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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 

1.1 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 

(Vázquez-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.   

1.1.1 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 (H2 – 2e- = 2H+). These ions 

flow into the electrolyte. On the cathode side as air flows in, electrons are added to 

leave two Oxygen ions (O2 + 2e- = 2O-) that flow into the electrolyte. The Hydrogen and 

Oxygen ions combine to generate water (H2O). 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. 

1.1.2 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  

 

Figure 1.2: The schematic for the operation of a Phosphoric Acid FC and PEM FC. 

(Adapted from Smithsonian Institute, 2008) 
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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. 

 

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 C250C50  . While 

the MCFC and the SOFC are classified as high temperature fuel cells with an operating 

temperature range of C1000C650   (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.  

 

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 (HFCTs) is used. The H – 1000 PEMFC stack module is a low 
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power module with a maximum operating temperature of C65  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, 

2H  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 C65 . 

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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1.2 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 H2 and O2 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. 

1.3 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). 

 



  

7 
 

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). 

1.4 The Research Objectives and Aims 

1.4.1 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. 

1.4.2 The research aim 

The aims of the research are intended to realise the objective and these are: 

 Literature review of existing converter topologies used in PCUs for PEMFC 

PSUs.  
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 Determine the most appropriate and most cost effective converter topology for 

the PCU based on the selected FC stack specifications. 

 Mathematical modelling, design, control and simulation of the preferred 

converter topologies for the PEMFC PCU.   

 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. 

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

residential load profiles. 

1.5 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.   

1.6 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 
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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. 

1.7 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 

2.1 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. 

2.2 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). 

2.3 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 (Vázquez-Blanco et al., 2009). 

 

 

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.  

 

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 (Vázquez 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.  

 

 

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

(Adapted from Vázquez-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 Vázquez-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. 

InverterFC Low DC
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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. 
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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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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). 

2.3.2 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). 

 

2.4 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 

3.1 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.  
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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 ICFFB Converter 

3.2.1 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.  

3.2.2 Circuit topology 

Figure 3.2 shows the circuit of the PWM ICFFB converter. The circuit consists of a DC 

input voltage IV , four controllable MOSFET switches 321 S,S,S and 4S , a high 

frequency (HF) transformer, four high speed high-power switching diodes 321 D,D,D

and 4D , an input inductor L, an output filter capacitor C, an output voltage OV  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. 

 

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 Lr  is the equivalent series resistance (ESR) of the input 

inductor, Mr  is the series parasitic resistance of each MOSFET switch, n  is the 

transformer turns ratio, FV  is the forward voltage drop across each conducting rectifier 

diode, Fr  is the forward resistance of each conducting rectifier diode and Cr  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. 
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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 
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of the converter is equal to sT  and sLT  is the switching period of the inductor current 

and the capacitor voltage.  

 

The four switches of the converter are operated as pairs of 1S , 4S  and 2S , 3S .The 

switches turn on and off alternately at the switching frequency  sss T1ff  , 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 40 tt   is equal to one operating period. 
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Figure 3.4: The current and voltage waveforms of the ICFFB converter during steady 
state switching. 

 

Where 1GV  and 2GV  are gate signals for the MOSFETs, )(L ti  is the instantaneous 

inductor current, LI  is the average inductor current, Li  is the peak-to-peak inductor 

current ripple, (t)VL  is the instantaneous inductor voltage, )(tVP  is the instantaneous 
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voltage of the transformer primary winding, )(tVr  is the output capacitor voltage ripple, 

OΔV  is the peak-to-peak output voltage ripple and )(tiO  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 1:






















 s10 T

2

1
-Dtt  

Figure 3.5 shows the equivalent circuit of the converter during mode 1. During this 

interval, all the four MOSFET switches 321 S,S,S  and 4S  turn on and conduct the 

inductor current LI  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 321 D,D,D  and 4D  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 1S  and 4S  turn off. 
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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  

 
,VIr2Ir

dt

d
L ILMLL 

(t)i L  (3.1) 

 
,I

dt

)(d
C Load

tvC  (3.2) 
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.

