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ABSTRACT

DESIGN AND HARDWARE IMPLEMENTATION OF A SOFT-SWITCHED

CONVERTER FOR FUEL CELL APPLICATIONS

Publication No.

Shiju Wang, M. S.

The University of Texas at Arlington, 2006

Supervising Professor: Babak Fahimi

The focus of this thesis is to design a DC-DC quasi-soft switched boost
converter suitable for fuel cell applications. Study of electrical output characteristics of
fuel cells was necessary for this purpose. A number of experiments were conducted to
study the steady-state and transient response of fuel cell system under various load
dynamics. The results of these findings were necessary for the next phase of the project
which was to design a reliable and high-performance regulated DC-DC converter. The
design goals were realized with a soft-switching boost converter (implementation of

zero voltage switching (ZVS) and zero current switching (ZCS) schemes) that employs

v



a simple and effective control scheme. Key benefits of soft-switching such as high
efficiency (at high switching frequencies), reduced EMI, and decreased power stress on
semiconductor devices were verified. Apart from these benefits, the point that is
highlighted is achieving decreased fuel cell output current ripple at higher frequencies.
This is of significance because fuel cell systems prefer lower levels of current ripple
which ultimately results in prolonged life time of the system. In addition, operating at
high frequencies will allow for designing of high power density converters to match the

high power density of fuel cells.
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CHAPTER 1
INTRODUCTION

1.1 Need for alternate sources of energy

Methods of energy production, storage and conversion have continuously been
changing since the last two decades of the 20" century. Before this transient time,
human livelihood demanded energy mainly from the fossil sources. But nowadays it is
realized that pollution caused by these sources endanger the natural environment on
which human beings and other creatures depend on. In addition, today there is a lack of
certainty on the amount of the untapped reserves. On the other hand, the increase in
world population and desire for high living standards demand more energy. Today
there is a realization that fossil fuels have inherent limitations and the future of the
societies can not depend on these for ever.

For many years, looking for new and alternate energy sources has become a
challenge for every country. Some countries have addressed these challenges by
utilizing alternate sources of energies like nuclear, solar, wind, tidal and other clean
energy resources. The main obstacles in using nuclear energy are nuclear waste and
accessibility of nuclear technology to every country. Moreover, other alternate energy
sources such as the solar, wind, and tidal energies remain unrealistic when it comes to
supplying the world’s energy demand. It is now obvious that future of the societies is

critically energy dependent. In other words, the lack of energy will be a human
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catastrophe, in which it will hinder the technological advances and hence will adversely
impact the quality of life. On the brighter side, engineers are developing new
technologies that are leading the way towards better utilization of fossil fuels and
nuclear energy, efficiency improvements in solar energy conversion, and developments
in other renewable alternate energy sources. High efficiency must be considered as an
important aspect in solving the possible energy crisis. In today’s world, electrical form
of energy is absolutely critical; however, this energy has to be converted from other
sources of energy such as chemical energy of fossil source or nuclear energy. Among
different sources of energy, chemical energy is viewed favorable in converting to
electrical form of energy because of their abundance, and our capability to transport and
store them in large amounts. There are several ways to convert this chemical energy
into electricity. Although internal combustion engines are playing the main role in this
area, old fashion concepts such as the fuel cells is attracting the world’s attention.
Starting from nineteenth century, experiments have been conducted to convert the
chemical energy of fossil fuels directly into electricity.! High efficiency and non-
polluting nature of the fuel cell systems make them one of the potential candidates for

our future energy solution.

1.2 Advantages and Disadvantages of Fuel cell technology

Figure-1.1 shows a proton-exchange-membrane (PEM) fuel cell stack and its
hydrogen tanker, and the whole system is located in Power Electronics and Controlled

Motion Laboratory at University of Texas- Arlington.
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Figure-1.1 Experimental fuel-cell setup used for implementation and analysis

A fuel cell is an electrochemical device, and produces electricity by utilizing an
electrochemical reaction to combine hydrogen ions with oxygen atoms. A typical PEM
fuel cell includes an anode, a cathode, proton exchange membrane (which blocks
electrons), and catalysts (which facilitates the reaction of oxygen and hydrogen).
Pressurized hydrogen gas (H,) enters the fuel cell on the anode side. When an H;
comes in contact with the catalyst, it splits into two H™ ions and two electrons (¢"). The
electrons pass through the external circuits to do electrical work, and get in touch with
the cathode side of the fuel cell. Meanwhile, on the cathode, O, forms two oxygen

atoms under the catalyst. Each of oxygen atoms combines with two electrons to form



O” ion which attracts the two H' ions through the membrane, where they react to
generate water molecule (H,0).>*

Some major advantages of fuel cell systems which make them attractive
contenders in many applications are:

a. Unparalleled environmental performance — the conventional generation of
electricity produces more particulates, Sulfur Oxides and, Nitrogen Oxides than
all other stationary industrial sources combined.” A PEM fuel cell stack itself
operates on hydrogen, thus, water is the only by-product from the stack reaction.
Besides minimizing emissions of regulated pollutants, a fuel cell system is also
relatively quiet which makes its overall impact on the environment minimal.

b. High efficiency — the system is nearly double the simple-cycle efficiency of
conventional gas turbine and reciprocating engine power generation
technologies. Due to the ability to integrate power production in dwelling areas,
efficient use of the waste heat is possible. Another feature of fuel cells is the
similarity between the efficiencies of small systems and large ones.”®

c. Continuous output — a fuel cell is similar to a battery. The advantage of fuel
cells over batteries is their ability to continuously produce electrical output
through replenishing their reactants (hydrogen and oxygen). In other words,
fuel cells produce electricity from an external fuel supply as opposed to the

limited stored energy of batteries.



Fuel diversification — this technology uses hydrogen which can be made not
only from fossil fuel sources but also from biomass and some other alternate
sources.®

Durability and maintainability — a mature unit is typically designed to function
for up to 20 years and operates for about 40,000 hrs between overhauls.”°
Reliability and flexibility — fuel cells contain very few moving parts; therefore
these systems have much higher reliability than combustion engines, turbines or
combined-cycle systems. Because of the less number of rotating parts, fuel cell
systems will not be prone to various breakdowns, unlike combustion engine
systems; this also makes fuel cell systems inherently silent.

High power density — new technologies in material science and novel fuel
delivery mechanisms have allowed power density of fuel cells to exceed that of
lithium ion (Li-ion) batteries.’

Wide ranges of applications — fuel cells have a variety long ranging potential
applications.  Environmental considerations are increasing worldwide, so
utilities are increasingly forced to deal with the trade-offs between power
generation and the associated environmental consequences. Because of the
environmental concerns, fuel cells can also be an attractive choice for the
transportation industry. On the other hand, the market for very low power
applications (around 1-5W) has more potential when considering relatively high

costs, weight and power density of batteries.



However besides many advantages of fuel cells that some were mentioned
above, these systems also pose new challenges that need to be overcome before they
can be fully utilized.® Some of the disadvantages of fuel cells are:

a. High cost — catalysts (such as platinum) are relatively expensive. The cost of
hydrogen equipment, other components, manufacture difficulties and additional
auxiliary devices (converters and inverters) are also high.

b. Short lifetime — experimental fuel cell system shown in Figure-1.1 only has
1500-hour life time.’

c. Wide fluctuating low dc-output-voltage — the experimental fuel cell system
shown in Figure-1.1 outputs 22-50V unregulated DC voltage.” This kind of
output characteristic is incompatible with most devices and appliances powered
by the existing utility system

d. Slow dynamic responses under sudden load changes — mechanical components
are involved in fuel cell operation. Consequently, a conversion device having
fast dynamic response is necessary as part of a fuel cell application.

e. Relatively long startup process — the experimental fuel cell system shown in

Figure-1.1 needs 2 minute to achieve rated power from a cold start condition.’

1.3 Challenges of integrating fuel cells with applications

A typical structure of a fuel cell system for a power application is illustrated in
Figure-1.2. It comprises of a fuel cell stack as the primary source, a dc/dc converter to

obtain utility level dc voltage, and a dc/ac inverter to obtain isolated ac voltage (which
6



is compatible with the existing utility system). In addition, most of today’s electronic
devices are compatible with utility level dc voltage and they can be directly powered by
utility level dc voltage. The current utility system only provides an ac voltage source
whereas most of the electric devices and appliances require dc voltage for their
operation. This leads to the integration of rectifiers to electric devices and appliances,
thus increasing complexity and cost. On the other hand, fuel cell systems provide not
only ac power but also dc power to eliminate the need of a rectifier, and thereby this

reduces cost and complexity of the systems.

Exhaust W
Jater —_
&Available Heat ——
Oxygen
I DC/DC Converter TN Compatible With

Hydrogen Fuel Cell Stack - &Energy Backup DC/AC Inverter - Uiility AC Load

Low DC Bus Utility Level DC Bus Compatible With

Utility AC Bus

Figure-1.2 Block diagram illustrating the organization of a typical fuel cell system

The fuel cell shown in Figure-1.1 produces low dc voltage (22 ~ 50V). Most
adjustable speed motor drives and appliances require utility level dc voltage (120V) or
ac voltage to operate. Therefore a converter is required in order to transform the low dc
output voltage of fuel cells to a desirable high dc voltage. A typical fuel cell based
power converter has two parts: First part is a dc/dc converter, which converts the

variable low dc output voltage of the fuel cells to a regulated high dc voltage; the



second part consists of either a battery or an ultra capacitor as an energy storage backup
in order to improve load dynamic response.

To design a cost-effective and highly efficient dc-dc converter, a proper
topology is selected to be suitable with fuel cell characteristics. Among many solutions,
no one stands out as the clear winner. Compromises should be made in considering
size, efficiency, input voltage range, and other parameters when selecting a converter
topology. Below is a list of some general topologies:

a. Inverter with step-up voltage transformer

b. Forward converter with step-up transformer
c. Cuk converter

d. Boost converter

Other possibilities include buck-boost converter and various isolated topologies
such as half-wave inverter, but they are either too similar to the above topologies or too
complex to be more efficient and reliable for fuel cell systems.

The pros and cons of the above suggested topologies will be discussed and the
reasons will be provided for the final selection. The listed inverter topology seems to be
an obvious first choice for the purpose of stepping-up voltage. This system consists of a
transformer and more than two semiconductor devices. Because of the number of
semiconductor devices, its inadequate reliability, high cost, and poor efficiency, this is
not a proper solution. Also this topology draws current in pulses which due to the slow
dynamic response of fuel cells it is a major draw back. The simplest of big power

transformer-isolated topologies is the forward converter, whose simple switching circuit



requires only one power semiconductor in the low voltage side. Even though this
topology only has a single magnetic core, it has the problem of dc magnetization. This
topology also suffers from requiring pulse input current just like the inverter topology.
When considering the Cuk converter, although this topology does not draw pulse
current, it requires too many energy-storage elements, and hence is not an attractive
candidate for this application. Finally we consider the Boost topology which at first
glance seems a good choice due to its simplicity. Moreover, because of the series
connection of the power source (fuel cells) and the inductor, boost converter draws
continuous current from the source. This is important because drawing continuous
current suits the dynamic characteristic of fuel cells; this also sufficiently utilizes fuel
cells’ output capability. In conclusion, boost converter is a simple power circuits in
which low cost, high efficiency and high reliability can be achieved. Therefore, this

appears to be the best choice for fuel cell applications amongst all the listed topologies.

1.4 Using new power electronics technology to enhance fuel cell application system

In the past two decades, there has been a rapid development in the area of power
electronics; however, new switching power supplies have to be developed in response
of the modern needs of the electrical industry. Some of these include very high
conversion efficiency, high power density, elimination of EMI and RFI emissions, fast
dynamic system response and, elimination of undesired harmonics which cause problem

to the utility system.



To address some of the shortcomings of traditional converters, new power
electronics circuits are being designed based on resonant and soft switching
technologies. A resonant converter uses semiconductor components and resonant L-C
circuits to ‘naturally’ change current routes instead of only using semiconductor
components to force currents to change their flowing loops. In other words, L-C
circuits cause voltages/currents in semiconductor switches to cross zero as the
semiconductor switches are turned on or turned off. This will allow the realization of
nearly zero switching losses while a converter switches between different modes. All
resonant converters essentially use the same concept, which is to provide a lead or lag
between the current and the voltage in a semiconductor device. This phase difference
will prevent the voltage and the current to be present concurrently in a semiconductor
device. Although this concept seems simple at first, there exits a variety of possible
topologies, that can be implemented to realize resonant operation. Even though
introducing resonant technology enhances a converter’s performance, it comes at a price
of adding complexity.

