emissions of greenhouse gases and other harmful hydrocarbons. The fact, that they are
relatively quite as compared to a power plant, allows them to be located on-site

residential areas or near businesses [4].



PEMEFC is preferred over the types of the fuel cells. Proton Exchange Membrane (PEM)
Fuel Cells emit no pollutants and have high energy efficiency and power density.
Coupled with its low operating temperature and the resulting quick startup of power
generation, these factors make PEM Fuel Cells an ideal power source for a Zero-

Emission Vehicle (ZEV).
2.2Physical Description of a PEMFC

There are different technologies of fuel cell. They are commonly classified according to
temperature or the type of electrolyte. Among others, low-temperature fuel cell includes
Proton Exchange Membrane (PEM). Proton exchange membrane fuel cells (PEMFC) are
promising new power sources for vehicle and portable devices. The schematic of Fuel
Cells can be elucidated as two electrodes (anode and cathode) isolated by a solid

membrane acting as an electrolyte as shown in Fig.2.a [5, 13].

PEM Fuel Cell

[ EF1
lHydrogenFuel I [ @_ Oxygen (Air)
I ! T o]
c
X
| ° |
¥ |
_ | = __
[Erer] o) | —
| ANoDE | | caTHODE |

Fig. 2.a Schematic of a Fuel cell operation



The Hydrogen fuel flows into the anode, where it segregates into protons, which in turn,
flows through the electrolyte to the cathode and hence the electrons are accumulated as
electrical current by an external circuit linking the two electrodes. Similarly the oxygen
flows into the cathode, where the oxygen combines with electrons in the external circuit

and the protons that flow through the membrane, thereby producing water.

The chemical reactions in PEMFC can be described by the following equations [1, 2]

-

H,—>2H" +2¢"
42H*+%02 +2¢" > H,0 @.2.1)

H, +-:1202 - H,0

The necessary power to the load is provided by the electrons flowing from anode to the
cathode. Electricity is delivered adequately; when a number of fuel cells are connected in
series which make up a fuel cell stack. The performance of the PEM fuel cells increased,
when its operating temperature is around 70-80° Celsius at a partial reactant pressure of

3-5atm.
2.3 Equivalent Circuit of PEMFC

The dynamic behavior of a PEM fuel cell stack can be represented by means of a simple
first-order equivalent circuit [5], [7], and [16] such as the one depicted in Fig. 3. The
ohmic voltage drop is represented through the resistor Ronm, which expresses the internal
resistance of the cell stack, i.e., the resistance due to non-ideal electrodes and conductive

plates and to proton transfer through the membrane [5] and [9].The activation voltage

10



drop is represented through the parallel connection of a resistor, R,, With a capacitor, C,
that models the double layer of charge at the interfaces between the membrane and the

electrodes.

A0
Rolum‘c fre
R i,
act crV
Rm + v:)ut
N

Fig:3 Equivalent Circuit of first order PEMFC

The Fig.3 does not give description of concentration voltage drop, related to changes in
the concentration of oxygen and hydrogen at the electrodes, since it is not important for
controlling the PEMFC current and voltage. Although in a well-designed system with
good oxygen and hydrogen supplies this drop should be very small at the rated current
[5], it may be taken into account by impedance in series with R, The elements of this
simple circuit are assumed nonlinear. The simulation results in a linear steady-state
performance curve that approximates the estimated performance curve just for
intermediate current density values, but not for low or high current density values. The
simulated results help us to present an equivalent circuit able to approximate both

dynamic and steady-state behavior of the stack.

11



The two charged layers of opposite polarity are formed across the boundary between the
porous cathode and the membrane [24,25], known as electrochemical double layer, can

store electrical energy and behave like ultra capacitor.

2.4 Mathematical Modeling of PEMFC

The mathematical model is derived using Kirchhoff’s current and voltage law from the
equivalent circuit of PEMFC as shown in Fig.3. The output voltage across the fuel cell

v, can also be termed as the total voltage across the simple first order equivalent circuit

of fuel cell(¥,).The voltage across the fuel cell (V) )is defined to be a function of the

stack current, partial pressure of the reactants, temperature of the fuel cell and the

humidity of the membrane.

VfczEO_V Vo =Voe

act
V(ﬁ =nE-V,-V,.-V..) (24.1)
where n the number of the fuel cells in the stack, ¥, is the total voltage across the fuel
cell stack, E, is the thermodynamic cell potential or open circuit voltage, ¥, .is the
activation overvoltage across R, V,,. is the ohmic voltage drop across the resistance

act [

R,..»and V_  isthe mass transport voltage drop or the concentration across R, .