R

V
I

o
Load   (3.3) 

Where II  is the input current and is equal to LI , OI  is the average current of the 

secondary winding side of the transformer, LoadI  is the average load current, PV  is the 

average voltage across the primary winding side of the transformer, SV  is the average 

voltage across the secondary winding side of the transformer, CV  is the voltage across 

the capacitor, OV  is the output voltage, IV  is the input voltage and R is the load 

resistance. 

Mode 2:   s21 TD-1tt   

Figure 3.6 shows the equivalent circuit of the converter during mode 2. During this 

interval, switches 1S  and 4S  turn off, whereas 2S  and 3S  stay on. The inductor 

discharges current through 2S , 3S  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 1D , and then 

back to the secondary winding via 4D . During this interval, the capacitor is charged up. 

This mode ends when the switch pair of 1S  and 4S  turns on again. 
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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 

 
,VIr2VIr

dt

d
L PLMILL 

(t)i L  (3.4) 

 
,

R

V
I

dt

)(d
C

O
O 

tvC  (3.5) 

where OI  is equal to 
n

IL and PV  is equal to  .VV2Ir2
n

1
OFOF   
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Mode 3:






















 s32 T

2

1
-Dt-t  

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

Mode 4:   s43 TD-1t-t   

Figure 3.8 shows the equivalent circuit of the converter during mode 4. During this 

interval, switches 2S  and 3S  turn off, whereas 1S  and 4S  stay on. The inductor 

discharges current through 1S , 4S  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 3D , and then 

back to the secondary winding via 2D . The capacitor C is charged up. This mode ends 

when the switch pair of 2S  and 3S  turns on again. 
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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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,VIr2VIr

dt

d
L PLMILL 

(t)i L  (3.6) 

 
,

R

V
I

dt

d
C O

O 
(t)vC  (3.7) 

 
,

dt

d
CrVV CCO

(t)v C
  (3.8) 

where PV  is equal to  .VV2Ir2
n

1
OFOF   

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  
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 (3.9) 

Where (t)VL  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  
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(3.10) 

In Eq. (3.10) 
n

IL  is substituted for OI  in order to solve for LI , the result is given as  

 
,

nr

DV2DV4nV
I OFI
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  (3.11) 
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where 

 

.
n

rD4)r2(rn
r

2

FML
2 

  (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 Eq. (3.10). 

rL

0LV+ -

n

DV4 F 

n

DV2 O 

OV LI

 

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 Eq. (3.2), (3.5) and (3.7), and it 

is given as  
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Where (t)IC  is the total capacitor current over one switching cycle. 

 

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  
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Where  
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Replacing LI in Eq. (3.16) with the value of LI  found in eq. (3.11), and then solving for 

OV  yields 
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(3.17) 

Figure 3.10 shows the equivalent DC circuit of the output section of the ICFFB 

converter constructed from the capacitor charge-balance equation.  
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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. 
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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  

 









































RD4

rn

V

V2
1D2

n

V
RD

rn

V

V2
1

n

D2

V

V

V
M(D)

2

2

O

F
I2

2

O

F

I

I

O
 

(3.18) 

DC Current transfer function  

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

and it is given as  
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  (3.19) 

The inductor current ripple  

The peak-to-peak inductor current ripple Li  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  
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Substituting II  with the value of II  given by eq. (3.16) into eq. (3.21) yields  
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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 Cv  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 
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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 minC . 

Converter Efficiency 

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

and then solving for η  as shown below  
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Where η  is the converter efficiency in Watts. The converter duty cycle D is derived from 

Eq. (3.25) and is given as  
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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  
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The averaged inductor and capacitor equations given by Eq. (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  

 ,ˆV(t)v I
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Equation (3.27) and (3.28) are non-linear due to the time variant quantities (small AC 

variations): (t)Iv̂ , (t)d̂ , (t)iL
ˆ , (t)vOˆ  and )(ˆ tvc . In Eq. (3.29) to (3.33), the small AC 

variations are superimposed on the DC components. The DC components are given 

as IV , D, LI , OV  and CV .  