Two of the most important advantages of fuel cells are their high efficiency and
high power density. In designing the converter, these factors must be considered.
Although hard switching boost converter has relatively acceptable efficiency and power
density, it has unacceptable EMI and RFI. In order to overcome these setbacks in the
hard switching boost converters, it is worthwhile to consider implementing resonant

technology in these converters.
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A resonant boost converter is reported to have improved efficiency of converter
systems by reducing switching losses. This is realized by implementing zero-voltage-
switch (ZVS) or zero current switch (ZCS) schemes. Reducing switching losses in such
a manner will enable the converter to operate at high frequencies. With the increase in
frequency, smaller values of inductors and capacitors will be possible, which allow for
the reduction in component sizes. The reduction in sizes of these components will
further increase the converter power density. Also because of smaller values for energy
storage devices, smaller time constants are achieved, which provide the converter with a
faster dynamic response. This system also reduces EMI and RFI through the benefits of
ZVS and ZCS technology. Finally, with the implementation of a simple control system,

overall cost of the converter, along with its reliability, can be improved.

1.5 Thesis outline

Brief reasons for selecting a boost topology were given in section-1.3.
Experimental results reported in this thesis as based on soft switching and hard
switching boost converters that were designed and built in the UTA/PECM lab. In
Chapter-2 the output characteristics of fuel cell systems are examined and experimental
results from extensive tests are reported. This information can help in developing a fuel
cell system model when designing a power electronics module. In Chapter-3 a method
is introduced for the calculation of power losses for a hard switching boost converter.
Then these results are compared against experimental measurements from the hard

switching boost converter. In Chapter-4 the same objectives were pursued as Chapter-
11



3, but this time for a soft switching boost converter. Then a detailed comparison of soft
switching and hard switching efficiencies is presented. In Chapter-5 small-signal
linearization of state-space averaging model is established for the purpose of frequency-
domain control design. Then a simple and effective control scheme for quasi-boost

converter is presented. Main points of this thesis are summarized in the conclusion.

12



CHAPTER 2

OUTPUT CHARACTERISTICS OF FUEL CELL MODULE

2.1 Introduction

A fuel cell application involves ideas from diverse disciplines such as chemistry,
electronics, material science and fluid control. Main aspect of a fuel cell is an
electrochemical reaction that produces electricity with water and heat as byproducts.
Fuel cells have numerous outstanding characteristics that make them attractive for
several crucial applications such as transportation, power generation, and portable
devices. Some of the prominent features of these energy conversion devices include
environmentally friendly emission and high efficiency compared to combustion
engines."” Today many companies including almost the entire automotive industries
have invested stake in fuel fell technology. This represents a variety of fuel cell (FC)
technologies that currently are being developed towards various applications and thus
require different operating specifications.!' Power electronics has the vital task of
interfacing the clean and efficient energy from fuel cells to diverse spectrum of
applications. Even though FC systems are extensive and complex devices, a power
electronics engineer is mainly interested in their electric output characteristics for
design of an appropriate power electronics module in order to meet the load
specifications. In this chapter the role of control module in FC system is discussed.

Moreover, it is shown how the control module modifies steady state and transient

13



electrical output characteristics of FC stack. The fuel cell module as an example
discussed here is Ballard Nexa™ 1.2kW proton exchange membrane fuel cell system,
which consists of its necessary interfaces and air-cooled fuel-cell stack. Experimental
results are presented to verify arguments presented based on fuel cell models. Then
based on the results of these findings, acceptable types of power electronics circuits for
FC applications are recommended and the utility of ultracapacitor is emphasized in

applications involving faster dynamics.

2.2 Fuel cell (FC) system components

The experiments were conducted by utilizing a Ballard Proton Exchange
Membrane (PEM) fuel cell (Nexa™ 1.2 KW DC Power Module). The device ratings
are as follows: rated net power: 1200 watts, rated current: 46 Amps, DC voltage range:
22 to 50 Volts.'> PEM fuel cell is one of the most widely studied types of fuel cells and
its primary performance characteristics match those of other fuel cell types.'” One
example of complete FC applications, represented in Figure-2.1 block diagram,
involves ideas from diverse disciplines such as chemistry, material science, mechanical
engineering, and electrical engineering. FC system, Figure-2.1, (block-C) consists of
FC stack (block-B), a control module (block-C), and other auxiliary devices (e.g.,
compressors, valves). FC stack is the core of this system where the energy conversion
takes place. Inside each fuel cell, chemical energy of hydrogen molecule is directly
converter to electrical energy by means of electrochemical reaction. In order for any

chemical reactions to result in the desired outcome, specific pressure, and temperatures,
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along with right amounts of reactants need to be provided. Therefore additional
equipment is necessary to support Nexa™ system’s operation; that is to provide
pressurized air (compressor/air pump) and regulate reaction temperature (cooling fan).
Also control module is utilized to optimize the operation of FC system (sensors,
actuators and controllers). Auxiliary equipments consume power for their operation and
as a result introduce losses that reduce the total efficiency of the system.'” It will be
shown in the following paragraphs how the utility of a control module (comprised of
electrical, mechanical elements) can reduce the inefficiencies posed by the energy

conversion operation and by auxiliary equipments.

AC Monitedng Load

A Cantrol B Fuel Cell Stack
Modula

Ittl:]i'Dr“"f‘l_H_J_

C & T

Fuel Cell System

pdjustable Valve
(o e Elactionics

Fusl
| Processor Converterimoarter
! o
APO=> ¥
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Figure-2.1 Components of a typical fuel cell application

2.3 Influence of thermodynamic variables on electrical output characteristics

In order to effectively utilize the energy stored in hydrogen molecules,
mathematical equations are necessary to express voltages and currents in terms of
variables involved in electrochemical reactions. Mathematical equations developed for

this purpose are highly complex while too many variables are involved in the process of
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energy conversion. However, appropriate assumptions are made in many sources in
order to drive approximate expressions for the variable of interest. It is of interest to
express the output stack voltage of FC in terms of other chemical, thermodynamic,
electrical variables:"

Vi = T(1,Po, . Py, Tee) (2.1)

stack —

The following equation is derived from Nernst and Tafel equations with
appropriate approximations to simplify the result. The assumptions of this model are as

follows: insignificant anodic activation voltage, insignificant water hydration, uniform

current density, and uniform temperature.'*'>'®
v stack nxE cell
Vstack_n EO+EIH( sz- pozj — Eln I ' " — Itm ( . )
P, .
INTERNAL -VOLTAGE #
OVERPOTENTIAL VOLTAGE -DROp ~ OHMIC-VOLTAGE ~DROP
V.« : FC stack voltage or output terminal voltage
E. : FC voltage

E, :Open circuit potential
n : Number of cells in FC stack
Tec : Temperature in kelvin of FC channel [K]
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Py, : Effective partial pressure of hydrogen

Po, : Effective partial pressures of oxygen

| : FC stack current or load current

I, :Exchange current density [A/cm’ ]

R :Ideal gas constant [8.3143] /(mol - K )]
o0 : Electrolyte conductivity

t  : Thickness of FC membrane

* : Indicates effective value

2.4 Internal and external power losses

Equation-2.2 can be used to develop a voltage/current curve such as the one
shown in Figure-2.2. This curve, also called polarization curve, is important in
characterizing the operating point of FC stack. Steady-state voltage/current values in
each region of the curve are affected by particular dominant losses.'® At normal loads,
the curve is characterized by an almost linear region, where the voltage drops are due to
second and third terms of Equation-2.2. At heavy loads, | has a higher value,

while p; .1, remains unchanged, which explains the sharp dive of the curve at heavy

loads.
FC wvoltage consists of three parts: internal voltage, voltage drop due to
overpotential, and voltage drop due to resistance of membrane.'® From Equation-2.2,

the load current and effective partial pressures of hydrogen and oxygen determine how
17



stack voltage varies. Increasing p; and p; , increases internal voltage and thereby
enhances the output voltage. Also increasing p; reduces overpotential voltage drop

and further enhances the output voltage. On the contrary, increase in load current has a
deteriorating effect on the output voltage since it increases both the overpotential and
the ohmic voltage drops. Overpotential and ohmic losses can be considered as the
internal losses of the system, whereas, losses due to power consumption in air pump,
cooling fan, and control circuitry are the external losses. At rated system power,
external losses reach approximately 250 watts.'> Control circuitry involves only signal
level voltages and currents, thus does not consume significant amounts of power;
however the cooling fan can consume power in range of 20-40W. This implies that

power consumed by the air pump for the most part is responsible for the external losses.

2.5 Examination of FC control module
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Figure-2.2 FC polarization curve'’
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Figure-2.3 Influence of effective pressure on polarization curve'”

As shown in Figure-2.3, increasing flow rate of oxygen ( p; ) causes the

polarization curve to become less steep which is confirmed by Equastion-2.2. This
results in lower internal losses but unfortunately it will lead to higher external losses

2" This is because the air pump has

and higher mechanical stresses in flow-field-plates.
to invest more power to increase the airflow. The basic function of the control module
is summarized in the following way. At light loads, where output current is low,
external losses are dominant. Therefore, to enhance efficiency at light loads, air pump
is operated at low speeds to prevent unnecessary losses. On the other hand, at normal
loads, where output current is high, internal losses are dominant. Also at normal load,
where output power is high, system can afford more external losses in order to prevent

too much overpotential losses. As evident from Equation-2.2 and Figure-2.3, this is

done by increasing the flow rate of oxygen (p; ) in order to reduce overpotention
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voltage drop. This will raise the curve in Figure-2.3 and reduce the overpotential
losses. Even though, the process of increasing the flow rate of O, leads to increased
external losses, the overall efficiency of the system is improved. As shown in Figure-
2.3, bolded-line represents the steady-state of the system with addition of a control
module. Comparing this to other curves indicates that the controller prevents the output
voltage from declining too fast. This highlights the distinction between output
characteristics of FC stack with and without the control module. Eventually at some
point, the load current becomes very high, while air pump reaches its limit; at this point
the controller will shut down the system. Unfortunately, the ohmic losses can not be
improved in this way. In summery, the main task of FC control module is to make a
compromise between higher external losses and much improved internal losses in order

to enhance the overall efficiency of the system.

2.6 Transient response of FC system

The above discussion only concerns the steady-state response of FC system.
The analysis of transient responses is more complex since it can not easily be expressed
by an equation. Fuel cells exhibit poor transient responses and suffer dynamic
limitations. Transients occur in both current and voltage and their intensity (overshoot
and oscillation) is proportional to magnitude of load current steps.'” The main problem
is the slow dynamics of FC system in tracking the load demands. This is mainly due to
mechanical constrains in transporting and utilizing the necessary reactants rather than

the speed of electrochemical reaction itself. Sharp increase in load transport of reactant
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gases is not able to catch up to the reaction demand and therefore voltage suffers a sharp

. 13
dive.

This brings about reaction starvation and can cause fuel cells to fail. Another
task of a controller is to shut down the system before a permanent damage can occur in
this way.

Usually due to the proprietary classifications, exact functionality of control-
modules is not specified in the manuals of FC manufacturers. Even though studies
(such as the one demonstrated above) can be helpful in providing insights into how FC
systems behave, the exact electrical response (steady-state and transient) of the system
to load variations is not clear. This imposes an additional obstacle to a power
electronics circuit designer. Before investing in the actual design of a power electronics

circuit and/or controller, a number of experiments need to be performed to gain a

sufficient knowledge regarding the response of FC system in hand to variations in loads.