Thermodynamic cell potential

The open circuit voltage E,, also known as thermodynamic potential or reversible cell

voltage [17], is calculated as follows,

12



E,=1.229-0.85-10°(T, -—298.15)+4.3085-IO‘STﬁ[ln(PH2)+%ln(P02 N (2.4.2)
where P, is a partial pressure of hydrogen inside the fuel cell, P, is a partial pressure of
oxygen inside the fuel cell, and T, is an operating temperature of the fuel cell stack. The
temperature 7, in the membrane and the partial pressure of the gases changes with the

fuel cell current. The temperature increases with the increasing current, whereas the

partial pressures of the gases decrease.

Activation Over- Potential

This loss is caused due to the slow transferring of charge at the surface of the electrodes.
A part of the electrode potential is used for driving transfer of electrons in order to match
the current demand. Hence the voltage at the fuel cell drops. Thus the dynamics of

activation over potential are given by,

W _ b Vo (2.4.3)
d¢ C, R_C,

act

where C,, is a double layer capacitance, and R, is the equivalent resistor to activation.
The double layer of charge (dl) is an important concept, in order to understand the
dynamics of the fuel cell. Whenever two materials of opposite charge come in contact,
there is an accumulation of the charge on the surface of the materials or a transfer of load
takes place from one to another. The charge layer that is deposited on the interface of the
electrode or electrolyte acts a storage of the electrical charges and in this way, it acts an

electrical capacitor C,[15].

13



Ohmic Over Potential

The ohmic over potential ¥, results from the resistance to the transfer of electrons in the

electrolyte [11]; the contact resistance present at the fuel cell terminals and the resistance

to the transfer of the electrons through the electrodes.

Vi =1 R (2.4.4)

¥

R, is the equivalent resistor to the ohmic over potential, and i, is the current through

the fuel cell.

Concentration Over- potential

This loss is also known as Mass transport voltage drop. The concentration of hydrogen
and oxygen are affected by the mass transport. The drop in concentration of the gases, in
turn, affects the pressure of the gases[14]. The electrical current and the physical
characteristics of the system are directly proportional to the pressures of the oxygen and
hydrogen. Maximum current density is defined, in order to determine the voltage drop,

under which the fuel is being used at the same rate of the maximum speed.

Thus, the drop in voltage is caused due to the mass transport is calculated as follows,

Ve = aexp(bifc ) (2.4.5)

The coefficients vary with the temperature, where the values of the coefficients are given

to be a=(1.1*10™ ~1.2*10°(T,, —273))(¥) and b =8*10"(cm’mA™) s
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2.5 Summary

This chapter mainly encloses the general overview of the fuel cell technology, elaborates
the physical description of PEMFC and also elucidates the mathematical modeling of the

PEMFC in detail.
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Chapter 3
ELECTRICAL AND STATE SPACE MODELING OFDC-DC CONVERTERS

3.1 Introduction to DC-DC Converters

DC-DC power converters are mainly used to transform the electrical energy produced by
the PEMFC to a much higher electrical power output. A DC-to-DC converter is a device
that accepts a DC input voltage and produces an altered DC output voltage [24].
Typically the output produced is at a different voltage level than the input. In addition,
DC-to-DC converters are used to provide noise isolation, power bus regulation, etc. In
most of the applications, we want to change the DC energy from one voltage level to
another, while wasting as little as possible in the process. In other words, we want to

perform the conversion with the highest possible efficiency.

The aim of DC-DC power conversion is to obtain a regulated, continuous voltage at the
load terminals. This is achieved through the use of power regulators [25].The power
regulator consists of a power stage composed of semiconductors, inductors and
capacitors, and a control stage commonly based on the processing of an error signal. The
control objective is to achieve a regulated robust output voltage with good dynamic

performance from the switching converter.
In this chapter, we will be studying the following,

e Derivation of electrical and state space models of the three basic types of DC-DC

converter circuits namely, buck, boost and buck-boost
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e Sliding mode control analysis and design strategies for DC-DC conversion

problem.

3.2 Different types of DC-DC converters

There are three different types of DC-DC converters, each of which tends to be more
suitable for certain type of applications. For better understanding of DC-DC converters,
they can be studied and classified according to their applications [20]. The Buck
converters are well-suited for stepping down the voltage. Hence, it can be used as step
down converters in laptops or any other devices that requires less voltage. The Boost
converters are only suitable for stepping up the voltage, thereby finding their applications
in fuel cells and may others. The Buck-Boost converters are used for both stepping up
and stepping down voltages.

