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ABSTRACT

Fuel cell (FC) technology is one of the most sought-after renewable energy technology.
However, the output voltage of FC stacks is inherently unstable; as such, it is of little
or no use for most power supply applications. In addition to the unstable output voltage,
FC stacks are susceptible to high current ripple, which can reduce the system’s life
expectancy. The work carried out in order to stabilise the output voltage, and to reduce
the current ripple of FC stacks involves a review of some existing converter topologies
used for power conditioning units (PCUs), modelling, design, control and simulation of
different converter topologies and the experiment of the prototype circuit for the
interleaved boost voltage multiplier (IBVM) converter topology. In the process to
stabilise the stack output voltage and to reduce the stack output current ripple, it is also
required to improve the system response to load changes. This work presents results
that show that system works, with the voltage stabilised, the stack output current ripple

reduced and the response time reduced.

A relative evaluation of the dynamic behaviour of four converter topologies in power
conditioning units is carried out, and these are the isolated current-fed full-bridge
(ICFFB) converter, the boost converter, the sepic converter and the IBVM converter.
The simulation results of the four topologies show that the output voltage of a PEMFC
stack was stabilised, and that the IBVM topology is a better topology compared to the

others, especially when it comes to reducing the stack current ripple.
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CHAPTER 1
INTRODUCTION

Background

The rapid increase in energy demand and the simultaneous slow increase in energy
output, pose a challenge to global energy supplies. In addition, the use of non-
renewable electric utilities pose further challenges as these impacts negatively on the
environment (Chevron, 2013). Findings in Chevron (2013) also show that global energy
supplies are insecure and unstable besides leading to concerns about the climate. The
above propositions are supported in James et al. ( 2007), wherein, it is asserted that
the insecurity and instability posed by global energy supplies, and the concern about
climate change are the major factors for the drive towards use of renewable energy
sources (RES) and renewable energy technologies (RET).

Of the currently existing renewable energy technologies, fuel cell (FC) technology is
considered to be one of the better options due to its cleanliness, its modularity, its high
efficiency and its non-intermittence compared to wind and solar energy sources
(Vazquez-Blanco et al., 2009). According to Mushsin and Zehra (2009), the use of FC
technologies has been implemented over a wide spread of applications such as
residential combined heat and power (CHP), transportation and industrial to name but
a few. To this end, Sammes and Boersma (1999) alludes that a fair amount of research

has been carried out on the subject of FC technology.

Technical operation of a fuel cell (FC)

A fuel cell is an electro-chemical device that converts reactants into electricity, heat and
water (Farooque & Maru, 2002). The type of reactants used depends on the design
and type of a FC. The available reactants in use consist of hydrocarbons and oxidants.
Each FC is designed to have its own specific operating range of temperatures. Although
each type of FC is distinguished by its properties such as the material used for its
construction, the size and the geometry, structurally any FC consists of an electrolyte
and two electrodes — an anode and a cathode (Lepiller, 2010). Figure 1.1 shows a

detailed diagram of the basic construction of a proton-conducting FC.
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Figure 1.1: The schematic of a proton-conducting FC.
(Adapted from Dervisoglu, 2012).

Figure 1.1 shows that as the fuel (hydrogen in this case) comes into contact with the
anode, electrons are extracted to leave two Hydrogen ions (H,— 2e” = 2H"). These ions
flow into the electrolyte. On the cathode side as air flows in, electrons are added to
leave two Oxygen ions (02 + 2e” = 20") that flow into the electrolyte. The Hydrogen and
Oxygen ions combine to generate water (H-O). The creation of electrons at the Anode
side that flow to the Cathode side to be annihilated constitutes the generation of
electricity. This is the basic operation of a FC.

Types of fuel cell operation

There are two types of fuel cell operation dependent on the direction of flow of ions in
the electrolyte or membrane. Figure 1.2 and Figure 1.3 show the electro-chemical
reaction that takes place within the two types of fuel cells. The only difference there is,
is the type of ions moving from one electrode to the other via the membrane, and this
is dependent on the material the membrane is made of. Figure 1.2 shows the schematic
for the operation of a Phosphoric Acid FC and PEM FC, where pure hydrogen is fed at

the anode side while Oxygen is simultaneously fed at the cathode side
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Figure 1.2: The schematic for the operation of a Phosphoric Acid FC and PEM FC.
(Adapted from Smithsonian Institute, 2008)



During the combustion of the reactants, the molecular bond of Hydrogen and Oxygen
are broken down. The Hydrogen ions move from the anode to the cathode via the
electrolyte, while the Oxygen ions move from the cathode to the anode via the
electrolyte. The two ions combine to produce water, whereas the Hydrogen electrons
produce a current as they flow through the load and the conductor linking the two
electrodes. These electrons become annihilated at the cathode to create Oxygen ions.

Figure 1.3 shows the schematic for the operation of a solid-oxide FC. The ion
movement through the electrolyte is in the opposite manner to the flow shown in Figure
1.2. This is from the cathode to the anode and water is produced at the anode side of
the FC. Thus, Oxygen ions move from the cathode to the anode via the electrolyte to

produce water and electricity in a combustion reaction with Hydrogen.
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Figure 1.3:The schematic for the operation of a Solid Oxide FC
(Adapted from Smithsonian Institute, 2008)

1.1.3 Types of fuel cells

Generally, fuel cells are distinguished according to the chemical composition of the
electrolyte and the fuel used (Kirubakaran et al., 2009). From the literature reviewed,
there are about six major types of fuel cells available on the market today. These are
the Polymer Electrolyte Membrane Fuel Cell (PEMFC), the Alkaline Fuel Cell (AFC),
the Phosphoric Acid Fuel Cell (PAFC), the Molten Carbonate Fuel Cell (MCFC), the
Direct Methanol Fuel Cell (DMFC) and the Solid Oxide Fuel Cell (SOFC). Furthermore,
fuel cells are distinguished based on the characteristic of their operating temperatures.
When distinguishing fuel cells based on the characteristic of their operating
temperatures, the DMFC, the PEMFC, the AFC and the PAFC are classified as low
temperature fuel cells with an operating temperature range of 50°C—-250°C. While
the MCFC and the SOFC are classified as high temperature fuel cells with an operating
temperature range of 650°C—-1000°C (Kirubakaran et al, 2009).
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1.1.4 FC power supply unit (PSU) design
In the design of a FC Power Supply Unit (FCPSU), first the type of the FC stack module
must be selected, and then based on the stack specifications an appropriate power-
conditioning unit (PCU) can also be selected and interfaced to the stack. The PCU is
responsible for the conversion of the low unregulated direct current (DC) voltage
produced by the FC stack to a regulated DC or alternating current (AC) voltage.
Practically, a PCU is realised by using the direct current to direct current to alternating
current (DC —DC — AC) concept. The DC — DC — AC concept is a combination of the
direct current to direct current (DC — DC) converter and the direct current to alternating
current (DC — AC) inverter. The DC — DC converter is usually directly coupled to the
FC stack, whereas the DC — AC inverter can either be directly coupled to the FC stack
or to the DC — DC converter. When a DC — DC converter is interfaced to a FC stack, it
converts the low unregulated DC voltage of the stack to a high-regulated DC voltage.
However, when the DC — AC inverter is interfaced to either a FC stack or a DC — DC
converter, it produces an ac voltage from the DC input voltage. Both the regulated DC
and AC voltage can be used for any dedicated load supply. Figure 1.4 shows the
process flow diagram for a Ballard 250 kw PEMFC PSU plant. The PEMFC stack plant
consists of the balance of plant (BoP), the controller and the DC — AC Inverter/DC —
DC converter. The stack BoP is all auxiliary equipment that is required in order to

ensure proper operation of the stack as a reliable and safe power source.
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Figure 1.4: The process flow diagram for a Ballard 250 kW PEMFC PSU plant.
(Adapted from J.Larminie & A.Dicks, 2003).

For the FCPSU design, an H — 1000 PEMFC stack module manufactured by Horizon
Fuel Cell Technologies (HFCTSs) is used. The H — 1000 PEMFC stack module is a low

4



power module with a maximum operating temperature of 65°C and uses pure
hydrogen and oxygen to produce electricity and water, and it comes with a controller
for the FC stack BoP. The schematic for the system setup of the H — 1000 PEMFC
stack module with its auxiliaries is given in Appendix A. The schematic shows the inputs
and outputs of the stack, the temperature sensor, the stack controller and the auxiliary
power supply. In order to produce power from the combustion of hydrogen and oxygen,

H, gas is continuously supplied to the stack from a Hydrogen cylinder and a blower

continuously supplies Oxygen to the stack from the air. This process is monitored by
the controller, which controls the power production and measures the stack
temperature, current and voltage. During the combustion of hydrogen and oxygen,
power and water are produced. The water is disposed from the stack through the purge
valve, while the generated power is tapped from the stack through the positive and
negative load terminals. For this work, a PCU is used as the load to the FC stack;
therefore, it connects to the load terminals. Under abnormal conditions such as under-
voltage or over-current, the controller shuts down the operation of the stack as a safety

and protective measure (Horizon Fuel Cell Technologies, 2013).

The technical specification data for the H-1000 PEMFC stack module is given in
Appendix B: H-1000 PEMFC stack technical specifications. The data include the FC
stack power rating, the bias voltage and current, the recommended operating
conditions and the system properties. From this data, different types of converters and
inverters can be designed for the PCU of the FCPSU. In order to ensure reliable
operation of the PCU, the design has to take into account the given FC stack low
voltage shut down of 24 V, the over current shut down of 42 A and the over temperature
shut down of 65°C.

Safety

Hydrogen is a highly flammable gas and this requires that safety precautions are
observed and adhered to, strictly. Some standard safety precautions to be observed
when using the H-1000 PEMFC stack include; a well-ventilated work place and the
installation of hydrogen sensors. Besides these, other safety precautions include: avoid
contact with exposed parts, ground all equipment in contact with the stack to minimize
static discharge, all sources of ignition must be kept away from the FC stack, hydrogen
leakage must be avoided, approved standards for hydrogen storage must be observed
and the proper handling of compressed gas cylinders must be observed. Finally, the
recommended system setup must be followed before operating the stack (Horizon Fuel
Cell Technologies, 2013).
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Statement of the research problem

Several fuel cells piled together are referred to as a stack. Individual voltages of each
FC combine to form a stack voltage. A FC stack is designed to generate a voltage as
a result of a chemical reaction, with water produced as a by-product. The problem is
that, the voltage that is generated is unstable (unregulated), and so it cannot be used
as it would damage appliances. It is then a requirement that this voltage is stabilised.

Besides the damage that would be caused to appliances by the unstable voltage, the
other problem is that the FC stack itself can be damaged. When the stack voltage
swings between no-load to full-load, the individual FC voltage falls significantly as the
current density rises. The result is that a current ripple is produced within the stack.
This ripple causes unwanted heating of the individual fuel cells and eventually reduces

the life expectancy of the stack.

The fact that damage may occur to appliances or to the FC stack itself presents a
challenge in the use of the technology for most applications. It is then required that the

technology is made to be useful by alleviating these challenges.

The third problem is that the performance of the FC stack can be adversely affected by
its slow response to load changes. This occurs when the load demands more power,
which the FC stack, cannot provide instantly. That is so because the production of
electricity from the combustion of H, and O within the FC stack is purely a chemical
reaction process that takes several time constants to complete (Abd et al., 2014). This
creates a mismatch and imbalance in the output power of the FC stack and the power
demand of the load.

In order to address these problems and therefore to make FC technology useful, the
generated voltage must be stabilised. The design of a suitable power supply unit (PSU)
is required in order to operate a FC stack at a fixed or stabilised output voltage within

the linear region of the stack polarization curve.

Rationale and motivation for the research

The economy of South Africa (SA) faces the challenge of rapid increases in energy
demand. According to SAinfo reporter (2012), the energy demand is projected to
double by 2030. Due to a lack of adequate investment in the country’s energy
infrastructure in the past years, the energy demand is increasing faster than the power

utility company can meet it (SAinfo reporter, 2012).
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SAinfo reporter (2012), also reported that the power generation system of SA is heavily
dependent on coal. However, due to an increase in the energy demand and the
government’s support for green energy, there is a need to diversify power generation
to independent renewable energy sources (SAinfo reporter, 2012). This is expected to
bring electricity supply and distribution into balance (SAinfo reporter, 2012). More than
3.4 million households are without electricity in SA (Carbon Trust Advisory, 2013), with
approximately 1.3 million households located in rural communities (Carbon Trust
Advisory, 2013). Despite the determined efforts by the SA government to improve
power capacity and transmission lines, large areas in some parts of the country will still
be off-grid in the near future (Carbon Trust Advisory, 2013).

The main goal of any power utility company in a competitive and challenging
environment is to provide high quality and reliable electricity at cheap costs (Tanrioven
& Alam, 2006). To achieve this goal, power utility companies support distributed
generation (DG) of power (Tanrioven & Alam, 2006). DG is a process whereby power
is generated from many power sources and these are connected directly to the
distribution network or consumer point of control. This ensures lower environmental
impacts with an improved security of supply (Thomas et al, 2001). Among the existing
various DG techniques, fuel cells have generated greater interest due to their
cleanliness, fast start-up characteristics, high efficiency and their capability to deliver
power uninterrupted. This is not so in the case of wind and solar sources. The later
have a major disadvantage in that the delivery of power happens only when the wind
blows or when the sun shines (Kirubakaran et al, 2009). A recent report produced for
Anglo American Platinum Ltd identified FC technology as a significant potential to
overcome the challenge of providing clean, reliable and high quality electricity (Carbon
Trust Advisory, 2013).

The Research Objectives and Aims

The research objective

The objective of the research is to design and develop a prototype circuit for a 1 kW
PEMFC stack power supply unit (PSU). Some of the key design specifications of the
unit will include a stable output voltage and low input current ripple, and it is intended

to be a stand-alone system for application in areas where the power grid is absent.

The research aim
The aims of the research are intended to realise the objective and these are:
e Literature review of existing converter topologies used in PCUs for PEMFC
PSUs.
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o Determine the most appropriate and most cost effective converter topology for
the PCU based on the selected FC stack specifications.

e Mathematical modelling, design, control and simulation of the preferred
converter topologies for the PEMFC PCU.

e Based on the simulation results, investigate, analyse and determine the most
appropriate converter topology, and then construct a circuit prototype thereof.

¢ Implement a controller for the circuit prototype.

e Test the circuit prototype under load transients in order to simulate different

residential load profiles.

Research design and methodology

In order to achieve the aims of this project, a brief overview of the components of a fuel
cell power supply unit (FC PSU) are studied and investigated, with focus on the DC —
DC converter. A FC PSU consists of a power-conditioning unit (PCU), balance of plant
(BoP) and a controller. The PCU can constitute a DC — DC converter only, a DC — AC

inverter only or a combination of both.

A literature review of current converter topologies used for the design of FC PCUs is
carried out to establish designs for simulations and experimental tests. Based on the
literature review, the system requirements for the designs, the system specifications
and the operating conditions of the selected FC stack, the performance characteristics
of different designs is analysed using mathematical modelling and simulation. The
simulation of the designs and controller analysis processes require the use of various
software packages. These packages include MATLAB/Simulink and code composer
studio (CCS).

Based on the data gathered and generated, the design showing better performance is
adopted to develop a prototype circuit for the FC PCU. Then the prototype circuit will

be investigated under varying power loads representing different load profiles.

Research significance

There are many challenges and concerns that relate to power supply globally, these
are: the rapid increase in global energy demands, the high costs of connecting rural
communities and remote places to an existing power grid, the need to mitigate climate

change by use of green energy sources and resource depletion (Abdeen, 2008).

By integrating FC PSUs in the global power supply chain, some of the challenges and
concerns involving the production and distribution of power can be minimised or

overcome. A FC based power supply has low to zero emission of carbon, is cheaper
8
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to install in rural and remote areas where connecting to an existing power grid is costly,
has high efficiency and has high power quality. Research on a FC power supply is
therefore vital, because the results would be used to improve the efficiency of the
system, and to establish the feasibility of the technology for application in residences.

Based on the literature reviewed, at present, the indication is that FC power technology
is used on a small scale to run automobiles, in telecoms power supply units, in
industries and in various other power supply applications. The success of FC power
technology would therefore benefit these areas of power application, and would further

promote its use in other areas.

Thesis outline

The chapters in this thesis covers the current research on the converter topologies
used for FC PCUs, the existing challenges and problems of the available converter
topologies, the modelling, design, control and development of an experimental

prototype circuit for the FC PCU.

Chapter 1: is an introduction to the thesis. It defines the statement of the research
problem, the background to the research, the objectives, the aims and the goals of the
research.

Chapter 2: deals with the literature review. The various converter topologies employed
in FC PCUs applications are discussed. The comparison, performance characteristics
and advantages of each topology are also discussed in depth.

Chapter 3: covers the mathematical modelling and power stage design of various
converter topologies. Mathematical equations that are indicative of the converter
performance characteristics for each respective converter topology are also derived.
Chapter 4: discusses the controller design and simulation of various converter
topologies, and the relative analysis of the various converter simulation results.
Chapter 5: discusses the prototype circuit of the IBVM converter and the experimental
measurements.

Chapter 6: concludes the research work and makes some recommendations for the

future research work.
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CHAPTER 2
LITERATURE REVIEW

Introduction

The literature reviewed covers both past and present research on PCUs used for
PEMFC PSU applications. In the review, a discussion of the topologies and the various
technicalities of PCUs are presented. The discussion also pinpoints the importance of
an appropriate PCU in regulating the output voltage of a PEMFC stack. This is the
objective of this research study.

Fuel cell technology

The use of FC technology became popular some time ago (Tanrioven & Alam, 2006),
especially in residences (Takuya et al., 2007), in vehicular applications (Virgilio et al,
2013) and in utility power supply applications (Brooke, 2007) mainly due to its
cleanliness. FC technology has attracted attention in the distributed generation sector
because of the high-energy demands globally and because of the current high pollution
levels (Shailendra et al., 2012). The features of FC Technology are high efficiency,
cleanliness and high quality of power. These features make the technology a good
candidate for some applications in industries and in remote places (Michael et al.,
2001).

Power conditioning unit (PCU)

A PCU is an important part of FC stack based power supplies. Its function is to convert
the unregulated low DC voltage of a FC stack into a regulated and higher DC voltage
that is usable for various power applications (US Department of Energy, 2005). A PCU
can be realised by means of a power inverter/converter, and the choice of the power
inverter/converter topology depends on the characteristics and performance of a FC
stack and the intended application. The performance of a FC stack is described by the
polarisation curve of the individual FCs that make up a FC stack, which are the building
blocks of a FC stack (Farooque & Maru, 2002). Figure 2.1 shows the polarisation curve
for the stack voltage and current density of a typical low voltage and low-pressure fuel
cell. In the figure, the actual “No loss” voltage is less than its standard theoretical value.
The cell voltage decreases as the current density increases but with a rapid initial
voltage decrease followed by a linear region and another rapid voltage decrease at
higher currents. As the polarisation curve indicates, the output power of a FC stack is
prone to variations; therefore, for any practical applications the stack voltage must be
regulated at a desired value. A PCU is used to perform the required and necessary
voltage regulation, voltage boost and in some cases voltage inversion of the FC stack

output voltage. Ultimately, the use of a PCU is to overcome the negative characteristics
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of a FC stack. These have been stated before as unstable stack output voltage, low

voltage output and a slow dynamic response (Vazquez-Blanco et al., 2009).
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Figure 2.1: The polarisation curve for the cell voltage versus the current density of a
typical low temperature and low pressure single fuel cell.

(Adapted from Larmine & Dicks, 2003).

Figure 2.2 shows a graph of voltage against current of a FC stack and a step-up
converter used as a PCU. The graph illustrates how a converter regulates the unstable
voltage of a FC stack to a stable voltage a little lower than the maximum FC stack
voltage (J.Larminie & A.Dicks, 2003). The unstable stack voltage is fed to the step-up

converter, where it is regulated to a predetermined level.
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Figure 2.2: A graph of voltage against current of a FC and step-up converter.
(Adapted from Larmine & Dicks, 2003).
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2.3.1 Power Converter topologies for FC PCUs
The commonly used converter topologies for PCUs in FC PSUs application are the
single-stage and the multi-stage converter topologies (Yu et al., 2007). Figure 2.3
shows a block diagram of the FC PSU with a single stage converter topology PCU while
Figure 2.4 shows a block diagram of the FC PSU with a multistage converter PCU. The
single stage topology has one voltage conversion stage, DC — AC converter, which
converts the low unregulated FC voltage directly to a higher regulated AC voltage.
Usually, the DC — AC inverter output is coupled directly to a low frequency step-up
transformer and then boosted to a high AC voltage (Vazquez et al., 2008). Single stage
converter topologies offer a low component count as well as small losses (Shailendra
et al, 2012). In contrast, the multi-stage topology has two stages, the DC — DC
converter stage and the DC — AC inverter stage. The DC — DC converter boosts the
stack output voltage to a higher regulated DC voltage, and isolates the low power
circuits from the high power circuits. On the other hand, the DC — AC inverter cascaded
to the output of the DC — DC converter inverts the high DC output voltage from the DC
— DC converter to a useful AC voltage, depending on the voltage and frequency
requirements of the load (220V at 50Hz or 120V at 60Hz). In some cases, the inverter
output voltage may contain large switching harmonics that are hazardous to the load,
therefore, an inductor capacitor (LC) filter must be connected intermediate between the
inverter and the load to reject the harmonics and ensure a clean sinusoidal waveform

for the load.

Energy storage

davice
Single stage
| DC-AC Load
Fuel Cell | T Converter 120VAC
Egl— }E + 60Hz
|

LT ¥
Control stage
(including the
SPAM)
t

Figure 2.3: The block diagram for the FC PSU with a single stage power converter
topology PCU.

(Adapted from Vazquez-Blanco et al., (2009).
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Figure 2.4: The block diagram of the FC PSU with a traditional multistage power
converter topology PCU.

(Adapted from Vazquez-Blanco et al.,2009).

Figure 2.5 shows a block diagram of a FC stack PSU with a single stage inverter PCU
and a voltage amplification stage. The inverter converts the unregulated and low FC
stack output voltage to a regulated and low AC output voltage. The voltage amplification
stage transforms the low AC voltage to a higher AC output voltage required for grid
connection and load application. This topology has the disadvantage of high conduction
and switching losses due to the large component count as that of Figure 2.4 (Miranda
et al., 2006). However, it also offers the advantage of less power stress on the
components in the power stage (Kong et al., 2004). In general, converter topologies
with higher component counts will exhibit high conduction losses and switching losses

and vice versa.

Voltage 3
BLUe DC AC Amplification Grid
Cell AC - AC Load
FC Low DC Inverter
Voltage

Figure 2.5: The block diagram of a FC PSU with a single stage inverter PCU and a
voltage amplification stage.

(Adapted from Tanrioven & Alam, 2006).

PWM DC — DC Converter topologies can be classified into current fed (CF) and voltage
fed (VF) converters. According to Changrong and Jih-Sheng (2007), the use of CF
Converter topologies in PCUs for FC PSUs has been reported to reduce the input
current ripple, which causes heating of the stack. Figure 2.6 a) shows a FC PCU with
a VF converter, and b) shows a FC PCU with a CF converter. The VF converter has an
input filter connected in parallel with the stack; the function of the input filter is to reject
the input current ripple. On the other hand, the CF converter has an input inductor in
series with the stack. The inductor acts as a current source and therefore reduces the
input current ripple present in the stack.
13
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Figure 2.6: The FC PCU with VF and CF DC — DC power converter topologies.

a) VF full-bridge DC — DC converter topology and b) CF full-bridge DC — DC converter
topology (Adapted from Palma, 2012).

Figure 2.7 shows a block diagram of the FC PCU with VF and CF converter topologies
for grid applications. Both the VF DC — DC converter in a) and the CF DC — DC
converter in b), have an input filter in parallel with the stack and a high frequency
transformer intermediate between the switches and the rectifiers. The function of the
input filter is to reject the input current ripple, while the function of the high frequency
transformer is to transform the switched DC voltage to a higher DC voltage.
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Figure 2.7: The block diagram of the FC PCU with VF and CF DC — DC power converter
topologies for grid tied applications.

a) VF DC - DC converter topology and b) CF DC - DC converter topology (Adapted from
Gert et al., 2002).
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2.3.2

Figure 2.8 shows the DC — DC voltage fed interleaved full-bridge converter. The
converter consists of two DC — DC VF full-bridge converters that are interleaved
together. The converter inputs are connected in parallel with the stack and the outputs
are connected in series. This topology offers smaller number of transformer turns and
so offers a smaller ratio, a smaller input current ripple and a reduced component size.
However, the topology has the disadvantage of high conduction losses due to its
inherent high component count.
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Figure 2.8: The DC — DC voltage fed interleaved full-bridge converter.
(Adapted from Young-Sang et al., 2012).

There are several types of CF and VF DC — DC converters available, but for high power
applications the full bridge topology is preferred (Troy et al, 2002) because of its
efficiency and cost (Jin et al, 2004). Whereas, the use of CF DC — DC converters and

the interleaving of converters ensures low input current ripple (Troy et al., 2002).

PCU design consideration

The two most important criteria used in the design of converters/inverters for FC PCUs
are voltage stability and current ripple reduction. The input current ripple must be kept
to a minimum as high current ripple causes heating of the stack, which lowers the stack
life expectancy and efficiency (Saijun & Xiaoyan, 2012). According to Gert et al. ( 2002),
an input filter can be included in the converter design to reduce the input current ripple.
Alternatively, a CF converter can be used instead of a VF converter (Yu et al., 2007,
Palma, 2013).
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Another important factor to consider in the design of converters/inverters for FC PCUs
is the supply of a wide range of input voltages from FC stacks. This makes the PCU
capable of maintaining a constant output voltage irrespective of the stack voltage
variations and the load current variations (Maja et al., 2004).

Conclusion

This chapter focuses on FC technology as a possible renewable energy source that
has the potential to meet energy demands at low costs with minimal impact on the
environment. It covers some of the converter and inverter topologies that are

recommended for use in FC PCU applications and those that are currently in use.

The chapter discusses the various possible topologies of DC — DC converter topologies
that are available for use in the power conditioning of a FC stack output voltage. It also
discusses the advantages and disadvantages imposed by each converter topology on
the overall system efficiency, performance, cost and durability of the FC PSU. The
effect of the input current ripple on the system’s performance and durability is also
highlighted.

Based on the literature review, it is evident that the suitable converter topology for use
in a PCU of the FC PSU must be selected based on the power supply requirements of
the load and the system specifications of the FC stack. This would ensure high
efficiency and high system performance for the designed FC PSU.

The next chapter considers the modelling and design of PWM DC — DC converter
topologies used in PEMFC PCUs.
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CHAPTER 3
MODELLING and DESIGN of PWM CONVERTERS

Introduction

In this chapter, the circuits and operation of four PWM DC - DC converter topologies
are presented. Based on the topologies, large-signal and small-signal equations are
derived. Models and transfer functions of the power stage for each converter are also
derived by using the circuit averaging technique. Figure 3.1 shows the simplified power
stage of a converter, which consists of lumped elements such as capacitors, inductors,
switches and diodes. According to control theory, small-signal models are linear and
time invariant systems that are crucial in the design of a controller for a system. On the

other hand, large-signal models are inherently non-linear and time variant.
The component and parameter equations that ensue from the modelling of each

converter are used later to calculate the power stage components and parameters in

the power stage design of the particular PWM converter.

Converter Power Stage
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Input Switches & Diodes. LoadS Output
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Figure 3.1: The simplified circuit of a PWM DC — DC converter.

The modelling to be carried out in this work is based on the works of Middlebrook and
Cuk (1976), Vorpérian (1990), Ben-Yaakov and Adar (1994), Robert and Dragan
(2001), Bryant and Kazimierczuk (2004), Haiping et al. (2004), Bryant and
Kazimierczuk (2007), Kazimierczuk (2008), Rosas-Caro et al. (2010) and Matheepot et
al. (2013). The four PWM DC — DC converter topologies to be modelled and designed
in this section are the isolated current-fed full-bridge (ICFFB) converter, the boost
converter, the sepic converter and the interleaved boost voltage multiplier (IBVM)

converter.
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3.2

3.2.1

3.2.2

ICFFB Converter

Modelling of the ICFFB converter

In this section, the circuit, the operation and the circuit averaging description of the
ICFFB converter are presented. Based on the circuit averaging description of the
converter over one switching period, the parameter and component equations are
derived. A linearized model is also derived from which the small-signal input-to-output
and control-to-output voltage transfer functions are derived. The transfer functions are
used later in the design of a controller and in the simulation stage.

The ICCFB converter is an all-round power control topology that can be used for a wide
range of power conversions (Martin et al., 2008). Some of its capability includes wide
input voltage range, high power handling, high boosting ratio, versatile symmetry and
isolation of the output from the input (O.Alavi & S.Dolatabadi, 2015).

Generally, there are two types of isolated full bridge converters, namely: the isolated
voltage-fed full-bridge (IVFFB) converter and the isolated current-fed full-bridge
(ICFFB) converter. In this work, the ICFFB converter is preferred for the FC stack power
conditioning application, mainly due to its high voltage gain and low input current ripple

characteristics.

Circuit topology
Figure 3.2 shows the circuit of the PWM ICFFB converter. The circuit consists of a DC
input voltage Vv,, four controllable MOSFET switches S;,S,,Szand S,, a high

frequency (HF) transformer, four high speed high-power switching diodes D;,D, ,Dg
and D4, an input inductor L, an output filter capacitor C, an output voltage VvV and a

resistive load R.

The input inductor acts as a current source and the transformer boosts the input voltage
to a higher DC output voltage. These features make the ICFFB converter compatible
with the performance characteristics of a FC stack. The basic structure of the converter
is derived from Robert and Dragan (2001). However, a full-bridge rectifier is used after
the secondary winding of the transformer instead of a half bridge rectifier. The analysis
of the operation of the ICFFB converter covered in this section is based on the work of
Robert and Dragan (2001), Kong et al. (2004) and O.Alavi and S.Dolatabadi (2015).
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Figure 3.2: The circuit of the isolated PWM ICFFB converter.
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Figure 3.3 shows the detailed circuit of the PWM ICFFB converter with series parasitic
resistances of the components and an ideal transformer operating in continuous current

mode (CCM). In the diagram r_ is the equivalent series resistance (ESR) of the input
inductor, ry, is the series parasitic resistance of each MOSFET switch, n is the
transformer turns ratio, Vg is the forward voltage drop across each conducting rectifier
diode, rg is the forward resistance of each conducting rectifier diode and r. is the

equivalent series resistance (ESR) of the capacitor. In the Figure, the full model of a
rectifier diode is depicted as a voltage source in series with a forward resistor. The four

models of the rectifier diode are inside the dotted lines.

i

Figure 3.3: The detailed circuit of the PWM ICFFB converter.