2.7 Experiment-obtaining steady-state and transient response

Experiments were conducted that verify the results from the above analysis.
The objective of these experiments was to develop number of tests to extract
information about the steady state and transient output characteristics of the FC system
in hand. First the output terminal of FC system was connected to resistors in range of
0.7-66.5 ohms using a toggle switch. In this way, the actual polarization curve of the
system was obtained that describes the voltage and current variation at the output
terminal, shown in Figure-2.4. In order to obtain information about the transient

response of FC system, the resistors were suddenly connected to the output terminal and
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thereby impulsive changes in load current were produced. The settling time of the
transients represent the time it takes for the terminal voltage to reach steady-state; from
data it is a function of load current, shown in Figure-2.5. We note that as load current
increases, the transient response noticeably improves. The short rise-time at higher
loads can be due to the fact that the flow rate of O, is already high in the flow-field-
plates and therefore the reaction is able to quickly reach the no-load-voltage (maximum
voltage). The short settle-time at higher loads can be due to smaller time constant of FC
stack (RC, R: load, C: internal capacitance of stack) since higher load current implies
lower load resistance. It is concluded that the flow rate is unable to quickly respond to

variation in load current.
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Figure-2.4 Polarization curve of the FC system from experiment

22



500

T T T T T T T T
| | | | | | | |
| | | | |
mol - - 1 [ 1 [ Lo . ~
| | | | | rise time
| | | | |
100 [ e [ _
N : : : : ————— settle time
A | | | |
3501- - | T == == === ittt Bttt -—-—== T--—--7
— | | | | | | |
2 I I I I I I I
£
a0l b - -1 -y - - 1 I R [ 1
@ | | | | | | |
£ | | | | | | |
LnlPY) R (A R L L
© i i I T
] | | | |
o
S | | | |
Q20--—--\t-—-————"-" g~ —~"~t—-—————————— I I [ + - ===
a I I I I I
[}
o | | | | |
150 — — — — [R X R [ 1o
| | | | |
| | | | |
00 — — — — 1 - - N\ el T L
"F--___\ | |
| ) | e
| | | | | T
50 —-—--- -+ T T T ——— [t Bttt =—=-- t-—-— =
| | | | |
I I I I I T
0 | | | | | | | |
0 5 10 15 20 25 30 35 40 45

Load Current (A)

Figure-2.5 Toggle switch turned-on and off for various loads

2.8 Experiment-output characteristics under high ripple

Next a chopper with a resistor load was placed at the output of FC system and
response was noted, shown in Figure-2.3-to-2.6. The effect of internal capacitance of
FC stack is apparent from these figures. From Figure-2.6, it is seen that the current
initially rises to charge the internal capacitor then settles at a steady-state voltage. From
Figure-2.7 and -2.8 it is seen that there is not enough time for capacitor to charge and
therefore does not reach steady-state voltage. Based on this, FC system is not able to
respond well to frequencies as low as 10 Hz. In addition, audible noise is produced for
frequencies above 100 Hz that point out to the presence of mechanical stress that can
shorten the life time of the system. A buck converter is not recommended to be
connected directly to FC system since it demands the same type of current as the

chopper. Instead, a boost converter which draws an almost constant current from the
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source is suitable for FC applications. We conclude that even though FC control
module improves the steady-state response of FC stack, it does not improve the
transient response. As mentioned before, this is because of long time constants of
pumps and valves. It also takes some time for the reactant gases to travel through the
channels. Relatively slow mechanical components of the system can not respond fast to
control signals and therefore are unable to track fast changes in the load. In applications
such as electric vehicles that entail fast load dynamics, ultracapacitors are utilized as

auxiliary power source to supply the transient energy demands.'®"
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Figure-2.6 Response to pulse current (ampl. 16A and freq. 1Hz)
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Next, rising and falling time constants were calculated. It was found that the
time constant is a function of output current frequency. As shown in Figure-2.10, time
constant goes to zero as frequency increases. This is also evident from Figure-2.9 in
which the time constant appears to be zero at 500 Hz. In the next section, this result

will be used in developing a model for fuel cell system.
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Figure-2.10 Steady-state constants when load = 2.5 Q is chopped with fuel cell system

2.9 Important consideration in utilizing fuel cell models

An appropriate fuel cell model is necessary in order to design a reliable and high
performance converter for a fuel cell application. There are different models that have
been developed for fuel cell systems. A model needs to be developed with considering
the specific application in hand. We can conclude from the above discussion that the
fuel cell system prefers a steady output current. Any fast dynamics of the current will
result in mechanical stresses of the system and will shorten the lifetime of the fuel cell.
Also fuel cell system is unable to supply fast power demands of the load. This means

that in a fuel cell application, energy backup elements of the converter system are

responsible for transient energy delivery and transient energy recovery. In designing a
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control system for the converter it is necessary to confine the output current of the fuel
cell system (input current of the converter) to low frequencies. With the assumption
that the control meets this requirement a fuel cell model such as the one shown in
Figure-2.11 can be utilized. There are two important considerations in this model.
First, by deliberately making the controller current loop sluggish, steady current is
obtained at the output that results in a negligible capacitor effect. Secondly, at high
frequency currents, such as current ripple caused by switching action, rising and falling
time constants appear to be zero and therefore transients are not observed at the output,
as illustrated in Figure-2.9. With these assumptions, a fuel cell system model shown in

Figure-2.11 can be utilized.

Fuel Cell System

Rohmic-ss

Figure-2.11 Simplified fuel cell system model

2.10 Conclusion

Based on experiments presented in this chapter, FC control module used here
improves the steady state response of the FC system. In addition, FC control module
has inherent short comings in responding to the transient load demands. Design of a

power electronics converter/inverter for FC application requires special attention to the
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ripple and frequency in order to avoid unexpected input to the converter/inverter circuit

and also to prolong the life-time of FC system.
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CHAPTER 3
HARD-SWITCHING BOOST CONVERTER

3.1 Primary considerations for modeling semiconductor devices

Today size, weight, and acoustic noise (caused by the cooling system) are some
of the challenges in designing new power electronic converters. In order to address
these challenges, a converter has to be able to operate efficiently at higher frequencies,
meaning, switching losses should be as minimal as possible during one switching
period. At a specific frequency, some of the losses in semiconductor components can
be improved based on the design, unlike losses in other components. In analyzing
power electronic circuits operated at high frequencies, it will not be sufficient to
simplistically model semiconductor devices as ideal switches (no losses with zero turn
on and off times). Therefore, employing a suitable model for diverse power electronic
applications becomes important.

Every semiconductor manufacturer provides datasheets with very detailed
explanations of their devices, but a power electronics designer only needs to extract
certain information that is needed for his/her design application. Therefore designers
need to understand which characteristics of semiconductor devices would mainly affect
the operation of a power electronic circuit. A semiconductor device in a power
electronics converter is desired to operate in two regions: saturation and cutoff;

however, the commutation regions can not be avoided and therefore have to be taken
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into consideration. Commutation is a transient region between the saturation and cutoff
regions that occurs when the device turns on and off. Certain assumptions and
considerations have to be made when a device operates in each respective region.
When operating in the cutoff region, breakdown voltage becomes an extremely
important consideration, since exceeding this value will cause the circuit to malfunction
and even can damage the device. Another factor that influences the losses in these
circuits is the leakage current. Even though the manufacturers try to minimize this
current as much as possible, the power electronics designers have no control over this.
In the saturation region, main considerations are the maximum conducting current, the
forward voltage drop (diode), the equivalent resistance (MOSFET). In some
applications maximum pulsed current also has to be considered for this region. In the
commutation regions (turn on and off), switching times determine the maximum
frequency at which a semiconductor device is able to operate. Specifications that were
mentioned, influence the losses, determine the operating temperature, and also set the
boundaries for the proper operation of a semiconductor device.

Power losses at high frequencies are the main bottle neck in designing smaller
size converters for a certain power level. From the above discussion, the power losses
in a converter are influenced by various factors such as semiconductor device
characteristics. Nevertheless these losses are not limited to device characteristics, and
are also greatly influenced by the choice of topology. The power losses in
semiconductor devices can be classified as two types: conduction losses which occur in

the saturation and the cutoff regions, and switching losses which occur in the
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commutation regions. The following discussion will consider the main factors which

influence power losses in each of the operating regions, namely cutoff, saturation, and

commutation regions.

1.

Power loss in the cutoff region: in this region the power loss is caused by the
leakage current and the voltage across a semiconductor device. The leakage
current is very small in modern silicon devices, and therefore this power loss can
be neglected. If a more detailed model of a semiconductor device is needed, it
can be modeled as an equivalent resistor in this region. The value of this
equivalent resistor is obtained from the value of leakage current at the voltage
specified in the data sheet.

Power loss in the saturation region: in this region the power loss is caused by the
current through the device and the forward voltage across it. Device
characteristics and the current will determine the magnitude of this loss.
Therefore the current is the major consideration for low frequency operation. In
the analysis of power electronics circuits, an equivalent small voltage source or
small resistor is used to model a semiconductor device that is operated in this
region.

Power losses in the commutation regions: a semiconductor device has two
commutation regions, one is when the device goes from cutoff to saturation
region and the other is when the device goes from saturation to cutoff region. In
the first region (turning on), there is a period of time in which voltage and

current exist simultaneously. As shown in Figure-3.1 and Figure-3.2, there are
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two cases for this transition, depending on the choice of topology. As shown in
Figure-3.1, in the first case, the current starts rising as the voltage starts to drop
(interval t;). In the second case, shown in Figure-3.2, the current starts rising
even though the voltage is still fixed at the cutoff region (t;). Then the current
must rise to the peripheral current before the voltage starts to drop (ta). In the
second commutation region (turning off), the current starts to drop as the voltage
starts to rise, and then they reach their final values simultaneously (t;). The
simultaneous presences of voltage and current in the device cause considerable
power loss. Therefore, turn-on and turn-off times become particularly important
when employing hard switching. This sets an inevitable restriction in increasing
the frequency of operation in hard switching applications. Even though there
are methods to increase the switching speed to some degree, this only provides a
limited room to increase the frequency. It should also be noted that
electromagnetic interference (EMI) is the downside to faster switching. This
means that Electromagnetic Compatibility (EMC) is another obstacle in hard-
switching application design. As the switching period is reduced through the
use of improved driving circuits, faster rise and fall times are obtained which in
turn generates higher frequency noise. This noise is emitted and transmitted out
of a converter. Therefore there needs to be a compromise between efficiency
and EMC. Another limiting factor for high frequency operation is the thermal
effect and the power stress which can impact the lifespan of semiconductor

devices. Therefore, proper design of hard switching converters is a compromise
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between several objectives such as increasing the efficiency, reducing the size,

increasing the semiconductor’s lifespan, and meeting EMC.

Figure-3.2 MOSFET’s turn-on and turn-off waveforms (case 2)
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3.2 Hard switching boost converter

As mentioned already in Chapter-1, the fuel cells generate a fluctuating low-DC
voltage which is not suitable to use in general applications which use the existing utility
system or automotive appliances. A typical power electronics converter, hereof the
boost converter, is used in order to facilitate DC transformation. When fuel cell is
connected as the input to this converter, it will yield an output which is greater than the

input voltage

L1 D1
; 140uH > RH&GSOBO
1% Voltage source V1: Sorensen
DLM300-13E (0-300V, 0-134)
Vi M1 ci R1 Inductor L1: Micrometals
APT50M38JFLL = 470uF § 66.5 T650-40, 310uH

C_) - MOSFET M1: Advanced Power Technology
E: APTS0M38JFLL
Diode D1: Fairchild Semiconductor

RHRG3060

Figure-3.3 Hard-switching boost converter

A boost converter is shown in Figure-3.3 with a fluctuating input voltage of 22-
60V and a regulated output voltage of 200V (1£1 %). This topology has two non-linear
semiconductor devices. To analyze this circuit, understanding the physics of these
devices is not necessary and a power electronics designer only needs to consider the
circuit models in order to conduct a reasonably accurate analysis of the circuit. Models
are necessary in order to perform a variety of analysis such as the calculation and

estimation of losses, efficiency, junction temperature, and device power stresses,
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thereby enabling the designer to make correct decisions to optimize the design. Next
we will consider and setup adequate models for the MOSFET and diode from the

application side.

3.3 Setting up models for the semiconductor devices

1. Cutoff region: In this region both the MOSFET and the diode can be modeled as
resistors. The values for these resistors are obtained by considering the worst case
scenario when the junction temperature is at 125°C. When the gate voltage is

Ve =0V, the drain voltage is Vg =400V and, the drain leakage current is
| oss = 1000UA > it is calculated that the equivalent resistance is Rpg = 400kQ. In
the case of the diode, when reverse voltage is Vi, =400V and reverse leakage
current is |, =1000uA,*' it is calculated that the reverse equivalent resistance is

Rz =400kQ . Due to the high values of these resistances, these devices are

considered open circuits when operated in these regions.