3.2.1 DC-DC Buck Converter

The electrical and state space model of a buck converter is derived by feeding a resistive
load as depicted in Fig.4.a. The buck converter dynamics are modeled by two state
variables, i, inductor current and v, the capacitor voltage, and by the control input
ue{0,1}, which describes the position of a bidirectional switch [21]. The electrical
modeling of the converter are listed below, where E is the DC-input voltage, L and C, the

inductor and the capacitor values, respectively and R, the resistive load.
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Fig.4.a. DC-DC Buck Converter

The dynamics of the buck converter are derived from the Fig.4.a .Thus the electrical

model of buck converter is given as follows,

L£=—V+Eu

‘;’v (3.2.1.1)
cZ-;- Y

dr R

A general model for buck converter is given in equation (10). Specific models can be
obtained by selecting the parameters A =0 and y =1as follows
} 0 -1+ Au),.
d Li _ » an EQ+yu-1) (3.2.12)
dat\ Cv 1-Au z v 0

When 2=0 and y =1 is substituted in the equation (3.2.1.2)

~ (0 -1),.
im:[ _l][z)+(E(l+<u—1>) (32.124)
dt\Cv) |1 = 0

Advantages of DC-DC Buck Converter
e Highly efficient
e Simplicity of design
e Minimal stress on the switch

e It requires a relatively small output filter for low output ripple.
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Disadvantages of DC-DC Buck Converter
e There is no input to output isolation
o If the switch shorts, there is an overvoltage at the output

3.2.2 DC-DC Boost Converter

The electrical and state space model of a boost converter is derived by feeding a resistive
load as depicted in Fig.4.b [25]. The boost converter dynamics are modeled by two state
variables, i, inductor current and v, the capacitor voltage, and by the control input
u €{0,1}, which describes the position of a bidirectional switch. The dynamics of the
converter are listed below, where E is the DC-input voltage, L and C, the inductor and the

capacitor values, respectively and R, the resistive load [22].

L u=0

— ] '
ex i | wl ci Riv
- ']I" p

Fig.4.b. DC-DC Boost Converter

The dynamics of the boost converter are derived from the Fig.4.b .Thus the electrical

model of boost converter is given as follows,

L§=—v(l—u)+E

! (3.2.2.1)
c®_;_y

dt R
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The DC-DC boost converter model can be obtained by selecting the parameters A=1 and

y =0.Thereby substituting these parameters in the equation (3.2.1.2), we obtain the state

equation of the boost converter as follows [23],
. 0 -1+u),.
e S 6222
R
Advantages of DC-DC Boost Converter
e Used in Hybrid Cars for their increased voltage mechanism
e The output voltage is greater than the input voltage
e Better power factor is achieved
Disadvantages of DC-DC Boost Converter
e The opening and closing of the switch must be faster for better efficiency
e The internal dynamics of the system [5.1.1] are unstable that causes problem
-while directly controlling the output voltage

3.2.3 DC-DC Buck-Boost Converters

The electrical and state space model of a buck-boost converter is derived by feeding a
resistive load as depicted in Fig.4.c. The buck-boost converter dynamics are modeled by
two state variables, i, inductor current and v, the capacitor voltage, and by the control
input ue {0,1} , which describes the position of a bidirectional switch [25]. There exists
an output voltage polarity inversion with respect to the input voltage. The dynamics of
the converter are listed below, where E is the DC-input voltage, L and C, the inductor and

the capacitor values, respectively and R, the resistive load.
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Fig.4.c. DC-DC Buck-Boost Converter

The dynamics of the buck-boost converter are derived from the Fig.4.c .Thus the
electrical model of buck-boost converter is given as follows,
di
LE——-(I—u)v+Eu

C%=(1—u)i—%
3.23.1)
The DC-DC boost converter model can be obtained by selecting the parameters A =1 and
y =1.Thereby substituting these parameters in the equation (8), we obtain the state
equation of the boost converter as follows,
) [ O My (Ear@-t
%(Cv]z[l—u _;} J(i}[ ¢ é )) (3232)
Advantages of DC-DC Buck-Boost Converter
e They produce an output voltage much larger than the input voltage
e They can produce a wide range of output voltage from that maximum output
voltage to almost zero
e The output voltage is adjustable based on the duty cycle of the switching

transistor
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Disadvantages of DC-DC Buck-Boost Converter
e The switch does not have a terminal at ground, this complicates the driving
circuitry
e If the power supply is isolated from the load circuit, the diode polarity can simply
be reversed.
e Unstable internal dynamics

3.3 Sliding mode control analysis and design

Chapter 5, elucidates the basic introduction and necessity of Sliding Mode Control
(SMC). 1t is essential to study the SMC strategies for better understanding of conversion
challenges faced by the DC-DC converters. Output voltage regulation is the general
control objective in DC-DC power conversion [20]. A naive approach would design the
action of the switch, the control action, based uniquely on the output voltage error (direct
control). This approach will not be successful in general. An indirect approach, based on

both the output voltage and the inductor current, is needed to achieve robust regulation.