3.2.3 Converter Steady State Analysis

Operation Principle of the Converter
In the analysis of the ICFFB converter circuit, it is assumed that the converter is
operating in steady state with CCM. With CCM, the operation of the ICFFB converter

over one switching period can be divided into four modes, where one switching cycle
19



of the converter is equal to T, and T, is the switching period of the inductor current

and the capacitor voltage.

The four switches of the converter are operated as pairs of s;,5, and S,, S3.The
switches turn on and off alternately at the switching frequency ¢ (fg =1/ T ), with the

duty D greater than 50 % in order to warrant a switch overlap between the switch pairs.
The two switch pairs are hard switched and operated by two gate signals that are 180°
phase shifted. In Robert and Dragan (2001), it was observed that if the off-times of the
switch pairs were equal, the average voltage of the transformer and the total volt-
seconds applied to the magnetizing inductance of the transformer would be equal to
zero over one switching period. Figure 3.4 shows some of the important current and
voltage waveforms of the ICFFB converter over one switching period. Where the time
interval ty —t, is equal to one operating period.
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>
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/
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Figure 3.4: The current and voltage waveforms of the ICFFB converter during steady
state switching.

Where Vg, and Vg, are gate signals for the MOSFETS, i, (t) is the instantaneous
inductor current, |, is the average inductor current, i, is the peak-to-peak inductor

current ripple, v (1) is the instantaneous inductor voltage, Vp (t) is the instantaneous
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voltage of the transformer primary winding, v, (t) is the output capacitor voltage ripple,
AV, is the peak-to-peak output voltage ripple and iq (t) is the instantaneous current of

the transformer secondary winding.

Figure 3.5 to Figure 3.8 show the operation modes of the ICFFB converter. Solid lines
mark the current conducting paths in the circuit of the converter for each mode, while
broken lines mark the non-current conducting paths, and the arrow line marks the

directions of the current flow.

Mode 12[t0 —t :(D-%JTSJ

Figure 3.5 shows the equivalent circuit of the converter during mode 1. During this
interval, all the four MOSFET switches S,,S,,S3 and S, turn on and conduct the
inductor current 1, and the inductor is charged up by the source. The current through
the primary winding of the transformer is equal to zero. Meanwhile, on the secondary
side of the transformer, the current through the secondary winding is zero, all the four
diodes D,4,D,,D3 and D, turn off and the load current is supplied by the discharging
capacitor. Since the primary winding of the transformer is shorted to ground, the voltage

across the primary winding and the secondary winding is equal to zero. This mode ends

when s, and s, turn off.

Figure 3.5: The equivalent circuit of the ICFFB converter during mode 1.

The corresponding differential equations that describe the dynamics of the converter

during this mode of operation are given as

dig(t
L ILt()+r|_||_+2rM||_ =V|, (31)
dvc (1)
CT:_ILoad! (32)
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VO
lLoad = R

Where |, is the input current and is equal to I, , 15 is the average current of the

(3.3)

secondary winding side of the transformer, 1, ,,4 is the average load current, v is the
average voltage across the primary winding side of the transformer, vg is the average
voltage across the secondary winding side of the transformer, v, is the voltage across
the capacitor, v, is the output voltage, Vv, is the input voltage and R is the load

resistance.

Mode 2:(t; —t, = (1-D)Tg)

Figure 3.6 shows the equivalent circuit of the converter during mode 2. During this
interval, switches s; and s, turn off, whereas S, and S; stay on. The inductor
discharges current through s,, S; and the primary winding of the transformer while

energy is transferred to the load. On the secondary side of the transformer, the output

current flows from the secondary winding to the load and capacitor via D4, and then
back to the secondary winding via D,. During this interval, the capacitor is charged up.

This mode ends when the switch pair of S; and s, turns on again.

IIoad

Figure 3.6: The equivalent circuit of the ICFFB converter during mode 2.

The corresponding differential equations that describe the dynamics of the converter

during this mode of operation are given as

dig (t
L IL()+r|_||_ =V|—2rM||_—Vp, (34)
dVC (t) VO
C =lg— , 3.5
™ 0~ R (3.5)

where |15 is equal to L and Vp is equal to 1(2r,: +log+2VE+ Vg )
n n
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Mode 3:['[2 -t3 :(D-%JTS)

Figure 3.7 shows the equivalent circuit of the converter during mode 3. All the four
switches turn on again. This mode is similar to mode 1 and the corresponding

differential equations are similar.

Figure 3.7: The equivalent circuit of the ICFFB converter during mode 3.

Mode 4:(t5 -t, = (1-D)Tg )
Figure 3.8 shows the equivalent circuit of the converter during mode 4. During this
interval, switches s, and S; turn off, whereas s; and S, stay on. The inductor

discharges current through s;, S, and the primary winding of the transformer while

energy is transferred to the load. On the secondary side of the transformer, the output

current flows from the secondary winding to the load and the capacitor via D5, and then
back to the secondary winding via D, . The capacitor C is charged up. This mode ends

when the switch pair of S, and S; turns on again.

Io IIoad

—
rC§ +
+ V_O§R
. —® C/QVC
: e : -
s, S D, i - i Dyl -
o 2H o2k Vel D VE
i SO . 5 S S S
é * -

Figure 3.8: The equivalent circuit of ICFFB converter during mode 4.

The corresponding differential equations that describe the dynamics of the converter

during this mode of operation are given as
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di (1)

L +r|_l|_ :V|—2rMI|_ +Vp, (36)
dvc(H Vo
C =lq— , 3.7
p 0~ g (3.7)
dve(t
VO =Vc+rcc dc;(), (38)

where Vp is equal to —E(Zr,:lo+2v,:+vo )
n

Average inductor voltage
The average inductor voltage is found by taking the integral of the inductor
instantaneous voltage over one switching cycle by using Eq. (3.1), (3.4) and (3.6), and

it is given as

(VL () = =g VL (et
) 3.9)
=(2(V = (r_ +2r)It ))[D—;j+2[v| —(r+2ny)I, —%(Zr,:lo+2v,:+vo )jD'.

Where <V|_ (t)> is the total inductor voltage over one switching cycle.

According to the inductor volt-second balance principle, when a converter is operating
in steady state under CCM conditions, the net change in the inductor current during the
charging interval is equal to the net change in the inductor current during the
discharging interval over one switching cycle. Applying the inductor volt-second
balance principle to the average inductor voltage will therefore yield a zero net volt-
second balance. The inductor volt-second balance over one switching period is

therefore given as
1 .7
0=—/,5V (t)dt
T, Io L(®
1
= (2(V| —(r|_ + ZrM )||_ ))(D—ZJ

(3.10)
+2(V,—(r|_ +2n)lL —%(Zr,:lo +2VE+Vo )jD’

|
V= (1 + 20y )l — (41 £ £ 4V +2V)D'.
n n

In Eq. (3.10) I is substituted for 15 in order to solve for 1, , the result is given as
n

NV, —4VgD'—2VoD'
I = - , (3.11)
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where . n? (r +2ry )+ 4D

n2

(3.12)

Figure 3.9 shows the equivalent DC circuit of the input section of the ICFFB converter
constructed by from the inductor volt-second balance equation given by Eg. (3.10).

4VEgD'
L r n
VWV &

2VpD’
e R —

Figure 3.9: The equivalent DC circuit of the input section of the ICFFB converter.

Average capacitor current

The average capacitor current is found by taking the integral of the capacitor
instantaneous current over one switching cycle using Eqg. (3.2), (3.5) and (3.7), and it
is given as

(1 ) = =% ic (et

S

\Y \Y \Y
_of_Yo |[p_1li> lo——2 |D'=21gD'——2-.
R 2 R R

Where <IC (t)> is the total capacitor current over one switching cycle.

(3.13)

According to the capacitor charge-balance principle, when a converter is operating in
steady state under CCM conditions, the net change in the capacitor voltage during the
charging interval is equal to the net change in the capacitor voltage during the
discharging interval over one switching cycle. Applying the capacitor charge-balance
principle to the average capacitor current will therefore yield a zero net charge-balance.
The capacitor charge-balance over one switching cycle is therefore given as

1 1..
O0=—[ Sic (t)dt
Ts Io C()

v v Y (3.14)
—2l -0 [ p-Liolig-20 |pr=2i1gD'-~O
R 2 R R

Where Vo
lo = , 3.15
° =ZoR (3.15)

21, D'R

Vo = —Ln : (3.16)
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Replacing 1, in Eq. (3.16) with the value of 1, found in eq. (3.11), and then solving for

Vo Yields
V)
Vo = Y
! 2V .
2D 14 2VF L ner (3.17)
n Vo 4D'°R

Figure 3.10 shows the equivalent DC circuit of the output section of the ICFFB
converter constructed from the capacitor charge-balance equation.

Vo/R
’ >
fic) ¥i *
! - 0 §
= 3R

Figure 3.10: The equivalent DC circuit of the output section of the ICFFB converter.

Figure 3.11 shows the complete DC circuit of the ICFFB converter constructed from a
combination of the inductor volt-second balance equation and the capacitor charge-
balance equation.

4VED'

r O“n D':n _
vl I, >%~§ VSR

Figure 3.11: The complete DC circuit of the ICFFB converter.

DC Voltage transfer function
The DC voltage transfer function of the converter can be derived from Figure 3.11 or

Eq. (3.17) and it given as

M(D) = Vo _ Vi - n
V| ' oV 2 2V 2
2D 14 F . ner v, 201+ F . ner (3.18)
n Vo D'?R Vo 4D'°R

DC Current transfer function
The DC current transfer function of the converter is derived from Eg. (3.15) and (3.16)

and it is given as
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| D’
M() =2 =—. (3.19)
| n
The inductor current ripple

The peak-to-peak inductor current ripple Ai, is the change in the inductor current

during the charging interval or the discharging interval of the inductor. The change in
the inductor current in any operating mode is proportional to the inductor current slope
of that operating mode. The inductor current slope can be varied by varying the
inductance of the inductor. The peak-to-peak inductor current ripple for the ICFFB

converter is derived from Eq. (3.1) in mode 1 and it is expressed as

L d'(;t(t) — V= (r +2ry)IL (3.20)
Qi - M-+ 2Lr|v| IL)OTs (V- tfer)lL )o _ (3.21)
S

Substituting I, with the value of I, given by eq. (3.16) into eq. (3.21) yields

2V|DD,R— nVOD(rL + 2rM )

Qi =
2D'fsLR

(3.22)

The minimum inductor value that is required to maintain the inductor current ripple

within the desired range is derived from Eq. (3.22) by solving for L.

The capacitor voltage ripple

The peak-to-peak capacitor voltage ripple Av. is the change in the capacitor voltage

during the charging interval or the discharging interval of the capacitor. The change in
the capacitor voltage in any operating mode is proportional to the capacitor voltage
slope of that operating mode. The voltage slope can be varied by varying the
capacitance of the capacitor. The capacitor voltage ripple is derived from Eq. (3.2) in
mode 1 and it is expressed as

dve(t)  VoDTg

C 3.23
dt R ( )
VODTS VODmax
A = = ’
ve RC RLmincminfs (3.24)

The minimum capacitor value that is required to maintain the capacitor voltage ripple

within the desired range is derived from Eq. (3.24) by solving for C

min*

Converter Efficiency
The converter efficiency is derived by substituting Eg. (3.18) and (3.19) into eq. (3.25)

and then solving for N as shown below
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Po Volo VoD’ D’
= = = :M(D) .
P| V||| V|n n

(3.25)

Where 1 is the converter efficiency in Watts. The converter duty cycle D is derived from
Eqg. (3.25) and is given as
nVvin

D=1-= (3.26)

3.2.4 Small Signal Modelling of the ICFFB Converter

According to Robert and Dragan (2001) and Czarlcowslci and Kazimierczuk (1992),
the voltage and current waveforms of PWM converters consists of low frequency
excitations (AC components or small AC variations) superimposed on steady state
(DC) components of the waveforms. Fundamentally, each of the waveforms has a DC
component, a low frequency AC component with its harmonics and a high frequency
component of the converter switching frequency with its harmonics (Czarlcowslci &
Kazimierczuk, 1992) .In the design of a converter controller, only linearized average
DC components and low frequency AC components of the waveforms are considered.
Therefore, based on the analysis of Robert and Dragan (2001) and Czarlcowslci and
Kazimierczuk (1992), the averaged inductor and capacitor equations given by Eq.
(3.10) and (3.13) are re-written as

dli, ®)
L <L >Ts
dt
4 rF<|L(t)>T <Vo(t)>T

S S '
- =+ Vp+————|d'(t),
- - F > ®

= (Vi) 7, ~ L+ 2 (L)

(3.27)

B d'©(1L 0), . (Vo ®)r_ | (3.28)

dt n R

The averaged inductor and capacitor equations given by Eqg. (3.27) and (3.27) consist
of the averaged voltage, the averaged current and the averaged duty cycle that contain

DC components and low frequency AC components, which are expressed as

(v, (t)>_|_s =V +V (D), (3.29)
d'(t) = 1— (D+d(v), (3.30)
<i|_(t)>TS =1 +i (1), (3.31)
(Vo (t)>TS = Vo +Vo(l), (3.32)
(Ve (®) = Ve +Vc (. (3.33)
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Equation (3.27) and (3.28) are non-linear due to the time variant quantities (small AC

variations): V| (1), d(t), iL(t), vot) and v (t). In Eq. (3.29) to (3.33), the small AC
variations are superimposed on the DC components. The DC components are given
as v, D, 1, Vg and v.

The next step is to linearize Eqg. (3.27), (3.28) and the equation of the output voltage at
the DC operating point, and to construct the equivalent small signal model of the
converter. In order to linearize the equations, we expand them by inserting the DC
values and the small AC variations, thereafter; we multiply them out and discard all
terms that contain only: DC quantities, AC quantities and the diode forward voltage
drop. The residue of each equation is a linearized equation and consists of first order
AC quantities containing a single AC quantity multiplied by a DC term. The linearized
small signal equations that describe the AC small signal variations of the ICFFB

converter are given as

L%z\?,(t)—iAL(t)(rL+3rM—2rMD)
(D' i () -1 &t) (3.34)
_%{2 i Ok d) +D'\70(t)—Vod(t)}
cVM) _ Vo) ,id® D7) (3.35)
dt R n n
Vo (t)=Ve (t)+1.C d"gt(t) . (3.36)

The next step is to take the Laplace transform of Eq. (3.34) and (3.35), and the results

are given as
SLiL () =V, (s)—rip (s)+rl d(t)+ 2V°nd(s) _=2b Vno (s) (3.37)
sCv, (s)=—vols) ,1d(s) , D (s) (3.38)
R n n
: ArgD’ : Arg
where ris equal to (r,_ +3ry—2ryD+ ::2 J and r, is equal to 2y +n—2.

Figure 3.12 shows the equivalent small signal model of the ICFFB converter derived
from the linearized inductor and capacitor small sighal equations given by Eq. (3.34)
and (3.35).
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Figure 3.12: The equivalent small signal model of the ICFFB converter.

Open-loop Transfer Functions

Figure 3.12 represents the equivalent small signal model of the ICFFB converter as a
system with two inputs and one output. The inputs and output of the system can be
expressed in the Laplace domain as V| (s), d(s) and Vo (s). Where Vg (s) is
the small signal AC output voltage variation of the converter and it can be expressed
as the superposition of compounds derived from the inputs as

Vo (s) =Gyqd (5)d(s)+Gyq (S)V, (S). (3.39)

The small signal open-loop control-to-output transfer function GVod (s) is defined as

Vo (s)
Guod ()3 , (3.40)
Vi(s)=0
And the open-loop line-to-output transfer function Gy ) (S) is defined as
Vo (s)
G S)= :
Vol( ) \'/‘I (S) R (341)
d(s)=0

In Eq. (3.27) solving for i, (s) then substituting the result into Eq. (3.38) and then
solving for v (s) yields the simplified small signal output voltage of the ICFFB

converter which is expressed in the normalized form as

(2[m7| (s)+nryl d(s)+2Vg &(s)JD’R—Zn(sLJr Nl a(S)RX1+ srCC)
n? (sL+r)sRC+4D'2R(1+sr,C)R+n? (sL+r)(1+sr,C)

Vo (s)=

(3.42)

The small signal open-loop control-to-output transfer of the converter is derived from
Eq. (3.40) and (3.42), and expressed in the standard form of a second order transfer

function of a system as
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The open-loop control-to-output transfer function of the ICFFB converter is therefore

Gygd (8)=-Gyq : (3.43)

given as
Vo (S) Vol
GVod (S): ao(s) . __D/(Ro_l_(;C)X
Vi(s)=0
2
s+—- | s- 1] 4D R+D’r1—r (3.44)
CI’C L n2
S C(anR r 4D'?Rr ) nZL}

2, [ (Rerc)+ clt . 4D'2Ran2r
n2LC(R+r1¢) n2LC(R+r1¢)

The small signal open-loop line-to-output transfer function of the converter is derived
from Eq. (3.41) and (3.42), and expressed in the standard form of a second order
transfer function of a system as

S

145
Wzn

2
1+ S + S
Qwo [ wo

The open-loop line-to-output transfer function of the ICFFB converter is therefore given

GVoI (S) = GVO (3.45)

as
Vo (s D'Rr
Cvol (8)= vo((s)) ; ) nL(R+f )
s+t
Cre (3.46)
s| C[ n?r(R+rs)+4D'2Rr j+n2L
s2 . [ ( ( c) c AD'?R+n?r
n2LC(R+rC) n2LC(R+rC)

3.2.5 Design of the ICFFB Converter
Table 3.1 shows the converter design specifications. The parameter and component
values of the converter power stage are determined by using the given design
specifications, the steady state parameter and component equations that were derived

in the converter steady state analysis section.
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Table 3.1: The ICFFB converter design specifications

parameter Value Comments
Output power Py, 50 -900 W At full-load for p, of 1 kW
Input voltage v, 36 -67 VDC With Nominal Voltage of 52 VDC
Output voltage Vv, 100 vDC Galvanic isolation required
Efficiency target N 90 % optimised at full-load
Input current ripple <30% of | For load range 5.5-100 %
Output voltage ripple Avg <1% of v,
Switching frequency f¢ = 50 kHz

DC voltage transfer function calculation
The maximum, nominal and minimum values of the DC voltage transfer function are

calculated by using Eq. (3.18) and they are given as 2.8, 2 and 1.5.

Turns-ratio selection
The turns-ratio n is determined by using Eq. (3.26), with the assumption that the

maximum duty cycle D is 0.45. The calculated maximum turns-ratio is 1.7, but a

max
value of 1.6 was selected. With this value of n, the duty cycle can be varied above or

below its nominal value in proportion to the input voltage range.

Duty cycle
The maximum, nominal and minimum values of the duty cycle are determined by using
Eqg. (3.26) and they are given as 0.49, 0.28 and 0.04.

Selection of Capacitor, Inductor and load Resistor
The minimum value of the capacitor which is required to achieve the specified output

voltage ripple is determined by using Eq. (3.24) and it is given as 173.39 uF . While the

maximum value of the required capacitor ESR is given as 9 mQ.
The minimum value of the inductor which is required in order to achieve an inductor

current ripple equal to 30 % of the minimum input current, and to keep the converter

operation in CCM is determined by using eg. (3.22), and it is given as 47.287 uH.

The required range of the load resistor is determined by using eq. (3.25) and it is given

as 11.11 Q -200 Q.

32



3.3

3.3.1

3.3.2

Boost converter

Modelling of the boost Converter

In this section, the circuit, the operation and the circuit averaging description of a boost
converter are presented. Based on the circuit averaging description of the converter
over one switching period, the parameter and component equations are derived. A
linearized small signal model is also derived from which the small signal input-to-output
and control-to-output voltage transfer functions are derived. The transfer functions are
used later in the design of a controller and in the simulation stage.

Circuit topology
Figure 3.13 shows the circuit of the PWM boost converter without parasitic resistances.

The circuit consists of a DC input voltage v,, one controllable MOSFET switch S, one
high-speed high power diode D,, an input inductor L, an output filter capacitor C and a
resistive load R. Further, the circuit consists of the input current |, the inductor voltage
V|, the inductor current 1, , the diode current Iy, the capacitor current |-, the load
current 1, ,,qand the output voltage v, . The analysis of the boost converter covered

in this section is based on the works of (Robert & Dragan, 2001) and (Kazimierczuk,
2008).

D, ID | Load
P > >

Yr
—9

+ VL - + +
lc

vi© oié C=Vc VosR

Figure 3.13: The circuit of the PWM boost converter.

Figure 3.14 shows the detailed circuit of a non-ideal PWM boost converter with the

series parasitic resistances of the components. In the diagram r|_ is the equivalent
series resistance (ESR) of the input inductor, ry, is MOSFET parasitic resistance when
conducting, Vg is the forward voltage drop across the diode when conducting, rg is
the forward resistance of the diode when conducting and r. is the equivalent series

resistance (ESR) of the capacitor. In the circuit, the full model of the rectifier diode is
depicted as a voltage source in series with a forward resistor enclosed inside dotted

lines.
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Figure 3.14: The detailed circuit of the PWM boost converter.

3.3.3 Converter Steady State Analysis

Operation Principle of the Converter

In the analysis of the boost converter circuit, it is assumed that the converter is

operating in steady state with CCM. With CCM, the operation of the boost converter

over one switching period can be divided into two modes, where one switching cycle is

equal to T,. The MOSFET switch is hard switched by a gate signal at the switching

frequency fg = (1/TS ) with a duty cycle D. Figure 3.15 shows some of the important

switching waveforms of the converter over one switching period. Where the time

intervals DT¢ and D'Tg are equal to one operating period.
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Figure 3.15: The current and voltage waveforms of the boost converter during steady

state switching.
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Where vgg is the gate signal for the MOSFET, i (t) is the instantaneous inductor
current, Ai, is the peak-to-peak inductor current ripple, 1, is the average inductor
current, Vv (t) is the average inductor voltage, ig(t) is the MOSFET instantaneous
current, |, is the average input current, 1 (t) is the diode instantaneous current, DTg is

the switch on-time and D'Tg is the switch off-time.

Figure 3.16 and Figure 3.17 show the operation modes of the boost converter.

Mode 1: DT

Figure 3.16 shows the equivalent circuit of the converter during model. During this

interval the switch S turn on and conducts the inductor current |, , the inductor is

charged up by the source, the diode is reverse biased and the capacitor provides power
to the load resistor. This mode ends when the switch turn off.

ILoad
lcy + +

C VC V0§ R

Figure 3.16: The equivalent circuit of the boost converter during mode 1.

The corresponding differential equations that describe the dynamics of the converter

during this mode of operation are given as

dij (t
L IL() =V|—r|_||_—r|v|||_, (347)
dt

d t V
cdve® _ Vo (3.48)

dt R

Vo

VO =Vc+rc|L0ad =Vc+rc ? (349)

Mode 2: D'T

Figure 3.17 shows the equivalent circuit of the boost converter during mode 2. During
this interval, the switch turn off and the diode is forward biased and conducts the

inductor current 1, . While the inductor discharges current into the output capacitor and

the load resistor via the diode.
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Figure 3.17: The equivalent circuit of the boost converter during mode 2.

The corresponding differential equations that describe the dynamics of the converter

during this mode of operation are given as

LdIst(t) :V|—r|_l|_—r|:ID—V|:—VO, (350)
dve () Vo
c2Yel _, — 2O 3.51
. D~ load =L — & (3.51)
dvc (D)

dt

Average inductor voltage
The average inductor voltage is found by taking the integral of the inductor
instantaneous voltage over one switching cycle using Eg. (3.47) and (3.50), and it is

given as

1 T
v (®) = —[Tsv,_ (Odt,
(Vi ) Te© h (3.53)

= D(V| —r|_I|_ —erL )+ D’(V| —r|_I|_ —r,:l,_ —V|: —VO )

Applying the inductor volt-second balance principle to Eqg. (3.53) yields

1 7
0=——[ sV (Hdt
Ts J.o L()

=D(Vy —r I —rwlL )+D'(Vy =rLlL —relp = Ve = Vo ) (3.54)
=V, = (Dry+r1, +D'rg I =D'VE =DV
=V,-rl. D'V -D'Vg .

Where

r = DrM +In.+ D’I’F . (355)

Figure 3.18 shows the equivalent DC circuit of the input section of the boost converter

constructed from the inductor volt-second balance equation given by Eq. (3.54).
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Figure 3.18: The equivalent DC circuit of the input section of the boost converter.

Average capacitor current

The average capacitor current is found by taking the integral of the capacitor
instantaneous current over one switching cycle using Eq. (3.48) and (3.51), and it is
given as

(Ic () =Tijg~°»ic(t)dt =D(—V?OJ+D’(IL—V?OJ. (3.56)

S

Applying the capacitor charge-balance principle to eq. (3.56) yields
1 7 Vo Vo Vo
O0=—/|[ Slc(t)d=D| ——— |+D'|lf ——— |=| D'———.
T lo c() ( N j ( L~ R L R (3.57)

S

The output voltage is determined by replacing 1, in Eq. (3.57) with the value of 1

found in Eq. (3.54) and then solving for v 4 which is given as

V|
Vo = i
D{1+ VE |, r2 ] (3.58)
Vo D’“R

Figure 3.19 shows the equivalent DC circuit of the output section of the boost converter

constructed from the capacitor charge-balance equation given by Eg. (3.57).

» VO;/R
ooy +
0 | 1 C :3-';1': Vo 2R

Figure 3.19: The equivalent DC circuit of the output section of the boost converter.

Figure 3.20 shows the complete DC circuit of the boost converter derived from the

inductor volt-seconds balance equation and the capacitor charge-balance equation.
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Figure 3.20: The complete DC circuit of the boost converter.

DC Voltage transfer function
The DC voltage transfer function of the converter can be derived from Figure 3.20 or

Eqg. (3.58) and it is expressed as

M(D) = \\//—O

Vv, 1 (3.59)

v, v,
D1+ F v |V D1+ SF 4 D
Vo D’“R Vo D’“R

DC Current transfer function

The DC current transfer function of the converter is derived from Eq. (3.57) and (3.58)

and it expressed as

M) =20 = (1-D)=D". (3.60)

The inductor current ripple
The peak-to-peak inductor current ripple Ai, is the change in the inductor current

during the charging interval or the discharging interval of the inductor. It is derived from
Eq. (3.47) in mode 1 and expressed as

di(t)
dt

L =V|—rL||_—rM||_, (361)

D'2VoR—(r, +1y )V }D
Al = [Vi—ri =l DT z[ oR~ {1+ Vo (3.62)
- L D'f¢LR '

The minimum inductor value that is required in order to maintain the inductor current

ripple within the desired range is derived from Eq. (3.62) and expressed as

’ 2
[Dmin VoRmax — (rL +Im )VO :|Dmin

DminfsAiL (max) Rmax

(3.63)

I—min =
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Where D i, is minimum duty cycle during mode 1, D},;, IS minimum duty cycle during

mode 2, R, IS the maximum load resistor and Ai; (max) is the maximum peak-to-

peak inductor current ripple.

The capacitor voltage ripple

The peak-to-peak capacitor voltage ripple Av. is the change in the capacitor voltage

during the charging interval or the discharging interval of the capacitor. It is derived
from Eqg. (3.48) and expressed as
d t A\
cdve® _ Vo (3.64)
dt R
VoDT VoD
RC  fgRC’

Ave (1) = (3.65)

where Av. is the peak-to-peak capacitor voltage ripple during mode 1.

The minimum capacitor value that is required to maintain the output voltage ripple
within the desired range is derived from Eq. (3.65) and expressed as

VODmax
fsRmin Avc (max)

Cmin = (3.66)
Converter Efficiency
The converter efficiency is derived by equating Eq. (3.59) and (3.60) and then solving

for n as shown below

Po Volo VD’

n= P Vi Vi
= M(D) D’
(3.67)
_ 1
[1+ VE + r j
Vo D'2R
The converter duty cycle is derived from Eq. (3.67) and it is given as
_M(D@)-n
M(D
(3.68)
U ) NV,
M(D Vo
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3.3.4 Small Signal Modelling of the Boost Converter
In order to perform the small signal analysis of the boost converter, the same approach
that was taken for the small signal analysis of the ICFFB converter is considered. The

nonlinear averaged inductor and capacitor equations are re-written as

d{iL ()
L =) O (369
—(VF+<VO (), jd’(t),
d(vc(® ©
C%ﬂ'ﬂ)(k(oﬂs _%_ (3.70)

The next step is to perturb the above equations in order to get linearized equations that
describe the AC small signal variations of the boost converter. The linearized equations
are therefore given as

L%=\7| (t)—ri_(t)—D'Vg (t) + Vo d(t), (3.71)

cAV() _ Vol(t)
dt R

I, d(t)+D"i| (t) (3.72)

The final step is to take the Laplace transform of Eq. (3.71) and (3.72), and the results
are given as

sLi| (s)=V,(s)—ri_ (s)-D'Vo(s)+Vod(s), (3.73)

Vo (8)

SCV(s) =— —I,d(s)+D'i|(s), (3.74)

Figure 3.21 shows the equivalent small signal model of the boost converter derived
from the linearized small signal equations of the inductor and capacitor.
lin(t)

rc
+

Vin (1) L@ c Vo®ZR

Figure 3.21: The equivalent small signal circuit model of the boost converter.
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Open-loop Transfer Functions

The small signal output voltage of the boost converter can be derived from Eq. (3.713)
and (3.724) or from Figure 3.21, and it is given as

v, (s) D'R+VoD'R— Vo (SI,_+ r) d (s)(1+ srCC)

d(s) D LC(rc +R)

Vo(s)= 5 (3.75)
C[r(R+ rc )+ D’ rCR} L .p2%R

+
LC(rc +R) LC(rc +R)

52+S

The converter small signal open-loop control-to-output and line-to-output transfer

functions are derived from Eq. (3.75) and they are given as

G Vo) _  Volc
VOd(S) d‘(s) V| (S):O Dl(rc +R)

1 17,
[S+%][S—L[D 2FQ—I’D (3.76)

12
, C[r(R+rC)+D rCR}rL . D?R
S™+S +
LC(rC + R) LC(rC + R)
G \70(5) D,ch
=—/ s =—X
VOI) Ty (5) 196920 T L(rc +R)
s+ 1o
Cre (3.77)
Cl:r(R+r )+D"?r R}rL >
5 c c r+D'“R
ST™+S +
LC(rc +R) LC(rc +R)

3.3.5 Design of the Boost Converter
Table 3.2 shows the converter design specifications. The parameter and component
values of the converter power stage are determined by using the given design
specifications, the steady state parameter and component equations that were derived

in the steady state analysis section.
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Table 3.2: The boost converter design specifications

parameter Value Comments
Output power Py, 50-900W | At full-load for p, of 1 kW
Input voltage Vv, 36 — 67 VDC | Nominal Voltage: 52 VDC
Output voltage Vv, 100 vDC Galvanic isolation required
Efficiency target n 90 % optimised at full-load
Input current ripple < 30% of || | For load range 5.5-100 %
Output voltage ripple Avg <1% of v,
Switching frequency f¢ = 50 kHz

DC voltage transfer function calculation
The maximum, nominal and minimum values of the DC voltage transfer function are

calculated by using Eq. (3.68) and they are given as 2.8, 2 and 1.5.