2. Saturation region: In this region the MOSFET is modeled as a small resistor and
the diode can be models as a small dc-voltage source. The value for this resistor is
obtained by considering the worst case scenario when the junction temperature is at

125°C. When the gate voltage is20V >V 210V , it can be obtained from the
datasheet that the equivalent resistance is Rys ., =0.076Q2.** In the case of the

diode, it is obtained from the datasheet that the forward voltage is Vp =1.7V .*
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3. Commutation region: Switching speeds are equally important parameters for both
the MOSFET and the diode. MOSFET switching speed is influenced by its gate-
signal, structure, and the circuit topology. On the other hand, the diode switching
speed depends on the circuit topology and its structure. Usually MOSFET structure
is not considered in the analysis for the reason that it makes the analysis
unnecessarily complicated. At this stage, a method will be developed to obtain a

rough estimate of the drain current verses time (l1,svS t). As we know, datasheets
only provide graphs for the drain current verses the gate voltage (Vs Vslyg) which

the manufacturers obtain from various experiments. Therefore it is obvious that we

do not have an exact mathematical equation for |4 versusVgq. It is also important

to note that one of the major tasks of a power electronics engineer is to construct the

desired voltage waveform for the gate (Vg VS t) by accordingly designing gate

driver. Again in this case, a designer will have a graph of the waveform without

having the exact mathematical equation for V;q vs t. It is apparent that without
having these mathematical equations (I, VSV and Vg Vs t) we will not be able
to obtain a mathematical expression for the drain current verses time (15 vst). To

address this issue, below a graphical method will be developed to obtain a rough

graph for the drain current verses time (I, Vst). As it will soon be clear, even

though this method is not exact however it may provides a reasonable view of the

relationship between the waveforms of drain current and the gate signal, both as
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functions of time. The graph in Figure-3.4 consists of four regions which are as

follows:

a. Drain current (vertical-axis) versus gate voltage (horizontal-axis). Voltage
values start from 4V since pervious values are zero (obtained from the datasheet
of APT50M38JFLL)

b. Gate voltage (horizontal-axis) versus time (vertical-axis) (obtained by
constructing the gate signal and captured on oscilloscope)

c. Time transformation (graphical mapping)

d. MOSFET drain current (vertical-axis) versus time (horizontal-axis) (result of

this graphical method)
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Figure-3.4 Transforming MOSFET static characterizes to dynamic characteristics
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The objective of this graphical analysis method is to obtain the waveform of

drain current verses time (lysvs t) from the waveforms of drain current verses gate
voltage (IpVsVys, obtained from datasheet) and gate voltage verses time (Vg Vs t).
Regions I and II show the graphs of |,4vsV, and V Vs t, respectively. From these

two graphs we can find out that at a particular instant what gate voltage is applied and
furthermore what drain current corresponds to this gate voltage. At first look, it seems

that obtaining the drain current verses time (15Vs t) is an easy task, since we have the
graphs for I vsVy and Vg vst. But then it is realized that time delay between the

instants when the gate voltage is applied and when the corresponding drain current is
achieved need to be considered. This delay makes the analysis somewhat complicated.
The delay is due to the fact that a MOSFET can not respond to a certain gate voltage
instantaneously. Obtaining the value of this delay is beyond the scope of this analysis
and solely depends on the complex device characteristics. On the graph, this delay is
represented as the slope of the line in region III; we call this line, the delay line. When
the slope of this line is one, this corresponds to zero delay, implying that a particular
gate voltage will instantly result in the respective drain current. As the slope increases,
bigger delays are represented. In Figure-3.4, the mapping of the drain current with the

time axis is shown for the turn-on case. For both cases of MOSFET turn-on and turn-

L . di
off, the waveforms of |, vs t are linearized to obtain the constants, d:S ~k and

dig
dt

~ —kK', as the rising and falling rates respectively. Since the falling and rising rates
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of the drain current are comparable, we can assume that their magnitudes are equal. It
needs to be emphasized that this method is valid when a voltage source is applied
between the drain and the source of the MOSFET. In Figure-3.4, the slope of drain
current is found to be 200A/0.8us. It should be noted that the wire inductance will
further decrease the switching speed, so 200A/us will be used in the calculations instead
of 200A/0.8ps.

The following diagram is the revised version obtained from the datasheet of
RHRG3060. It illustrates a typical voltage-current waveform for a diode. In most
power electronics applications, a diode acts as a capacitor during the turning on and
turning off intervals, except in the t, interval shown in Figure-3.5. It is also important
to note that the switching losses only occur in the t, interval of the reverse recovery.*
The same signs of the current (-) and the reverse voltage (-) imply power loss.
Therefore, designers make an effort to reduce the switching time in order to minimize
the switching losses. However, this will have a downside of creating huge overshoot

voltages if the rate of reverse recovery (dIg/dt) is bigger than some threshold. This

voltage overshoot can cause failures in the circuit and even destroy the diode.
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V=Forward voltage

Ir=Reverse current

t,=Reverse recovery time, summation of t,+t,

t.=T1me to reach peak reverse current

ty=T1me from peak Iry to projected zero crossing of Igy based
on a straight line from peak Igy through 25% of Iry

Qrr=Reverse recovery charge

Figure-3.5 Typical voltage and current waveforms in diode

3.4 Time varying topologies for boost converter

A preliminary discussion of the MOSFET and the diode used in the hard-
switching boost converter was presented. At this point, the analysis of hard-switching
boost converter will be established. A boost converter, similar to many power
electronics circuit is a time variant system. This means that at different time intervals

the boost converter can be represented by different topologies, depending on the states
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of the semiconductor devices. The following circuits represent the behavior of the
topology at particular time intervals. In majority of the literatures, only cutoff and
saturation intervals are considered in analyzing the time varying circuits. Here a
slightly different approach is taken and commutation intervals are also incorporated in
representing the time varying circuits. This is done according to the waveforms of
diode and MOSFET voltages and currents as shown in Figure-3.7. As previously
discussed, the MOSFET can be modeled as a voltage controlled current source, which
occurs in commutation intervals. On the other hand, the Diode can be modeled as a

voltage source in this interval.
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I;: Minimum inductor current 1gs: Drain current of MOSFET

I,: Maximum inductor current t;: Raise time of MOSFET

D. Duty cycle ts: Fall time of MOSFET

T: Period Ron: Turn-on resistance of MOSFET
Vin: Input voltage VE: Forward voltage drop of diode
V,: Ioutput voltage I;: Reverse peak current of diode

R;: Resistance load t: Reverse recovery time of diode
vds: Drain voltage of MOSFET Q.:r: Reverse recovery charge

Figure-3.7 Diode & MOSFET operating time waveforms
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3.5 Mathematical analysis for hard-switching boost converter

For this analysis, the following assumptions are made:

(1) Only operation of the circuit in steady state is considered

(2) The output capacitor is large enough to hold the output voltage as constant

(3) The inductor and capacitor are considered to be ideal

(4) The inductor current is continuous

1. Switching and conduction losses of the MOSFET

a. Turn-on loss: this loss is represented in two parts. In the first part(0 <t <t,) the
drain voltage remains constant (at the output voltage) while the drain current

rises (to reach the inductor current). In the second part(t, <t <t, +t,), the drain

current keeps rising (tol, +1,,) while the drain voltage drops to the saturation

voltage. Moreover, the slope of drain current, k, depends on the gate signal.

Drain current in the first part: 4 =kt 0<t<t))
Drain voltage in the first part: Vi =V, O<t<t))
Drain current in the second part: Iy, = Kt (t, <t <t +t,)

: . \Y
Drain voltage in the second part: Vg, =V, —t—°(t ~t.) (t, <t<t, +t,)

a

Average MOSFET turn-on power loss:

= 1] ¢t £, +t, t—t,
I:)Qturnon = ?|:J‘O Vo ktdt + J;r Vo (1 - i Jktdti|

a
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2 2
_ V—Fk y 3t + 3t6rta +1, 3.1)

In order to solve this equation, t,and t,are obtained as follows:

Drain current of MOSFET: i =kt O<t<t, +t,)

Whent =t , drain currentiy, = |, =Kkt ; therefore t, =1, /K.

Whent =t, +t,, drain current i, =1, + 1, =k(t, +t,); therefore t, = I, /K.
Substituting t, and t; in Equation-3.1:

D _V0(3|L12+3|L1|rr+|rr2)
Qturnon 6kT

o

(3.2)

Approximation of turn-on power stress:

Vo(3IL12+3IL1|rr+ Irr2)~vo(3|Ll +Irr)

B on-—stress :TE It +t)= ~
Q t Qturnon (r a) 6(||_1 + Irr) 6

. Turn-off loss — during the intervalt, , the drain current drops to the leakage

current while the drain voltage increases to the output voltage. Moreover, we
can assume that the slope of the drain current is (=kK).

Drain current: iy =1, —kt O<t<ty)

\Y
Drain voltage: v, = t—°t O<t<ty)
f

Average MOSFET turn-off power loss:

5Qturnoff = le;f {\ti(l th - ktz ):|dt

f
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V, (1 1
=?{5hjf—§mfj (3.3)

Whent =t,, drain currentiy = I, —kt, =0; therefore t, =1,/k.
Substituting t, in Equation-3.3 yields:

5 — Vo I L22
Qturnoff 6|(T

(3.4)

Approximate turn-off power stress:

VI,

0

BQoff —stress =T§Qturnoff /tf = 6
c. Conduction loss —conduction loss depends on the drain current and MOSFET
structure. This loss has to be calculated in order to determine the efficiency of

the system. Moreover, knowledge of this loss will enable designer to estimate

the junction temperature and design appropriate heat sink.

] I, —1
Drain current: i, =1, +—=2 Ll ¢ 0<t<DT-t —t
ds L1 DT—tr—ta ( r a)

Average turning-off power loss of MOSFET:

2
= 1 T, L=,

DT —t, —t,

3-I- (ILZ2 + IL2IL] + ILIZ)Ron (35)

Substituting t, =1, /k and t, =1, /k into the above equation:

AL Sl PP (1 R (3.6)

Qon 3Tk IL2 +IL2|L1+IL1

on

2. Switching and conduction losses of the diode
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a. Switching loss — as mentioned before, this loss only occurs during the t, interval.

: |
Reverse recovery current: I, = ——"- (O<t<ty)
b

Reverse voltage: Vv =-V (0<t<ty)

D-reverse (o]

Average switching power loss of the diode:

P. L Irr
I:)Dswitching :? o _Vo _t—t dt

b

VIt
=7 3.7
2T (3.7
Reverse recovery charge: Q,, = _I r (taz + tb)
tb = & ta
I r
Lot
k
Therefore:
— ZQFF I rr
b I k

r

Substituting t, into Equation-3.7:

D Vo Irr2
I:)Dswitching :?( o 2k J (38)

b. Conduction loss — this loss is caused by the forward current and constant

forward voltage.
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. I, -1
Forward current: iy =1, + —=—2—t
T-DT-t,

Forward voltage: v, =V,

Average conduction power loss of diode:

= 1 (T-DT—t; IL] — IL2

VD(ILI + ILZ)(T -DT _tf)

nv)

= 3.9
2T 3:9)
Substituting t, =1, /k into Equation-3.9:
5 _Vollu+1,XT-DT -1,,/k) (3.10)
Don 2T

Average inductor current: Now the average inductor current is calculating by
taking the time average of inductor current in each of the intervals indicated
below.

. Turning-on process of the MOSFET - this process occurs in three intervals ( t,
ta, tp ), but interval t, can be added to the interval that the diode is on (T(1-D)-t; ),
and interval t, can be added to the interval that the MOSFET is on ( DT-t,-ta-ty )
in order to simplify the calculation. Therefore turning-on process of the
MOSFET only has the interval t; and all the expressions in Figure-3.6 need to be
shifted by time, t.

Refer to the Figure-3.6 Interval-2 topology (0 <t< ta).

V., - _Vom -V, = Ldl
t dt

a
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V. +V. i—v _ g
at

a

V. t? (vin -Vl .
(t)_ZLt - +i,(0) (0<t<t,)

()= e Yk (o)

Contribution of the average inductor current due to the interval (0 <t<t, ):
. 1 ta -
I, = ?_[0 i (tdt

13V, -2V, .2 ..
:? %-Ftah(o) (3.11)

. On-state of the MOSFET (including t, interval): in the interval tp, the drain
current of the MOSFET is the sum of reverse recovery current of the diode and
the inductor current. The voltage drop which is caused by the reverse recovery
current also influences the inductor current, but it is disregarded here because of
the small values of ty and Rg.