 

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

are given as  
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where r is equal to 











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F
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n

Dr4
Dr2r3r  and 1r  is equal to 

2

F
M

n

r4
r2  . 

 

Figure 3.12 shows the equivalent small signal model of the ICFFB converter derived 

from the linearized inductor and capacitor small signal 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 )(ˆ sv I , )(ˆ sd  and )(ˆ svO . Where )(ˆ svO  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 

 ).(ˆ)(G)(ˆ)(G)(ˆ svssdssv IIOvdOvO   (3.39) 

The small signal open-loop control-to-output transfer function )(G sdOv  is defined as  
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(3.40) 

And the open-loop line-to-output transfer function )(G sIOv  is defined as  
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In Eq. (3.27) solving for )(ˆ si L  then substituting the result into Eq. (3.38) and then 

solving for )(ˆ svO  yields the simplified small signal output voltage of the ICFFB 

converter which is expressed in the normalized form as 
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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 

given as  
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(3.44) 

 

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

as  
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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 OP  50 – 900 W At full-load for IP  of 1 kW  

Input voltage  IV  36 – 67 VDC With Nominal Voltage of 52 VDC 

Output voltage OV  100 VDC Galvanic isolation required 

Efficiency target η  90 % optimised at full-load 

Input current ripple    30 %  of LI  For load range 5.5-100 % 

Output voltage ripple OΔv  < 1 % of OV   

Switching frequency sf    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 maxD  is 0.45. The calculated maximum turns-ratio is 1.7, but a 

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 

Eq. (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 μF173.39 . While the 

maximum value of the required capacitor ESR is given as 9 mΩ .   

 

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 eq. (3.22), and it is given as Hμ47.287 .  

 

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

as 11.11 Ω  – 200 Ω .  
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3.3 Boost converter  

3.3.1 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.  

3.3.2 Circuit topology 

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

The circuit consists of a DC input voltage IV , one controllable MOSFET switch S, one 

high-speed high power diode 1D , an input inductor L, an output filter capacitor C and a 

resistive load R. Further, the circuit consists of the input current II , the inductor voltage 

LV , the inductor current LI , the diode current DI , the capacitor current CI , the load 

current LoadI and the output voltage OV . The analysis of the boost converter covered 

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

2008). 

-

++ -

IV S

L
II 1D

C ROV

LoadI

CI
LV

LI DI

CV

+

-  

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 Lr  is the equivalent 

series resistance (ESR) of the input inductor, Mr  is MOSFET parasitic resistance when 

conducting, FV  is the forward voltage drop across the diode when conducting, Fr  is 

the forward resistance of the diode when conducting and Cr  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 sT . The MOSFET switch is hard switched by a gate signal at the switching 

frequency  ss T1f  , 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 sDT  and sTD  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 GSV  is the gate signal for the MOSFET, )(L ti  is the instantaneous inductor 

current, Li  is the peak-to-peak inductor current ripple, LI  is the average inductor 

current, )(L tV  is the average inductor voltage, )(tiS  is the MOSFET instantaneous 

current, II  is the average input current, )(tID  is the diode instantaneous current, SDT  is 

the switch on-time and STD  is the switch off-time. 

 

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

Mode 1: sDT  

Figure 3.16 shows the equivalent circuit of the converter during mode1. During this 

interval the switch S turn on and conducts the inductor current LI , 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.  
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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  

 
,IrIrV

dt

d
L LMLLI 

(t)i L  (3.47) 
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Mode 2: sTD  

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 LI . 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  
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Average inductor voltage  

The average inductor voltage is found by taking the integral of the inductor 

instantaneous voltage over one switching cycle using Eq. (3.47) and (3.50), and it is 

given as  
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Applying the inductor volt-second balance principle to Eq. (3.53) yields  
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Where 

 .rDrDrr FLM   (3.55) 

 