Duty cycle
The maximum, nominal and minimum values of the duty cycle are determined by using
Eq. (3.68) and they are given as 0.679, 0.55 and 0.4.

Selection of Capacitor, Inductor and Resistor
The minimum value of the capacitor, which is required to achieve the specified output

voltage ripple, is determined by using Eq. (3.66) and it is given as 244.82 uF.

The minimum value of the inductor which is required to achieve an inductor current
ripple equal to 30% of the minimum input current, and to keep the converter operation
in CCM is determined by using Eq. (3.63), and it is given as 287.91uH.

The required range of the load resistor is calculated by using Eq. (3.67), and it is given

as11.11 Q —200 Q.
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3.4

34.1

3.4.2

Sepic converter

Modelling of the sepic converter

In this section, the circuit, the operation and the circuit averaging description of a sepic
converter are presented. Based on the circuit averaging description of the converter
over one switching period, the parameter and component equations are derived.
Linearized equations are also derived from which the small signal input-to-output and
control-to-output voltage transfer functions are derived. The transfer functions are used
later in the design of a controller and in the simulation stage.

The sepic converter is a fourth order system and that makes it difficult to control,
however, because of its non-pulsating input current characteristic, it is widely used in
battery powered applications where the input voltage to a load has to be stepped-up or
stepped down depending on the state of charge (SOC) of the battery (Ray, 2006). In
spite of the converter’s popular use in battery-powered applications, there is lack of
proper documentation of the topology (Ray, 2006). In this work, a full model of a sepic

converter based on the work of Vorpérian is presented.

Circuit topology

Figure 3.22 shows the circuit of the PWM sepic converter. The circuit consists of an
input voltage v,, one controllable MOSFET switch S, one high speed high-power
switching diode D4, two input inductors L, and L, , two capacitors C; and C, and a
resistive load R. Further, the circuit consists of the input current |, the inductors
voltages v, ; and Vv, ,, the inductors currents | ; and | _,, the capacitors voltages V4
and V.,, the capacitors currents I, and 15, the load current 1 ,,q4and the output
voltage vy . The analysis of the operation of the sepic converter covered in this section

is based on the work of Robert and Dragan (2001), Vatché (2004) and Geethalakshmi
and Sreeram (2014).

L
|| e S I 1 C/l I(El . E:1 . |Lgad
+ V- N g
L1 + VCl- ||_2 A IC2 v
N + o+
V|C> o S é LZ{ A Cox= VC2 VogR
® ° °

Figure 3.22: The circuit of the PWM sepic converter.
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3.4.3 Converter steady state analysis
In the analysis of the sepic converter, it is assumed that the converter is operating in
steady state with CCM. With CCM, the operation of the sepic converter over one
switching period is divided into two modes, where one switching cycle is equal to Tg.

The switch repeatedly turn on and off at the switching frequency f,(fs = /T, ), with the

duty cycle D. Figure 3.23 shows some of the important switching waveforms of the

converter over one switching period. The time intervals DT, and D'Tg are equal to

one operating period.

DTg DTg

o
v
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>

o
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>
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Figure 3.23: The current and voltage waveforms of the sepic converter during steady
state switching.

Where Vgg is the gate signal for the MOSFET, i ,(t) and i ,(t) are the inductors
instantaneous current, Aij 1(t) and Ai ,(t) are the inductors peak-to-peak current
ripple, 1 is the average output current and it equal to 1, .4, Vi 1(t) and v ,(t) are the
average inductors voltage, ig (t) is the MOSFET instantaneous current, |, is the average
input current, 15 (t) is the diode instantaneous current, DTg is the switch on-time and

D'Tg is the switch off-time.
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Mode 1: DT

Figure 3.24 shows the equivalent circuit of the sepic converter during mode 1. The
circuit includes the inductors ESRs r ; and r|_, , the capacitors ESRs r¢; and r-, and

the MOSFET series resistance ry,. During this time interval, the switch turn on and
conduct the input current, both inductors are charging up, C, discharges through L,
and c, provides power to the load. According to Ray (2006), the fact that both inductors
are uncoupled from the load at this interval leads to difficult control characteristics. This
interval ends when the switch turn off.

II 1 r**f‘qu L1 Iand

+ VLl—

Figure 3.24: The equivalent circuit of the sepic converter during mode 1.

The differential equations that describe the dynamics of the converter during this mode

of operation are expressed as

dig, (0

Ll d:li = V| —||_1 (rLl +TI'm ), (378)
chl(t)

1T:_I"2’ (3.79)

dig, (1)
2 Ti = VCl —||_2 (r|_2 +rC1 ), (380)

d t

c, — C2 ®_ Vo (3.81)

dt R

Mode 2: D'T
Figure 3.25 shows the equivalent circuit of the sepic converter during mode 2. During

this time interval, the switch turn off, and both inductors provide current to the load,

1,4 charges Cc; and C, is charged up by the current from both inductors. This mode

ends when the switch turn on.
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Figure 3.25: The equivalent circuit of the sepic converter during mode 2.

The differential equations that describe the dynamics of the converter during this mode

of operation are given as

dig, (®

le—i:VI_ILl (r,_1+rc1 )—Vcl—rF (IL1+IL2 ) (3 82)

~Vp, —Vo,

dvg, (D
1d—: =l (3.83)
di, ()
L2d—2t=—Vo—||_1r|:—||_2 (r,_z +IE ), (384)
dVCZ (t) VO

2 —dt = ||_1 + ||_2 — _R . (385)

Average capacitor current for C;
The average capacitor current for C, is found by taking the integral of the instantaneous

current through Cc, over one switching cycle and it is given as

<i01 (t)> ZTiJgs ic, (t)dt =0,
S
. 1 DTe< - T .
<'cl (t)> =T—[IO Sicy()dt + 53 ic (t)dt}:o (3.86)

<ic1 (t)> -D'l,, - DI, =0.

I, is derived from Eq. (3.86) and it is given as

D

Iy == (3.87)

Iy

Average capacitor current for C,
The average capacitor current for C, is found by taking the integral of the instantaneous

current through C, over one switching cycle and it is given as
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<iC2 (t)> - Tijgs lc,(Hdt =0,

fic2®) = | 7= 1co0dt+ 33, Ic, 0ck| (3.89)

S

: , , Vo
<|C2 (t)>:D Iy +Dlp + = =0,

I_1 is derived from Eq. (3.88) and it is expressed as

Vo

I, > is derived by equating Eq. (3.87) to (3.89) and then solving for 1, , as shown

below
b, _VYo ,
D''2 DR ‘2’
(3.90)
Vo
L2 "R

I_; can also be derived by substituting the value of 1, », found in Eq. (3.90) into Eq.

(3.87) or (3.89) and it is given as

o= 2
L1~ prit2

3.91
 vep (3.92)
L1 " bR

Average inductor voltage for L
The average inductor voltage across L, is found by taking the integral of the inductor
instantaneous voltage over one switching cycle by using Eq. (3.92) and it is expressed

as

(Vi3 ) = = [gsviet =0,

1T T

S (3.92)
V| VoDZI’M VODrLl VODrC]_ Vor,:
D’ RD'2 RD’2 RD’ RD’

0= ~ Vg
~Vo-V¢, -

The voltage across c, Vcl, is derived from Eg. (3.92) and it expressed as
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2
VI D ™ Dr|_1 Drcl +TIe
Vg, = _VO{RD'Z 52z RD —1|—VEg. (3.93)

Average inductor voltage for L»

The average voltage across L, is found by taking the integral of the inductor

instantaneous voltage over one switching cycle and it is expressed as

<V|_2 (t)> = TiIJSVLl (H)dt =0,

(Vi,®) - %[ISTSVLZ (vt I35 Vi, (9t | <0

<VL2 (t)> =DV¢, - (Vo + Ve )D'_'Lz (D’r,: +Drey +1, ) (3.94)
—D,lLlrF :O,
VOrF VOrL2 VODer_ ,
<VL2(t)>:DVC1— R - R - R _VOD
~ VD' =0.

The voltage across ¢, V¢», is derived from Eq. (3.94) and it is expressed as

_Vore | Vori, N VoDbrey . VoD’ VgD’

Vv
€1 7 mrD RD R D D

(3.95)
DC Voltage transfer function

The DC voltage transfer function of the sepic converter is derived from Eg. (3.93) and
(3.95). First, Eq. (3.95) is equated to Eq. (3.93) and then solving for v as shown

below.
VAT Vor VoDr ' !
O'F I OL2 i (@] Cl +VOD +V|:D|: :i
RD RD R D D D’
VoDZrM VODrLl VODrC]_ Vor,:
B 2 2 o ~~VF~Vo,
RD’ RD’ RD RD (3.96)
V,D
Vo I 2,13
\V/ rc,.D+regD . D°+D"r, I
D'| 1+ F+C1 F +L1 M+L2+r,:
Vo RD’ RD’? R

The DC voltage transfer function of the converter is derived from Eg. (3.96) and it is
expressed as

M(D) = D

2,13 '
\V/ rc;,D+rgD .. D“+D%ry 1
D| 1+ F 4 C1 +—1 +—2 4y (3.97)
Vo RD’ RD'? R
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DC Current transfer function
The DC current transfer function of the converter is equivalent to the inverse of the
converter lossless voltage transfer function given by Eq. (3.98)

M(D) = \\//—CI’ -=. (3.98)

The DC current transfer function is derived from eqg. (3.98) and it is given as

_lo_ M D
M) =2 = b =T (3.99)

The inductor current ripple
The peak-to-peak inductor current ripple for L;, Ai, ,, can be derived from either Eq.
(3.78) or (3.82) and it is given as

Aig = Ai;(DTg)—-Ai41(0),
_ [D "V|\R- VOD(rLl I\ )]D (3.100)
Ay, = DLLRT. :

The peak-to-peak current ripple for L, , AiL, , is derived from Eq. (3.84) and it is given

as
Al 5 =Ai o (DTg)-AiL1(Ts),

,
{vo (1+',:]+VF}D' (3.101)
D'R

L2fs

The capacitor voltage ripple
The peak-to-peak voltage ripple for C,, AV(;l, is derived from Eq. (3.83) and it is

expressed as
AVCl = AVC1 (TS ) - AVC_‘L (DTS ),

DVo (3.102)

The peak-to-peak voltage ripple for C, ,AVC2 , Is derived from Eq. (3.85) and it is
expressed as
Avc, =Avc, (Tg)—Avcz (DTs),

DVo (3.103)
RC »fs

AVC2 =
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Converter Efficiency
The converter efficiency is derived from Egs. (3.98) and (3.99), and it is expressed as
_Po _Volo _ VoD’

P V|, VD

_ 1 _ (3.104)
2

V, Dr r Dr D4, D3r

SF 1 + L2 +Ig+ Fy L1 + M

Vo D'R R D'R DIZR D/ZR

1+

3.4.4 Small Signal Modelling of Sepic Converter
According to Ray (2006), the best approach to model both the small signal and large
signal characteristics of the sepic converter is by employing the PWM switch model.
The PWM switch model represents the switching network of a converter, and fully
models the non-linearity of PWM switching converters (Ray, 2006). First, a bit of circuit
manipulations are required to disclose the position of the PWM switch model within the
converter circuit. Once the PWM switch model is located, its average voltages and
currents are determined and linearized. Thereafter, the required voltages and currents
of the converter can be determined. Figure 3.26 shows the PWM switch model and its
invariant terminal characteristics based on the work of Vatché (2004). The switch has
three terminals a, p and c, which are identified as active, passive and common. The
common terminal carries the total switched inductive current in the converter, the

voltage Vap () in all converters is DC, while Vp (t) is pulsating. The PWM switch model

can be used to represent a two-switch switch network in any switching converter such
as the boost, buck, sepic and many others. In the modelling of a switching converter
using the PWM switch model, the switching network is treated as the only non-linear
part of the converter. So by simply replacing the switch network of a converter with the
PWM switch model, a linearized small signal model and large signal model of the
converter can be obtained, and various transfer functions of the converter can also be
derived.
ia () D ic(t)
a O—P—O%—P—O C
+ D’ +
Vap(t) I Vep(t)

p

Figure 3.26: The PWM switch model and its invariant terminal characteristics.

The invariant equations that describe the dynamics of the terminal currents and port

voltages of the PWM switch shown in Figure 3.26 are given as
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ia () =d®ic (),

(3.105)
Vep (1) =d()vap (1)
Averaging Eqg. (3.105) yields
ig =dig,
(3.106)
Vep dv ap

In order to obtain the averaged linearized small signal equations of the PWM switch
model, Eqg. (3.106) is perturbed and expressed as

ig =Dig +1cd,
(3.107)

Vep =DVgp +Vgp d.

Figure 3.27 shows the linearized average PWM switch model with the dependent
current and voltages sources constructed from Eq. (3.107).

P Vad #
I ap I
20— C o
+
Vap l lcd l Di¢ ch
- J) -
p

Figure 3.27: The linearized average PWM switch model with the dependent current and
voltage sources.

In Figure 3.27, the dependent current source ch and the dependent voltage source
D\;ap are transformed into a 1:D transformer. Figure 3.28 shows the resulting linearized
average PMW switch model with the dependent sources replaced with a 1:D
transformer. All the terms driven by the control input d such as &(Vap /D) are moved

to the left side of the transformer.

51



ao > > O C
+ +
Vap Vep

Figure 3.28: The linearized average PWM switch model with the dependent sources
replaced with a 1:D transformer.

In Figure 3.26 to Figure 3.28, the parasitic elements of the PWM switch are neglected.
However, in practical switches the presence of parasitic elements affects the average
port voltages of the switch; therefore, these must be accounted for in the PWM switch
model (Vatché, 2004). Figure 3.29 shows the DC and small signal PWM switch model

with parasitic elements.

ia Y re e
ao———C — C
+ +

l.d 1} D .
Vap l C ch
; _
Y

Figure 3.29: The DC and small signal PWM switch model with parasitic elements.

Where \7Cp, rc and v, are expressed as
Vep =DVap +Vpd—irg,
Vp = Vap +lc e (D-D)+ g~y ) (3.108)
rc =DD're +Drpy +D'rg .
Where r is a high frequency resistance that appears across ports a and p, ry; and

re are the on-resistance of the active and passive terminals of the PWM switch.

Figure 3.30 shows the equivalent circuit of the sepic converter with the switch network
disclosed. The switch network comprises of the active switch (MOSFET) and the
passive switch (Diode). The circuit is obtained by manipulating Figure 3.22 as follows:

D, is moved to the bottom part of the converter and the bottom terminal of L, is moved

further left to the negative terminal of the source. This procedure discloses the PWM

switch model of the converter with its three ports: active, passive and common.
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Figure 3.30: The equivalent circuit of the sepic converter with the switch network
disclosed.

Figure 3.31 shows the equivalent circuit of sepic converter with the switch network
replaced with PWM switch model. Both the large and small signal transfer functions of

the converter can be derived from the circuit.

Figure 3.31: The equivalent circuit of the sepic converter with the switch network
replaced with the PWM switch model.

Open-loop Transfer Functions
The transfer functions that will be considered are the small signal open-loop control-to-
output transfer function and the small signal open-loop line-to-output transfer function.

Figure 3.32 shows the equivalent circuit of the sepic converter with all DC sources, v,
and d set to zero. In order to find the transfer functions, first the denominator D(s) of
the transfer functions is determined, and then the numerators of each transfer function
are determined. To start with, all DC sources, v, and dA in Figure 3.31 are set to zero.

This leads to Figure 3.32 from which D(s) is determined. The small signal open-loop

transfer functions are expressed as

Vo (s) Ng (s)
GVOd(S) = % =Kp % V| (s)=0" (3.109)
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_Vo(s) ., Ni(s)

Guo1(s) =g ey =M e | ds1-0 (3.110)
n. Ll
T o |

Figure 3.32: The equivalent circuit of the sepic converter with all DC sources, v;, and
d setto zero.

Determination of the denominator D(s)

The denominator D(s) is a fourth order polynomial and it is expressed as
_ 2 3 4
D(s)=1+a;S+a,S“+a3sS” +ays . (3.111)

The coefficients a; —a, in EQ. (3.111) are equal to the resistance and reactance seen
looking from ports (1) to (4) of the reference circuit given in Figure 3.33. The reference
circuit is derived by replacing the inductors and capacitors in Figure 3.32 with short
circuits and open circuits. Simplifying Eq. (3.111) yields

2 2
S S S S
D(s)=| 1+ + 1+ + : (3.112)
Wo1Q1 ng Wo2Q2 W(ZJ2

Assuming a moderate to high Q-factor Q, and properly separated resonances, Eqg.
(3.112) is expanded and equated to Eq. (3.111) to get

1
a; = , 3.113
T weiQs ( )
a, ~ 1
25— (3.114)
Wo1
as = : > T : > (3.115)
W01Q1Wgos  Wo2Q2Wg,
1
ag=——"——
2 2 (3.116)
W01W02



The coefficients a; — a4 are determined by applying the N-Extra Element Theorem

(NEET) to Figure 3.33, whereby the resistance and reactance seen from each port is
determined. Figure 3.33 shows the reference circuit for determining the coefficients of
D(s) with normal port conditions. The circuit shows that the resistor r- has been moved

to the active terminal and multiplied by the term (D2)‘1. Vatché (2004), covers a

detailed description of the N-Extra Element Theorem.

IOO

Figure 3.33: The reference circuit for determining the coefficients of D(s) with normal
port conditions.

The coefficients of D(s) are determined by applying the NEET to the reference circuit

given in Figure 3.33 and they are given as

2
D 1
a;=|L1| —| +Ly | = )
1 1[D,J 2 |}, (3.117)
2
D
ao ~L1{Cl+(FJ 02J+L2(C1+C2), (3118)
L.L>Cq
az = —=—— 3.119
3 RD,Z ’ ( )
L,L>C4C
ay ;%. (3.120)

The resonances frequencies and the Q-factors are expressed as

Wor = 1
ol = J
2
Ll Cz(lg),] +C1 +L2(C1+C2) (3121)
0, = R
1:
2 )
D (3.122)
Wo1| L1 N +Lo
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1 1

W02 = +
C,  C, LyCyiC, (3.123)
L, 202
D D'
9, = R
2 = >
Ci(w (3.124)
Woz('—1+|—2)ci[woij
(o]

Determination of the small-signal open-loop line-to-output transfer function
In the expression of the line-to-output transfer function given by Eq. (3.110), the terms
M and D(s) have already been found, while the term N, (s) will be determined next.

The term M relates to the lossless DC voltage transfer function given by Eg. (3.98). On
the other hand, the term N;, (s) relates to the null conditions of v (s) to the

stimulation of v (s) and it is expressed as a factor of N, (s) and N, (s). Where N (s)
corresponds to the first null condition and N, (s) corresponds to the second null

condition. Figure 3.34 shows the equivalent circuit of the sepic converter used to

determine the line-to-output transfer function. The control term d(S) is set to zero.

Figure 3.34: The equivalent circuit of the sepic converter used to determine the line-
to-output transfer function.

The first null condition of v 5 (s) is given by the output zero when it shorts, so that the

first factor of N;, (s) is expressed as

Nin (s)=1+sr ., C2 N2 (s). (3.125)

The second null condition of vV 5 (s), N, (s) is given when fo is equal to zero so that
i, flows through the first impedance branch of (rcq,+1/sC,) and the second

impedance branch of (r_, +sL, ). With V& (s) at null, it follows that both iy and
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iAC are zero, therefore, the voltage across the first and the second impedance branch

can be expressed as
\’/\ap :il(rCl+1/SC1), (3.126)

\’/\Cp :—ihl(rLz +SL2 ) (3.127)

Equation (3.127) is expressed in terms of Eq. (3.126) as \70p = D\?ap and yields
(1(rcy+1/sCy)D =it (L2 +sL2),
1+5Cq (Dreq+1 2 )+5%L,Cq =0, (3.128)

~No(s)=1+ sCl(DrCl+r|_2 )+ sszcl.

Finally, the line-to-output transfer function is determined by substituting the numerator

term into Eq. (3.110) and it is given as

D (1+ SrCZ C2 Xl-i— SCl(DrCl-I- ) )+ 52L2C1)
G

I(s) = =7 '
Vol®) =p 2 2 (3.129)
1+ S + S 1+ S + S
Wo1Q1 W<2:>1 W02Q2 W(2)2

Determination of the small-signal open-loop control-to-output transfer function

In the control-to-output transfer function given by Eq. (3.109), the term D(s) has already
been found, while the terms K5 and Ny (s) are determined next. Figure 3.35 shows

the equivalent circuit of the sepic converter used to determine the control-to-output

transfer function. The source v, (s) is set to zero. The term K is derived from the

expression of the DC voltage transfer function of the converter as shown below

dv
Kp = —2

=V dolli)(lDDJ: 12 '
J— DI

The term Ny (s) relates to the null conditions of v 5 (s) to the stimulations of the

(3.130)

sources (VD/D)é and I.d. The first null condition is given by the output zero,
therefore, Ny (s) is expressed in terms of the output zero as its first factor as
Nd(S)Z(l—FsrczCz)Nz(S), (3131)

where (1+src,C, ) is the output zero.
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The term N, (s) corresponds to the second null condition when iA0 (s) is equal to zero.
With fo (s) equal to zero, applying Kirchhoff current law (KCL) at node “C” and at node
“P” yields

ic(s)=iq+i, (3.132)

icd =Dic —ic =-D'ic. (3.133)

With some manipulation of Eq. (3.132) and (3.133), the second factor of the control-to-
output numerator is determined and expressed as

2 2
L, ( D L,L»,C; ( D
LS%(FJ +s2Cy(Ly+Ly)-s3 %(FJ : (3.134)

Substituting Eq. (3.134) and (3.130) into Eqg. (3.109) yields the control-to-output transfer
function of the sepic converter. The numerator term given by Eqg. (3.134) is
characterised by a real right half plane zero (RHPZ) and a pair of complex conjugate

Zeroes.

wlz(S) c iAC rc |'D"| p
= L g

Figure 3.35: The equivalent circuit of the sepic converter used to determine the control-
to-output transfer function.

3.4.5 Design of the Sepic Converter
Table 3.3 shows the converter design specifications. The parameter and component
values of the converter power stage are determined by using the converter design
specifications, the steady state parameter and component equations that were derived

in the converter steady state analysis section.
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Table 3.3: The sepic converter design specifications

parameter Value Comments
Output power P4 50-900W | At full-load for P, of 1 kW
Input voltage v, 36 — 67 VDC | Nominal Voltage: 52 VDC
Output voltage Vg 100 vDC Galvanic isolation required
Efficiency target 1) 90 % optimised at full-load
Input current ripple <30 % of || | For load range 5.5-100 %
Output voltage ripple Avg <1% of vo
Switching frequency fg =~ 50 kHz

DC voltage transfer function calculation
The maximum, nominal and minimum values of the DC voltage transfer function are

calculated by using Eq. (3.98), and they are given as 2.78, 1.92 and 1.49.

Duty cycle
The maximum, nominal and minimum values of the duty cycle are determined by using
Eqg. (3.104) and they are given as 0.7553, 0.6812 and 0.6238.

Selection of Capacitor, Inductor and Resistor

The values of the capacitors are calculated using Eg. (3.102) and (3.103), and the
values of the inductors are calculated using Eqg. (3.100) and (3.101). While the range
of the load resistor is determined by using the specified design output voltage, minimum
and maximum converter output power. Table 3.4 shows a summary of the calculated

component list for the sepic converter design.

Table 3.4: The component list for the power stage design of the sepic converter

Component Value Unit
C, 135.914 uF
C, 543.65 uF
Ly 100.65 pH
Lo 100.65 uH
R 11.11-200 Q
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3.5

3.5.1

3.5.2

IBVM Converter

Modelling of the IBVM converter

In this section, the circuit, the operation and the circuit averaging description of the
interleaved boost voltage multiplier (IBVM) converter are presented. Based on the
circuit averaging description of the converter over one switching period, the parameter
and component equations are derived. Linearized equations are also derived from
which the small signal control-to-output voltage transfer functions are derived. The
transfer functions are used later in the design of a controller and in the simulation stage.

The interleaving feature of the IBVM converter has advantages of small current ripple,
and offers high voltage gain at low duty cycles (An-Yeol et al, 2013). Further, according
to Eliana et al. (2010), C.A.Ramos-Paja and E. Arango (2011), interleaving reduces the
output voltage ripple and leads to a reduction in size, weight and volume of the circuit
inductors and capacitors. These characteristics make the IBVM converter attractive for
fuel cell power conditioning applications, where the key design objectives are low

current ripple and high output voltage.

The circuit topology

S.Kamtip and Bhumkittipich (2011), J. S. Anu et al. (2012), Omar et al. (2012) and
many others discuss interleaving of boost converters. The IBVM converter considered
herein, is derived from a combination of the interleaved boost converter and the voltage

multiplier boost converter (Rosas-Caro et al.,2010; Rosas-Caro et al.,2011).

Figure 3.36 shows the circuit of the PWM IBVM converter. The circuit consists of a DC
input voltage V,, an inner and outer boost leg, two input inductors L;and L,, three

capacitors C;, C, and C5, two controllable switches s; and s, , four high speed high-

power diodes D4, D,, D3 and D,, an output voltage Vv, and a load resistor R.

Outer boost leg
Inner boost leg

Lo +
— e
s V3R

viO

Figure 3.36: The circuit of the PWM IBVM converter.
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3.5.3 Converter steady state analysis

Operation principle of the converter

In the analysis of the IBVM converter circuit, it is assumed that the converter is
operating in steady state with CCM. In CCM, the operation of the converter over one
switching period can be divided into four modes, where one switching cycle is equal to
T, - The switches repeatedly turn on and off at the switching frequency of f(fs = 1/Tg)

. The two switches are hard switched and operated by two gate signals that are 180°

phase shifted.

Figure 3.37 and Figure 3.38 show some of the important current and voltage waveforms

of the converter over one switching period. The switching time interval tg—t, is equal
to one switching period and consist of four operating modes. Vgg; and Vgg, are the
switch gate signals, i ;(tand i »(t) are the inductors instantaneous currents, 1, ; and
I, are the inductors average currents, Ai ; and Ai , are the peak-to-peak inductors
current ripple, ip () and ip,(t) are the diodes instantaneous current, Vp, (t) and Vp,(t)
are the diodes voltage, ic (t), I() and I3(t) are the capacitors instantaneous
current, vei(t), veo(t) and ves(t) are the capacitors instantaneous voltage, Veq, Veo
and V5 are the capacitors average voltage and Avgq, Ave, and Av g are the peak-

to-peak capacitors voltage ripple.

Figure 3.37 shows the equivalent current and voltage waveforms of the converter with
duty cycle D greater than 50 % in order to warrant a switch overlap between the
switches. On the other hand, Figure 3.38 shows the equivalent current and voltage
waveforms of the converter with a duty cycle less than 50 %, which does not warrant a
switch overlap between the switches. Since operating the converter at duty cycles
above or below 50 % yields different current and voltage waveforms, it becomes a
requirement to consider both scenarios in the modelling of the converter for controller
design purpose. However, the modelling that will be done in this work will only consider
converter operation at duty cycle values equal or greater than 50 %. Therefore, Figure

3.37 is used for the analysis of the converter.

The output voltage of the converter is found by applying the voltage balance principle
of the diode-capacitor combination at the output node, so that the voltage across each

capacitor is approximated as Vg /N and then the output voltage is approximated as

(Nx Vg )/N. Where N represents the number of capacitors connected in series at the
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output node. Fundamentally, the output voltage is equal to the sum of the individual

voltages measured across each capacitor at the output node.
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Figure 3.37: The current and voltage waveforms of the IBVM converter during steady
state switching.
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These waveforms are only applicable for D > 0.5
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Figure 3.38: The current and voltage waveforms of the IBVM converter during steady
state switching.

These waveforms are only applicable for D < 0.5.
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Mode 1 (tg —t1):D-0.5

Figure 4.39 shows the equivalent circuit of the converter during mode 1. During this
mode of operation, both switches s; and S, turn on and conduct the input currenti,,
while the diodes D, D, and D 4 are reverse biased and D4 is forward biased. Both L,
and L, are charged up from the source. If the voltage across C; is lower than that
across Cj, then D5 is forward biased, allowing C3 to discharge current into c, until
the voltage level of C, is clamped to that of C5. This action allows the voltage in all

capacitors to be clamped to the same level over one switching period; hence, it
provides a voltage self-balancing feature for all capacitors. The output voltage is equal

to the sum of the voltage across C, and C3, therefore both capacitors provide power

to the load R. This mode ends when s, turn off.

Vo/R

Figure 3.39: The circuit of the IBVM converter during mode 1.

The corresponding differential equations that describe the dynamics of the converter

during this mode of operation are given as

di 4 (1)
L1#=Vl—|L1(VL1+rM1)a (3.135)
dipo (1) dve (1)
0 2l =V 1ol | Cp— S 1 '™M2, (3.136)
dt dt
d t d t d t
c, ver (1) - _c, Vs ( )+02 Ve ( ), (3.137)
dt dt dt
d t V
Veo (1) Vo , (3.138)
dt R
d t d t d t
Ca ves () _ o Ve )+C2 Ve ( )’ (3.139)

dt 1 Gt dt
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dVeq (t)_ 2Vo
e d R

Where ry,; and ry,, are the series resistance of the switches, r, ; and r_ , are the

(3.140)

series resistance of the inductors, ro,, rc, and re5 are the series resistance of the
capacitors and Cgq is the parallel equivalent capacitance of the series connected

capacitors at the output node.