Refer to Figure-3.6- Interval-4 topology (ta <t< DT -t, ):

v, L9 ir
dt
. Vi t—t, [V .
|L(t)_ROn { = }{Rm |L(ta)} (t, <t<DT —t,)

V, R, (t—t.) t—t t—t
~ din ()i () 1ot l) explota Loy =l
L( Jri, )[ L } ( eXp{ L/Ron} L/ROJ
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IL(DT _tr)ZV%(DT _tr _ta)‘i‘iL(ta{l— RO“(DTL_tr _ta):l

Contribution of the average inductor current due to the interval (ta <t<DT -t, ):

— 1 (DT,
I =?J; i (tdt

a

(DT _tr _ta)z[vin — RoniL(ta)]+2L(DT _tr _ta)il‘(ta) (312)
2TL

c. Turning-off process of MOSFET

Refer to Figure-3.6-Interval-5 topology (DT —t, <t<DT -t +t, ):

vm_{_v{pM}vo}:Lﬂ (DT —t, <t<DT —t, +t,)
t, dt
v, _Vot—(DT —-t) _ | di.

t, dt

iL(t) — _Vo[t _gDL;r _tr)]2 + [t _(DTL_tr)}\/in + IL(DT _tr)

i (DT _tf(zvin_vo) ;
I ( —tr+tf)—T+|L(DT—tr)

Contribution of the average inductor current due to the interval

(DT —t, <t<DT —t, +t,):
— 1 (DT-t,+t, .
IL3:?J.DT—t, IL(t)jt

1] BV, -V, t,* .
== (6—L)[f+|L(DT ~t )t (3.13)

d. Off-state of the MOSFET (including the t, interval):
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Refer to Figure-3.6-Interval-6 topology (DT -1, +t, <t< T):

Lii. (t)-i (DT —t, +t, )|
t—(DT —t, +t,)

=V, -V, -V, (DT -t, +t, <t<T)

L(0)= v, =Vo =V, )lt=(DT —t, +t, )]

C +iL(DT—tr+tf)

i,_(T)Z (Vin -Vp -V, )[TL_ (DT —t 4+t )J

+i (DT -t, +t,)

Contribution of the average inductor current due to the interval

(DT -t +t; <t <T):

o= Loy i

T JOT-t+;

T

1 [V Vo =V =(OT —t, +t, )}
__{ 2L

+i (DT —t, +t, ST - DT +t, —t, )} (3.14)

According to the above expressions for the inductor current, two

approximations need to be made:
1. the minimum inductor current, |, = iL(O)
2. the maximum inductor current, I, =i (DT —t,)

Finally total average inductor current can be obtained as follows:

io=iy, +i, i+, (3.15)
The inductor continuous current equation:

i,(0)=i (T)=0 (3.16)

Power Balance equation:
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— V7 =
_ Yo
VinIL_ R +PQturnon
L

+ PQturnoff + I:)Qon + I:)Dswitching + I:)Don .

(3.17)

3.6 A method to calculate duty cycle and minimum and maximum inductor currents (D,
I 1)

The aim of these calculations is to obtain the power losses in the semiconductor
devices (MOSFET and diode). Numerical method is used in MATLAB for this purpose
in order to take advantage of the computer’s utility. First guess value is used for I 1 in
Equation-3.16 to obtain the duty cycle. At the same time |, is obtained. At this point
we have all the trial values for D, I 1, | > and based on this the losses are calculated
according to the respective equations states above. Next these power loss values are
continuously tested in the power balance Equation-3.17 and if this equation is satisfied

then the solution is reached.
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3.7 The analvtical result and hardware-test result

For these calculations the following parameters were used:

L =140uH
V, =60V
V, =200V
R, =66.5Q

(3.18)

k =200A/us

I, =2x4.6A

Q,, =100nc (3.19)
R,, =76mQ

Vp =1.7V

V 2
RL
Vin in

7= (3.20)

Figure-3.8 shows the total loss in each of the semiconductor devices (MOSFET
and diode), obtained from the above analysis. The results from the hardware test are
summarized in Table-3.1. Equation-3.20 is used to calculate the efficiency of the
system. Since in this equation, V_, V, , and R are all constants, | is the only variable
that influences the efficiency. Figure-3.9 shows the efficiency of the converter, which
is obtained from the analytic method and hardware test.

Table-3.1 Input current versus operating frequency (hardware test)

Frequency (kHz) 25.0 51.3 76.0 99.0 125
Input Current (A) 10.14 10.16 10.24 10.29 10.45
Efficiency 0.989 0.987 0.979 0.974 0.959
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As shown in Figure-3.9, the graph for the calculated efficiency is a linear
function of the frequency. This is because nonlinear effects of frequency on the power
loss are not considered in our analytic method. These effects show up on the graph
obtained from the hardware tests. In calculating the losses, an effort was made to
consider the worse case scenario. Therefore, the actual losses for the system were
expected to be below the calculated ones. Based on the information represented on the
above graphs, a designer is able to estimate losses for each of the semiconductor
devices for the purpose of determining the efficiency of the converter. Also this
information can be used in selecting a heat sink with an appropriate thermal resistance

so as to avoid crossing the maximum allowed junction temperature.

It is seen that, the above analytical methods provide a systematic way to obtain
different power losses by the knowledge of maximum and minimum inductor currents
and also the duty cycle (I.1, .2 and D). It is also important to note that setting up all the
necessary equations for this analysis is somewhat cumbersome and complicated.
Because of this a simpler method will be introduced. The steps to apply this method are
as follows. First all the losses are transferred to the output side. This will allow the
consideration of boost converter as an ideal model. Next numerical method is used in
MATLAB for this purpose in order to take advantage of the computer’s utility. With
the first guess value as the total losses, an ideal model is used to calculate D, I 1, I 2. At
this point we have all the trial values for D, I1, I and based on this the losses are

calculated according to the respective power loss equations states above. Next these
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power loss values are continuously tested in the power balance Equation-3.17 and if this

equation is satisfied then the solution is reached.
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CHAPTER 4
SOFT-SWITCHING BOOST CONVERTER

4.1 Introduction of soft switching technology

It was shown in Chapter-3 that semiconductor devices consume considerable
power losses at high frequencies. Moreover, power stress dramatically reduces
semiconductor lifetime. On the other hand, converters at high switching frequencies
have the advantage of requiring smaller components which also makes them cost
efficient. ~ With advances in semiconductor technology, hard switching power
electronics circuits have added efficiency and reliability; however, for the most part the
problem of high electrical noise is still present. Therefore, we need to reduce high
frequency harmonics that is caused by the sharp edges of voltage and current
waveforms in semiconductor switches. We accomplish this by incorporating inertia
components (inductors and capacitors) that effectively reducedi/dtanddv/dt. At the
same time, it is desirable to reduce the switching losses which for the most part are
caused by the overlapping of high voltages and currents in a switch. Therefore, we will
be able to decrease the losses by either smoothing out currents and/or voltages in the
switches, and by creating a delay between them. This is the idea behind using snubber
circuits in order to achieve reduced losses and noise. The snubber circuits are classified
as passive and active. Passive snubber circuits use passive components such as

inductors and capacitors. On the other hand, the active snubber circuits incorporate
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controllable semiconductor switches. Snubbers are primarily required in power
electronics applications to keep the devices within their safe operating areas.*®*’
Resistors were used in the old fashion snubber circuits, which is not practical at high
frequency. Therefore resonant snubber circuits were later developed, which do not
involve resistive components. Resonant snubbers are almost completely lossless, but

they tend to oscillate.® In the following design, this drawback will be considered and a

method is utilized in order to avoid this.

4.2 Soft switching boost converter design

As mentioned before, boost converter is suited for fuel cell applications since it
draws continuous current. In other words, at high power applications, the continuous-
conduction-mode boost converter is the preferred topology with continuous input-
current. As a result, in recent years, significant efforts have been invested on improving

the performance of high-power boost converters.”>%"!

The majority of these
development efforts have been focused on reducing the adverse effects of the reverse
recovery characteristic of the boost diode. The reveres recovery current reduces
efficiency and creates EMC concerns.”” As illustrated in Figure-3.7, the high rate at
which current drops to zero results in a huge reverse recovery current. As indicated in
Equation-3.2, high reverse recovery current implies increased switching losses. In the
design of a converter, snubber circuits are used in order to alleviate the reverse recovery

current. Generally, passive lossless snubbers are as effective as their active counterparts

in reducing the reverse-recovery-current. However the passive subbers do not offer
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ZVS to eliminate the switching losses and hence generate significant current or voltage
stress for the devices.” This increased current-and-voltage stresses demand high rated
and usually more expensive components. Moreover, high circulating currents cause
more conduction losses in this type of circuit. However, active snubbers can be utilized
in order to realize ZCS (zero current switching) and ZVS (zero voltage switching) in
switches and therefore reduce losses. In applications such as fuel cells that provide low
voltages and high currents, switching losses become significant, as indicated by
Equation-3.2. As seen in this equation, power loss is proportional to the square of the
input current to the converter. In other words, for the same value of input power, the
losses can be significantly higher for a converter that has a bigger input current. The
use of ZVS techniques significantly improves the efficiency of the high power boost
converter by reducing the turn-on losses. As shown in Figure-4.1, ZVS is realized by
using an auxiliary MOSFET, together with a resonant inductor, to transfer the energy
stored in the main MOSFET to the output capacitor; otherwise this energy would turn
into switching losses. In other words, turn-on switching losses of the boost MOSFET
are turned into useful output power. When the auxiliary switch is turned on, the drain
voltage of the main MOSFET can drop to zero to realize ZVS. If a capacitor is
paralleled with main MOSFET M,, its drain voltage rate can be reduced in turn-off, so
that the turn-off loss of M, can also be reduced. The topology is shown in Figure-4.2.
When main switch M, is turned on, L, and the parasitic capacitor of M, form an
oscillating loop. This oscillating current can cause additional losses if not taken care of.

For this purpose we add a diode, D3, to block the circulating current. Also saturable
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reactor is added to damp the oscillation, but this element is not considered in the

analysis for the sake of simplicity. Since the rms current value is small in the resonant
inductor, small auxiliary MOSFET (M,) and diode (D;) are employed.34’ i
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4.3 Analysis of soft switching boost converter at different intervals

In Chapter-3, a method was introduced that incorporates the ideal model of the

converter along with the power loss equations to simplify the analysis. In this method

the losses are transferred to the output side. This allows us to calculate power losses

based on currents and voltages from the ideal model. In this section, ideal models will

be used to analyze the soft switching boost converter. Figure-4.3 shows voltage and

current waveforms for all the semiconductor devices (M;, M,, D;, D;) and will be

referred to often in the consideration of power losses in different operating intervals.

Before starting the methodical analysis, some assumptions need to be made:

1.

Only the operation of the circuit in steady state is considered for power-loss
analysis.

The output capacitor is large enough to hold the output voltage sufficiently
constant for the power-loss analysis.

The main inductor current is continuous.

Oscillations in the auxiliary MOSFET are avoided in the analysis. As
mentioned before, this effect was reduced to an acceptable amount by utilizing a
damping diode and saturable reactor. These oscillations are indicated in Figure-
4.3 with hashed lines.

When the main MOSFET drain voltage drops to zero, voltage detector (logic
output circuit) sends a signal to the controller IC and action is taken to turn on
the main MOSFET. The resulted delay time is neglected since it does not have

any significant ramification.
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indicate the operating intervals for the ideal topologies
The above figures signify waveforms for the semiconductor devices during one

period, T. Variable definitions for the analysis are given:

C4, Cu: output and resonant capacitors

D: duty cycle

IL1min, IL1max: main inductor minimum and maximum currents
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| amax: resonant inductor peak current

larr: auxiliary diode reverse recovery peak current

k: current rising rate

L4, L,: main inductor and resonant inductor

R1: resistance load

Raon, Rvon: auxiliary and main MOSFET turn-on resistances
tarr: auxiliary diode reverse recovery time

tmr, tar: main and auxiliary MOSFET fall times

Vin, Vo: input and output voltages

Vb1, Vp2: main and auxiliary diode forward voltage drops

Analysis of soft-switching boost converter is as follows:

The ideal topology for the first interval (0 <t< tl) is shown in Figure-4.4. At the

start of this interval, auxiliary MOSFET M, is turned on while the main diode

D; is on and main MOSFET M, is off. Auxiliary diode D2 undergoes reverse

recovery because of previous zero-voltage across it. At this time D, becomes

reversed biased and turns off. Also since output voltage is being applied to Lo,

current starts to build up in this inductor. As it can be inferred from the figure,

current through D, gradually swaps over to L,. The current in D, reaches zero

(soft turn-off) at the end of this interval.
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L1
b1 1 A2
IR
V,
c1