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  
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Applying the capacitor charge-balance principle to eq. (3.56) yields  
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The output voltage is determined by replacing LI in Eq. (3.57) with the value of LI  

found in Eq. (3.54) and then solving for OV which is given as 
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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 Eq. (3.57). 
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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 

Eq. (3.58) and it is expressed as  
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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  
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I
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The inductor current ripple  

The peak-to-peak inductor current ripple Li  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  
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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 
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Where minD  is minimum duty cycle during mode 1, minD  is minimum duty cycle during 

mode 2, maxR  is the maximum load resistor and (max)ΔiL  is the maximum peak-to-

peak inductor current ripple. 

The capacitor voltage ripple 

The peak-to-peak capacitor voltage ripple Cv  is the change in the capacitor voltage 

during the charging interval or the discharging interval of the capacitor. It is derived 

from Eq. (3.48) and expressed as  
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where Cv  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  
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Converter Efficiency 

The converter efficiency is derived by equating Eq. (3.59) and (3.60) and then solving 

for η  as shown below 
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(3.67) 

 

The converter duty cycle is derived from Eq. (3.67) and it is given as 
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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  
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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 
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The final step is to take the Laplace transform of Eq. (3.71) and (3.72), and the results 

are given as  
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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.  
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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  
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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  
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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 OP  50 – 900 W At full-load for IP  of 1 kW  

Input voltage IV  36 – 67 VDC Nominal Voltage: 52 VDC 

Output voltage OV  100 VDC Galvanic isolation required 

Efficiency target η  90 % optimised at full-load 

Input current ripple    30 % of LI  For load range 5.5-100 % 

Output voltage ripple Ov  < 1 % of OV   

Switching frequency sf    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 Fμ244.82 . 

 

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 Hμ287.91 . 

 

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

as 11.11 Ω  – 200 Ω .   
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3.4 Sepic converter  

3.4.1 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. 

3.4.2 Circuit topology 

Figure 3.22 shows the circuit of the PWM sepic converter. The circuit consists of an  

input voltage IV , one controllable MOSFET switch S , one high speed high-power 

switching diode 1D , two input inductors 1L  and 2L , two capacitors 1C  and 2C  and a 

resistive load R. Further, the circuit consists of the input current II , the inductors 

voltages 1LV  and 2LV , the inductors currents 1LI  and 2LI , the capacitors voltages 1CV  

and 2CV , the capacitors currents 1CI  and 2CI , the load current LoadI and the output 

voltage OV . 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). 
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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 ST . 

The switch repeatedly turn on and off at the switching frequency  sss T1ff  , 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 sDT  and sTD  are equal to 

one operating period. 
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Figure 3.23: The current and voltage waveforms of the sepic converter during steady 
state switching. 

 

Where GSV  is the gate signal for the MOSFET, )(1L ti  and )(2L ti  are the inductors 

instantaneous current, )(1L ti  and )(2L ti  are the inductors peak-to-peak current 

ripple, OI  is the average output current and it equal to LoadI , )(1L tV  and )(2L tV  are the 

average inductors voltage, )(tiS  is the MOSFET instantaneous current, II  is the average 

input current, )(tID  is the diode instantaneous current, SDT  is the switch on-time and 

STD  is the switch off-time. 
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Mode 1: sDT  

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

circuit includes the inductors ESRs 1Lr  and 2Lr , the capacitors ESRs 1Cr  and 2Cr  and 

the MOSFET series resistance Mr . During this time interval, the switch turn on and 

conduct the input current, both inductors are charging up, 1C  discharges through 2L  

and 2C  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. 
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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 
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Mode 2: sTD   

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, 

1LI  charges 1C  and 2C  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  
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Average capacitor current for C1 

The average capacitor current for 1C  is found by taking the integral of the instantaneous 

current through 1C  over one switching cycle and it is given as  
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1LI  is derived from Eq. (3.86) and it is given as  

 
.