Mode 2 (t;—-t,): D’

Figure 3.40 shows the equivalent circuit of the converter during mode 2. During this
mode of operation, S, turns off whereas S, stays on and conducts both 1, , and I,
, While b, and D, are reverse biased and D, and D; are forward biased. L,
discharges current through c; while L, is charged up from the source. Similarly to
mode 1, If the voltage across C, is lower than that of C3, then D4 is forward biased
allowing c4 to discharge current into C; until the voltage level of C, is clamped to that
of c5. The output voltage is equal to the sum of the voltage across C, and C5. This

mode ends when S; turns on again.

Vo /R

Figure 3.40: The circuit of the IBVM converter during mode 2.

The corresponding differential equations that describe the dynamics of the converter

during this mode of operation are given as

Ll—dlzlt(t) = Vi-lpa (g +e )~ Ve
s (0 (3.141)
Vcs t
—rc3Cs T—Vcs,
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dip o (1) dveq(t)
Lo—4 ~Vi—fele—| Co—5—*+l2 |'m2 (3.142)
dves (1) dves (1)
VO :rC2C2%+r03 C3 % (3 143)
+VC2+VC3’
dvey(t) dvcs(t) Vo
Ci——==];,,-C — , 3.144
(R L2=Cs— R ( )
d t V,
c, ez __ Vo (3.145)
dt R
dvcsa(t) dvci(t) Vo
Cpq————"=];,,-C — , 3.146
3 gt L2=Ci—g R ( )
dVeq(t) 2Vgo
eq dt = - +||_1. (3147)

Where rg is the series resistance of each diode and Vg is the forward voltage drop

across each diode.

Mode 3 (tz —t3): D-0.5
Figure 3.41 shows the equivalent circuit of the converter during mode 3. All two
switches turn on again. This mode is similar to mode 1 and the corresponding

differential equations are similar. This mode ends when s, turns off.

Vo/R

Ic2

Figure 3.41: The equivalent circuit of the IBVM converter during mode 3.

Mode 4 (t3—t4):D’

Figure 3.42 shows the equivalent circuit of the converter during mode 4. During this
interval, S, stays on and S, turns off and the diodes D; and D5 are reverse biased,
while D, and D, are forward biased. L, is charged up from the source while L,
discharges current into C5. If the voltage across C, is lower than that across C,, then
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D,is forward biased allowing C; to discharge current into C, until the voltage level of

C, is clamped to that of C,. This mode ends when s, turns on again.

D4 Vo /R

o o:/
lco
r'co
C +

D2 -

— ® VogR
lcay B
rc 3§

+
C37= Ves
L 2

Figure 3.42: The circuit of the IBVM converter during mode 4.

dipq (1)
Ly L(;t =Vi=ILg (g + ) (3.148)
dip, (1) dve (1)
LZ—Ldzt =V|_rL2|L2_VF_(C1%+IL2 '
(3.149)
dves (t)
—rC3C3%_VC3'
t \Y/
c dvcl(t):_c2 dvep (1) o (3.150)
dt dt R
d t d t \Y
c, M2 ® _ o dver () Vo (3.151)
dt dt R
dveg (1) dvey (1) dvea (1)
e c , 3.152
dt L2t T2 T g ( )
dv g (1) 2V
. edcl __ RO o (3.153)

Average inductors voltage

The average inductors voltage is found by taking the integral of the inductors
instantaneous voltage over one switching cycle by using Eq. (3.135), (3.141), (3.136),
(3.142), (3.148) and (3.149), and they are expressed as

1 T VoD’
Vi) ==—]-Sv 1()dt=V,-rl ;- VeD- ,
(Vi1 (®) T, Jo3via(t) 1 —TlL1—VE 5 (3.154
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<VL2 (t)> = TLJJSVLZ (t)dt,

y - (3.155)
, Vormz oD’
:V|—r2I|_2—V|:D— R - > .
Where
r=r|_l+r|:D'+rM1D, (3156)
rp =rL2 +rvzD. (3.157)

Average capacitor current

The average capacitor current of each capacitor and the equivalent capacitor current
through the output node is found by taking the integral of the capacitors instantaneous
current and the equivalent capacitor instantaneous current over one switching cycle.
using Eq. (3.137), (3.138), (3.139), (3.140), (3.144), (3.145), (3.146), (3.147) ,(3.150),
(3.151), (3.152) and (3.153), and they are expressed as

. 1 . /
<|C1(t)> ZT—IC-)I—S ICl(t)dt =|rM2D—||_2 +IFD ,
S

(3.158)
. 1 1. VO dVC]_ (t)DI
i t))=—[.Si t)ydt=—-Cy ————,
<i t _ 1 Ts d
ca®)==—lg%ica (t)dt
S
d t d t)D 3.160
:C2 V((:ji( )_Cl VC(::th( ) +IL1D'+IFD” ( )
) 1 i 2V
<'Ceq (t)>=ffgslceq (dt =1, D'~ =2 (3.161)
Where

Vo
I =—+l 5, 3.162
Mz =5p +lL2 ( )

Vo

e =1} 5 ———, 3.163
F=llo—25 ( )

2Vo
= . 3.164
L = RD' ( )

DC Voltage transfer function
The IBVM converter consists of two legs of boost converters interleaved together, and

any boost leg can be used to derive the DC voltage transfer function of the IBVM
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converter. Two DC voltage transfer functions are derived from the two boost legs using
Eqg. (3.161), (3.155) and (3.154), and they are expressed as

MD1) Vo 2
1 = = ’
\Y 2V, 1
| D,[1+ 2r | F] (3.165)
rRD'2 Vo
MD>) Vo 2
2 = = .
\ o1, 22 +2rM? L Ve (3.166)
RD'2 RD"  2Vg

Where M(D ;) is the DC voltage transfer function derived with respect to the inner
boost leg of the converter and M(D, ) is derived with respect to the outer boost leg.

Eq. (3.165) and (3.166) will yield the same results for lossless conditions, but for non-

lossless conditions, there will be a negligible difference.

DC Current transfer function
The DC current transfer function of the converter is equivalent to the inverse of the
lossless DC voltage transfer function and it can be derived from Eq. (3.165) or (3.166),

assuming lossless conditions, and it is expressed as

I I D'
Ml =2 =9 - (3.167)
Lo 2
The inductors current ripple

The peak-to-peak inductors current ripple AiL; and AiL, are derived from Eq. (3.135)

and (3.136), and they are expressed as

Vo (D,ZR—Z(rLl-Fer))D
Ailq = )
1 2D'RL f4

(3.168)

Vo (DD’ZR—Z(rLZ +rM2)D—2D'rM2) (3.169)
AiLy = ' |
2 2D'RL ,f

Where AiL, and AiL, are the peak-to-peak current ripple of L, and L, . The minimum

inductance required for each inductor in order to maintain the inductor current ripple
within the desired range is determined by using Eq. (3.168) and (3.169). The reviewed
literature recommends setting the inductor current ripple to double the average input

current in order to guarantee good converter control dynamics.
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The output capacitor voltage ripple
Given that the capacitance and the voltage across all capacitors are equal, the
capacitor voltage ripple across the equivalent capacitance at the output node is derived

by first determining the voltage ripple across C, using Eq. (3.138). The voltage ripple

across C,, Avc,, and the voltage across its series resistance V,c, are expressed as

AV, = 0P 3.170
€2 7 2C,Rfg (3.170)
Vic2 =rcalca- (3.171)
Where
lo
| = — 3.172
c2=71p ( )

Since the output voltage is measured across C, and Cg, it follows that the output
voltage ripple across the equivalent output capacitor is a sum of the voltage ripple

across Coand Cgz, and it is expressed as

AVO ZZAVCZ +2rC2|C2. (3173)

The minimum value of C, required to maintain the voltage ripple across C, within the
desired range is determined using Eq. (3.170). Based on the assumption that the
capacitance for all the capacitors are equal, the required capacitance for C; and C3

is determined using Eq. (3.170).

Converter Efficiency
The converter efficiency is derived by substituting Eq. (3.165) and (3.167) or (3.166)
and (3.167) into (3.174) and then solving for n as shown below

Po Volo VoD’ D’
-0 _ - =M(D) —, .
=BTV 2y, O (3.174)

The converter efficiency can also be expressed in terms of the DC voltage transfer

function of the inner and outer boost legs by replacing M(D) in Eq. (3.174) with Eq.
(3.165) or (3.166) to get

(D) = ! ,
( 2r  2Vg +1J (3.175)
RD'2 Vo
M(D 5 ) = ! ,
(1_'_ 2r2 N 2rM2 N V|: j (3176)
RD’Z RD’ 2Vp
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where nM(D, ) is the converter efficiency expressed in terms of the DC voltage transfer
of the inner boost leg and nM(D ,, ) is the converter efficiency expressed in terms of the

DC voltage transfer of the outer boost leg.

3.5.4 Small Signal modelling of the IBVM Converter
In order to perform the small signal analysis of the IBVM converter, the same approach
that was taken for the small signal analysis of the ICFFB converter is considered. The

non-linear averaged inductor equations and equivalent capacitor equations are re-

written as
d(iLa(0)
L =(V®); —r{lLa®) 7 —Ved'®
(3.177)
(vo ('f)>TS d'(t)
_ ] 1
d{i2 (1))
Lo ” Ts :<VI (t)>TS —Iy <IL2(t)>T3 - Vg d'(t)
(3.178)
oty (%7
d(Vceq(0) 2(vo )
Ces dt = =d'(t)<l,_2(t)>TS - - Ts (3.179)

The next step is to perturb the above equations in order to get linearized equations,
which describe the AC small signal variations of the IBVM converter. The linearized

equations are therefore given as

Ly diLdlt(t) =V, (t)—ri1(t)- PYo (t);VO d(t)’ (3189
Lo P2 g (1) ry i, (- YO Witz
A ) (3.181)
_Vo(t)D' Vod(t)
2 2
Con Veeq (1) 2Vp (1) 1, d(t)+Di 5 (t). (3.182)

dt

The final step is to take the Laplace transform of Eq. (3.179), (3.180) and (3.181), and
the results are given as

D'V (s)- Vo d(s)

. (3.183)

sLyip1(s) =V, (s)-ri 1(s)-
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SLoila(s)=V|(s)-rai|, (s)_m

R
_Vo(s)D'  Vod(s)
2 2
2Vg (s)

SCeqVeeq (8) =— ~1 5 d(s)+DiL2(s).

Converter Open-loop Transfer Functions

derived and they are given as

Vo (s)L1)=

2V (s)D'R+VoD'Rd(s) (1+src c )
eq~eq
~ X
2Vp d(s)(sL+r) L1Ceq (R+2Tceq)
Df
12
Ceq(r(R+rCeq)+D RrCeqj+2L1+ 2r+D'2R
L1Ceq (R+2rceq) L1Ceq (R+2rceq)

S™+S

2V, (s)D'R+ VoD'Rd (s
1 (s) o (s) (1+SrCequq)

Vo (s)lLo )= s
o)L2) C2Vod(s)sta+rz) | LpCeq(R¥ 21ceq)
D'

32 is Ceq (rz (R+ rceq)+ D'rceq (D’R+ 2rM2 ))+ 2L2
cheq (R-‘r ZrCeq)

+ 2(|’2 + D'rM2 )+ D’ZR
cheq (R+ 2rceq)

output voltage derived with respect to the outer boost leg of the converter.

functions were derived and they are given as
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(3.184)

(3.185)

The small signal output voltage of the IBVM converter can be derived from a
combination of Eq. (3.183) and (3.185) via the inner boost leg, or Eq. (3.184) and
(3.185) via the outer boost leg. Two expressions of the small signal output voltage were

(3.186)

(3.187)

Where v (s)(Ll) is the converter small signal output voltage derived with respect to

the inner boost leg of the converter, while v (s)(LZ) is the converter small signal

The converter small signal control-to-output transfer function can be derived from Eq.

(3.186) or (3.187). Two expressions of the small signal control-to-output transfer



GVOdl(S): ,\VO

dq(s)

V| (s)=0

12
2Volceq s+# s—i DR —-r
rCEquq Ll 2

D'(R+2rceq) (3.188)

Ceq (r(R+ fceq )+ D’ZRrCqu r2L,
LlCeq (R+ 2 rceq)

SZ+S

. 2r+D'°R
L]_Ceq (R+ 2rCeq)

Gvods (s) = aVA‘ZS)
2

V| (s)=0

2
2Volceq s+; s—i DR -y
rCequq L2 2

D'(R+ 2rceq) - (3.189)

52 is Ceq (rz (R+ rCeq )+ D,rCeq (D’R+ 2rM2 ))+ 2L2
cheq (R+ 2rCeq)

N 2(r,+D'ry )+ D'?R
L2Ceq (R+ 2rceq)

Where Gvpd;(s) is the small signal control-to-output transfer function derived with
respect to the inner converter boost leg, while Gvgd, (s) is the small signal control-

to-output transfer function derived with respect to the outer converter boost leg.

3.5.5 Design of the IBVM Converter
Table 3.5 shows the design specifications of the IBVM converter. The parameter and
component values of the converter power stage are determined by using the given
design specifications, the steady state parameter and component equations that were

derived in the converter steady state analysis section.
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Table 3.5: The IBVM converter design specifications

parameter Value Comments
Output power P4 50-900W | At full-load for P, of 1 kW
Input voltage v, 36 — 67 VDC | Nominal Voltage: 52 VDC
Output voltage Vg 200 vDC Galvanic isolation required
Efficiency target n 90 % optimised at full-load
Input current ripple < 30% of I, | For load range 5.5-100 %
Output voltage ripple Av g <1 % of Vo
Switching frequency f¢ = 50 kHz

DC voltage transfer function calculation
The maximum, nominal and minimum values of the DC voltage transfer function are
calculated using Eq. (3.165) and (3.166), and they are given as 5.56, 3.85 and 2.99.

Duty cycle
The maximum, nominal and minimum values of the duty cycle are determined
using Eqg. (3.175) and (3.176), and they are given as 0.676, 0.532 and 0.398.

Selection of Capacitor, Inductor and load Resistor

The values for the capacitors are calculated using Eq. (3.170) and the values for the
inductors are calculated using Eq. (3.168) and (3.169). While the minimum and
maximum values of the load resistor required to achieve the specified minimum and
maximum output power can be calculated using Eq. (3.175) or (3.176). Table 3.6 shows

a list of the component values for the converter power stage design.

Table 3.6: The component list for the power stage design of IBVM converter

Component Value Unit
C1,Cy & C3 244.82 MF
fc1:fc2 &rcs 17.8 mQ
Ly & Ly 288 & 287.31 MH
Rmin& Rmax 44.44 & 400 Q

3.6 Conclusion
Table 3.7 shows a summary of the converter topologies. The table directly compares

the performance characteristics of the converter topologies. As shown in the table, the
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ICFFB converter offers: isolation of the input voltage from the output voltage, very high
power handling capability, high component count, high voltage boost ratio and no input
current ripple and input voltage ripple cancellation. On the other hand, the IBVM
converter offers: very high voltage boost ratio, input current ripple and input voltage
ripple cancellation, high component count and high power handling capability. While
the boost converter and the sepic converter offer: low voltage boost ratio, no input
current ripple and input voltage ripple cancellation, low and medium component count
respectively. A comparison of the performance characteristics of the converter
topologies, shows that the IBVM converter is more favourable for the design of a
PEMFC PCU compared to the other topologies.

Table 3.7: A summary of the converter topologies

Performance characteristic Converter Topology

index ICFFB Boost Sepic IBVM
Voltage boost ratio High Low Low Very high
Input current ripple cancellation | Nil Nil Nil High
Input voltage ripple cancellation | Nil Nil Nil High
Component count High Low Medium High
Control complexity Medium Low High Medium
Isolation of output from input Yes Nil Nil Nil
Power handling capability Very High | Low Low High
Efficiency VoD’ VoD’ VoD’ VoD’

Vin V| V,D 2V,
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4.1

4.2

CHAPTER 4
CONVERTER CONTROL, SIMULATION RESULTS AND DISCUSSION

Introduction
In this chapter, the design of controllers, the simulation results of the open-loop and the
closed-loop models and the discussion of the simulation results for the four converter

topologies discussed in chapter 3 are presented.

The simulation of the converter models was done in order to verify the circuit modelling
and the converter designs carried out in chapter 3. MATLAB/Simulink 2014a student

version software was used for simulation.

Converter Control

In principle, the essence of converter control is to maintain the output voltage of a
converter at a fixed and desired voltage level when system conditions such as input
voltage and load current change. In this section, the term feedback is used
interchangeably with closed-loop.

Figure 4.1 shows the simplified circuit of a PWM DC — DC converter with current mode
feedback control (CMFC). The feedback network samples and attenuates the output

voltage Vg (t) and feeds it to the controller, which then produces a control voltage for
the modulator. Vg (t) entirely relies on the duty cycle d(t), the load current i .4 (t)
and the input voltage Vv, (t). According to Robert and Dragan (2001), Kittipeerachon
and Bunlaksananusorn (2004), and Mark (2007), in the design of regulated converters,
invariably the objective is to keep the output voltage of a converter constant at a desired
level in spite of variations in the input voltage and load current. The above converter

design constraints can be overcome by using a compensated feedback circuit as the

controller, where the output voltage is made to conform to its reference.
Converter Power Stage

| Inductors, Capacitors + _
Vi (t) Switches & Diodes. R 3=VO ®) Ioad ()
— /]

—> } Control Input Output
d(t)
¢ Voltage

Feedback
Controller[ € "oorrk  [€

4}

Control Signal

Figure 4.1: The simplified circuit of a PWM DC — DC converter with CMFC.
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42.1

The function of a compensated feedback circuit is to maintain the output voltage at a
fixed and desired level in spite of variations in the input voltage and load current. This
uses negative feedback control. Negative feedback control can be realised by using
voltage mode feedback control (VMFC) or current mode feedback control (CMFC).
VMFC is ideal for simpler topologies such as the boost converter and the isolated
current full-bridge converter, while CMFC is ideal for both simpler and complex
topologies such as the sepic converter and the IBVM converter.

Dixon (1983), discusses the design of compensated circuits for VMFC and CMFC.
Middlebrook (1987), Middlebrook (1989), Kazimierczuk (2000) and Bryant and
Kazimierczuk (2005), state that the knowledge and understanding of the frequency
response of the open-loop system of the converter power stage is required when
designing compensated feedback circuits. The frequency response of the open-loop
system of a converter power stage is determined by plotting bode-plots of the converter
small-signal transfer functions. Small signal converter transfer functions are crucial in
the design of a converter controller, and they are vital in predicting the stability and
transient response of the converter system with feedback control (Robert & Dragan,
2001).

Open-loop control

According to Kittipeerachon and Bunlaksananusorn (2004), the distinguishing
characteristic of an open-loop control system is its inability to compensate for any
variations in the input variables of the system. The output voltage of a converter is
simply commanded by the duty cycle; as a result, the open-loop control circuit does not
correct for any variations and has no capability to keep the output voltage constant
when variations arise. As result, any variations in the input voltage and load current will

cause the converter output voltage to deviate from the reference value.

Figure 4.2 shows the block diagram of a PWM DC — DC converter with open-loop
control. The block diagram comprises of the open-loop control circuit, the converter
power stage, three inputs and an output-controlled variable. The open-loop control

circuit consists of two INpUts Vg0 (1) @Nd Vggauiootn(t) @nd an output d(t). The two

inputs are fed to the pulse-width modulator block, where a PWM signal with duty cycle

d(t) is produced and then fed to the gate driver block. The gate driver block amplifies
the PWM signal to higher voltage. The converter power stage block consists of a control
input, variations in v (t) and i ,q (t) and an output voltage v (t). The output voltage

is a function of the duty cycle, the input voltage and the load current.
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4.2.2

converter power stage
v (1) Vo (0 =TV O)iiioaa(t).d(t)
——>

i t }variations
___________ open-loop control eyt 1oad D)y o)
: Veontrol (1) i
' = pulse—width d(t) gate id(t) )
'Veantooth (1) —> ——>] }control input
E » modulator driver :

Figure 4.2: The block diagram of a PWM DC — DC converter with open-loop control

Figure 4.3 shows the input and out voltage waveforms of the pulse-width modulator.

The pulse-width modulator produces a PWM signal with duty cycle d(t) by comparing
its two INPULS Vool (1) @Nd Vgauiootn(t) - When the control voltage is greater than the
sawtooth voltage, the pulse-width modulator outputs a high signal and vice versa.

Therefore, the duty cycle and frequency of the PWM signal can be increased or
decreased by varying the control and sawtooth voltage. In the diagram, DT, denotes

the time interval when the PWM signal is high, while D'T¢ denotes the time interval

when the PWM signal is low.

A

Vsawtooth (t) V | (t)
contro

0 >
d (t)“ D;rs
D'Tq
0 y > {

«— Ty —

Figure 4.3: The input and output voltage waveforms of the pulse-width modulator.

Feedback control (Closed-loop control)

Feedback control is defined as the ability of a system to keep the controlled variable
constant, with the capability to compensate for any variations in the input variables
(Norman, CONTROLS SYSTEMS ENGINEERING). In converter control applications,
feedback control can be classified into voltage mode feedback control (VMFC) and

current mode feedback control (CMFC).

According to Hangseok (2011), the disadvantages of open-loop control such as
sensitivity to variations and incompetence to correct for these variations can be solved

by using negative feedback control. Here, a compensated feedback circuit
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4.2.3

automatically adjusts the duty cycle in order to obtain an output voltage proportional to
the output voltage reference. The control method involves comparing the measured
converter output voltage to the output voltage reference in order to generate an error
(difference) voltage, which is then used to influence the actual value of the converter
output voltage. Invariably, PWM DC — DC converters require negative feedback control
in order to regulate the output voltage to that of the output voltage reference. Negative
feedback control reduces the error voltage between the converter output voltage and
the output voltage reference. This mechanism keeps the converter output voltage

constant in spite of variations.

Voltage mode feedback control

With VMFC, the converter output voltage is sampled by a feedback network and then
fed to a compensated voltage error amplifier (EA). The compensated EA compares the
sampled converter output voltage to a fixed output voltage reference, and then
produces an error voltage proportional to the difference between the output voltage
reference and the actual measured converter output voltage. The error voltage is fed
to a pulse-width modulator as the control signal, where it is then used to produce a
PWM signal for the switching devices. Figure 4.4 shows a compensated type Il EA,
which is also known as Integral-double lead controller. The EA consists of an output

voltage reference Vg, the converter output voltage feedback Vg, a feedback
impedance Z;, an input impedance Z; and an output control voltage (error voltage)
V.. hq; is the h-parameter of the resistive feedback network. The EA subtracts Vog
from Vggr in order to produce a control voltage V-, which is then fed to the pulse-

width modulator. An in depth study and design procedure of the type Il voltage EA is

covered by Kazimierczuk (2008) and many others.

Figure 4.4: Compensated type lll Voltage Error Amplifier

Figure 4.5 shows the block diagram of a PWM DC — DC converter with compensated

VMFC. The block diagram consists of an output voltage reference Vg, an output
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voltage feedback vy, an error voltage V. (s), a control voltage V(s), a resistive
feedback network gain 3 , an EA gain G, (s), a pulse-width modulator gain G, (s), a
gate driver gain G4 (s) and the converter power stage with three inputs and an output.

Compensation of the EA reduces the error voltage, stabilises the closed-loop gain
G (s), ensures fast response to variations and ensures sufficient gain margin (GM)

and phase margin (PM).

converter power stage

Vo () =1 (Vi (8)iitoaq(s)d(s))
Vi (s)
i10ad (S) }variations Vo(s)
VoRr (8) Ve (s Ve d(s) d(s
OR e(s) GC(S)—(S)> Gm(s)—)Gd(S)L) }Control input

Vor(s)

B [«

Figure 4.5: The block diagram of a PWM DC - DC converter with compensated VMFC.

Figure 4.6 shows the equivalent small-signal block diagram of a PWM DC — DC
converter with VMFC. Several small signal transfer function expressions are derived

from the diagram. The diagram depicts a converter as a system with three independent

sources V| (S), Vor (S) and i, (s) and a single output Vg (s). The signals with
the hat () symbol represent the AC component of the signals. v, (s) is the low
frequency voltage ripple variation and fluctuations of the input supply voltage. The
converter small signal forward path voltage gain A, is determined by assuming that
Vo (s) is constant and then setting Vo (S) to zero, and it is given as

Vo ()

A=—
Ve (S)

=G (S)Gm (8)Gd (8)Gy g (S)- (4.1)

The loop gainT(s), which is the total gain around the negative feedback loop, is given

as
Vo (s)
T(s) = % =BA =BG (S)Gm (8)Gy (S)Gyqd (S)- (4.2)
The AC variations of the converter output voltage is given as
~ ~ GV (S) ~ Z
70 (9)=Vor (5) 4 V1 ()12 s (0725 (@43)

Equation (4.3) indicates that feedback reduces the line-to-output transfer function

GVo' (s), and the control-to-output transfer function Gvod (s) by afactor of J/(1+T(s))
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. Assuming a very large loop gain, the reference-to-output transfer function is

expressed as

Vo(s) 1
G S)=———==.
voR (8) Vor(S) B (4.4)
Analysing Eqg. (4.4) shows that the reference-to-output transfer function is independent

of the converter forward path gains, therefore below the crossover frequency f. , the
loop gain has a large magnitude and the reference tracks the output very well. The
cross over frequency is defined as the frequency where the gain margin (GM) of a
system is equal to one or 0dB . The control voltage-to-duty cycle transfer function of
the pulse-width modulator is given as

1
Vim

Gm(s)= (4.5)

Where v is the amplitude of the sawtooth voltage. The transfer function of the

compensated error amplifier is given as

_Z:(8)

G¢(s)= Z.(s)

(4.6)

The transfer functions derived from a converter without feedback control are referred
to as open-loop transfer functions. On the other hand, transfer functions derived from
a converter with feedback control are referred to as closed-loop transfer functions. The
closed-loop transfer functions of a converter with VMFC are derived from Eq. (4.3), by

setting only one independent source active at a time and the rest to zero.

Converter Power stage

LV (s)
5 G
Pulse-width | ] O>Cvoits

Compensa}or Modulator | Gate Driver,,

Vor(s) —Ve(S) Ve (s) d(s) d(s)!
G (S—»|Cm() —p{Gy (S—+>

VAOF (S) b eeccececccccccccncnncccacnaand
Feedback Gain

B |«

Figure 4.6: The equivalent small-small signal block diagram model of a PWM DC - DC
converter with VMFC.
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4.2.4 Current mode feedback control
Current mode feedback control (CMFC) consists of a current loop and a voltage loop.
The current loop controls the inductor current of a converter and adjusts the duty cycle
in proportion to the inductor current variation, while the voltage loop controls the output
voltage of a converter and sets a reference voltage for the current loop that is proportion
to the output voltage variation.

Currently, there are many forms of CMFC. In this work, peak current mode feedback
control (PCMFC) is considered for the control of a sepic converter and IBVM converter.
The PCMFC that will be covered herein is based on the work of Ridley (1990), Ridley
(1991), Ridley (1999), Robert and Dragan (2001), Vatché (2004) and Andrea (2011).

In the reviewed literature, it is widely reported that the current loop in PCMFC is
inherently unstable for duty cycle values greater than 0.5 due to sub-harmonic
oscillations. In order to stabilise the current loop, an external ramp voltage is added to
the inductor current and the sum is subtracted from the control voltage of the modulator,
thereby damping the oscillations and compensating the current loop (Tan &
Middlebrook, 1995; Vatché, 2004; Kazimierczuk, 2008). Compensation of the current
loop is also recommended for duty cycle values less than 0.5 due to noise signals
prevalent in switch mode converters (Andrea, 2011). Figure 4.7 shows the block
diagram of the invariant model of the current controlled PWM (CC-PWM) switch with
external ramp for compensation developed by Vatché Vorpérian. The model consists

of a clock, an S-R latch, a PWM switch, a comparator, a ramp voltage Vranp , a
compensated control voltage V., a voltage sensor R;, a pulsating terminal voltage
V¢p () and a steady DC terminal voltage V 4, (t) . The invariant model of the CC-PWM

switch can be used to replace the switching elements of any switching converter using

PCMFC. A clock with a constant period Tg repeatedly sets the S-R latch to initiate the
on-time of the converter switch. R; measures the inductor current and converts it into

a voltage signal, and Vamp compensates for the sub-harmonic oscillations of the
current loop. Whenever the sum of R; and Viamp is greater than v, the comparator

resets the S-R latch. Figure 4.8 shows the invariant waveforms of the CC-PWM switch

model (Vatché, 2004). Where S,, is the positive slope of the inductor current during

DTs, Sy is the negative slope of the inductor current during D'Tg, S, is the slope of

the external ramp, 1. is the current of the common terminal and V. is the

C

compensated control voltage of the voltage loop.
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Figure 4.7: The block diagram of the invariant model of the CC-PWM Switch with
external ramp compensation for stability.
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, —>
s

Figure 4.8: The invariant current and voltage waveforms of the CC-PWM Switch model
with external ramp compensation for stability.

The equations that describe the waveforms of the CC-PWM switch model in Figure 4.8

are given as
VacRi  VapD'R;

g —_racTi _ _"@p , 4.7
n 3 - (4.7)

Vep Rj
Sf=—P L (4.8)

L

S¢D'T

Ve =IgRj+=—1—-S +5.DTq, (4.9)

where L is the effective inductance of the converter that determines the slew rate of the

current slope.

Figure 4.9 shows the average large signal model of the CC-PWM switch model with
external ramp compensation. The figure corresponds to the effect of the control law on
the average quantities of Eq. (4.9) and the invariant equations of the PWM switch given

in chapter 3.
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Figure 4.9: The average large signal model of the CC-PWM Switch model with eternal
ramp compensation.

Figure 4.10 shows the small-signal model of the CC-PWM switch model with external
ramp compensation. The small-signal model of the CC-PWM switch model is obtained
by perturbing the large-signal average equations given in Figure 4.9. It is noteworthy
to remember that C, is used to model the sub-harmonic oscillations of the current loop.