Figure-4.4 Ideal equivalent circuit when M, and D, are on

KCL are expressed as:

di,

-V, +L

_ di,

2

+V., =0
t C1

+V., =0
t Cl

All voltages and currents are defined according to the sign convention. KVL &

(4.1)
4.2)
. dve, Vg,
I~ _(C1 +C2)T_?_ (4~3)
1
. dve, Vg,
I~ _(Cl +C2)T_?: 4.4)
1
In the matrix form for the above equations:
LN I 0 -1 0 | Vi |
dt L1 Ll
% 0 0 Li 0 iLs 0
— 2
dvg, || 1 1 1 . * . 45)
at C,+C, C+C, R(C+C,) Ve
dve, 1 -1 0 -1
L dt 1C+C, C +C, RI(C1+CZ) Vea 0 |
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For the power analysis, only steady state is considered. In other words, V, is
equal to V¢, and is considered constant. It is necessary to calculate both

inductor-current i , and i, to obtain power losses. From Equation-4.1 and 4.2

inductor currents are obtained as shown:

.V, =V .
I, = t+|L1|O i ‘ —ij |
! ,where 4 " " and (0<t<t,) (4.6)
_ Ve iLs)o=0
i, L_t L2[0
2
V,, -V, . V
le Ot1+||_1|0=r2t1
L Ly | Liofy .
it = 12"L1o ~ 2l (g L 47
1 (L1+L2)\/0_L2Vin Vo ( lnceLz = l) ( )
. LV, +(L -L .
|L1|t1 =21 |(_\; 2)\/0 IL1|o (4.8)
1

o
The power losses in this interval include turn-on loss and conduction loss in
auxiliary MOSFET M,, switching loss in auxiliary diode D,, conduction loss in

main diode Dy, and conduction loss in damping diode Ds;. However, entire turn-

) in M, and switching loss (P

D25witching) in D Only occur in this

on loss (P,

2turn—-on

interval. According to Equation-3.2, 3.7 respectively, the losses can be obtained

as shown:

P VoI rr2

PM 2turn—on — 6Té|_ (49)
P VOI rrt rr t

PDZSWitching ~ % ) where tAb ~ A% (410)
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Since it is easier to express conduction loss of a device as a single equation (not
considered separately at different intervals) all the involved conduction losses
will be considered in the following steps.

b. The ideal topology for the interval (tl <t<t + tz) is shown in Figure-4.5. At this
interval, auxiliary MOSFET M, is still on; then the drain voltage of main
MOSFET M, starts to drop to zero since resonant inductor L, discharges
resonant capacitor C, which is paralleled with M,. Drain voltage of M; will
drop to zero by the end of this interval; thereby ZVS will be achieved for M.

L1 D1

1 2
1 1 AN .
D > + +
L2 D2 1,

Ve2 V,

o . |

+
vin | c2 E:' EH_U_L C1 [R1 ‘> vin iLz\L L2 0=C2 —=cC1 §Rl

Figure-4.5 Ideal equivalent topology when M; is on

All voltages and currents are defined according to the sign convention. KVL &

KCL are expressed as:

V. + Ll%+vcz -0 4.11)

- LZ%WCZ ) (4.12)

_ e _Var_ (4.13)
dt R
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dve,

iLl - iL2 _Cz dt

=0 (4.14)

In the matrix form for the above equations:

Ayl Ty o o ][] [Va
% 0 0 0 Li I, | {0
t _ . 2 + (4.15)
dve, 0 0 — 0 v 0
dt RICI Cl
CIVC2 L __1 0 0
L dt | _Cz Cz 1 [Ve2 _0 i

In practice, C; is selected to be around 500pF and L; more than 10 times of Lj;
therefore, L; can be considered as a constant current source when analyzing the
resonant-inductor current. That is, the energy stored in resonant capacitor C,
will be transferred to resonant inductor L,. The maximum current in L, is given

by:

. C
IAmax :\/(IL2|tl)2 +L—2V02 (416)
2

Final value of main inductor current is given by:

ILl

t+t2 = |L1|t1 (4.17)

Since C, and L, form a resonant circuit, interval t is % of the resonant period

(voltage across C, drops to zero at the end of this interval):

JL
(= VbC (4.18)

2
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C.

1

The conduction losses in this and the pervious interval (0 <t<t,) in both M,

and D; are considered here together. According to Equation-2.5 and 2.9

respectively, these power losses can be obtained as shown:

t+t
PM 2on — #IAmaszM 20n (4.19)
= Vol +t,)
P — D3 " Amax \‘1 2 420
s =~ (420)

At the beginning of this interval (t, +t, <t <t +t, +t,), resonant inductor

current i, is larger than main inductor current i ,, and the body diode (not

shown in Figure-4.6) of M; turns on to conduct the difference of the two
currents. Also at the beginning the interval, M; is turned on (ZVS), and
concurrently M, is turned off. With M, off, auxiliary diode D is kicked in
immediately. Following this, the resonant inductor current is completely reset,

and consequently D, turns off.

L1 D1
N
%

L2 D2

1 2
%DB

Figure-4.6 Ideal equivalent topology when M, and D, are on
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All voltages and currents are defined according to the sign convention. KVL &

KCL are expressed as:

di

—V, 4L =0 421
n 1 dt ( )
di,

L,—2 4V, =0 (4.22)
dt

. dv v

i et _Yer_ (4.23)

L2 gt R]

In the matrix form for the above equations:

(diy, 1[0 0 0 o]fi,] [v,]

dt L

di, 0 0 -1 0 |2 0

| _ L, + (4.24)
dve, 0 L Vv 0

dt Cl RICI cl

dve,

dt | [0 0 0 0] [Veo| [0 ]

For the power analysis, only steady state is considered. In other words, V, is
equal to V¢, and is considered constant. It is only necessary to calculate both

inductor-current i, and i , to obtain power losses. From Equation-4.21 and

4.22 inductor currents are obtained as shown:

. V. .
I = f[t - (tl +t, )]+ |L1|t1+t2

1

. V
I, = _L_O[t - (tl +t2)]+ IAmax

2

, where (t, +t, <t <t +t, +1,) (4.25)

S,

tl+t2+t3 — 0
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oty = Dol (4.26)

. V.t . V. LI .
_ in73 _ inT2"A
IL1 t1+t2+t3 — |_ + ILl ti+t2 = 4+ ILl t1+t2 (427)

1 Vo Ll
The resulting power losses in this interval include conduction loss in main

MOSFET M; and auxiliary diode D,, and turn-off loss in auxiliary MOSFET

M,.  Turn-off loss (ﬁM Ztumfoﬁ) in M, and conduction loss (ISDZOn) in Ds.are

calculated here. According to Equation-3.4, 3.7 respectively, Py um_or and

P

baon Can be obtained as shown:

D VOI max2
I:>M 2turn—off — 6?(1— (428)

— AV/ON
PD20n — D22/:\rmax 3 (429)

For simplicity the conduction loss for this interval in main MOSFET M, will be
considered in the subsequent intervals.

. In this interval (t1 +t, 4+t <t <t +t, +1, +t4) , main inductor L; is charged
while main MOSFET M| is still on and the rest of semiconductor devices are

off. This interval is identical to its hard switching counterpart.
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L1 D1

|1
1T
(@]
-
MW
Py
[

Figure-4.7 Ideal equivalent circuit when M; is on and other switches are off

All voltages and currents are defined according to the sign convention. KVL &

KCL are expressed as:

diy, _

—V, + L 0
dt
o Ve Ve _
bdt R

In the matrix form for the above equations:

di, 1 [o 0 o 0], v,
@ U
di, [ (000 0 0 | g
Jit - -1 "
== |00 RE. 0l v, | |0
dvg,

L dt ] [0 0 0 0] [Veaf [0

(4.30)

(4.31)

(4.32)

For the power analysis, only steady state is considered. In other words, V, is

equal to V) and is considered constant. It is only necessary to calculate main
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inductor-current i, to obtain power losses. From equation 4.30, i, is obtained

as shown:

. V. .
L= f[t - (t1 +1, +t3)]+ | tist2+3
|

where (t, +t, +t, <t <t +t, +t, +t,) (4.33)
From Figure-4.3:

DT =t, +t, +t, +1,

~t, = DT —(t, +t, +t,), where D: duty cycle; T: period (4.34)

V. t

H _ in*4 H
ILl tl+t2+t3+t4 + ILl t1+t2+t3 (435)
L
1

In this interval the only involved power loss is part of the conduction loss in
main MOSFET M;; which for simplicity is combined in calculations with the

other part of this loss from the pervious interval (t, +t, <t<t +t,+t,) .

According to Equation-3.5, the total conduction loss can be obtained as shown:

P _ tSRMon (iL1|t1+t2+t3 )2
Mlon — 3T

t4 RMon l(iLl |t1+t2+t3 )2 + (iLl

t1+t2+t33-5iL1 |tl+t2+t3+t4)+ (iLl |t1+t2+t3+t4 )2J (4.36)

+

e. At the start of this interval (t1 +t, +t +t, <t <t +t, +t;, +1, +t5) , main

MOSFET M; is turned off while other semiconductor devices are off.
Subsequent to switching off M;, main inductor L, starts to charge resonant

capacitor C, which will eventually result in gradual turn-on of main diode D; in
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the next interval. Although during the turn-off, drain voltage and current

coexist in main MOSFET M, this energy is stored in the parasitic capacitor of

the MOSFET and resonant capacitor Co.

It is noted that this energy is not

consumed by main MOSFET M, and is transferred to the output capacitor in the

next cycle with the help of the active snubber circuit. Therefore, there is no

power losses involved in this interval. Moreover, the reverse voltage of main

diode D, slowly decreases while the voltage of resonant capacitor C, increases,

which leads to soft turn-on of D; in the next interval.

L1 D1

Figure-4.8 Ideal equivalent circuit when all switches are off

All voltages and currents are defined according to the sign convention. KVL &

KCL are expressed as:

di
-V, + Llol—;l+vCz =0
del VCl
bdt R
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In the matrix form for the above equations:

din | [y g o 2| [l ] [Va)
it ) L
tlzf0 0 0 0 ¥ (4.40)
e | 1o 0o =L olly | lo
dt RC, cl
de, | | Lo o0 o
| dt | _Cz | Ve | 0]

Even though there are no power losses involved in this interval, main inductor

current i, still needs to be calculated to obtain the input power. As mentioned

before, in practice C; is selected to be around 500pF. Also L; is very large and
can be considered as a constant current source in analyzing the circuit. That is,
the main inductor current charges resonant capacitor C,, and the energy stored
in C, will be transferred to the resonant inductor in the next cycle (interval b).

The interval time ts is calculated as follows:

ch — |L1|t1+t2+t3+t4 [t _(tl +t2 +t3 +t4)]

C,
Also," Ve, 1+ +ty by =V,
cV
o 2Vo
Sy =—— (4.41)
ILl t1+t2+t3+t4
|L1|t1+t2+t3+t4+t5 = |L1|t1+t2+t3+t4 (4.42)

f. At the start of this interval (t, +t, +t, +t, +t, <t <t +t, +t, +t, +1, +1, ), main

diode D; is turned on (soft turn-on) and thus main inductor L; starts to charge

output capacitor C; in the same manner as its hard switching counterpart. In this
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interval the only involved power loss is part of the conduction loss in main

diode D;; which for simplicity is combined in calculations with the other part of

this loss from interval (0 <t <t,).