Sliding mode control strategies for the DC-DC conversion problem via direct and indirect
control will be considered here [21]. Starting from a switching surface, the transversality
condition is checked and the equivalent control is derived [25]. The latter is used to

obtain the ideal sliding dynamics are stable, to deduce the sliding domain.
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3.3.1Direct output voltage control

First, let us consider a direct output voltage control, which implies the use of the
switching surface [22],

o,=v-V,, 3.3.1.1)
Where 7, >0is a constant output voltage reference. Note that the transversality

condition is not fulfilled in the buck converter case (1=0).

For other cases,(41=1andi = 0), the equivalent control and the ideal sliding dynamics are

given by [23]
i-(¥,, / RC)

g = (3.3.12)

v=V.,

di 1 Vs (3.3.1.3)

S =—|Ei-L(Ey+V

dtL(l R(7+'”)J
The ideal sliding dynamics has an equilibrium point at((Ey + Vs W.r | RE,V,).Its stability
is analyzed by the first linear approximation, namely

: 2 .

di_R__E (33.1.4)

L . A
dt LV, (Ey+V,)

Where i=i-i"andi" =(Ey +V,,)V,,/ RE . Since (R/L) (E* / V, (Ey +V,,)) >0, the

equilibrium point is unstable; hence direct voltage regulation results in instability of the

inductor current.
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3.3.2 Indirect output voltage control

Now the proposed switching surface is [23],

o, =i—i,, (3.3.2.1)
where i denotes a constant inductor current reference. Then, the equivalent control and

the ideal sliding dynamics are given by [25],

_V—E(1-y)

Shantl 4/ 3322
Yeg Ey+Av ( )
i=1I.,,
—EQ- 3323
av_1 1, -1, [=E=n) > ( )
d C Ey+iv ) R

The geometric locus defined by the equilibrium points is described in coordinates(Z,,,v")
by v?+Eyv' -EIlR=0 for A=1 and v' =J _RforA=0. Linearizing (18) around the

equilibrium point (Z,,,v") yields

A 2 .
CAJERY B (R R (33.2.4)
a C Ey+ v R

where v=v-v'.
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Thus the indirect control results in a stable ideal sliding dynamics. The sliding domain on

i=1I,resulting from O<u, <1, assuming E>0, gives the following converter
characteristics.
Types of DC-DC Characteristics Sliding domain
converters
Buck Step-down i=I and O<v<E
Boost Step-up i=I,,and 0<E<v
Buck-Boost Step-up/Step-down i=1I,and O<v

Finally, the switching strategy is defined so that %o-,z qualifies as a Lyapunov function

and its derivative is enforced to be negative by SMC ‘u’ [23].

2
%%:o—i%=ai(ﬂv+Ey)—(u—ueq) (3.3.2.5)

Then, since 0<u,, <1is assumed,

_Ju=0 if o,(Av+Ey)>0
T u=1 if o,(Av+Ey)<0

In summary, the indirect output voltage control provides output voltage regulation
presuming the converter states meet the sliding domain conditions. However, the output
voltage depends on the load resistance. Therefore, these controllers do not produce

systems that are robust with respect to load variations.
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3.4 Coupling of Boost converter with Fuel Cell

Though we studied various DC-DC power converters in the previous sections of this
chapter, the boost converter is well suited as a power converter in case of Fuel cells. The
main purpose of implementing a DC-DC boost converter is to increase the voltage
produced by the fuel cell. In this section, we build the first stage of the Fuel cell system
by coupling the equivalent circuit of PEMFC with the boost converter. The Fig.5.a

explains the coupling of the equivalent circuit of PEMFC with the Boost converter.

Equivalent circuit of PEMFC Boost Converter Load

Fig.5.a. Coupling of equivalent circuit of PEMFC with the Boost converter

The dynamics of the boost DC-DC power converter are well-studied, see for instance [3,

4], and are governed by the following system of bilinear differential equations.

di, 1. Vg

—==—1-u)=V, +

dt ( ‘)L Lo

LA PN/
dt cCt R C

(3.4.1)
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where u, €[0,1] is a switch control function. ¥#fc is the total voltage produced across the
fuel cell. ¥, is the output voltage delivered to the load resistor R,.In particular, u, =1
when the switch is closed and », =0 when it is opened. In order to achieve the control

symmetry, the control function is transformed as
u,=v,+0.5 (34.2)
Therefore, a new control function v, €[-0.5,0.5] will replace u, in equation (3.4.1).

3.5 Summary:

In this chapter, the ideal buck, boost and buck-boost topologies are studied by feeding a
resistive load and their respective electrical and state space models are derived
accordingly. Sliding mode control strategies are discussed and designed to overcome
challenges faced by the DC-DC power converters. The first stage of the thesis is

completed by coupling the equivalent circuit of PEMFC with the boost converter.
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Chapter 4
ULTRACAPACITORS

4.1 Basics of Ultra capacitors

An Ultra capacitor is a type of capacitor. A capacitor is an electronic unit that releases an
electric charge to power devices. An U<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>