The small-signal model of the CC-PWM switch is used for linear controller design and
stability analysis of PWM DC — DC converters with PCMFC.

i
»3 3¢ ocC

ao
+ +
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Figure 4.10: The small-signal model of the CC-PWM Switch model with external ramp
compensation.

The presence of an S-R latch in the CC-PWM switch model introduces a sample and

hold effect in the control loop, which results into an open loop sampling gain Hg (s),

common to the denominator of the small-signal dynamics of all PWM DC - DC
converters operating in CCM with PCMFC. The modelling of H, (s) is thoroughly

discussed by Middlebrook (1989), Ridley (1990) and Vatché (2004) and it given as

He (s)=1+ + (4.10)

wp?

wnQp
where Q,, is equal to I/TT|D'(Sg /S )+1/2-2], w, is equal to wg /2 and wg is
the angular frequency of the converter switching frequency. For design purposes, it is
noteworthy to remember that Eq. (4.10) is only accurately modelled for frequencies up

to half the converter’s switching frequency.

84



4.3

43.1

In order to design a peak current mode feedback (PCMF) controller, first the small-
signal control-to-output transfer function Vg /V; must be determined by performing

the necessary circuit manipulation as described by Vatché (2004).

In summary, the design of compensated feedback control circuits, performance
analysis and stability analysis of PWM DC — DC converters is dependent on the
average linearised low-frequency small-signal models of converters and controllers.
First, a knowledge and understanding of the frequency response characteristics of the
open-loop system of the converter power stage is required. Here, the two major points
to consider are the gain and the phase of the converter open-loop system. Once these
have been determined, an appropriate compensator circuit can be selected in order to
fine-tune the gain margin (GM) and the phase margin (PM) of the closed-loop system

to ensure stability.
Control and Simulation of the ICFFB Converter

Control of the ICFFB Converter

Figure 4.11 shows the circuit of the ICFFB converter with open-loop control. The circuit
consists of the power stage, the MOSFET gate drivers and the pulse-width modulator.
The open-loop control of the converter is achieved by means of the open-loop control

circuit, which consists of the pulse width modulator.

L
Dy D3
HFT +
VIC Cr 02R <V>iload
D, Dy
Inverted non-Inverted - =
gate gate signal Pulse-width modulator
signal g-oeeeeeeeeeeeeectons Y
: : s
+
2 V
A + : I ¢
V, :
1 ~Gs @Vsawtooth

Figure 4.11: The circuit of the ICFFB converter with open-loop control.

Figure 4.12 shows the circuit of the ICFFB converter with VMFC. The circuit consists

of a resistive feedback network (FN) with resistors R, and Rg, a compensated EA

voltage mode controller, a pulse-width modulator, the gate drivers and the power stage.
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The pulse-width modulator compares V. t0 Vgauoon @nd then produces a PWM signal
with duty cycle d(t) and the gate drivers amplify d(t) to a higher v amplitude, which
is then used to control the switching of the MOSFETSs.

+
CT VogR <V>|Ioad
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L
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Inverted Compensated EA Feedback
gate non-Inverted ] Network
signal gate signal Pulse-width
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Table 4.1 shows the parameter and component values for the feedback network, pulse-
width modulator and compensated EA of the designed ICFFB converter. A MATLAB

sawtooth}

Figure 4.12: The circuit of the ICFFB converter with VMFC.

code was used to calculate the parameter and component values of the voltage
controller and to generate bode-plots of the transfer functions (See Appendix C1: Code
for the design of the ICFFB converter controller). The compensated EA was used for
the design of a type Ill voltage mode controller. Kazimierczuk (2008) covers an in-depth
discussion of the controller design procedure.

Table 4.1: The parameter and component values for the feedback network, the pulse-
width modulator and the compensated EA of the designed ICFFB converter.

Parameter & component list for EA, Voltage FN and Pulse width Modulator
Component /parameter Value comments

Vim 25V Sawtooth amplitude

Vor 25V Output voltage reference
Ra: Rp: R; 'Ro,| 39kQ,1k0,1.2MQ, Resistor values for the
R3 282.78kQ, 325.64kQ voltage FN and EA
C1,C2.C3 12.2 nF,3.31 nF,2.25 nF | Capacitor values for the

EA.
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4.3.2 Simulation of the ICFFB Converter
Figure 4.13 shows the simulation model of the ICFFB converter with open-loop control

in Simulink environment. The model consists of a FC stack, an inductor L and its series
resistance I, four MOSFET switches M, — M, and two PWM blocks, a high frequency
transformer, four diodes D, -D,, a capacitor C and its series resistance r¢ , a variable

load resistor and a scope. The FC block provides power to the converter and the high
frequency transformer provides galvanic isolation of the output stage from the input

stage and steps-up the input voltage. The variable load resistor ranges between R,
(full-load) to R, (Minimum-load). The power stage component and parameter values

calculated in the design stage of chapter 3 were used for the simulation.

FC Stack

-l gle]
P . b H.F.Transformer
PWM2 & =
M2 M4
0 i
i I

Figure 4.13: The simulation model of the ICFFB converter with open-loop control.

Figure 4.14 shows the bode-plot of the magnitude and the phase of the control-to-
output transfer function of the ICFFB converter power stage with open-loop control.
The plot indicates a gain margin (GM) of 23.8 dB at a frequency of 4.18 kHz and a
phase margin (PM) of —39° at a cross over frequency (f;) of 20.5 kHz, with a total
phase of —219°. In the analysis of system stability for PWM DC — DC converters, a
system is deemed stable if the total phase of the open-loop control-to-output power
stage transfer function is less than —180° at f.. Since the total phase of the control-
to-output power stage transfer function of the ICFFB converter exceeds —180°at f,

the system is considered unstable, therefore without compensation of the feedback
loop, the system would still be unstable even with feedback control. In order to ensure
stability, a compensated feedback controller must be integrated into the system, as it

will be shown later.
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Figure 4.14: The bode-plot of the magnitude and the phase of the control-to-output
transfer function of the ICFFB converter power stage with open-loop control.

Figure 4.15 shows the waveforms of the output voltage and the output current of the

ICFFB converter and the FC stack at full-load with open-loop control. In the figure, Vo
is the converter output voltage, V¢ is the FC stack output voltage, 1 is the converter
output current and Ig¢ is the FC stack output current. Vo and |5 steadily increase

after start-up, and reach their mean value of 89.8 V and 8.08 A in 4.5 ms. On the other

hand, Vg sharply drops after start-up, and then steadily increases and reaches its
mean value of 37.6 V in 4.5 ms. While |- overshoots at start-up, and then steadily

decreases and reaches its mean value of 26.4 Ain 2.2 ms.

Figure 4.16 shows the waveforms corresponding to the output voltage and the output
current of the ICFFB converter and the FC stack at minimum-load with open-loop

control. Vo and |5 steadily increase after start-up, and reach their mean value of
89.99 V and 0.45 Ain 15.5 ms and 13 ms respectively. On the other hand, Vg sharply

drops after start-up, and then steadily increases and reaches its mean value of 56 V in

6 ms. While Izc overshoots at start-up, and then steadily decreases and reaches its

mean value of 1.03 Ain 5 ms.

Results in Figure 4.15 and Figure 4.16 show that V5 and |5 do not match the specified

design values given in Table 3.1. This validates the discussed characteristic behaviour

of open-loop control, whereby the controlled variable does not match its reference.
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Figure 4.15: The waveforms of the output voltage and the output current of the ICFFB
converter and the FC stack at full-load with open-loop control.
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Figure 4.16: The waveforms of the output voltage and the output current of the ICFFB
converter and the FC stack at minimum-load with open-loop control.
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Figure 4.17 shows the waveforms of the output voltage ripple and the output current
ripple of the ICFFB converter and the FC stack at full-load with open-loop control. The

converter has a peak-to-peak output voltage ripple (AVg) of 0.4 V and a peak-to-peak
output current ripple (Alg) of 0.3 A. While the FC stack has a peak-to-peak output

voltage ripple (AVgc ) of 1V and a peak-to-peak output current ripple (Algc ) of 2.4 A.

ICFFB converter output voltage ripple at full-load
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Figure 4.17: The waveforms of the output voltage ripple and the output current ripple
of the ICFFB converter and the FC stack at full-load with open-loop control.

Figure 4.18 shows the waveforms corresponding to the output voltage ripple and the
output current ripple of the ICFFB converter and the FC stack at minimum-load with

open-loop control. The converter has a AVg of 6 mV and a Alg of 1.1 mA. While the

FC stack has a AVg: of 1.3V and a Algc of 0.31 A.
The results in Figure 4.17 and Figure 4.18 show that AVg, Alg and Al are greater

at full-load than at minimum-load. While AV is greater at minimum-load than at full-

load.
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Figure 4.18: The waveforms of the output voltage ripple and the output current ripple
of the ICFFB converter and the FC stack at minimum-load with open-loop control.

Figure 4.19 shows the simulation model of the ICFFB converter with VMFC in Simulink
environment. The model consists of the power stage and the feedback loop. The
feedback loop comprises of a feedback network block, a controller transfer function
block, a limiter block and a PWM block.
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Figure 4.19: The simulation model of the ICFFB converter with VMFC.

Figure 4.20 shows the bode-plot of the magnitude and the phase of the voltage transfer
function of the designed and compensated type IIl EA for the ICFFB converter controller
with two zero-pole pairs. The controller has zero-pole pairs at 269 Hz and 143.86 kHz,
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and a high cross over frequency at 6.22 kHz with a total PM of 80.1°. The high cross
over frequency ensures a wider bandwidth and faster transient response for the closed-

loop control of the system.
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Figure 4.20: The bode-plot of the magnitude and the phase of the voltage transfer
function of the designed and compensated type Illl EA for the ICFFB converter
controller with two zero-pole pairs.

Figure 4.21 shows the bode-plot of the magnitude and the phase of the loop gain (T)
for the ICFFB converter. The system has a GM of — 8.99 dB at a cross over frequency

of 60.1 kHz and a PM of 70°at a frequency of 6.22 kHz.
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Figure 4.21: The bode-plot of the magnitude and the phase of the loop gain (T) for the
ICFFB converter.
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Figure 4.22 shows the waveforms of the output voltage and the output current of the

ICFFB converter and the FC stack at full-load with VMFC. V5 and |5 steadily increase

after start-up, and reach their mean value of 100 V and 9 A in 5.4 ms. On the other

hand, Vgc drops sharply after start-up, and then steadily increases and develops

spikes between 0.44 ms and 0.75 ms, then reaches its mean value of 62 V in 1.5 ms.

While Igc overshoots at start-up, and then steadily decreases and develops spikes

between 0.44 ms and 0.75 ms, then reaches its mean value of 17 Ain 1.7 ms.

Figure 4.23 shows the waveforms corresponding to the output voltage and the output

current of the ICFFB converter and the FC stack at minimum-load with VMFC. V4 and
o steadily increase after start-up, and then slightly overshoot and reach their mean
value of 100 V and 0.5 Ain 6 ms. On the other hand, Vg sharply drops after start-up,

and then steadily increases and develops spikes between 0.2 ms and 1.2 ms and

reaches its mean value of 66.7 V in 3.2 ms. While |- overshoots at start-up, and then

steadily decreases and develops spikes between 0.44 ms and 0.75 ms and reaches its

mean value of value 0.75 Ain 3ms .
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Figure 4.22: The waveforms of the output voltage and the output current of the ICFFB
converter and the FC stack with VMFC at full-load.
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Figure 4.23: The waveforms of the output voltage and the output current of the ICFFB
converter and the FC stack with VMFC at minimum-load.

The results in Figure 4.22 and Figure 4.23 show that the mean value of V5 and I

match the specified design values given in Table 3.1. This validates the discussed
characteristic behaviour of feedback control, whereby a system matches the controlled

variable to its reference in spite of variations.

Figure 4.24 shows the waveforms of the output voltage ripple and the output current
ripple of the ICFFB converter and the FC stack at full-load with VMFC. The converter
has a AVg of 0.4V and a Alg of 39 mA. While the FC stack has a AVgc of 1.5V and

a Al FC of 5.9 A.

Figure 4.25 shows the waveforms corresponding to the output voltage ripple and the
output current ripple of the ICFFB converter and the FC stack at minimum-load with

VMFC. The converter has a AVy of 2 mV and a Alg of 0.1 mA. While the FC stack
has a AVgc of 0.5V and a Algc of 1.7 A.
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Figure 4.24: The waveforms of the output voltage ripple and the output current ripple
of the ICFFB converter and the FC stack with VMFC at full-load.
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Figure 4.25: The waveforms of the output voltage ripple and the output current ripple
of the ICFFB converter and the FC stack with VMFC at minimum-load.
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The results in Figure 4.24 and Figure 4.25 indicate that AVy and Alg reduces with
VMFC, while AVgc increases. On the other hand, Alg: increases at full-load and

reduces at minimum-load with VMFC.

Figure 4.26 shows the waveforms of the output voltage and the output current of the
ICFFB converter and the FC stack in response to load transients. The output voltage
and the output current of the converter and the stack stabilise shortly after start-up.
Then at 0.25 s, a load transient is introduced by increasing the load resistance, as a

result: Vgc increases while its ripple content reduces, |- decreases and develops
spikes between 0.25 s and 0.375 s, Vo overshoots and then stabilises again at 100 V
and 1o decreases. Another load transient is introduced at 0.45 s, as a result: Vgc
slightly increases, |- decreases again and retains high ripple content, V5 overshoots

and then stabilises again at 100 V and |5 decreases again.

The results in Figure 4.26 indicate that Vg is stable and remains stable regardless of

load transients arising from variations in the load resistance. This is proof that the
modelling of the ICFFB converter is valid and that the designed controller works.
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Figure 4.26: The waveforms of the output voltage and the output current of the ICFFB
converter and the FC stack in response to load transients.
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4.4 Control and Simulation of the Boost Converter

4.4.1 Control of the Boost Converter
Figure 4.27 shows the circuit of the boost converter with open-loop control. The circuit
consists of the power stage, the MOSFET gate driver and the pulse width modulator.
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Figure 4.27: The circuit of the boost converter with open-loop control.

Figure 4.28 shows the circuit of the boost converter with VMFC. The circuit consists of
the power stage, the feedback network, the pulse-width modulator and the MOSFET
gate driver. The functional description of the feedback network, pulse-width modulator

and gate driver is similar to that given for the ICFFB converter.
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Figure 4.28: The circuit of the boost converter with VMFC.

Table 4.2 shows the parameter and component values for the feedback network, the

pulse-width modulator and the compensated EA of the designed boost converter. A
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MATLAB code was used to calculate the parameter and component values of the
voltage controller and to generate bode-plots of the transfer functions (See Appendix
C2: Code for the design of the boost converter controller). The compensated EA was
used for the design of a type Il voltage controller.

Table 4.2: The parameter and component values for the feedback network, the pulse-
width modulator and the compensated EA of the designed boost converter.

Parameter & component list for EA, Voltage FN and Pulse width Modulator

Component /parameter Value comments

Vim 25V Sawtooth amplitude

Vor 25V Output voltage reference

Ra: Rg, R;, Ry, | 39kQ, 1kQ, 3.5 MQ, Resistor values for the

Rg 3.5 MQ, 7.66 MQ voltage FN and EA

C1,C5,C3 2.01nF,13.16 nF, Capacitor values for the EA
801.77 pF

4.4.2 Simulation of the boost converter
Figure 4.29 shows the simulation model of the boost converter circuit with open-loop
control in Simulink environment. The circuit consists of a FC stack block, an inductor L

and it's series resistance r_, a MOSFET switch, a diode D, a capacitor C and it's

series resistance rq, a variable load resistor R, a PWM modulator block and a scope.
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Figure 4.29: The simulation model of the boost converter with open-loop control.

Figure 4.30 shows the bode-plot of the magnitude and the phase of the control-to-
output transfer function of the boost converter power stage with open-loop control. The
plot indicates that the converter has a GM of 33.4 dB at a frequency of 327 Hz and a
PM of —54.4°at a cross over frequency of 7.5 kHz, with a total phase of —234.4°,
Since the total phase of the control-to-output transfer function of the boost converter

exceeds—180° at f., the system is unstable. Therefore, compensation for the

feedback loop is required in order to ensure stability.
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Figure 4.30: The bode-plot of the magnitude and the phase of the control-to-output
transfer function of the boost converter power stage with open-loop control.

Figure 4.31 shows the waveforms of the output voltage and the output current of the

boost converter and the FC stack at full-load with open-loop control. V5 and I

steadily increase after start-up and reach their mean value of 95.6 V and 8.6 A in 16

ms. On the other hand, Vg sharply drops after start-up and then steadily increases
and reaches its mean value of 36.3 V in 11 ms. While Iz overshoots at start-up, and

then steadily decreases and reaches its mean value of 27.5 A at in ms.

Figure 4.32 shows the waveforms corresponding to the output voltage and the output
current of the boost converter and the FC stack at minimum-load with open-loop

control. Vo and | steadily increase after start-up, and reach their mean value of
93.59 V and 0.468 A in 72.5 ms and 65.5 ms respectively. On the other hand, Vgc

sharply drops after start-up and then steadily increases and reaches its mean value of

58.52 V in 14 ms. While Igc overshoots at start-up and then steadily decreases and

reaches its mean value of 0.87 Ain 9.5 ms.
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Figure 4.31: The waveforms of the output voltage and the output current of the boost
converter and the FC stack at full-load with open-loop control.
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Figure 4.32: The waveforms of the output voltage and the output current of the boost
converter and the FC stack at minimum-load with open-loop control.
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Figure 4.33 shows the waveforms of the output voltage ripple and the output current
ripple of the boost converter and the FC stack at full-load with open-loop control. The
converter has a AVg of 0.65V and a Alg of 55 mA, while the FC stack has a AVgc

of 0.5 Vanda Alg: of 1.12 A.

Figure 4.34 shows the waveforms corresponding to the output voltage ripple and the
output current ripple of the boost converter and the FC stack at minimum-load with

open-loop control. The converter has a AVg of 30 mV and a Alg of 0.20 mA, while

the FC stack has a AVgc of 8.8 Vanda Algc of 1.5 A.

A comparison of the results in Figure 4.33 and Figure 4.34 show that AVy and Alg
are greater at full-load, while AV and Algc are greater at minimum load
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Figure 4.33: The waveforms of the output voltage ripple and the output current ripple
of the boost converter and the FC stack at full-load.
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Figure 4.34: The waveforms of the output voltage ripple and the output current ripple
of the boost converter and the FC stack at minimum-load.

Figure 4.35 shows the simulation model of the boost converter with VMFC in Simulink

environment. The model consists of the power stage and the feedback loop.
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Figure 4.35: The simulation model of the boost converter with VMFC.

Figure 3.35 shows the bode-plot of the magnitude and the phase of the voltage transfer
function of the designed and compensated type Il EA for the boost converter controller
with two zero-pole pairs. The controller has zero-pole pairs at 49.37 Hz and 57.78 Hz,

and a cross over frequency at 20.2 Hz with a total PM of —84°.
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Figure 4.36: The bode-plot of the magnitude and the phase of the voltage transfer
function for the designed and compensated type Ill EA boost converter controller with
two zero-pole pairs.

Figure 4.37 shows the bode-plot of the magnitude and the phase of the loop gain for
the boost converter. The system has a GM of — 5.27 dB at 122 Hz and a PM of 53.3°
at a cross over frequency of 69.1 Hz.
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Figure 4.37: The bode-plot of the magnitude and the phase of the loop gain (T) for the
boost converter.
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Figure 4.38 shows the waveforms of the output voltage and the output current of the

boost converter and the FC stack at full-load with VMFC. V5 and 15 steadily increase

after start-up and reach their peak value of 81.4 V and 7.1 A in 25 ms, and dip between
2.5 ms and 4 ms, and then they steadily increase and reach their mean value of 100 V

and 9 A'in 42 ms. On the other hand, Vg dips after start-up and then overshoots, and
steadily decreases and reaches its mean value of 62.62 V in 41 ms. While Igc

overshoots at start-up and then dips and steadily increases to a peak of 13.2 A and
slightly dips again, and then steadily increases again and reaches its mean value of
16.96 A in 41 ms.

Figure 4.39 shows the waveforms of the output voltage and the output current of the

boost converter and the FC stack at minimum-load with VMFC. V4 and |5 steadily
increase after start-up and reach their mean value of 100 V and 0.5 A in 23 ms and 19
ms. On the other hand, V¢ dips after start-up and then steadily increases and reaches
its mean value of 65.5 V in 2 ms. While Iz overshoots at start-up, then sharply

decreases and becomes discontinuous, and then steadily increases to its mean value
of 1 A
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Figure 4.38: The waveforms of the output voltage and the output current of the boost
converter and the FC stack at full-load with VMFC.
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Figure 4.39: The waveforms of the output voltage and the output current of the boost
converter and the FC stack at minimum-load with VMFC.

Figure 4.40 shows the waveforms of the output voltage ripple and the output current
ripple of the boost converter and the FC stack at full-load with VMFC. The converter
has a AVy of 0.4 V and a Alg of 33 mA, while the FC stack has a AVgz of 0.38 V

and a Algc of 1.49 A
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Figure 4.40: The waveforms of the output voltage ripple and the output current ripple
of the boost converter and the FC stack at full-load with VMFC.

Figure 4.41 shows the waveforms corresponding to the output voltage ripple and the
output current ripple of the boost converter and the FC stack at minimum-load with
VMFC. The converter has a AVg of 30 mV and a Alg of 60 mA, while the FC stack

has a AVgc of 0.35V and a Algc of 1.3 A

Figure 4.42 shows the waveforms of the output voltage and the output current of the
boost converter and the FC stack in response to load transients. The output voltage
and the output current of the converter and the FC stack stabilise shortly after start-up.

Then at 0.25 s, a load transient is introduced, as a result: Vg increases, Igc
decreases, Vg slightly overshoots and then stabilises again at 100 V and Ig
decreases. Another load transient is introduced at 0.45 s, as a result: Vgc increases
slightly, Iz decreases again, Vg slightly overshoots and then stabilizes at 100 V again

and I decreases again.
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Figure 4.41: The waveforms of the output voltage ripple and the output current ripple
of the boost converter and the FC stack at minimum-load with VMFC.
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Figure 4.42: The waveforms of the output voltage and the output current of the boost
converter and FC stack in response to load transients.
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4.5

45.1

Control and Simulation of the Sepic Converter

Control of the Sepic Converter
Figure 4.43 shows the circuit of the sepic converter with open-loop control. The circuit
consists of the power stage, the MOSFET gate driver and the pulse width modulator.

Ll Cl D
L e
+
S b
V'<> B - LZ{ Co R §VO C*)lload
t N\ ‘ '
ate

s,gi]gnauH e width modulator_E
§MOSFETZ$§
i gate
L driver i i ——|—*VC
\_/GS V sawtooth

Figure 4.43: The circuit of the sepic converter with open-loop control.

Figure 4.44 shows the circuit of the sepic converter with PCMFC. The circuit consists
of the power stage, the feedback network, the compensated EA and the pulse width
modulator. The pulse width modulator constitutes an S-R latch, a clock, ramp voltage

Viamp a@nd a comparator. In PCMFC, both the output voltage and the inductor peak

current are sampled. The feedback network samples the output voltage while the sense
resistor R; samples the total inductors peak current. The compensated EA produces a
compensated error voltage V. and then feeds it to the modulator. At the modulator:
Viamp COMpensates for sub-harmonic oscillations prevalent in Vggnge. the clock sets
the latch to initiate the switching of the gate driver, the comparator compares V. with
Vsense and whenever Vg.se iS greater than v, it resets the latch and ultimately the
switch. Once Vgense IS I€SS than v, the clock sets the latch again and the process

repeats indefinitely.
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Figure 4.44: The circuit of the sepic converter with PCMFC.

Table 4.3 shows the parameter and component values for the feedback network, pulse-
width modulator and compensated EA of the designed sepic converter controller. A
MATLAB code was used to calculate the parameter and component values of the
controller and to generate bode-plots of the transfer functions (See Appendix C3: Code
for the design of the sepic converter controller). The compensated EA was used for the
design of a type Il voltage controller and an S-R latch and a comparator with a

compensated V¢onse Was used for the design of the peak current controller.

Table 4.3: The parameter and component values for the feedback network, the pulse
width modulator and the compensated EA of the designed sepic converter controller.

Parameter & component list for EA, Voltage FN and Pulse width Modulator

Component /parameter Value comments
Vim 25V. Sawtooth amplitude
Viet & Vsense (Max) 25V. Output voltage reference and

sensed inductor-current voltage

R;j 0.0833Q Current sense resistor

Ra, Rpg, Rcomp, | 39kQ,1kQ, Resistor values for the voltage FN
Rfp1 1kQ,39MQ and EA

Ccomp: Cht 61.21 nF, 11.78 nF | Capacitor values for the EA.
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4.5.2 Simulation of the Sepic Converter Circuit Models
Figure 4.45 shows the simulation model of the sepic converter with open-loop control

in Simulink environment. The model consists of a FC stack, an input inductor L, and
its series resistance r_q, a coupling capacitor C; and its series resistance rgcq, an
output inductor L, and its series resistance r_,, a PWM switch, an output capacitor
C, and its series resistance rc , , a variable load resistor R and a scope. The switching

elements: the MOSFET and the diode are replaced with the PWM SWITCH model

L1 L1

A A
FC Stack PWM SWITCH
Lda
‘ i L2 P rc2
G

L2 T c2

M A
YV

1
<

Figure 4.45: The simulation model of the sepic converter with open-loop control.

Figure 4.46 shows the bode-plot of the magnitude and the phase of the control-to-
output transfer function of the sepic converter power stage with open-loop control. The
plot indicates a DC gain of 55.6 dB, two resonant peaks at 81 Hz and 441 Hz and a
large phase delay after the second resonant frequency with a total phase delay of 794°
. Controlling the converter beyond the second resonant frequency would be impossible,
because of the large phase delay. The complex poles and the complex zeros of the
transfer function cause the large phase delay. Large phase delay is an intrinsic
characteristic of the control-to-output transfer function of the sepic converter topology,
and this presents a huge challenge when considered from a control perspective,
especially when using a voltage mode controller. When the phase delay is too large, a
voltage mode controller is inadequate to perform the required output voltage regulation
due to its limited phase boost function. In such cases, the alternative is to use a current

mode controller, which consists of a voltage controller and a current controller.
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Figure 4.46: The bode-plot of the magnitude and the phase of the control-to-output
transfer function of the sepic converter power stage with open-loop control.

Figure 4.47 shows the bode-plot of the magnitude and the phase of the control-to-
output transfer function of the sepic converter power stage with peak current control.
The plot exhibits low magnitude at low frequencies, high magnitude beyond the
converter switching frequency and a smaller phase compared to that of the control-to-

output transfer function with open-loop control.
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Figure 4.47: The bode-plot of the magnitude and the phase of the control-to-output
transfer function of the sepic converter power stage with peak current control.
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Figure 4.48 shows the waveforms of the output voltage and the output current of the

sepic converter and the FC stack at full-load with open-loop control. Vo and Iqg

steadily increase after start-up and reach their mean value of 90.7 V and 8.17 Ain 8
ms. On the other hand, Vg sharply drops after start-up and then steadily increases
and reaches its mean value of 37.1 V in 10 ms. While I overshoots at start-up, and
then steadily decreases with minor oscillations and reaches its mean value of 25.4 A

in 15 ms.

100 Sepic converter output voltage at full-load
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Figure 4.48: The waveforms of the output voltage and the output current of the sepic
converter and the FC stack at full-load with open-loop control.

Figure 4.49 shows the waveforms corresponding to the output voltage and the output

current of the sepic converter and the FC stack at minimum-load. Vo and |5 steadily

increase after start-up and reach their mean value of 91.5 V and 0.46 A in 12.5 ms and

7 ms respectively. On the other hand, Vg sharply drops after start-up, then steadily

increases and oscillates between 4 ms and 8ms, and then reaches its mean value of

57 Vin 10 ms. While Ig overshoots at start-up, then sharply decreases and oscillates

between 4 ms and 8 ms and then reaches its mean value of 1 A in 10 ms.
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Figure 4.49: The waveforms of the output voltage and the output current of the FC
stack and the sepic converter at minimum-load with open-loop control.

Figure 4.50 shows the waveforms of the output voltage ripple and the output current
ripple of the sepic converter and the FC stack at full-load with open-loop control. The

converter has a AVg of 0.46 V and a Alg of 40 mA, while the FC stack has a AVgc

of 0.3V anda Algc of 0.7 A

Figure 4.51 shows the waveforms corresponding to the output voltage and the output
current of the sepic converter and the FC stack at minimum-load with open-loop control.

The converter has a AVg of 20 mV and a Alg of 0.1 mA, while the FC stack has a

AVgc of 4.8V and Al of 0.7 A.

A comparison of the results in Figure 4.50 and Figure 4.51 indicates that AVgc and

Alec are greater at minimum-load, while AVg and Alg are greater at full-load.
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Figure 4.50: The waveforms of the output voltage ripple and the output current ripple
of the sepic converter and the FC stack at full-load with open-loop control.
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Figure 4.51: The waveforms of the output voltage ripple and the output current ripple
of the sepic converter and the FC stack with open-loop control at minimum-load.
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Figure 4.52 shows the simulation model of the sepic converter with PCMFC in Simulink
environment. The model consists of the power stage, the voltage and current feedback

loops.
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Figure 4.52: The simulation model of the sepic converter with PCMFC.

Figure 4.53 shows the bode-plot of the magnitude and the phase of the voltage transfer
function of the designed and compensated type Il EA for the sepic converter controller
with a single zero-pole pair. The controller has a single zero-pole pair at 260 Hz and
13.77 kHz, a cross over frequency at 1.89 kHz and a total PM of —15.7°.
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Figure 4.53: The bode-plot of the magnitude and the phase of the voltage transfer
function for the designhed and compensated type Il EA for the sepic converter controller
with a zero-pole pair.
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Figure 4.54 shows the bode-plot of the magnitude and the phase of the loop gain (T)
for the sepic converter. The system has a GM of — 46.2 dB at 70.8 Hz and a PM of
89.1° at 0.518 Hz.
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Figure 4.54: The bode plot of the magnitude and the phase for the loop gain (T) of the
sepic converter.