L1 D1 1 A2
Df _— +
L2 D2 i
1 2 Vo
D3
— |
vin | c2 E:' EH_L'_I___Cl R1 (— vin —c2 =c1 § R1
—[ J ML | M2 T %
=

Figure-4.9 Main diode on and ideal equivalent circuit

All voltages and currents are defined according to the sign convention. KVL &

KCL are expressed as:

VL Sy <0 (4.43)

i —(C,+C,)Mer Yo _ (4.44)
L1 1 2 dt Rl

i —(C,+C,)Nex Y2 _ (4.45)
t R

In the matrix form for the above equations:
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T O S o ][] [Va

dt L, L,

di, i, 0

dt [_| 0 0 0 0 s (4.46)
dVCl 1 0 _—1 0

dt C +C, R(C,+C,) Ver

dve, 1 0 0 Il S
at | |G +C, R(C,+C,)]| [Ver| [0 ]

For the power analysis, only steady state is considered. In other words, V, is
equal to V¢ and is considered constant. It is only necessary to calculate main

inductor-current i, to obtain power losses in this interval. From Equation-4.33,

I, is obtained as shown:

. V.-V :
I = - L : [t - (t] +1, +t3 +1, +t5)]+ |L1|t1+t2+t3+t4+t5 >
1
where (t, +t, +t, +1t, +t, <t <t +t, +t, +t, +t, +t, =T) (4.47)
. V,, -V, .
|L1|T =Mt6 T | st t34t44t5 (4.48)
1
From Figure-4.3:
T=DT +t, +t,
St =T - (DT + ts), where D: duty cycle; T: period (4.49)

According to Equation-2.10, the total conduction loss can be obtained as shown:

E VDl(iLl

= 2483414415 T iL1|T )[6 + VDliL1|Tt1 (4.50)
2T 2T
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4.4 Obtaining duty cycle and average inductor current for power analysis

It is necessary to obtain the duty cycle and average main inductor current (E)

as necessary parameters for power analysis. i, is needed to obtain the input power and
duty cycle (D) is required to obtain minimum and maximum main inductor currents.
Now E is calculated by taking the time average of main inductor currents in each of

the intervals indicated in the above section. Approximations are made for the minimum

and maximum main inductor currents (I, and I, . ) according to the relevant
expressions for i, in each interval:

1. the minimum inductor current, |, . = iL1|t1 (4.51)

2. the maximum inductor current, 1, = iL1|tl+t2+t3+t . (4.52)

Finally average main inductor current can be obtained as follows:

— il Fig

- L1ftl L1|[tl+t2+t3+t4

i~ H24t3e (4.53)
2

Also from the continuous current assumption:
iy =)o %0 (4.54)
Power balance equation is given by:

+ PDZon + PD30n + I:)M lon + I:)Dlon

2
Vi =Y .p +P,

inlLl — R M 2turnon M 2turnoff + IDM 2on + I:)D25Witching
1

(4.55)
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4.5 A method to calculate duty cycle and minimum and maximum inductor currents (D,
ILimins IL1max)

The aim of these calculations is to obtain the power losses in the semiconductor
devices (MOSFETs and diodes). Numerical method is used in MATLAB for this

purpose in order to take advantage of the computer’s utility. First guess value is used

and | are

LImin L1max

for iL1|0 in Equation-4.54 to obtain the duty cycle. At the same time |

obtained. At this point we have all the trial values for D, and | and | based on

LImin LImax
this the losses are calculated according to the respective equations stated above. Next

these power loss values are continuously tested in the power balance Equation-4.55 and

if this equation is satisfied then the solution is reached.

4.6 The analvytical result and hardware-test result

For these calculations the following parameters were used:

L, =140uH

L —52uH k =200A/us
=J.2U
’ l,, =7.0A
C, = 470uF
t,, =28ns
C, = 680pF (4.56)
V. — 6oy Rygn = 76mMQ
V‘” _200\/ Rpon = 120mQ
° Vo, =17V
R, =66.5Q o123
V 2
I:QL
- 4.57
=7 (4.57)
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Figure-4.10 shows the total switching loss and conduction loss in semiconductor
devices of soft-switching converter, obtained from the above analysis. As it is evident
from the figure, conduction loss dominates the total losses. Lower frequencies
correspond to higher current ripple in main inductor L; and visa versa. This is
significant because rising component of the ripple also appears in main MOSFET M;.
This contributes to the conduction loss of M; which is proportion to square of the
current through it (Equation-4.36). In other words, higher ripples mean higher power
losses. At around 50Hz it is observed that the conduction loss starts to increase with
increasing frequency. This is due to proportional relationship between conduction
power losses of My, D,, and D3 and frequency, which is described in Equations-4.19,
4.20 and 4.29. The results from the hardware tests are summarized in Table-4.1.
Efficiency of the system is calculated according to Equation-4.57. As it is evident from

this equation, V,, V,,, and R are all constants, and therefore |, is the only parameter
has an influence on the efficiency. Figure-4.11 shows the efficiencies of both hard-
switching and soft-switching converters, which are obtained from the analytic methods

and hardware tests.

Table-4.1 Input current versus operating frequency (hardware test)

f(kHz) | 25.0 51 76 102 127 147 175 201 222 249 276

Lin.(A) | 10.09 | 10.09 | 10.15 | 10.22 | 10.28 | 10.32 | 10.36 | 10.42 | 10.48 | 10.55 | 10.65

n %) | 9936 | 99.36 | 98.77 | 98.09 | 97.52 | 97.14 | 96.77 | 96.21 | 95.66 | 95.02 | 94.13
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Figure-4.10 Total switching and conduction losses versus frequency
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Figure-4.11 Efficiencies obtained from analysis and hardware tests versus frequency
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The following discussion refers to Figure-4.11. As it is shown, at very low
frequencies (less than 30 kHz) the efficiency of soft-switching converter is lower than
its hard-switching counterpart from the analytic method. This is because conduction
losses at this frequency range dominate the total losses and since the soft-switching
converter has additional semiconductor devices, these contribute to more losses. In the
case of soft-switching, an error is observed between the efficiencies obtained from
theoretical analysis and hardware tests. This can be explained by omission of losses in
the resonant capacitor and inductor in our model. As it is depicted in Figure-4.12, high
values of capacitor-and-inductor temperatures are measured at higher frequencies which
represent higher losses. As mentioned before oscillations in M, and L, loop also
contribute to these losses which were not considered in the model. Based on the
information represented in the above graphs and equations, a designer is able to
estimate losses for each of the semiconductor devices. Also this information can be
used in selecting a heat sink with an appropriate thermal resistance so as to avoid

crossing the maximum allowed junction temperature.
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Figure-4.12 Resonant capacitor and inductor temperature versus frequency (ambient

temperature at 70 F)
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CHAPTER 5
CONTROL SYSTEM DESIGN AND HARDWARE IMPLEMATATION

5.1 Feedback for power electronics converters

Regulation is one of the key attributes of power supplies. Regulation in power
electronics converters refers to controlling of output voltage, current, or power so that
the output is held within the allowed tolerance. This control action is necessary because
certain disturbances exist in the input voltage and the output loading for different
applications.”” Also component values such as those of capacitors can change over time
and consequently change the dynamics of the converter. Therefore, it is necessary to
utilize a controller so that the output parameter is not affected (within a tolerance) by
the disturbances and the parametric drifts. Control of a power supply is normally
accomplished by using a negative-feedback control system, where output parameter is
sensed and compared to a reference value (desired value of output parameter).
Difference between these two values (sensed and desired values) constitutes the error
which will be the input to the controller. Also a feed forward can be used to further
enhance the output of the system. One way that feed forward accomplishes this is by
sensing the input and taking a corrective action before the effect appears at the output.

Usually in order to design a controller for a certain system (plant), either a
mathematical model or experimentally determined frequency response of the system is

necessary.”® In power supply design, the dynamic equations can be obtained fairly
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easily by making certain assumptions, such as ideal semiconductor devices (either
completely on or off). This appears in the form of several sets of differential equations
(one set for each switching interval) that can also be represented in state-space form.”
Initial conditions for these DEQs come from boundary conditions that exist at the
instances of switching actions.** PWM converters belong to a class of time variant non-
linear systems where the system is sequentially switched between several linear-
systems.” For example, the resonant converter described in this thesis is switched
between six intervals. Clearly this system does not meet the definition of a time-
invariant linear system. Most of the familiar control techniques such as root locus and
Nyquist stability criterion can only be applied to time-invariant linear systems.
Therefore after obtaining the dynamic model (DEQs of the system) the next step is to
attempt to linearize this model in order to take advantage the mentioned control
techniques.

A state-space averaging technique was developed by Middlebrook and Cuk™
that has been successfully used in linearizing switched mode converters. Mathematical
justification of this model is lengthy, and therefore it will not be discussed here. But the
general approach consists of introducing a switching function (equal to either 1 or 0 at
different intervals) into our dynamic model so that several sets of DFQs are reduced to
one set of DFQs equation. Then when taking Laplace transform of the resulted DFQs,
we only use the first two terms of the tailor series expansion of the switching function.
Finally this will yield the averaging model which is simply taking the time averages of

matrices A, B, C, and D in the state-space representation.
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One last step remains from obtaining the transfer function of the system. After
obtaining the average state-space model we note that in most cases the control-signal
(duty cycle) appears in a product term with a state variable. Multiplication of a duty
ratio and state variable results in a non-linearity since both are functions of time. This
will make the average model nonlinear. Also, sometimes, as in Boost converter, the
relationship between duty cycle and output is not a linear mapping. Therefore, small-
signal restriction becomes necessary in order to linearize these equations. Small signal
analysis is employed to describe the system for small variations around a well defined
operating point. Summery of steps required to derive the transfer function from
dynamic model of a converter is listed below:

1. Obtain a state-space representation of the system from the respective sets of

DFQs.

2. Obtain a state-space average model by taking the time average of A, B, C, and D
in the state-space representation.

3. Linearize state-space average model obtained in step 2 in order to use frequency
domain control methods.

4. Drive the transfer function.

5.2 Fuel cell system model

Steady-state and transient output characteristics of a typical PEM fuel cell
system (Nexa™) were examined in Chapter-2 and now will be used for the purpose of

control design. The results from this study are used to derive a fuel cell model that
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adequately emulates the electrical response of the fuel cell system under the load
dynamics of interest. It was concluded in Chapter-2 that at frequencies above 500 Hz,
the response time approaches zero. Therefore, the high frequency current ripple (caused
by switching action) will not have a significant effect on the fuel cell system’s output.
On the other hand the low frequency ripple has negative impact on the performance,
efficiency, power capacity, and lifetime of the fuel cell system. For this reason the low
frequency ripple current has to be avoided at the output of the fuel cell. This is
accomplished by utilizing a control scheme that limits the low frequency current ripple.
With these assumptions, the fuel cell system can be modeled as an ideal source with a

series resistance that can be calculated according to Figure-2.4 (R=0.23).

5.3 State-space averaging model

In Chapter-4, state-space representations were presented for all six switching
intervals within a cycle. In this chapter these results will be used in order to derive the
state-space averaging model. The converter comprises of four energy storage

components. Therefore, minimum number of four state variables (i ,i,,,V¢,,Vc,) are

necessary to completely describe the system (assuming ideal switches). This allows us
to consider the converter as consisting of a two-port device that represents the nonlinear

time-variant (NLTV) part, depicted in Figure-5.1.
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Figure-5.1 System description of soft switching boost converter

Input state equation and output state equations of NLTV block can describe the
system dynamics and steady-state characteristics of the converter. Therefore, in
designing a controller to regulate the output voltage y =V,,, we only need to consider
X, =i, and x, =V,.

According to Figure-4.3 each cycle consists of six intervals. By examining the
state equations for each interval it is observed that intervals t; and ts can be described by
same state equations and the same is true about tzand ts. Because the switching action
is periodic, intervals t; and neighboring ts can be considered as one interval. This will
make 1, the beginning of the period and t; the end of the period. Therefore, duty cycle

t, +t, +t, t, +t +t

d in this chapter is redefined as which implies (1-d) = From

Equations-4.18 and 4.41, t, and t, are small relative to the switching period. During
this time (t, andt;), inductor current (X, =i_,) and output voltage (X, =V;,) do not

change considerably. Therefore state equations for intervals t, andt, can be replaced
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(approximated) by state equations for intervals t, and t, respectively. This process will
result in two intervals with corresponding state space equations, shown below:
a. During dT , the state equations are rewritten the blow from Equation-4.30, 4.31:

di,

-V +R.i,+L =0 5.1

In ss L1 1 dt ( )

_g W Ve _ (5.2)
dt R

In the matrix form for the above equations:

. -R V.
ss 0 Vin
X Ll X Ll
_ + (5.3)
° O _1
2 RICI XZ 0
_ 'V,
LRss 0 L—'
A= 7 | Bu=| |.Cl=[0 1] (5.4)
0
RC, 0

b. During (l - d)T , the state equations are written the below from Equation-4.43,

4.44.

=V, +Rgi,, + Ll%wm =0 (5.5)

. dv Y/

i, —(C, + Cz)f—ﬁ =0 (5.6)
1

In the matrix form for the above equations:
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)21 —R, -1 X, VLi
S o (5.7)
é C,  RC x| |0
-R, -1 Vin
N T - O o N (58)
C,  RC 0

Average state-variable description of the system is given by:*'
A=A-d+A -(1-d)
B, =B,-d+B, - (1-d)

C’=Cl-d+Cl-(1-d)

)21 _LRISS _ (1 ; d ) X, VLi
1
= (1_) e + (5.9)
X, C, RC, X, 0

For the controller design, output variables of interest are main inductor current

and output voltage:

Yi=X (5.10)

Yo =% (5.11)
The above description captures information about the dc and low frequency
characteristics of the converter, but it eliminates information about high frequency

characteristics and other fast effects. Even though ripple is not given in the average

output, and average model is still useful in determining both steady-state and dynamic
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response of the system. We see that the above state equations are nonlinear with respect
to duty cycle d. Therefore, X= f(x,d) and y =h(x,d) have to be linearized. This is

accomplished by obtaining the Jacobian matrices:

[ of of oh
Alx,d)=| |, B(x,d)=| < |, and C(x,d)=| 5.12
(x)=| 2| B(xd) | & | and clxa)=| 21 612

o, of] [-Re _(1-d) g _(-D)

lox ox | | L L B > L
A(x,d)= %1 af_j = (l—ld) i ! | d=D (1-D) 1613

X ox, C, RC, C, RC,

of, ] | X Ve

o _ :

B(xd)=| o || b [ HTu | L 5.14
(X ) 6_f2 _ﬁ X2=Vc1 _L ( )
L ad C, C,
oh  of
Clx,d) =|— =2|=[1 0 5.15
) =| 2 2] o 519

The above matrices are evaluated at an equilibrium point (X,D)to obtain
system matrices A,B,C. This will result in a linear time-invariant approximation of the
system which is valid for small signal around an equilibrium point symbolized by
squiggly lines above the respective variables INLl , d ,and V.