Figure 4.55 shows the waveforms of the output voltage and the output current of the

sepic converter and the FC stack at full-load with PCMFC. V4 and |5 sharply increase

after start-up and then dip between 0.65 ms and 14 ms, and steadily increase again

and reach their mean value of 100 V and 9 A in 750 ms. On the other hand, V¢ is

stable after start-up, and then at 14 ms steadily decreases and reaches its mean value

of 59 V in 960 ms. While Igc sharply overshoots at start-up and becomes

discontinuous between 0.11 ms and 2 ms, and then steadily increases and reaches its

mean value of 18.5 Aiin 440 ms. The initial dip in V5 and | is due to the input inductor

zero, which causes the output of the system to go in the oppose direction when a

control command is initially issued.
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Figure 4.55: The waveforms of the output voltage and the output current of the FC
stack and the sepic converter at full-load with PCMFC.

Figure 4.56 shows the waveforms corresponding to the output voltage and the output

current of the sepic converter and the FC stack at minimum-load with PCMFC. V5 and
o steadily increase after start-up and stabilise between 0.2 ms and 15 ms, and then

steadily increase again and reach their mean value of 100 V and 0.5 A in 34.2 ms. On

the other hand, Vg dips after start-up and stabilises between 0.3 ms and 15 ms, and

then oscillates between 20 ms and 34ms and reaches its mean value of 65.5 V in 34.2

ms. While |- overshoots at start-up, then sharply drops and becomes discontinuous

between 0.3 ms and 15 ms, and then steadily increases with oscillations between 20

ms and 34 ms and reaches its mean value of 0.8 A in 34.2 ms.
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Figure 4.56: The waveforms of the output voltage and the output current of the sepic
converter and the FC stack at minimum-load with PCMFC.

A comparison of the results in Figure 4.55 and Figure 4.56 indicate that Vg is stabilised

at 100 V. The results also indicate that the system has high ripple content and poor

response dynamics at minimum-load than at full-load.

Figure 4.57 shows the waveforms of the output voltage ripple and the output current
ripple of the sepic converter and the FC stack at full-load with PCMFC. The converter
has a AVg of 1 V and a Alg of 92 mA, while the FC stack has a AVg: of 1.5V and a

Al EC of 4.5 A.

Figure 4.58 shows the waveforms corresponding to the output voltage ripple and the
output current ripple of the sepic converter and the FC stack at minimum-load with
PCMFC. The converter has a AVg of 2 mV and a Alg of 0.1 mA, while the FC stack

has a AVec of 0.3V and a Algc of 1 A
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A comparison of the results in Figure 4.57 and Figure 4.58 indicate that AV5 and Alg
reduce with PCMFC. On the other hand, Algc and AV increase at full-load while

AVc decreases and Al increases at minimum-load with PCMFC.

Figure 4.59 shows the waveforms of the output voltage and the output current of the

sepic converter and the FC stack in response to load transients. V5 and |5 stabilise
at 100 V and 9 A in 34 ms after start-up regardless of variations in Vgc. At 0.75 s, a
load transient is introduced, as a result: Vg slightly overshoots and then stabilises at
100.1V, |5 decreases and stabilises at 2.5 A, V¢ increases and develops high ripple
content and I decreases and develops high ripple content. At 0.9 s, another load
transient is introduced, as a result: V4 slightly overshoots and stabilises at 100.1 V
again, | decreases again and stabilises at 0.5 A, Vg increases and retains high

ripple content and I decreases and retains high ripple content.

The results in Figure 4.59 indicate that Vg is stable regardless of load transients. This

is proof that the modelling of the sepic converter is valid and that the designed PCMFC
controller works.
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Figure 4.59: The waveforms of the output voltage and the output current of the sepic
converter and the FC stack in response to load transients.
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4.6

4.6.1

Control and Simulation of the IBVM Converter

Control of the IBVM Converter
Figure 4.60 shows the circuit of the IBVM converter with open-loop control. The circuit
consists of two input inductors, two MOSFET switches, two MOSFET gate drivers, an

energy transfer capacitor C; and two output capacitors C, and Cg, four diodes
D,—Dy, a variable load resistor R, a load current 1,4 and a pulse-width modulator.

The two input inductors are interleaved together in order to form two legs of boost

converters.

Outer boost leg
Inner boost leg

Inverted gate
signal Pulse width modulator

d(t)

Figure 4.60: The circuit of the IBVM converter with open-loop control.

Figure 4.61 shows the circuit of the IBVM converter with PCMFC. The circuit consists
of the power stage, the feedback network, the compensated EA and the pulse-width
modulator. However, for the simulation and the experiment two compensated EAs are
used for the design of two type Il voltage controllers, one for each boost leg of the
converter. The functional description of the feedback loop is similar to that given for the
sepic converter. A MATLAB code was used to calculate the parameter and component
values of the controllers and to generate bode-plots of the transfer functions (See

Appendix C4: Code for the design of the IBVM converter controller).
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Figure 4.61: The circuit of the IBVM converter with PCMFC.

Table 4.4 shows the parameter and the component values for the feedback network,

the pulse-width modulator and the compensated EAs of the designed IBVM converter

controllers.

Table 4.4 The parameter and component values for the feedback network, the pulse-width
modulator and the compensated EAs of the designed IBVM converter controller.

Parameter & component list for EA, Voltage FN and Pulse-width Modulator

Component /parameter Value comments

Viefr Vim & 25V Output voltage reference,

Vsense(Max) sawtooth & sensed inductor-
current voltage

R;j 0.169Q Current sense resistor

RaA'RB 79 kQ, 1kQ Resistor values for the FN

R, Rs, Rg3, R4, |12 MQ, 119.5 kQ, 121.8 | Resistor values for the inner

Rs kQ, 100.32 kQ, 105 kQ and outer boost leg EAs

17.72 nF, 1.81 nF, 1.6 nF
1.99 nF, 22.51 nF, 1.73 nF

Capacitor values for the

inner & outer boost leg EAs
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4.6.2 Simulation of the IBVM converter circuit models
Figure 4.62 shows the simulation model of the IBVM converter with open-loop control

in Simulink environment. The model consists of a FC stack, two input inductors L, and
L, with their series resistances r; ; and r_,, two Modulator & PWM Switch models,
an energy transfer capacitor C, with its series resistance rc 1, two output capacitors
C, and C3 with their series resistances rc, and rc3, two diodes D3 and Dy, a

variable load resistance R and a scope.

—
i

Modulator & PWM
Switch Model 2

FC Stack

—=

‘ 7 1 L1
‘ Modulator & PWM

A‘NW—W Switch Model 1
i

b

T

\x._

Figure 4.62: The simulation model of the IBVM converter with open-loop control.

Figure 4.63 shows the bode-plots of the magnitude and the phase of the control-to-
output transfer functions for the IBVM converter power stage with open-loop control,
derived with respect to the inner and outer boost legs of the converter. The plots
indicate that the converter control-to-output transfer function derived with respect to the
inner boost leg has a GM of 38.9 dB at a frequency of 453 Hz, and a PM of —8.14° at
a frequency of 82.6 kHz, with a total phase of —188.14°. While that derived with
respect to the outer boost leg has a GM of 40.2 dB at a frequency of 426 Hz, and a PM
of —8.15° at a frequency of 82.6 kHz, with a total phase of —188.15° . Since the phase
of the control-to-output transfer functions exceeds —180° at the cross over frequency,
the system is deemed unstable and it would still be unstable even with feedback
control. Therefore, compensation for the feedback loop is required in order to ensure

stability.
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Bode diagram for inner boost leg
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Bode diagram for outer boost leg
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Figure 4.63: The bode-plots of the magnitude and the phase of the control-to-output
transfer functions for the IBVM converter power stage with open-loop control, derived
with respect to the inner and outer boost legs of the converter.

Figure 4.64 shows the waveforms of the output voltage and the output current of the
IBVM converter and the FC stack at full-load with open-loop control. Vo and Ig
steadily increase after start-up and reach their mean value of 197.8 V and 4.44 A'in 40

ms. On the other hand, Vg sharply drops after start-up and then steadily increases
and reaches its mean value of 36 V in 40 ms. While I overshoots at start-up and
then steadily decreases and reaches its mean value of 28 Ain 41 ms. I, ; and I,
overshoot at start-up and then steadily decrease and reach their mean value of 14 Ain

32 ms and 27 ms respectively.

Figure 4.65 shows the waveforms corresponding to the output voltage and the output
current of the IBVM converter and the FC stack at minimum-load with open-loop

control. Vo and I steadily increase after start-up and reach their mean value of 174
V and 0.435 A in 70 ms. On the other hand, Vg sharply drops after start-up and then
steadily increases and reaches its mean value of 53.5 V in 32 ms. While I overshoots

at start-up, and then steadily decreases and reaches its mean value of 1.75 A in 42.5

ms. I 1 and I, overshoot at start-up and then steadily decrease and reach their mean

value of 0.875 A in 20.5 ms and 16.5 ms respectively.
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IBVM converter output volatge at full-load
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Figure 4.64: The waveforms of the output voltage and the output current of the IBVM
converter and the FC stack at full-load with open-loop control.
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Figure 4.65: The waveforms of the output voltage and the output current of the IBVM
converter and the FC stack at minimum-load with open-loop control.
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Figure 4.66 shows the waveforms of the output voltage ripple and the output current
ripple of the IBVM converter and the FC stack at full-load with open-loop control. The
converter has a AVg of 1 Vand a Alg of 18 mA, while the FC stack has AVgs of 0.22
V and a Algc of 0.6 A. On the other hand the inductors have a Al ; and Al , of 1.5
A.

IBVM converter output voltage ripple at full-load
S oo (VAT ey LI LA | m L
> o A
_ FC stack output voltage ripple at full-load
< 2 N e HIIMHIH|\\H|HM A A
> a7 I AR AR \’H LR A
IBVM converter output current ripple at full-load
?fto 4}1:7:% mu } il‘\l‘l \ \HH H““II“\H\ Hli | Im H H”H \}IH } I\‘{\ \ m l\‘ |i\ } Hi\“ﬂu HH ‘i“‘m‘ ‘\ i I‘\ i\\ Ijﬁ
< udt T A L Py
FC stack output current rlpple at full-load
2 e
2 554 !w HHHH‘!MII‘\W \U}\Ill\”\‘\}‘ll}\’\ﬂ J},}'!\'L‘H HIM H}\II!'W‘ \HHUIW\H'H‘ WMHH \'U\nh'\} }l}’\\\’\!\l}\ H'}H J‘\}HHIMII'\HU! ‘\ H\"]M'} \LM H "H\U} }'}”\!IIH}L \"}’\M
< 282¢ e . L, @
N 15 Ripple current through L1 at full-load
SO R }MMNM NMMW U |
5 RS RARRERA AR A |
Ripple current through L2 at full-load
2 15 AR
< T
) 0.4975 0.498 0.4985 0.499 0.4995 0.5
time (s)

Figure 4.66: The waveforms of the output voltage ripple and the output current ripple
of the IBVM converter and the FC stack at full-load with open-loop control.

Figure 4.67 shows the waveforms corresponding to the output voltage ripple and the
output current ripple of the IBVM converter and the FC stack at minimum-load with

open-loop control. The converter has a AV of 90 mV and a Alg of 0.2 mA, while the
FC stack has a AVgc of 1 V and a Algc of 0.3 A. On the other hand, the inductors

have a Al ; and a Al , of 1.5A.

A comparison of the results in Figure 4.66 and Figure 4.67 show that Algc is lower
than Al ; and Al , at both full-load and minimum-load. This validates the discussed
inductor-interleaving feature of the IBVM converter, where the total current ripple (Algc

) of the source is less than the sum of the inductors current ripple (Al ; and Al 5).
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Figure 4.67: The waveforms of the output voltage ripple and the output current ripple
of the IBVM converter and FC stack at minimum-load with open-loop control.

Figure 4.68 shows the simulation model of the IBVM converter with PCMFC in Simulink

environment. The model consists of the power stage and the feedback loop.
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Figure 4.68: The simulation model of the IBVM converter with PCMFC.
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Figure 4.69 shows the bode-plots of the magnitude and the phase of the voltage
transfer functions of the designed and compensated type Il EAs for the IBVM converter
controllers with two zero-pole pairs, derived with respect to the inner and outer boost
legs of the converter. The converter voltage transfer function derived with respect to
the inner boost leg has zero-pole pairs at 75.19 Hz and 809.73 Hz, and a maximum
phase boost of 112.2°at 246.75 Hz. While that derived with respect to the outer boost
leg has zero-pole pairs at 70.47 Hz and 868.16 Hz, and a maximum phase boost of
116.42° at 24.35 Hz.

Bode diagram for the inner boost leg controller
50¢ g £ T £

Magnitude (dB)

Phase (deg)

e r r rrrFr
3 4

10 10

0 1 2

10 10 10
Frequency (Hz)

10

Bode diagram for the outer boost leg controller

Magnitude (dB)

Phase (deg)

Frequency (Hz)

Figure 4.69: The bode-plots of the magnitude and the phase of the voltage transfer
functions of the designed and compensated type lll EAs for the IBVM converter
controllers with zero-pole pairs, derived with respect to the inner and outer boost legs
of the converter.

Figure 4.70 shows the bode-plots of the magnitude and the phase of the loop gains for
the IBVM converter with PCMFC, derived with respect to the inner and outer boost legs
of the converter. The converter loop gain derived with respect to the inner boost leg
has a GM of -16 dB at 2.47 kHz, and a PM of 110° at a cross over frequency of 310
Hz. While that derived with respect to the outer boost leg has a GM of -16.4 dB at 2.61
kHz, and a PM of 118° at a cross over frequency of 229 Hz. Since the total phase of
the converter loop gains is less than —180° at the cross over frequency, the feedback

system of the converter with the designed controllers is deemed stable.
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Bode diagram for the inner boost leg loop gain
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Bode diagram for the outer boost leg loop gain
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Figure 4.70: The bode-plots of the magnitude and the phase of the loop gain for the
IBVM converter with PCMFC, derived with respect to the inner and outer boost legs of
the converter.

Figure 4.71 shows the waveforms of the output voltage and the output current of the
IBVM converter and the FC stack at full-load with PCMFC. Vg and |5 steadily

increase after start-up and reach their mean value of 200 V and 4.5 A in 140 ms. On

the other hand, Vgc sharply drops after start-up and then steadily increases and
reaches its mean value of 62 V in 130 ms. While Iz overshoots at start-up, and then
steadily decreases and reaches its mean value of 16 Ain 10 ms. I, ; and I, , overshoot

at start-up, and then steadily decrease and reach their mean value of 6 A and 10 A in

7 ms and 10 ms respectively.

Figure 4.72 shows the waveforms corresponding to the output voltage and the output

current of the IBVM converter and the FC stack at minimum-load. Vo and 15 steadily

increase after start-up and reach their mean value of 200 V and 0.5 A in 14.5 ms. On

the other hand, Vgc sharply drops after start-up, and then steadily increases and
reaches its mean value of 64 V in 15 ms. While Ig¢, I 1 and I, overshoot at start-up

and sharply drop and then steadily decrease and reach their mean value of 1.5 A, 0.5

Aand 1 Ain 15 ms, respectively.

129



IBVM converter output volatge at full-load

S 200~
100
>° 0 -
100 FC stack output voltage at full-load
= 50
>&
0
10 IBVVM converter output current at full-load
£ 5
_0 f/"_’_"—'
0
FC stack output current at full-load
.
e
0
30 Current through L1 at full-load
< 2 ¥
_d 10 i i
0
30 Current through L2 at full-load
< 20
SO R i A
0 r
0 0.05 0.15

time (s)

Figure 4.71: The waveforms of the output voltage and the output current of the IBVM
converter and the FC stack at full-load with PCMFC.
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Figure 4.72: The waveforms of the output voltage and the output current of the IBVM
converter and the FC stack at minimum-load with PCMFC.
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Figure 4.73 shows the waveforms of the output voltage ripple and the output current
ripple of the IBVM converter and the FC stack at full-load with PCMFC. The converter
has a AVg of 0.6 V and a Alg of 20 mA, while the FC stack has a AVg: of 0.53 V

and a Algc of 3 A. On the other hand, the inductors have a Al ; and Al , of 4.5 A.

IBVM converter output voltage ripple at full-load

f@ i§§§ e n mﬁm il \h i W il
>° 1994 | i L

FC stack output voltage ripple at full-load

. f [ TN T Y TN | U N

2‘6 o RNNWW\NWW:W\N\MWM\MN AR AR AR AMAAR

I !
1 uwr\wm LN I LA U L AL A

IBVM converter output current ripple at full-load

i HHHU e I

I AR R

FC stack output current ripple at full-load
TN | )

A A A b T
vawwwvwwawwwwwwwwwwwwa !

ERERR ARARRAA!

e

|

[y (

< 1gmfﬁwmmmmmn MWMMMﬂMMﬁhﬂ
3

15|01 VW A EULA

—

> JUAY

< 448

—

Ripple current through L1 at full-load

| It T \ T L T | )

A WA

wuv’\ ‘wu!“v"\\“VV"\ Y’,rvu Y’%\u! UY\
Ripple current through L2 at fuII load

O

: 12 bbbt [TV TIN T IVIT I ‘A o TR T T T T
S k\f\!}NWWWWWW W\JWiW\“ MM
0.4975 0.498 0.4985 0.499 0.5

time (s)

Figure 4.73: The waveforms of the output voltage ripple and the output current ripple
of the IBVM converter and the FC stack at full-load with PCMFC.

Figure 4.74 shows the waveforms of the output voltage and the output current of the
IBVM converter and the FC stack in response to load transients. The inductors current,
the output voltage and the output current of the converter and the FC stack stabilizes

at 75 ms after start-up. At 0.25 s, a load transient is introduced, as a result: Vgc slightly
increases and develops moderate ripple content, |- decreases and develops high
ripple content, V5 remains stable at 200 V, |5 decreases, I 1 and I, decrease and
develop high ripple content. At 0.45 s, another load transient is introduced, as a result:
VEec slightly increases, Igc slightly decreases and its ripple content slightly reduces,
Vo remains stable at 200 V, Io decreases again, | 1 and |, decrease again and

their ripple content slightly reduce.

The results in Figure 4.74 indicates that Vo stabilizes at 200 V regardless of load

transients. This is proof that the modelling of the IBVM converter is valid and that the

designed controllers work.
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4.7

4.7.1

IBVM converter output voltage response to load transients
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Figure 4.74: The waveforms of the output voltage and the output current of the IBVM
converter and the FC stack in response to load transients.

Relative evaluation of the converters performance and the simulation results

Relative evaluation of the converters performance

Figure 4.75 shows the DC voltage transfer function as a function of the duty cycle at
full-load for the designed and simulated converter models. The ICFFB converter, the
boost converter and the sepic converter have a minimum and maximum DC voltage
transfer function of 1.5 and 2.8. While the IBVM converter has a minimum and
maximum DC voltage transfer function of 3 and 5.5. The range of the converters duty
cycle corresponding to the given range of the converters DC voltage transfer function
are 0.014 — 0.48 for the ICFFB converter, 0.397 — 0.676 for the boost and the IBVM

converter and 0.62 — 0.755 for the sepic converter.

The results show that the ICFFB, the boost and the sepic converter have the lowest
DC voltage transfer function while the IBVM converter has the highest. The results also
show that the ICFFB converter has the lowest duty cycle, followed by the boost and the
IBVM converter, while the sepic converter has the highest. Further, the results indicate
that a converter with a higher DC voltage transfer function produces a higher output

voltage than a converter with a lower DC voltage transfer function. Therefore, the IBVM
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converter will produce a much higher output voltage than the other topologies.
However, the literature reviewed reports that, a topology with a higher DC voltage
transfer function will require system components that have higher voltage ratings and
vice versa. While a topology with a higher duty cycle will have higher switching losses

and vice versa.
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Figure 4.75: The DC voltage transfer function as a function of the duty cycle at full-load
for the designed and simulated converter models.

Figure 4.76 (a) to (b) show the FC stack output current ripple (Algc) vs. the converters
duty cycle at full-load. Figure 4.76 (a) shows Algc vs. the boost converter duty cycle:

the stack output current ripple steadily increases for duty cycle values below 0.5 and
reaches its maximum value at a duty cycle of 0.5, and then it steadily decreases for

duty cycle values greater than 0.5. Figure 4.76 (b) shows Algc vs. the ICFFB converter

duty cycle: the behaviour of the stack output current ripple is similar to that with the

boost converter. Figure 4.76 (c) shows Algc vs. the sepic converter duty cycle: the

stack output current ripple is inversely proportional to the converter duty cycle. Figure

4.76 (d) shows Algc vs. the IBVM converter duty cycle: the behaviour of the stack

output current ripple is opposite of that with the boost converter.

The results indicate that Algc is lower when the FC stack is interfaced with the IBVM
converter. Therefore, the IBVM converter is a better option for lower Algc
requirements.
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Figure 4.76: The FC stack output current ripple vs. the converters duty cycle at full-
load.

(a) Algc vs. boost converter duty cycle. (b) Algc vs. sepic converter duty cycle. (c)
Algc vs. ICFFB converter duty cycle. (d) Algc vs. IBVM converter duty cycle

Figure 4.77 (a) and (b) show the FC stack output current ripple pie charts for the
simulated converter models with open-loop control. Figure 4.77 (a) shows that the FC

stack has the highest Algc when interfaced with the ICFFB converter and vice versa

when interfaced with the IBVM converter. While Figure 4.77 (b) shows that the FC stack

has the highest Algc when interfaced with the boost converter and vice versa when

interfaced with the ICFFB and IBVM converters.

The results indicate that Algc is lowest when the stack is interfaced with the IBVM

converter at both full-load and minimum-load.
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Figure 4.77: The FC stack output current ripple pie charts for the simulated converter
models with open-loop control.

(@) Algc at full-load. (b) Algc at minimum-load.

Figure 4.78 (a) and (b) show the FC stack output voltage ripple for the simulated
converter models with open-loop control. Figure 4.78 (a) shows that the FC stack has

the highest AVgs when interfaced with the ICFFB converter and vice versa when

interfaced with the IBVM converter. While Figure 4.78 (b) shows that the FC stack has
a highest AVgc when interfaced with the boost converter and vice versa when

interfaced with the IBVM converter.

The results indicate that AV is lowest when the stack is interfaced with the IBVM

converter at both full-load and minimum-load.
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Figure 4.78: The FC stack output voltage ripple pie charts for the simulated converter
models with open-loop control.

(@) AVEc at full-load. (b) AVEe at minimum-load.

Table 4.5 shows a summary of the FC stack and the converters simulation results with
open-loop control. The results show that the converters output voltage are below the
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specified design values. They also show that the stack has the lowest Algc and AVgc

when interfaced with the IBVM converter.

Table 4.5: A summary of the FC stack and the converters simulation results with open-

loop control

Vo 89.8 956 90.7 197.8 89.9 9359 915 174 Vv
VEc 376 363 37.1 36 56 5852 57 535 \Y,
lo 8.08 8.6 8.17 4.44 045 0.468 0.46 0435 A
lec 264 275 254 28 1.03 0.87 1 1.75 A
AVgp 04 0.65 0.46 1 0.006 0.030 0.02 0.090 V
AVec 1 0.5 0.3 0.22 13 88 4.8 1 \Y,
Alg 0.3 0.055 0.04 0.018 0.0011 0.00070.00010.0002 A
A

Algc 24 112 0.7 0.6 0.31 15 0.7 0.3

Figure 4.79 (a) and (b) show the FC stack output current ripple and output voltage ripple
for the simulated converter models at full-load with PCMFC. The results show that the

stack has the lowest Algc and AVgc when interfaced with the IBVM converter, and

vice versa when interfaced with the ICFFB and sepic converter.
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Figure 4.79: The FC stack output current ripple and voltage ripple for the simulated
converter models at full-load with PCMFC.

(@) Algc at full-load. (b) AVEc at full-load.
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4.7.2

Table 4.6 shows a summary of the FC stack and the converters simulations results with
PCMFC. The results show that the converters output voltages are equivalent to the
specified design values. This is proof that the modelling of the converters carried out in
chapter three is valid and that the designed converter controllers work.

Table 4.6: A summary of the FC stack and the converters simulation results with
feedback control

\Y,

Ve 62 62.62 59 62 66.7 655 535 = \Y,
lo 9 9 9 4.495 0.5 0.5 0.435 - A
lec 17 1696 185 1576 0.75 1 1.75 - A
AVgp 0.4 0.4 1 0.6 0.002 0.030 0.090 - Vv
AVec 2 0.38 15 0.3 0.5 0.35 1 - \Y,
Alg 0.039 0.033 0.092 0.020 0.0001 0.060 0.0002 - A

Algc 59 149 4.5 11 1.7 133 03 - A

*The IBVM results at minimum-load are omitted because this work only considered IBVM circuit modelling at full-load.

Conclusion

The ICCFB, the boost, the sepic and the IBVM converter models were simulated at
both full-load and minimum-load with both open-loop control and feedback control. The
results obtained with open-loop control indicate that the converters output voltages do
not match those given in the converters design specifications. This is so because a
converter with open-loop control cannot track the output voltage to its output voltage
reference. While the results obtained with feedback control indicate that the converters
output voltages were stabilised and match those given in the converters design
specifications. This verifies the ability of a converter with feedback control to track the
output voltage to its output voltage reference. Further, the relative evaluation of the
converters performance and the simulation results indicate that the IBVM converter is
a better option for low FC stack output current and voltage ripple requirements. The
IBVM converter also has an added advantage of providing high DC voltage transfer
function without the use of a transformer. This reduces the cost of the system by
eliminating the high cost incurred by using transformers and yet provides high DC
voltage gains.
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5.1

CHAPTER 5

EXPERIMENT OF THE IBVM CONVERTER PROTOTYPE CIRCUIT

Introduction

This chapter presents the prototype circuit and the experimental results of the IBVM

converter. The experiment was carried out in order to validate the circuit modelling and

the simulation results for the IBVM converter.

Table 5.1 shows the design specifications for the IBVM converter prototype circuit. The

parameter and component values for the converter power stage were determined by

using the parameter and component equations derived in chapter three. Table 5.2

shows the component and parameter values for the IBVM converter prototyped circuit.

Table 5.1: The design specifications for the IBVM converter prototype circuit.

parameter Value Comments
Output power Pq 0-900W Nominal Po of 0 —30 W
Input voltage v, 36 —67 VDC | Nominal v,: 58 VDC
Output voltage Vg 200 vDC Nominal output voltage
Efficiency target 1) 90 % optimised at full-load
Input current ripple <30%of I | For load range of 0 — 100 %
Output voltage ripple Avg <1% of v
Switching frequency fg =~ 50 kHz

Table 5.2 The parameter and component values for the IBVM converter prototype circuit.

Component /parameter

Value

comments

Vref ’ Vtm

25V

Vo Reference,

sawtooth voltage

224 pH, 263.5uH, 680 WF

Power-stage

components

R, Rp

79 kQ, 1kQ

Feedback Resistors

Rl’ R2, R3, R4a R5

1.2 MQ, 1195 kQ, 121.8
kQ, 100.32 kQ, 105 kQ

Resistor values for the
Error Amplifiers (EAS)

Cl’ C21 C31 C41 C5 1 CG

17.72 nF, 1.81 nF, 1.6 nF
1.99 nF, 22.51 nF, 1.73 nF

Capacitor values for the
EAs
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5.2

Figure 5.1 shows the experimental setup for the experiment of the IBVM converter
prototype circuit. The experimental setup consists of a digital multimeter, a 1 kW
PEMFC stack, a variable electronic load, a 100 MHz LeCroy digital oscilloscope, a
Laptop, a Hydrogen gas supply pipe, a dual variable DC power supply, a 1 kW PEMFC
stack controller and the IBVM converter prototype circuit.

Pure Hydrogen gas is supplied to the PEMFC stack via the Hydrogen gas supply pipe.
Then the PEMFC stack produces an output voltage that varies in the range of 36 V to
66 V relative to the power — load, by converting the Hydrogen gas into electricity and
water. The stack controller monitors and ensures safe operation of the stack. The IBVM
converter couples to the stack and converts the stack output voltage to a higher and
stable converter output voltage of about 200 V. The variable electronic load connects
to the output of the converter and presents a variable power — load. The dual variable
DC power supply provides auxiliary power to the stack controller and the converter
controller. The oscilloscope is used to measure and capture various experimental

voltage waveforms, while the Laptop is used to store the captured waveforms.

1kw  Variable 100 MHz "
Digital PEMFC electronic  LeCroy digital ydrogen gas

multimeter stack load oscillo‘scope Laptop supply pipe
‘ \

Dual variable DC 1 kW PEMFC IBVM converter
power supply  stack controller ~ prototype circuit

Figure 5.1: The experimental setup for the experiment of the IBVM converter prototype
circuit.

The IBVM converter prototype circuit
Figure 5.2 shows the IBVM converter prototype circuit. The circuit consists of the input

voltage terminals v, + and Vv, —, two homemade toroid input inductors L, and L 5

, an outer and inner boost leg shunt, two IRFP260N MOSFETS, two TLP251 gate

drivers, four RURG5060 ultrafast diodes, a Texas instruments Launchpad with an
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MSP430G2553 microcontroller unit (MCU), a differential amplifier (DA), two
compensated error amplifiers (EAs), two summing amplifiers, a low pass filter, two
LM7805 voltage regulators, two voltage regulator heat sinks and three PG — 6DI
aluminium electrolytic capacitors: c;, C, and C 3.

The PEMFC stack output voltage is fed to the converter via the input voltage terminals,
and then the converter boosts this voltage to a higher converter output voltage (V) of

about 200 V. A portion of v, is fed back to the inverting input of the DA as converter
output feedback voltage (Vg ) in order to produce an error voltage (V). V. is fed to

the compensated EAs and the low pass filter and then the summing amplifiers adds up

their outputs to produce v.. The MCU reads V. from the summing amplifier outputs

on its two analogue inputs and then generates two PWM signals that are phase shifted
by 180° out of phase. Then the gate drivers amplify the PWM signals to a higher gate-

to-source voltage that is compatible with the switching voltage of the MOSFETSs.

The DA was realised by using the CA3130 operational amplifier (OP-Amp) configured
as a differential amplifier (DA). The OP-Amp has two inputs, an inverting input and a
non-inverting input. In order to configure the Op-Amp as a DA, an attenuated Vo was

fed to the inverting input and an output reference voltage (Vg ) equivalent to 2.5 V was

fed to the non-inverting input. A resistive voltage divider feedback network was used to

attenuate Vge. ldeally, when vgeis equal to Vgg, then v, is zero. But when Vg

deviates from Vg, Ve becomes non-zero and reaches a maximum at 2.5 V.

IBVM i o
converter i
power stagei Outer boost  §

leg shun

(L V.
Toroid <V|
Inductors

iLq

iy I
i Y/ _)ﬂ v C3 ]
o Inner boost Output feedback ;
; leg shunt voltage

IBVM
converter
controller

\ | EAs
Voltage re_gulator Gé\te MCU Summing LOV\{ pass
heat sink Drivers Amplifiers Filter

Figure 5.2: The IBVM converter prototype circuit.
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5.2.1 MSP430G2553 MCU

The MSP430G2553 MCU is a low cost and low power mixed signal processor (Texas
Instruments, 2013) with several programmable peripherals and pin-outs (See Appendix
D1: MSP430G2553 Microcontroller device pin-out and Appendix D2: Device functional
block diagram of the MSP430G2553 MCU). Some of the peripherals that are used for
the converter controller application are the input/output (I/O) pins, the system clock, the
timers, the ADC module and the CPU. The device data sheet gives more details about
the MCU.

Figure 5.3 shows the key program algorithm steps followed in writing up the C code
program required to generate two PWM gate signals. Code composer studio (CCS)
IDE and its programmer tool were used to develop the C code (See Appendix D) and
to program the MCU. The first step in the algorithm is to start the MCU; at this point,
the device is powered up. The second step consists of the declaration of constants,
functions and variables that are used in the program. The third step consists of the
initialization of variables, I/O pins, ADC10 module and timers. The fourth step consists
of the ADC10 module continuously sampling the summing amplifiers outputs via the
analogue input pins and then converting the sampled analogue voltage values to a

digital format.

Special functions registers are used in order to configure and initialize the 1/O pins, the
timers and the ADC10 module (See Appendix D3: MSP430G2553 C-code for IBVM
Converter Control). TimerO_A3 and Timerl_A3 are configured to operate as up/down
counters at a fixed switching frequency of 50 kHz, with the initial count of Timerl_ A3
having a 180° phase delay from that of Timer0_A3 in order to warrant a 180° phase
shift between the two generated PWM gate signals. The ADC10 module is configured

to have a reference voltage of 2.5 V, to sample V. on the two analogue input pins and

to operate with the lowest clock source speed in order to ensure accuracy of the

sampled voltage.

The ADC10 module has a 10-bit resolution which is equivalent to a decimal value of 0
to 1023. Therefore, the minimum analogue value it can sample is equal to decimal zero
and the maximum analogue value it can sample is equal to decimal 1023. According
to Texas Instruments (2013), the formula that describes the analogue-to-digital
conversion of the ADC10 module is given as

Ve — Vg (-)
VR (+)=VRr (=)

Napc =1023 (5.1)
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Where Nppc is the analogue-to-digital conversion of the ADC10 module, Vg (-) is
the negative reference voltage of the ADC10 module and Vg (+) is positive reference
voltage of the ADC10 module. The MCU data sheet gives eight options for reference
voltage configurations. In this work, Vg (+) corresponds to 2.5 V while Vg (-)

correspondsto 0 V.

The ADC10 module repeatedly samples and performs the analogue-to-digital voltage

conversion of V. . The results of the conversions are stored in the ADC10MEM register

by default. An alternative is to copy and store them in global variables for easy
manipulation of the data. In this work, the global variables ADCRead and ADCRead1
are used for storage. Then TimerO_A3 and Timerl_A3 use the values in the variables
to adjust the duty cycle of the generated PWM signals. The duty cycle of the signals is

proportional to the ratio of V. to Vg (+). Once the duty cycle of the signals are

adjusted, the program loops back to step four and the MCU updates the global
variables and then the process repeats.

£ \\
€ Start >

Declare Variables,
constants and functions

v

Initialize variables, /O
pins, Timers and ADC10

v

Read control voltage (Vc)

+—No Vc >0.1*VR)
PWM dutycycle

\ 4

= 0% Ve = prewous Yes
value
PWM
No—<Ve >0.54Vref>Yes dutycycle
l unchanged
] PWM dutycycle
N Ve >
i o C > previous Yes = 54%
Decrease Increase PWM
PWM dutycycle dutycycle
Vc=0,V0=200V
'\\: desired value /"‘
I

Figure 5.3: The key program algorithm steps followed in writing up the C code program
required to generate two PWM signal using the MSP430G2553 MCU.
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5.3

5.3.1

Experimental results

This section discusses the experimental results of the IBVM converter prototype circuit
and the PEMFC stack. A four-channel LeCroy waveAce214 100 MHz Oscilloscope with
a sampling rate of 1GS/s was used for voltage measurements.

The following experimental results were obtained; the gate-to-source voltage and the
drain-to-source voltage of the MOSFETS, the inductors current ripple, the voltage

across the lower output capacitor (C 3 ), the output voltages of the PEMFC stack and

the IBVM converter prototype circuit.

A variable 350 W electronic load was used as the load for the IBVM converter prototype

circuit. The load was varied in the range of 20 W to 30 W in increments of 10 W.

The gate-to-source voltage

Figure 5.4 shows the gate-to-source voltage waveforms of the MOSFETs at 20 W
power — load. The waveform captured at CH1 corresponds to the voltage measured
between the gate and source of the MOSFET on the inner boost leg. While the
waveform captured at CH2 corresponds to the voltage measured between the gate and
source of the MOSFET on the outer boost leg. The measurements of the waveform
captured at CH1 are displayed in blue below the two waveforms, and the

measurements of the waveform captured at CH2 are similar to those at CH1.

The results show that the gate-to-source voltage waveform captured at CH1 has a
frequency of 49.99 kHz, an amplitude of 13.6 V, a duty cycle of 39 % and a period of
20 uS. Further, the results show that the phase difference between the voltage

waveforms captured at CH1 and CH2 is 188.1°
CAuto

1 Phase

- [CHI Upp=1E.88U  [Unax=1 3660
CUmin=-z48U  Uamp=13E£6U  Utop=13.Z8U

- Ubase=-466,8m.IUnea=4,561) Mean=226l1
- FPRE=@.6G% |[ROU=254%  [RPRE=11.7% -

- Urm==6.56L) Crm==2.8@L! Foll=2594%
L |Prd=28.86p= Fregq=43.99kKHz +Wid=r.&l p=
- FWid=1219ps |[Pise=£226ns |[Fall=240.8ns

- BWid=7.88ps  [+DOot=39.8% -DUt=EEE%
E E ................................... - ElE,-tU”-I

CHi= 188U CHZ= 18,8l M 2568
MPosBEEp=  17-84-25 2315707

Figure 5.4: The gate-to-source voltage waveforms of the MOSFETs at 20 W power-load.

143



Figure 5.5 shows the frequency and the time measurements of the gate-to-source
voltage waveforms of the MOSFETs at 30 W power — load. Figure 5.5 (a) shows the
frequency and the time measurements of the gate-to-source voltage waveform
captured at CH1. While Figure 5.5 (b) shows the frequency and the time measurements
of the gate-to-source voltage waveform captured at CH2.

The results show that the gate-to-source voltage waveform captured at CH1 has a
frequency of 50.09 kHz, a duty cycle of 43 % and a period of 19.96uS , while that
captured at CH2 has a frequency of 50.22 kHz, a duty cycle of 42 % and a period of
19.91pS .

- [CHL Prd=19.96p=  Freq=5@.65kKHz - : ]
CHWid=8E4p=s  -Wid=11.32ps |Rize=E448ns . ]
- Fall=25z@n= [BWid=86Zps |[+Dut=43.8% .

CIDUESSEEE T
CH1= 1&,aL) CHZ= 18,81} M 2,58
M Pos:BBEp=s 17-A4-26 20:38:29
(@)

- [CHZ [Prd=19.91ps  [Freq=S@.22KHz S
ClHWid=838ps  [FWid=11.5Zps  |Rise=4B26ns ... .0, ..

F Fall=4E4.8n=  [BWid=857p=s  |[+Dut=4268%
C DUt =57.8% : . z : : :

CHZ= 13,8l M 2,568
M Posi@@Ep=s 1F-04-26 20148142

(b)

Figure 5.5: The frequency and the time measurements of the gate-to-source voltage
waveforms of the MOSFETs at 30 W power-load.

(a) The frequency and the time measurements of the gate-to-source voltage waveform
captured at CH1. (b) The frequency and the time measurements of the gate-to-source
voltage waveform captured at CH2.

Figure 5.6 shows the voltage measurements of the gate-to-source voltage waveforms
of the MOSFETSs at 30 W power — load. Figure 5.6 (a) shows the voltage measurements
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of the gate-to-source voltage waveform captured at CH1, while Figure 5.6 (b) shows

the voltage measurements of the gate-to-source voltage waveform captured at CH2.

The results show that the gate-to-source voltage waveform captured at CH1 has a
mean of 7.60 V, an amplitude of 13.6 V, a peak-to-peak of 18.V, a maximum of 14 V
and an rms of 10 V. While the gate-to-source voltage waveform captured at CH2 has
a mean of 7.20 V, an amplitude of 13.2 V, a peak-to-peak of 19.2.V, a maximum of
14.8 V and an rms of 9.6 V.

B : Ceee
EHL Upp=188BU  Umax=14800
- Umin=-4@80  [Uamp=1Z68U  [Utop=iazeu
- Mbase=-480,8mLIUmes=5,26L) Mean=FEEL 00
| Urms=1@@EU  [Crms=g480  FoU=2S4% 0
| FPRE=@BA% |ROU=585%  [PPRE=S.38%
CHI= 18,80  CHz= 188U M 258y
MPosi@8ps  17-B4-26 20:41:47
(a)
Auto . =
£2 . I
EHz Upp=19.28U  [Umax=14800 ... ...
- Umin=-#480  |[Uamp=13.28U  |Utep=1zZBU ]
[ Ubase=-4@8.6mUnes=526l1 [Mean=F.280 ..
CUrms=9.68L  [Crms=S48U  FOU=383% ]
| FPRE=@BE% |[ROU=1Z1%  |[PPEE=@@E% .
CHI= 1@  CHZ= 188U M 258y
MPosiBBENS  17-84-26 26:42:41
(b)

Figure 5.6: The voltage measurements of the gate-to-source voltage waveforms of the
MOSFETs at 30 W power-load.

(a) The voltage measurements of the gate-to-source voltage waveform captured at
CHZ1. (b)The voltage measurements of the gate-to-source voltage waveforms waveform
captured at CH2.
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Figure 5.7 shows the gate-to-source voltage waveforms of MOSFETSs out of phase by
182.9°at 30 W power-load.

........ coosohcozos o Returm
CHl= 188U CHz2= 18,8 [ 2,58
M Pos:BBEps  17-64-26 28144163

Figure 5.7: The gate-to-source voltage waveforms of the MOSFETs out of phase by
182.9° at 30 W power-load.

5.3.2 The drain-to-source voltage
Figure 5.8 shows the drain-to-source voltage waveforms of the MOSFETs at 20 W
power-load. Figure 5.8 (a) shows the drain-to-source voltage waveforms of the
MOSFETSs, Figure 5.8 (b) shows the drain-to-source voltage waveforms and the
voltage measurements of the voltage waveform captured at CH1 and Figure 5.8 (c)
shows the drain-to-source voltage waveforms and the voltage measurements of the
voltage waveform captured at CH2. The waveform captured at CH1 corresponds to the
voltage measured between the drain and source of the MOSFET on the inner boost
leg. While the waveform captured at CH2 corresponds to the voltage measured
between the drain and source of the MOSFET on the outer boost leg. The voltage
measurements of the voltage waveform captured at CH1 are displayed in blue, while

those of the voltage waveform captured at CH2 are displayed in red.

The results show that the drain-to-source voltage waveform captured at CH1 has a
mean of 58 V, an amplitude of 280 V, a peak-to-peak of 286.V, a maximum of 278 V
and an rms of 108 V. While that captured at CH2 has a mean of 56 V, an amplitude of
110V, a peak-to-peak of 126 V, a maximum of 118 V and an rms of 76 V.

A comparison of the results indicates that the drain-to-source voltage of the waveform
captured at CH1 is greater than that at CH2 and has voltage ringing before turn off,
while that at CH2 has smooth turn on and turn off transitions. The disparity in the
voltage waveforms is due to an imbalance in the voltage sharing between the boost
legs of the IBVM converter. While the voltage ringing is attributed to the parasitic

elements of the MOSFET and the high voltage that appears across its drain and source.
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Figure 5.8: The drain-to-source voltage waveforms of the MOSFETs at 20 W power —

load.

(a) The drain-to-source voltage waveforms. (b) The drain-to-source voltage waveforms
and the voltage measurements of the voltage waveform captured at CH1. (c) The drain-
to-source voltage waveforms and the voltage measurements of the voltage waveform

captured at CH2.
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Figure 5.9 shows the drain-to-source voltage waveforms of the MOSFETs at 30 W
power — load. The waveform captured at CH1 has smooth turn on transitions and
develops ringing before turn off, while that captured at CH2 has smooth turn on and

turn off transitions

-
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Figure 5.9: The drain-to-source voltage waveforms of the MOSFETs at 30 W power —
load.

Figure 5.10 shows the frequency and the time measurements of the drain-to-source
voltage waveforms of the MOSFETs at 30 W power- load. Figure 5.10 (a) shows the
frequency and the time measurements of the drain-to-source voltage waveform
captured at CH1 and Figure 5.10 (b) shows the frequency and the time measurements

of the drain-to-source voltage waveform captured at CH2.

The results show that the drain-to-source voltage waveform captured at CH1 has a
frequency of 49.60 kHz, a duty cycle of 14 % and a period of 20.16 uyS . While that

captured at CH2 has a frequency of 50.09 kHz, a duty cycle of 53 % and a period of
19.96 pS.

A comparison of the results shows that the on time duty cycle of the waveform captured
at CH1 is less than that of the waveform at CH2. This is so because the voltage ringing
in the drain-to-source voltage of the MOSFET on the inner boost leg reduces the on-

time duty cycle of the drain-to-source voltage by inducing early turn off transitions.

148



..... RRRE [EREEE. LTI S ETET RURr Rrrs SPPPEPPPPERRRS | fboee
[TV c o= =] e
B [CHL Prd=2@lEps  |Freq=496EkHz | L /7
[l 7 i 7 T =
CWid=2SFps FWid=1719ps  Rise=1848ns : ]
- Fall=F368r=s  [EWid=2317Fps HDut=148% o
O FDut=85.8% T
: : : : . [@=581Z213KHz |
CHI== 5@  CHZ= S@&. M 250y CHZ F54.61)
M PosiB80ps  17-B4-26 218925
(a)
...... W e 08
............................. R ERRIEERRREERRS | oo
T E L I O L A
B, [CHZ |Prd=19.36ps  [Freq=S6.89KHz WL
CiHWid=1 62 ps |-Wid=9.34ps Rise=12586ns : ]
- Fall=g@868ns  [EBWid=93dps  [+Dot=536% -
L DUt =4E.8% S U S U SRS
: : : . . [E=581154KHz |
CHI== S@@.  CHZ= SEE) M 2568y CHZ F54.A1)
MPosiBBENs  17-B4-26 211661
(b)

Figure 5.10: The frequency and the time measurements of the drain-to-source voltage
waveforms of the MOSFETs at 30 W power — load.

(a) The frequency and the time measurements of the drain-to-source voltage waveform
captured at CH1. (b) The frequency and the time measurements of the drain-to-source
voltage waveform captured at CH2.

Figure 5.11 shows the voltage measurements of the drain-to-source voltage waveforms
of the MOSFETs at 30 W power — load. Figure 5.11 (a) shows the voltage
measurements of the drain-to-source voltage waveform captured at CH1 and Figure
5.11 (b) shows the voltage measurements of the drain-to-source voltage waveform
captured at CH2.

The results show that the drain-to-source voltage captured at CH1 has a mean of 64
V, an amplitude of 280 V, a peak-to-peak of 286 V, a maximum of 278 V and an rms of
120 V. While the drain-to-source voltage captured at CH2 has a mean of 60 V, an

amplitude of 112 V, a peak-to-peak of 128 V, a maximum of 120 V and an rms of 82 V.
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Figure 5.11: The voltage measurements of the drain-to-source voltage waveforms of
the MOSFETs at 30 W power — load.

(a) The voltage measurements of the drain-to-source voltage waveform captured at
CHL1. (b) The voltage measurements of the drain-to-source voltage waveform captured
at CH2.

5.3.3 Theinductors current ripple
Figure 5.12 shows the voltage waveforms corresponding to the inductors current ripple.
Figure 5.12 (a) shows the voltage waveform corresponding to the inductor current

ripple of L, and Figure 5.12 (b) shows the voltage waveform corresponding to the
inductor current ripple of L, . The voltage waveforms were captured across an LTSR

25-NP current sensor connected in series with the respective inductor. The LTSR 25-
NP gives out an output voltage corresponding to the inductor current ripple. The

average inductor current is by

VSEI’ISOI’

Ve (5.2)

Iaverage = Imax »
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where Vgensor IS the sensor output voltage, Vg is the sensor reference voltage
specified as 2.5 V and |5 iS the maximum measureable current of the sensor

specified as 25 A.

The results show that the voltage corresponding to the inductor current of L, given in

Figure 5.12 (a) is equal to 68 mV, while that corresponding to the inductor current ripple
of L, given in Figure 5.12 (b) is equal to 40 mV. The average inductor currents are
determined by using Eg. (5.2) and they given as 0.68 A and 0.4 A. The results also
show that the inductors current ripple are out of phase, as discussed is chapter 3 and
4, this is desirable for the reduction of the PEMFC stack output current ripple.
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Figure 5.12: The voltage waveforms corresponding to the inductors current ripple.

(a) The voltage waveform corresponding to the inductor current ripple of L. (b) The
voltage waveform corresponding to the inductor current ripple of L.
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5.3.4 The PEMFC stack output voltage, the voltage across C3 and the output voltage

of the IBVM converter prototype circuit

Figure 5.13 shows the voltage waveform and the voltage measurements of the PEMFC
stack output voltage at no-load. The results show that at no-load, the stack has a mean
of 64 V, an amplitude of 4 V, a peak-to-peak of 4 V, a maximum of 66 V and an rms of
64 V.

The results indicate that the maximum measured stack output voltage at no-load is 1
V less than the maximum stack output voltage specified in the user manual.
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Figure 5.13: The voltage waveform and the voltage measurements of the PEMFC stack
output voltage at no-load.

Figure 5.14 shows the voltage waveforms and the voltage measurements of the voltage

across C3 and the output voltage of the IBVM converter prototype circuit at 20 W

power — load. Figure 5.14 (a) shows the voltage waveform and the voltage

measurements of the voltage across C3 and Figure 5.14 (b) shows the voltage

waveform and the voltage measurements of the output voltage of the IBVM converter.

The results show that the voltage across C 3 has a peak-to-peak of 8 V, a mean of 100

V, an amplitude of 8 V, a maximum of 106 V and an rms of 100 V. While the IBVM
converter output voltage has a peak-to-peak of 12 V, a mean of 204 V, an amplitude of

12 V and an rms of 204 V. The measured voltage across all capacitors was equal.

A comparison of the voltage across C3 and the converter output voltage indicates that
the converter output is approximately twice to that of C3. This validates the analysis

of the voltage-balancing feature of the IBVM converter carried out in chapter 3.

152



= NN N N NN NN AN

C.CHZ [Vpp=2.@EL [Umaz=1 BE.EL
F Umin=32668l  [Uamp=g£86l  [Utop=1 @560
F Ubaze=92HEL |Umea=ttts [Mear=1B@.8. 4 0
F Urms=188.80  [Crms=##i [Fou=6ma%

- FPRE=0.00%  [ROU=0.08% [PPRE=8.8E%

I 16.6m
CH2= SE.81) M PosiBBEps  17-04-25 23:149:04

CCHE [Mpp=1ZzE60  |[Umax=21Z&LU
FUmin=2@RE0  [Uamp=1Z2.88.  [Utop=21 26
C Wbase=20R6L)  [Umea=tkiok [Mean=z84.60 1 0
[ [Urms=28<.80  [Crms=skk [FoU=a,008%,

t FPRE=0.60%  |[ROU=0.08% [RPRE=8.86%

‘[UoltsPos=-2888) - | i : Fage 172
I 16.8m
CHZ= SE.E. MPosiBBBus  17-B4-25 234748
(b)

Figure 5.14: The voltage waveforms and the voltage measurements of the voltage
across Cg3 and the output voltage of the IBVM converter prototype circuit at 20 W
power — load.

(a) The voltage waveform and the voltage measurements of the voltage across Cg.

(b) The voltage waveform and the voltage measurements of the output voltage of the
IBVM converter.

Figure 5.15 shows the voltage waveforms and the voltage measurements of the
PEMFC stack output voltage and the output voltage of the IBVM converter prototype
circuit at 30 W power — load. Figure 5.15 (a) shows the output voltage waveforms and
the voltage measurements of the PEMFC stack output voltage captured at CH4 and
Figure 5.15 (b) shows the output voltage waveforms and the voltage measurements of
the output voltage of the IBVM converter prototype circuit captured at CH3. In the
diagram, the pink waveform corresponds to the output voltage of the IBVM converter,
while the aqua waveform corresponds to the PEMFC stack output voltage.

The results show that the PEMFC stack output voltage has a peak-to-peak of 26 V, a
mean of 56 V, an amplitude of 26 V, a maximum of 76 V and an rms of 56 V. While the
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output voltage of the IBVM converter has a peak-to-peak of 20 V, a mean of 204 V, an

amplitude of 20 V and an rms of 204 V.
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Figure 5.15: The voltage waveforms and the voltage measurements of the PEMFC
stack output voltage and the output voltage of the IBVM converter prototype circuit at
30 W power - load.

(a) The voltage waveforms and the voltage measurements of the PEMFC stack output
voltage captured at CH4. (b) The voltage waveforms and the voltage measurements of
the output voltage of the IBVM converter prototype circuit captured at CH3.

Conclusion

Specific experimental measurements were carried out in order to evaluate the
performance of the PEMFC stack and the IBVM converter prototype circuit, and to
verify the simulation results of the converter. The results obtained show that the output
voltage of the IBVM converter corresponds to that given in the converter design
specifications and that it is stable over a range of power — load, regardless of variations
in the PEMFC stack output voltage. This is proof that the modelling, the design and the

simulation results of the converter are valid, and that the system works. The results
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also show that there is a disparity between the drain-to-source voltages of the
MOSFETSs due to an imbalance in the voltage sharing between the inner boost leg and
the outer boost leg of the converter. As a result, voltage ringing develops in the drain-
to-source voltage of the MOSFET on the inner boost leg of the converter.
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6.1

CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The main objective of the research given in chapter one was to stabilise the output
voltage of a FC stack, and to design and develop a converter prototype circuit for a 1
kW PEMFC stack power supply unit. Specific design goals were outlined such as stable
converter output voltage and low PEMFC stack output current ripple, and then
particular aims were outlined and carried out in order to achieve the objective of the
research. These included a literature review in chapter two of the past and present
converter topologies that are used in FC power conditioning.

In chapter three, the large and small signal models, the dynamic and parameter
equations, the DC transfer functions and the small signal transfer functions of the
ICFFB, the boost, the sepic and the IBVM converter topologies were derived. The
values of the parameters and components for the power stage of each topology were

also calculated by using the derived component and parameter equations.

In chapter four the design of converter controllers, the simulation of the converter
models and the relative evaluation of the converters performance and simulation
results were covered. The simulation results obtained for a 1 kW PEMFC stack power
supply unit indicate that the FC stack output voltage was stabilised and that the stack
output current ripple and output voltage ripple were reduced. The results also indicate
that the IBVM converter offers low FC stack output current ripple, low FC stack output
voltage ripple and high DC voltage gain compared to the other topologies.

Furthermore, the experiment of the IBVM converter prototype circuit was covered in
chapter five. Several experimental measurements were carried out in order to evaluate
the performance of the 1 kW PEMFC stack and the IBVM converter prototype circuit,
and to verify the simulation results. However, as a safety measure: the converter
maximum load was set to 30 W, instead of 1 kW, due to limitations in the power
handling capability of the PCB. Nevertheless, the simulation results shows 1 kW and
200 V as specified, while the experimental results shows 30 W and 200 V respectively.
The experimental results show that: the stack output current ripple was reduced, the
output voltage of the converter corresponds to that given in the converter design
specifications and that it was stabilised at the desired output voltage level regardless
of variations in the PEMFC stack output voltage. The results also show that there is a
disparity between the drain-to-source voltages of the MOSFETSs due to an imbalance

in the voltage sharing between the inner and outer boost legs of the converter.
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6.2

Lastly, a comparison of the simulation and the experimental results of the IBVM
converter output voltage correlates. This confirms that the mathematical modelling and
power stage design, the controller design and the simulations results of the system are
valid. However, | reiterate that even though the experiment could only reach 30 W due
to PCB limitations, the experiment is deemed to work as the simulation and therefore,
the research objective to design and develop a converter prototype circuit for a 1 kW
PEMFC stack power supply unit was achieved.

Recommendations
The future research needs to consider solutions that will eliminate or reduce the
imbalance in the voltage sharing between the boost legs of the IBVM converter and the

disparity between the drain-to-source voltages of the MOSFETSs.
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APPENDICES
Appendix A: H-1000 PEMFC stack system setup

Blower HE supply valve
From H2 To fuel
supply call HZ
® o FC- N
Stack L T sensor
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GHD

SCU: Short Circuit Unit
GND: Grounding
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Appendix B: H-1000 PEMFC stack technical specifications

Type of fuel cell PEM

Number of cells 48

Rated Power 1000W

Performance 28.8V @ 35A

H2 Supply valve voltage 12V

Purging valve voltage 12V

Blower voltage 12V

Reactants Hydrogen and Air

External temperature 5 to 300C

Max. stack temperature H59C

H2 Pressure 0.45-0.55bar

Hydrogen purity =909.995% dry H2
Humidification self-humidified

Cooling Air (integrated cooling fan)
Stack weight (with fan & casing)|4000 grams({+100grams)
Controller weight 400 grams(+30grams)
Dimension 23.3cm % 26.8cm x 12.3cm
Flow rate at max output® 13 L/min

Start up time = 30S at ambient temperature
Efficiency of stack 40% @ 28.8V

Low voltage shut down 24V

Over current shut down 42A

Over temperature shut down  |65°C

External power supply** 13V(+1V),8A

“The fow rate may change with the power outpur
“*Sysrem electronics need external power supply
“** The Specificagon is subject ro change without notice.

Appendix C: MATLAB M-FILE Codes

Appendix C1l: Code for the design of the ICFFB converter controller
Clc %clear screen

VI = 36; % Input voltage

Vo = 100; %Output voltage

rC = 0.0177; % Series equivalent resistance of the output Capacitor
D = 0.679; % The maximum duty cycle full load

rL = 0.1; %The Inductor series equivalent resistance

R =11.11; % The load resistor at full load

C = 250e-6; % Capacitance of the output capacitor

L =57.67e-3; % inductance of the input inductor

rM =0.1; %MOSFET series resistance

rD = 0.1; %Diode forward resistance

Vf =1; % Diode forward voltage drop

r = ((rM*D)+((1-D)*rD)+rL) % The total parasitic resistance
s = tf('s");

Vtm = 2.5; % Amplitude of modulator voltage

% damping ratio
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Zeta = (C*((r*(R+rC))+(((1-D)"2)*(R*rC)))+L)/(2* sart(((L*C)*(R+rC))*((R*(1-D)"2)+r)))
Q = 1/(2*Zeta) % quality factor

fc = 200%((R*(1-D)"2)-r)/(2*pi*L)% 1e3 ;

wc = 2*pi*fc % Controller cross over frequency in rad/s

Zn = -(1/(C*rC)) % LHP zero in rads/s

wzn = -Zn % Frequency of LHP in rad/s

fzn = 1/(2*pi*C*rC) % frequency of the LHP zero

Zp =((R*(1-D)*2)-r)/L % RHP zeroin rad/s

wzp = Zp % Frequency of RHP in rad/s

fzp =((R*(1-D)"2)-r)/(2*pi*L) %frequency of the RHP

FO = (1/(2*pi))*sart(((R*(1-D)*2)+r)/(L*C*(R+rC))) %Corner frequency
wo = sqrt(((R*(1-D)"2)+n)/(L*C*(R+rC))) % corner frequency in rad/s
Tm = 1/Vtm % Transfer function of modulator

PM = 60; % Desired phase of Vo

Tpx = (-(Vo*rC)/((1-D)*(R+rC))) % Magnitude of output-to-control T.F
Den2 = (C*((r*(R+rC))+(((1-D)"2)*(R*rC)))+L)/((L*C)*(R+rC))

Denl = (r+(((1-D)"2)*R))/((L*C)*(R+rC))

Num = (s+(1/(C*rC)))*(s-(1/L)*(R*(1-D)*2)-r)

Den = s"2+(s*Den2)+Denl

Tp = Tpx*(Num/Den) % Converter powerstage control-to-output T.F

% Define parameters for the design of the double lead controller
Vref = 2.5 % reference voltage of the error amplifier

Beta = Vref/Vo % transfer function of the feedback network

R1 = 1.2e6;

RB = 1e3;

RA = RB*((1/Beta)-1)

h1l = (RA*RB)/(RA+RB) %h-parameter feedback network gain

%Transfer functions of the controller

Tmp = Tm*Tp%vo(s)/vc(s). Transfer function (T.F) of modulator and ICFFB power stage
Tk = Tm*Tp*Beta ; % vf(s)/vc(s). Modulator,power-stage and feedback network T.F
QTk = -180 + (atand(fc/fzn))-(atand(fc/fzp))-(atand(((2*Zeta*fc)/fo)/(1-((fc/fo)"2))))%
Phase of Tp for (w/wo)>=1.