Next step after linearizing the average-state-space representation is deriving

transfer functions IH(S) and VSI(S) , which will be utilized in designing the controller

d(s) 1.(s)

to regulate the output voltage.

91



design. As mentioned before, validity of this model depends on the ripple content of
the fuel cell current. In order to enhance the performance and efficiency of the fuel cell
system while satisfying the current ripple and power capacity requirements, low

frequency current ripple needs to be avoided at the output.

WO _ct (51 Ay
ores C'-(s-1-A)"-B (5.16)

~ S+ —5 A — _CL
I.,(s) L L L
——=|1 0] : ! 4
d(s) ok -p) or | I,
Cl RICI Cl
Ill(s)z Ve R -G -s+Ve, +R -1, -(1-D) (5.17)
d(S) Rl 'Cl 'Ll '82+(LI+RSS 'Rl 'C)S+R53+R1'(1_D)2
. Ve, (s) . . '
Then from equation 5.9, =~ is given by:
L
VC1(S) _ (l_ D)/Cl (518)

1.(s) s+1/C,-R)

5.4 Compensator design

In the pervious section a fuel cell model was used for the purpose of control

according to the following considerations.

1.

Duel-loop controller will be designed with a current loop as the inner loop and a
voltage loop as the output loop. The purpose of the additional current loop is to
have a control over the speed at which the input current responds to control

signal. The parameters of the current loop will be selected with the intention of
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confining the input current to low frequencies, by making the response time of
the controller sufficiently long. The slow response of the converter controller
will provide sufficient time for the fuel cell control module to respond to
changes in the load. This will ensure that the fuel cell system operates
approximately on the steady state curve shown in Figure-2.4. Low frequency
input current has the benefit of decreasing the capacitor effect and thereby
simplifying the fuel cell model.

As mentioned before (Chapter-2), at high frequencies, rising and falling time
constants of output fuel cell current appears to be zero. This implies that the
switching action, that causes current ripple, will not have a significant transient
response and only affects the steady state response. This further simplifies the
fuel cell model by eliminating the need to model the transient response of fuel
cell output current at high frequencies.

Transient load demands are supplied by an ultra capacitor (or backup battery at
the output. Ultra capacitor design is beyond the scope of this thesis but it is an
important component of most fuel cell applications that involve fast load
dynamics, such as FC vehicles. Also because of fuel cell output limitations, the
voltage controller discussed here is only responsible for responding to slow
changes in the load.

Normal operating points and system parameters are given below:

V,, =200V
I, =10A
D=0.7
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L =140.H

C, = 4004F
R =66.5Q
R, =0.23

Simulink block diagram for disturbance test is provided below. Controller
regulates the output voltage is two steps by utilizing a dual-loop scheme. The dual-loop
controller consists of an output voltage loop and an inner current loop. The function of
the outer voltage loop is to regulate the output voltage by adjusting the current reference
in the current loop. The function of the inner current loop is to generate an appropriate
duty ratio in order to control the inductor current. The Simulink block diagram of the

controller action is provided below.

ooon
ool W
Disturbance Scopef
+
num1(s numi(s |:|
_|_ d1(())+/- ’d'(()) - d
ent(s enifs
Sum1
Current Current Duty Cycle (s)d(s) Scope?

Reference Compensator ~ Clamp

Currant Sensor

0.05

Figure-5.2 Simulink block diagram for inductor current compensator with disturbance

94



oooo ]
oo P
Disturbance Scoped
| numz2{s) > numw(s) _:: bl l
den2(s) denyis) Sum3
Yoltage Yoltage i S)iis) S

Reference Compensator

Yoltage Sensar

0.01

Figure-5.3 Simulink block diagram for output voltage compensator with disturbance

Frequency domain method such as bode plots were used to help in design of a
controller. It is crucial to provide sufficient phase margin for stability. Another
important criterion in frequency design is providing sufficient bandwidth in order to
speed up the response of the system to disturbances. But, bandwidth can not be
increased indefinitely because it will lead to noise amplification and thereby system will
become unstable. Also here, limiting the bandwidth will serve another key objective
which is to reduce the low frequency current ripple of the fuel cell system. In order to
limit the low frequency current ripple the converter system bandwidth is confined less
than 1 Hz. Some of the bode-plots used in the design process are provided below.

Figure-5.4 and Figure-5.6 show the bode-plots for closed loop gains with current
loop and voltage loop respectively. Disturbances are simulated for the current loop
(Figure-5.5), voltage loop (Figure-5.7), and the entire system (Figure-5.9) in order to

verify the design.
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Biode Diagram
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Figure-5.4 Bode plot for m with integral-lead compensator
S

The current loop performance was verified by applying a disturbance of 1 A
(Figure-5.5). Current loop action prevents load variations to cross the current ripple

limitation of the fuel cell system by responding with a proper delay.

Inductor Current Srnall Signal Reponse to Disturbance

Time (s)

Figure-5.5 Inductor current response to step disturbance of 1 A

96



Bode Diagram
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Figure-5.6 Bode plot for \:Sl—s) with proportional-integral compensator
S
L

The voltage loop performance was verified using a disturbance of 20V (Figure-
5.7). Voltage loop action prevents load variations to cross the current ripple limitation

of the fuel cell system by responding with a proper delay.

20

m
i

=
i

i

Output Voltage Small Signal Response to Disturbance
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w
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Figure-5.7 Output voltage small signal response to disturbance
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Next the performance of the controller was tested with disturbance of 20V
(Figure-5.8). Performance of dual loop was verified by applying a disturbance of 20V
(Figure-5.9). Controller satisfied the Fuel cell current ripple requirement while meeting

the stability criteria.

Current Voltage
Compensator Compensator
Duty Cycle num(s) Current Ref.[ num2(s) Voltage Error
dent(s) den2(s)
Voltage
Reference
Duty Cycle Current Voltage
Clamp Sensor Sensor
numi(s) Induc. Current numv(s) O/P Voltage
: <i 1
deni(s) denv(s) -~
i(s)/d(s) V(s)fi(s) Sum3 Scope
oooo
LX)

Disturbance

Figure-5.8 Simulink block diagram for whole system with disturbance

25

201----

Systern Output Small Signal Response to Disturhance

Time (s)

20

Figure-5.9 System output voltage small signal response to disturbance
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Average state space model was derived for the converter and was used in
frequency domain control design. State space averaging method provided a useful tool
in designing a controller for the converter by making possible the utility of frequency
domain control analysis. But the analysis with the average model eliminates some
important information about the fast changing dynamics of the system which can not be
represented in the above bode plots. Therefore, this model is only useful to analyze the
behavior of the system in frequencies slower than the switching frequency. This has
few implications in designing a controller for a practical application and therefore some
considerations are necessary. Low-pass filter can be useful to reduce noise caused by
switching frequency in feedback loop. Also phase margins in the above bode plots do
not represent the actual phase margins available. This is due to phase additions that are
caused by time delays in op-amps and switching action. This can result in instability if

sufficient phase margin is unavailable.

5.5 Hardware implementation

Figure-5.10 gives an overall depiction of the system including the fuel cell
system, soft-switching boost converter, load, and duel-loop control implementation.
Several considerations are necessary when it comes to practical design of a power
electronics converter system. One important consideration is utilization of an
appropriate gate deriver that is sufficiently fast for switching at high frequencies.

Electromagnetic noise is another problem that affects the sensors and controller chip.

99



Negative effects of EMI can be reduced by making the traces short and placing proper

filters at the inputs and outputs of the control chip.

Fuel Cell System Soft-switching Boost Converter Load
N 1 A~ 2 oL
V] 1%
Rohniic-ss L2 D2
% 1 ~ A2
1
. | 2
T T 8 D3
- — -
ﬁ i 2
5 E c2 ML M| ~c1 A7
w
% v ] 7
8
PWM Generator, ZVS Logic, Gate Driverg 75?5
CFEi
R-v1 C-v1 R-v2 i-sense R-i1 R-i2 C|—i_l‘

i-ref

Voltage Compensator Current Compensator
Figure-5.10 Hardware implementation of entire system

Figures-5.11 and -5.12 voltage and current waveforms were captured on the

oscilloscope for the main MOSFET of hard-switching and soft-switching converters

respectively. It can be seen that electrical noise is much reduced in the soft-switching

converter. This is significant because the switching noise can deteriorate the signal

integrity in the control chip and sensors. In this case the controller may not function as

expected and this can lead to malfunction of the converter system.
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F

Figure-5.11 Soft-switching voltage/current waveforms of main MOSFET

Figure-5.12 Hard-switching voltage/current waveforms of main MOSFET
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CHAPTER 6
CONCLUSION

Fuel cells have numerous outstanding characteristics that make them attractive
for several crucial applications. Generally, the output characteristics (steady-state and
transient) of FC systems do not match the input requirements of typical loads. This is
because the output voltage of these systems varies dramatically under changing load
conditions. In addition FC systems are unable to operate under fast load profiles.
Therefore, to effectively utilize the electrical energy generated by FC systems, power
electronics converters are necessary. Also power electronics circuits should match the
high-efficiency and high-power-density of FC systems.

A power electronics engineer needs an understanding of FC system’s electric
output characteristics in order to design an optimized power electronics module. In this
thesis electrical output characteristics of a typical PEM fuel cell system was studied for
the purpose of power electronics converter/inverter design. The output characteristics
of a fuel cell stack which is well known does not correspond to that of the FC system
because of inclusion of a control module. The main function of FC control module is to
improve the overall efficiency of the system and also prevent the output voltage from
fluctuating with load current. In this way, the control module improves the steady-state
response of the system but deteriorates the frequency response of the system because it

incorporates mechanical components.
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It is shown that boost converter input characteristics match the FC systems
output requirements. A high-efficient, high-power-density, low-cost, and reliable DC-
DC converter topology was designed that constitutes a suitable interface between a fuel
cell system and a typical application. The design goals were realized with a soft-
switching boost converter by implementation of ZVS and ZCS schemes that employs a
simple and effective control scheme. The results demonstrate that the use of ZVS
techniques significantly improves the efficiency of high power boost converter by
reducing the turn-on losses. This made possible increasing the power density of the
converter by using smaller filter components, while reducing the impact switching
frequency on controllers.

The converter was successfully interfaced with Nexa™ fuel cell system. Tests
were performed under different load dynamics and input line disturbance. Thus, output
voltage regulation and stability was verified for this converter. Additional tests were
conducted to examine the load current ripple under various switching frequencies.

The following analyses were presented in this thesis: It was shown that the
output current ripple of the fuel cell system decreases as the converter operates at higher
frequency. This is significance because fuel cells prefer small current ripple which will
result in prolonged life time of the fuel cell system. This is another benefit of operating
at high frequencies in addition to achieving high efficiency, high power-density, low
EMLI, and low semiconductor stresses.

The following analyses were presented in this thesis:
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State-space dynamic modeling of hard switching and soft switching boost
converter

Efficiency calculations for hard switching and soft switching boost converter
State-space averaging method and small signal linearization for the purpose of

frequency domain controller design

The following experiments were conducted for this thesis:

1.

2.

A complete design demonstration of a hard-switching boost converter

A complete design demonstration of a soft-switching boost converter

Efficiency measurements for both hard-switching and soft-switching converters
at different operating frequencies

Determination of fuel cell system output characteristics such as output voltage
dynamic response to load dynamics

A DC chopper was designed to facilitate in obtaining the fuel cell system’s time
constant (was found to be dependent on current frequency)

Successful interfacing of the converter and Nexa™ fuel cell system
Measurement of Nexa™ fuel cell’s current ripple when connected to the Boost

converters under various loads and switching frequencies
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