Qm = PM-QTk-90 % Required phase boost from the controller
K = tand((Qm/4)+ 45)"2;% Controller phase boost

% The frequencies of the poles and zeros of the controller
fzc = fcl(sqrt(K))
fpc = fe*(sqrt(K))

%T.F magnitude for the pulse-width modulator,power stage and feedback network
Tko = ((Beta*Vo)/(Vtm*(1-D)))*(((R*(1-D)"2)-r)/((R*(1-D)"2)+r))
Tkm=Tko*(((sqrt(1+(fc/fzn)"2))*(sqrt(1+(fc/fzp)"2)))/(sqrt((1-
(fc/fo)2)"2+((2*Zeta*fc)/fo)"2)))

Tc =1/Tkm

% Calculation of Controller resistors and capacitors

R3 = (R1*(R1-(h11*(K-1))))/((K-1)*(R1+h11))

C2 = Tkm/(wc*(R1+h11))

C1l =C2*K-1)

R2 =(sqrt(K))/(wc*C1)

C3 = (R1+h11)/(wc*(sqrt(K))*((R1*R3)+(h11*(R1+R3))))

%Calculation converter impedances
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Zf = (s + (L/(R2*C1)))/(s*C2*(s+((C1+C2)/(R2*C1*C2)))) %Feedback Impendance
Zi=(h11+((R1*R3)/(R1+R3)))*((s*+((R1+h11)/(C3*(R3*(R1+h11)+(h11*R1)))))/(s+(1/(C
3*(R1+R3))))) %lnput impedance

%The Loop Gain for converter
Tc = ZfIZi %The voltage transfer function of controller. vc(s)/ve(s)= -vc(s)/vi(s)= -Av(s).
T = Tc*Tmp*Beta % vf(s)/ve(s).The loop gain of the converter

%The closed-loop control-to-output voltage transfer function
Tcl = (Tc*Tmp)/(1+(Beta*Tc*Tmp)) % vo(s)/vr(s),A(s)/1+Beta*A(s)
Tclo = 1/Beta % The control-to-output transfer function at f = 0

%The open-loop output-to-control voltage transfer function of ICFFB converter
bodeplot(Tp),

Appendix C2: Code for the design of the boost converter controller

Clc %clear screen

VI = 36; % Input voltage

Vo = 100; %Converter output voltage

rC = 0.0178; %ESR of the output Capacitor

D = 0.676; % Converter Maximum duty cycle

Dmin = 0.4; %Converter minimum duty cycle

Dbar = (1-Dmin); %

rL = 0.1; % Inductor ESR

R =11.11; %Load resistor at full load

C =680e-6; % Output capacitor

L =287.91e-6; % Inductor

rM =0.1; % MOSFET series resistor

rD = 0.1; % Diode forward resistor

Vf = 1; % Diode forward voltage drop

r = (rM*D)+((1-D)*rD)+rL); % Total parasitic resistance

s =tf('s");

Vtm = 2.5; % Amplitude of modulator voltage

% damping ratio

Zeta = (C*((r(R+rC))+(((1-D)"2)*(R*rC)))+L)/(2* sart(((L*C)*(R+rC))*((R*(1-D)"2)+1)));
Q = 1/(2*Zeta); % quality factor

fcl = ((R*(1-D)"2)-r)/(2*pi*L);% Frequency of RHP in Hz

fc =0.1*fcl; % Controller cross over frequency

wc = 2*pi*fc % Controller cross over frequency in rad/s

Zn = -(1/(C*rC)) % LHP zero

wzn = -Zn; % Frequency of LHP zero in rad/s

fzn = 1/(2*pi*C*rC); % frequency of the LHP zero in Hz

Zp =((R*(1-D)"2)-r)/L; % RHP zeroin rad/s

wzp = Zp;

fzp =((R*(1-D)"2)-r)/(2*pi*L); %frequency of the RHP in Hz

fo = (1/(2*pi))*sqrt(((R*(1-D)*2)+r)/(L*C*(R+rC))); %Corner frequency
wo = sqrt(((R*(1-D)*2)+n)/(L*C*(R+rC))); % corner frequency in rad/s
Tm = 1/Vtm; % T.F of modulator

PM = 65; % Desired phase of Vo

Tpx = (-(Vo*rC)/((1-D)*(R+rC))); % Magnitude of control-to-output T.F
Den2 = (C*((r*(R+rC))+(((1-D)"2)*(R*rC)))+L)/((L*C)*(R+rC));

Denl = (r+(((1-D)*2)*R))/((L*C)*(R+rC));

Num = (s+(1/(C*rC)))*(s-(1/L)*(R*(1-D)*2)-r);

Den = s"2+(s*Den2)+Denl;

Tp = Tpx*(Num/Den); %Converter power stage Control-to-output T.F
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% Define parameters for the design of the double lead controller

Vref = 2.5; % reference voltage of the error amplifier

Beta = Vref/Vo; % transfer function of the feedback network

R1 = 1.2e6;

RB = 1e3;%Lower resistor of feedback network

RA = RB*((1/Beta)-1); % Upper resistor of feedback network

h1l = (RA*RB)/(RA+RB); %h parameter of the feedback network gain

%Transfer functions of the controller

Tmp = Tm*Tp;%vo(s)/vc(s). T.F of the pulse width modulator and boost power stage
Tk = Tm*Tp*Beta; % vif(s)/vc(s). Modulator,power-stage and feedback network T.F
QTk = (atand(fc/fzn))-(atand(fc/fzp))-(atand(((2*Zeta*fc)/fo)/(1-((fc/fo)2))))% Phase of
Tp for (w/wo)<=1.

Qm = PM-QTk-90; % Required phase boost from the controller

K = tand((Qm/4)+ 45)"2; % Controller phase boost

% Frequencies of the poles and zeros of the controller are
fzc = fc/(sqrt(K));
fpc = fc*(sqrt(K));

%Magnitude of the T.F of the pulse-width modulator,power stage and feedback
network

Tko = ((Beta*Vo)/(Vtim*(1-D)))*(((R*(1-D)"2)-r)/((R*(1-D)"2)+r));
Tkm=Tko*(((sqrt(1+(fc/fzn)"2))*(sqrt(1+(fc/fzp)*2)))/(sqrt((1-
(fc/fo)r2)"2+((2*Zeta*fc)/fo)"2)));

Tcfc = 1/Tkm;

% Calculation of Controller resistors and capacitors

R3 = (R1*(R1-(h11*(K-1))))/((K-1)*(R1+h11))

C2 = Tkm/(wc*(R1+h11))

C1 = C2*%K-1)

R2 =(sqgrt(K))/(wc*C1)

C3 = (R1+h11)/(wc*(sqrt(K))*((R1*R3)+(h11*(R1+R3))))

%Calculation converter impedances

Zf = (s + (L/(R2*C1)))/(s*C2*(s+((C1+C2)/(R2*C1*C2)))); % Feedback Impendance
Zi=(h11+((R1*R3)/(R1+R3)))*((s+((R1+h11)/(C3*(R3*(R1+h11)+(h11*R1)))))/(s+(1/(C
3*(R1+R3))))); % Input Impendance

%The Loop Gain converter
Tc = Zf/Zi %Controller voltage controller T.F. vc(s)/ve(s)= -vc(s)/vf(s)= -Av(s).
T = Tc*Tmp*Beta % vi(s)/ve(s).The loop gain for the boost converter

%The closed-loop control-to-output voltage transfer function
Tcl = (Tc*Tmp)/(1+(Beta*Tc*Tmp)); % vo(s)/vr(s),A(s)/1+Beta*A(s)
Tclo = 1/Beta; % The control-to-output transfer function atf =0

%The open-loop control-to-output voltage transfer function
bodeplot(Tp)

Appendix C3: Code for the design of the sepic converter controller

Clc % Clear screen
s=tf('s");
Vin = 36; % Input voltage
Vo = 100; % Converter output voltage
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Ic = 30 % Total current through the common port of the CC-PWM Switch

Vref = 2.5; %Controller Reference voltage

Vsen = 2.5; % Maxium amplitude of the voltage sensed acrossed the shunt resistor
C1 = 135.914e-6; %Capacitance of the energy transfer Capacitor

C2 = 543.65e-6; % Capacitance of the output capacitor

rC1l =9.01e-3; %ESR of the energy transfer capacitor

rC2 = 6.81e-3; %ESR of the output capacitor

D =Vo/((0.90*Vin)+Vo); % Converter maximum on time duty cycle

Dbar = (1-D); % Converter minimum off time duty cycle

fs = 50e3; % Converter switching frequency

L1 = 610e-6; %lnput inductor

L2 =L1;%Output inductor

R =11.11; %Load resistor at maximum load

G = 1/R; % Conductance of load resistor

L=(L1*L2)/(L1+L2) % The total inductance of the converter

Ts = 1/fs; % Period of the Converter switching

Qp = 2/pi; % Quality factor

Zeta = 1/(Qp*2); % Damping factor of the converter

Ri = Vsen/ Ic; % Value of the shunt resistor

Ko = (1/Ri); % Conductance of the shunt resistor

Vap = Vin + Vo; %Voltage across the active & passive ports of the CC-PWM-Switch
Vac = Vin; % Voltage across the active and common port of the CC-PWM Switch
Vep = Vo; % Voltage across the common & passive port of the CC-PWM Switch
Sn =(( Vin*Ri)/L); % Slew rate of the inductor current during on time

Sf = (Vo*Ri)/L; % Slew rate of the inductor current during off time

Se = (Sn*(1+((Qp*pi)/2)))/(Qp*pi*Dbar);%Slope of the external Ramp

Vslope = (VO*RI*TS)/L;

wn = pilTs;

He = (1 + (s/(Qp*wn))+(s"2/wn”2)); % Open loop Sampling gain

go = (Ts/L)*(((1-D)*(Se/sSn))+(1/2)-D);

gf = (D*go)-((D*Dbar*Ts)/(2*L));

la = Ilc*D;
gi = -(la/vVap);
gr =(Ic/Vap);

Gt = (gi+gr+G+(Dbar*(go-gf)));

Ac = (Ko*Dbar)/Gt;

wzn = 1/(rC2*C2); % Real LHPZ

ws = 2*pi*fs; % switching frequency in rad/s

Cs = 4/(L*ws”2) %models subharmonic oscillations of current loop
wp = Gt/(C2+Cs);%deminatant pole of the power stage

%Converter transfer fuctions using the full model equations
al = (L1*(D/Dbar)"2 + L2)*(1/R);

a2 = L1*(C1 + ((D/Dbar)"2)*C2) + L2*(C1 + C2);

a3 = (L1*L2*C1)/(R*Dbar"2);

a4 = (L1*L2*C1*C2)/(Dbar”"2);

Numl =-(1+s*rC2*C2);
Num2=(1-(s*(L1*(D/Dbar)*2)*(1/R))+(s"2*C1*(L1+L2))-(s"3*(((L1*L2*C1)/R)*
(D/Dbar)"2)));

Ds = 1+ al*s + a2*s"2 + a3*s"\3 + a4*s™'4;

Kd = Vin/Dbar"2;

Tp = ( Kd*((Num1*Num2)/Ds)); % Converter power stage control-to-output T.F
bodeplot(Tp);
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wz =(Dbar"2*R)/(L1*D"2);%Real RHPZ

wzn = 1/(rC2*C2); % Real LHPZ

wzc = sqrt(D/(L2*C1));

wzc2 = -sqrt((Dbar*2*R)/(L1*L2*C1*D))

%Quality factor

Qzc = (Dbar"2*R*L1*D"2)/(wzc*((L1"2*D"4)-(Dbar4*R"2*C1*(L1+L2))));

%Control to output voltage transfer function.
Voc=Ac*(((1+(s/wzn))*(1-(s/2.6e3))*(1-(s/(0.2057*2.98e3))+(s"2/(2.98e3)"2)))/
((1+(s/wp))*(1+(s/(Qp*wn))+(s"2/wn”"2))));

% Calculation of Controller resistors and capacitors
Fzea = (1/10)*2.6e3;

Fhf = 27.011e3*0.5;

Rcomp = 1000;

Rfbl = 39e6;

Gea = Rcomp/RB; % Controller gain

Ccomp = 1/(Fzea*2*pi*Rcomp);

Chf = 1/(2*pi*Rcomp*Fhf);

%Transfer functions of the controller
Tcomp=Gea*((s+(1/(Rcomp*Ccomp)))/(Chf*h11*s*(s+((Ccomp+Chf)/(Chf*Ccomp*Rc
omp)))))

%The Loop Gain for the sepic converter

T = Tcomp*Voc;

Appendix C4: Code for the design of the IBVM converter controllers

clc % Clear screen

s=tf('s");

Vin = 36; % Converter Input voltage

Vo = 200; %Converter output voltage

Vsen = 2.5; % Maximum amplitude of the voltage sensed acrossed the shunt resistor
C= 680e-6;%Capacitance of C1,C2 and C3.

Ceq =((Ceg*Ceq)/(Ceq+Ceq)); %Equivalent capacitance at the output node
rC = 2*17.8e-3;%ESR of the Capacitors at the output node

rL =0.1; % Inductor ESR

rM =0.1; % Series resistor of MOSFET switch

rD = 0.1; % Diode forward resistance

Dmin =1- ((0.9*Vin*2)/V0);% Converter duty cycle

r = ((rM*Dmin)+((1-Dmin)*rD)+rL); % Total parasitic resistance of the inner boost leg
r2 = (rL+(Dmin*rM)); % Total parasitic resistance of the outer boost leg

L =288e-6;%Inductance for inductor on the inner boost leg

L2 =287.31e-6; % Inductance for inductor on the outer boost leg

R = 44.44; % Load resistor at full load

G = 1/R; % Conductance of load resistor

Qn = 2/pi; % Quiality factor of the open-loop sampling gain

fs = 50e3;% Converter Switching Frequency

Ts = 1/fs; % Converter switching period

Isl =14.79; % Maximum Current through the inner boost leg

Is2 = 14.79; % Maximum Current through the outer boost leg

Ic = 1s2; % Current through the common port of the

%parameters for the small signal switch
Rsenl = Vsen / Is1; %shunt resistor for inner boost leg current sensing
Rsen2 = Vsen / I1s2; %shunt resistor for outer boost leg current sensing
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Ko = (1/Ri);
Dbar = (1-Dmin)

M =1/Dbar;

Vap = Vo/2;

Vep = (Vo/2)-Vin;
la = Ic*Dmin

gi = -(la/Vap)

gr =(Ic/Vap)

Sn =((((Vap*(1-Dmin)*Ri))/L)); %0On time slew rate of inner boost leg inductor current
Snl =((((Vap*(1-Dmin)*Ri))/L2)) %On time slew rate of outer boost leg inductor current
St =( (Vep*Ri)/L); %Off time slew rate of inductors current

Se = ((1 + ((Qn*pi)/2))*Sn)/(Qn*Dmin*pi); %Slope of inner boost leg external ramp
Sel = ((1 + ((Qn*pi)/2))*Sn1)/(Qn*Dmin*pi);%Slope of outer boost leg external ramp
Vslope = ((Vo-Vin)*Rsenl1*Ts)/L;

Vslopel = ((Vo-Vin)*Rsen1*Ts)/L2;

go = (Ts/L)*(((1-Dmin)*(Se/Sn))+(1/2)-Dmin);

gol = (Ts/L2)*(((1-Dmin)*(Se1/Sn1))+(1/2)-Dmin);

gf = (Dmin*go)-((Dmin*Dbar*Ts)/(2*L))

gfl = (Dmin*gol)-((Dmin*Dbar*Ts)/(2*L2))

Tpx = (-(2*Vo*rC)/((Dbar*(R+(2*rC)))))%Magnitude of Converter control-to-output T.F

Den2 = ((C*((r*(R+(2*rC)))+(((Dbar)"2)*(R*rC))))+(2*L))/((L*C)*(R+(2*rC)));
Den3=(C*((r2*(R+(2*rC)))+(((Dbar*rC)*((Dbar*R)+(2*rM))))))+(2*L2))/((L2*C)*(R+(2*r
Q)

Denl = ((2*r)+(((Dbar)*2)*R))/((L*C)*(R+(2*rC)));

Den4 = ((2*r2)+(((Dbar)"2)*R)+(2*Dbar*rM))/((L2*C)*(R+(2*rC)));%outer loop for L2
Num = (s+(1/(C*rC)))*(s-((1/L)*(((R*(Dbar)"2)/2)-r)));

Numl = (s+(1/(C*rC)))*(s-((1/L2)*(((R*(Dbar)"2)/2)-r))); %outer loop for L2

Den = s"2+(s*Den2)+Denl;

Denb5 = s"2+(s*Den3)+Den4;%outer loop for L2

Tp = Tpx*(Num/Den); % Converter control-to-output T.F with respect to Inner boost leg
Tpl = Tpx*(Numl1/Denb5); % Converter control-to-output T.F with respect to outer boost
leg

Gt = (gi+gr+G+(Dbar*(go-gf)))

Gtl = (gi+gr+G+(Dbar*(gol1-gfl)))

Ac =(R/R)/((2*M)+(((R*Ts)/(L*M"2))*((Se/Sn)+(1/2))));

Acl =(R/R)/((2*M)+(((R*Ts)/(L2*M"2))*((Sel/Sn1)+(1/2))));

wzn = 1/(2*rC*C); % LHPZ

wzp = (1/(L/((R*Dbar"2)-r))); % RHPZ

wznl = 1/(2*rC*C); %Frequency of LHPZ in rad/s

wzpl = (1/(L2/((R*Dbar”2)-r))); %Frequency of RHPZ in rad/s

ws = 2*pi*fs; % Converter switching frequency in rad/s

wn = ws/2;

Cs = 4/(L*ws"2)

Csl = 4/(L2*ws"2)

wp = ((2*L*M"3)+(R*Ts*((Se/Sn)+(1/2))))/((C+Cs)*M"3*R*L)

wpl = ((2*L2*M3)+(R*Ts*((Sel/Sn1)+(1/2))))/((C+Cs1)*M"3*R*L2)

% damping ratio of the Converter control-to-output T.F with respect to inner boost leg

Zeta=(C*((r*(R+(2*rC)))+(((1-Dmin)"2)*(R*rC)))+(2*L))/(2*sqrt(((L*C)*(R+(2*rC)))* ((R*

(1-Dmin)"2)+(2*r))))

Q = 1/(2*Zeta); % quality factor of Converter vo/d T.F with respect to inner boost leg

% damping ratio of the Converter control-to-output T.F with respect to inner boost leg

Zetal=((C*((r2*(R+(2*rC)))+(((Dbar*rC)*((Dbar*R)+(2*rM))))))+(2*L2))/(2*sqrt((L2*C)*(

R+(2*rC))* ((2*r2)+(((Dbar)"2)*R)+(2*Dbar*rM))));

Q1 = 1/(2*Zetal);% quality factor of Converter vo/d T.F with respect to outer boost leg
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% Corner frequency of converter inner boost leg control-to-output T.F in hertz
fo = (1/(2*pi))*sqrt(((R*(1-Dmin)"2)+(2*r))/(L*C*(R+(2*rC))))

% Corner frequency of converter outer boost leg control-to-output T.F in hertz
fol = (1/(2*pi))*sqrt(((2*r2)+(((Dbar)*2)*R)+(2*Dbar*rM))/(L2*C*(R+(2*rC))));
% Corner frequency of converter inner boost leg control-to-output T.F in rad/s
wo = sqrt(((R*(1-Dmin)"2)+(2*r))/(L*C*(R+(2*rC))));

% Corner frequency of converter outer boost leg control-to-output T.F in rad/s
wol =sgrt(((2*r2)+(((Dbar)"2)*R)+(2*Dbar*rM))/(L2*C*(R+(2*rC))));
%Control-to-output T.F for the current loop with respect to the inner boost leg
Voc = Ac *(((1+(s/wzn))*(1-(s/wzp)))/((1+(s/wp))*(1+(s/(Qn*wn))+(s"2/wn”2))));
%Control-to-output T.F for the current loop with respect to the outer boost leg
Vocl = Acl *(((1+(s/wznd))*(1-(s/wzpd)))/((1+(s/wpl))*(1+(s/(Qn*wn))+(s"2/wn”"2))));

%Define parameters for the design of the double lead controller
fzn = wzn/(2*pi);

fzp = wzp/(2*pi);

fznl = wznl/(2*pi);

fzpl = wzpl/(2*pi);

fwp = wp/(2*pi);

fwpl = wpl/(2*pi);

fc = 0.1*fzp; % cross over frequency for inner boost leg controller

fcl = 0.1*fzpl; % cross over frequency for outer boost leg controller

Vtm = 2.5; % Amplitude of Voltage

Tm = 1/Vtm % T.F of Modulator

PM =65; % Desired phase of Vo

wc = 2*pi*fc % Cross over frequency of inner boost leg controller in rad/s
wcl = 2*pi*fcl Cross over frequency of outer boost leg controller in rad/s

Vref = 2.5 ;% reference voltage of the error amplifier

Beta = Vref/Vo ;% transfer function of the feedback network

R1 = 1.2e6;

RB = 1e3;% Lower resistor of the voltage feedback network

RA = RB*((1/Beta)-1) % Upper resistor of the voltage feedback network
h1l = (RA*RB)/(RA+RB) %h parameter of voltage feedback network gain

%Transfer functions of the inner and outer boost leg controllers

Tmp = Tm*Tp;%vo(s)/vc(s)

Tmpl = TM*Tp1l; %vo(s)/vcl(s).

Tk = Tm*Tp*Beta; % vf(s)/vc(s)

Tkl = Tm*Tpl*Beta; % vf(s)/vcl(s)

%Phase of Vo for (wc/wo)>1..

QTk = -180 + (atand(fc/fzn))-(atand(fc/fzp))-(atand(((2*Zeta*fc)/fo)/(1-((fc/fo)"2))));
%Phase of Vo for (wcl/wol)>1..
QTk1=-180+(atand(fc1/fznl))-(atand(fc1/fzpl))-(atand(((2*Zetal*fc1)/fol)/(1-((fcl/
f01)"2))));

Qm = PM-QTk-90 % Required phase boost from inner boost leg controller

Qm1l = PM-QTk1-90% Required phase boost from outer boost leg controller

K = tand((Qm/4)+ 45)"2 %phase boost of inner boost leg controller

K1 = tand((Qm1/4)+ 45)"2%phase boost of inner boost leg controller

% Frequencies of the poles and zeros of the controller
fzc = fc/(sqrt(K))

fzcl = fcl/(sqrt(K1))

fpc = fe*(sqrt(K))

fpcl = fcl*(sqrt(K1))
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%Magnitude of Modulator,power stage and feedback network T.Fs

Tko = ((Beta*Vo*2)/(Vtm*(1-Dmin)))*(((R*(1-Dmin)*2)-(2*r))/((R*(1-Dmin)*2)+(2*r)));
Tkol=((Beta*Vo*2)/(Vtim*(1-Dmin)))*(((R*(1-Dmin)*2)-(2*r2))/((R*(1-Dmin)"2)
+(2*12)));
Tkm=Tko*(((sqrt(1+(fc/fzn)"2))*(sqrt(1+(fc/fzp)"2)))/(sqrt((1-(fc/fo) 2) 2+ ((2*Zeta*fc)
[f0)"2)));
Tkm1=Tkol*(((sqrt(1+(fc1/fzn1)"2))*(sqrt(1+(fc1/fzpl)~2)))/(sqrt((1-(fcl/fol)2) 2+
((2*zetal*fcl)/fol)"2)));

Tcfc = 1/Tkm;

Tcfcl = 1/Tkm1;

% Calculation of Type 3 Controller resistors and capacitors

R3 = (R1*(R1-(h11*(K-1))))/((K-1)*(R1+h11));

R4 = (R1*(R1-(h11*(K1-1))))/((K1-1)*(R1+h11));

C2 = Tkm/(wc*(R1+h11));

C4 = Tkm1/(wcl*(R1+h11));

C1 = C2*(K-1);

C5 = C4*(K1-1);

R2 =(sqrt(K))/(wc*C1);

R5 =(sqrt(K1))/(wcl1*C5);

C3 = (R1+h11)/(wc*(sqrt(K))*((R1*R3)+(h11*(R1+R3))));

C6 = (R1+h11)/(wcl*(sqrt(K1))*((R1*R4)+(h11*(R1+R4))));

%Calculation converter impedances

Zf = (s + (1/(R2*C1)))/(s*C2*(s+((C1+C2)/(R2*C1*C2))));

Zf1 = (s + (1/(R5*C5H)))/(s*C4*(s+((C5+C4)/(R5*C5*C4))));
Zi=(h11+((R1*R3)/(R1+R3)))*((s+((R1+h11)/(C3*(R3*(R1+h11)+(h11*R1)))))/(s+(1/(C
3*(R1+R3)))));
Zil=(h11+((R1*R4)/(R1+R4)))*((s+((R1+h11)/(C6*(R4*(R1+h11)+(h11*R1)))))/(s+(1/(
C6*(R1+R4)))));

%The controllers transfer functions

Tc = Zf/Zi ;% Inner boost leg controller transfer function
Tcl = Zf1/Zi1; %Outer boost leg controller transfer function
%The Loop Gains of converter

T = Tc*Tmp*Beta; % Converter loop gain with respect to the inner boost leg
T1 =Tc1*Tmpl*Beta; % Converter loop gain with respect to the outer boost leg

Appendix D: MSP430G2553 Microcontroller unit

Appendix D1: MSP430G2553 Microcontroller device pin-out

DVCC

P1.OTAOCLK/ACLK/ADICAD
P1.1/TAD.OMUCAORXDIUCAOSOMI/AT/CAT
P1.2TAQ.1/UCAOTXD/UCAOSIMOIAZICAZ
P1.3/ADC10CLK/CAQOUT/VREF-VEREF-/A3/ICA3

20f0 DVSS

19 0 XIN/P2 6/TAD.1
18O XOUT/P2.7
170 TEST/SBWTCK

20 16 [0 RSTINMISBWTDIO

W om o~ oot B o koo

P1.4/SMCLK/UCBOSTE/UCAOCLKNREF+NVEREF+/A4/CA4TCK ITOPP“\.-F;:cE'WI 150 P1.7/CAOUT/UCBOSIMO/UCBOSDA/ATICATITDOTDI
P1.5/TAD.O/UCBOCLK/UCAOSTE/ASICASITMS 140 P1.6/TAQ.1/UCBOSOMI/UCBOSCL/ABICAGTDITCLK

P2.0TA1.0 13[0 P25/TA1.2

P21/TA1A 120 P2.4/TA1.2

P2.2TA11 O 110 P2.3/TA1.0

Figure D.1: The MSP430G2553 Microcontroller device pin-out
(Adapted from Texas Instruments, 2013).

172



Appendix D2: Device functional block diagram of the MSP430G2553 MCU
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Figure D.2: The device functional block diagram of the MSP430G2553 MCU.

(Adapted from Texas Instruments, 2013).

Appendix D3: MSP430G2553 C-code for IBVM Converter Control
/*

* MSP430G2553 IBV Converter Controller Code

* Makani Mwinga

* October 2015

*

* PWM code using both TimerA_0 and TimerA_1

*/

#include "msp430.h"

/* Declare Functions */
void ADCSetup(void);
/Ivoid Soft_startUP(void);

#define PWM_increment (1024/100)

/* Declare global variables*/
unsigned int ADCDATA [2]= {0};
unsigned int ADCRead = 0;
unsigned int ADCReadl = 0;

/* The main function of the program */
void main(void) {

unsigned int PWM_dutyl;
unsigned int PWM_duty?2;

[*** Stop Watchdog timer ***/
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WDTCTL = WDTPW + WDTHOLD;

/*

* Set Clock to operate at approximately 5MHz speed equivalent

* to a clock period of 200 ns

*

BCSCTL1 = RSEL3 + RSEL2 + RSEL1 + RSELO + XT20FF + XTS ;//+ XT20FF;
DCOCTL = DCO2 + DCO1 + DCOQ;

[* Initialize ADC10 Setup Function*/

ADCSetup();
[*** GPIO Set-Up ***/

P1DIR = 0x00;
P2DIR = 0x00;
P1DIR |= BITZ; /[ P1.2 set as output
P1SEL |=BITZ2; /I P1.2 selected Timer0_A Outl
P2DIR |= BITZ, // P2.1 set as output
P2SEL |=BIT1; /I P2.1 selected Timerl A Outl
[*** Timer0Q_A Set-Up ***/
TAOCCTLO |= CCIE; /llIinterrupt enabled
TAOCCRO = 97; /I PWM Period
TAOCCTL1 |- OUTMOD_2; I TAOCCR1 output mode = set/reset

TAOCTL |= TASSEL_2 + MC_3 + ID_1; // SMCLK, Up Mode (Counts to TAOCCRO)

[*** Timerl_A Set-Up ***/

TA1CCRO = 97; /I PWM Period

TAL1CCTL1 |= OUTMOD_2; /I TALCCR1 output mode = reset/set
_BIS_SR(GIE); /I Enable global interrupt

while(1){

if(ADCRead > 300){
ADCRead = 300;
Soft_startfLAG = 1,

}

if(ADCReadl > 400){
ADCRead1 = 400;

}

PWM_dutyl = (ADCRead/PWM_increment);
PWM_duty2 = (ADCRead1/PWM_increment);

if(ADCRead > 30){
if(PWM_dutyl < 29){
PWM_dutyl +=1;
TAOCCR1 = PWM_dutyl;

}

}
if(ADCReadl > 301
If(PWM_duty2 < 29){
PWM_duty2 +=1 ;
TALCCR1 = PWM_duty?2;
}
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if(ADCRead =< 20){
if(PWM_dutyl >= 39){
PWM_dutyl -=1;
}

}
if(ADCReadl =< 20){
if(PWM_duty2 >= 39){
PWM_duty2 -=1;
}
}

}

}
/IADC10 Setup
void ADCSetup(void){
P1DIR |= 0x03;
ADC10CTLO = ADC100N + MSC + ADC10SHT_2 + SREF_1 + REFON + REF2_5V
+ ADC10IE + ADC10IFG ;
ADC10CTL1 =INCH_1 + ADC10DIV_0 + CONSEQ_3;
ADC10DTC1 = 2; //INumber of conversations.
ADC10AEO |= 0x03; // Enable A0 ,P1.0
ADC10SA = (short)&ADCDATA[O]; // ADC10 data transfer starting address.
_delay_cycles(30);// Delay and wait for ADC10 Voltage reference to settle down.
ADC10CTLO |= ENC + ADC10SC,; // Enable Sampling and start conversion.

/IADC10 interrupt Service Routine
#pragma vector = ADC10 VECTOR
__interrupt void ADC10_ISR (void){
ADCReadl = ADCDATA[1];
ADCRead = ADCDATAJO];
ADC10CTLO &= ~ADC10IFG; // clear interrupt flag
ADC10SA = (short)&ADCDATA[O]; // ADC10 data transfer starting address.

}

#pragma vector=TIMERO_AO_VECTOR
__interrupt void Timer_A (void) {
TALCTL [=TASSEL 2+ MC _3+1D_1; /I SMCLK, Up Mode (Counts to
TAL1CCRO)
TAOCCTLO &= ~CCIE;

}
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