21 LL I
D

D
I


  (3.87) 

Average capacitor current for C2 

The average capacitor current for 2C  is found by taking the integral of the instantaneous 

current through 2C  over one switching cycle and it is given as 
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1LI  is derived from Eq. (3.88) and it is expressed as  
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2LI  is derived by equating Eq. (3.87) to (3.89) and then solving for 2LI  as shown 

below 
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1LI  can also be derived by substituting the value of 2LI  found in Eq. (3.90) into Eq. 

(3.87) or (3.89) and it is given as  
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Average inductor voltage for L1 

The average inductor voltage across 1L  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 
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The voltage across 1C , 1CV , is derived from Eq. (3.92) and it expressed as  
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Average inductor voltage for L2 

The average voltage across 2L  is found by taking the integral of the inductor 

instantaneous voltage over one switching cycle and it is expressed as  
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(3.94) 

 

The voltage across 2C , 2CV , is derived from Eq. (3.94) and it is expressed as 
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DC Voltage transfer function 

The DC voltage transfer function of the sepic converter is derived from Eq. (3.93) and 

(3.95). First, Eq. (3.95) is equated to Eq. (3.93) and then solving for OV  as shown 

below. 
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(3.96) 

 

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

expressed as  
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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) 
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The DC current transfer function is derived from eq. (3.98) and it is given as  
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The inductor current ripple  

The peak-to-peak inductor current ripple for 1L , 
1Li , can be derived from either Eq. 

(3.78) or (3.82) and it is given as  
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The peak-to-peak current ripple for 2L , 2iL , is derived from Eq. (3.84) and it is given 

as  
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The capacitor voltage ripple 

The peak-to-peak voltage ripple for 1C , 1Cv , is derived from Eq. (3.83) and it is 

expressed as  
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The peak-to-peak voltage ripple for 2C  , 2Cv , is derived from Eq. (3.85) and it is 

expressed as 
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Converter Efficiency 

The converter efficiency is derived from Eqs. (3.98) and (3.99), and it is expressed as  
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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 (t)Vap
 in all converters is DC, while )(tVCP  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.  
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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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Averaging Eq. (3.105) yields   
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In order to obtain the averaged linearized small signal equations of the PWM switch 

model, Eq. (3.106) is perturbed and expressed as  
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Figure 3.27 shows the linearized average PWM switch model with the dependent 

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

 

In Figure 3.27, the dependent current source cîD  and the dependent voltage source 

apv̂D  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 d̂  such as  DVd ap
ˆ  are moved 

to the left side of the transformer. 
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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. 
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Figure 3.29: The DC and small signal PWM switch model with parasitic elements. 

 

Where cpv̂ , cr and DV  are expressed as  

 

  

.rDDrrDDr

,rrDDrIVV
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MFecapD

cD
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 idvv apcp

 (3.108) 

Where er  is a high frequency resistance that appears across ports a and p, Mr  and 

Fr  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: 

1D  is moved to the bottom part of the converter and the bottom terminal of 2L  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.  
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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, inv̂  

and d̂  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, Iv̂  and d̂  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  
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Figure 3.32: The equivalent circuit of the sepic converter with all DC sources, inv̂  and 

d̂  set to zero. 

Determination of the denominator D(s) 

The denominator D(s) is a fourth order polynomial and it is expressed as 
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The coefficients 41 aa   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  
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Assuming a moderate to high Q-factor Q, and properly separated resonances, Eq. 

(3.112) is expanded and equated to Eq. (3.111) to get 
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The coefficients 41 aa   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 Cr  has been moved 

to the active terminal and multiplied by the term 12 )(D  . Vatché (2004), covers a 

detailed description of the N-Extra Element Theorem.  
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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  
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The resonances frequencies and the Q-factors are expressed as  
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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 (s)Nin  will be determined next. 

The term M  relates to the lossless DC voltage transfer function given by Eq. (3.98). On 

the other hand, the term (s)Nin  relates to the null conditions of )(ˆ svO  to the 

stimulation of )(ˆ sv I  and it is expressed as a factor of (s)N1  and (s)N2 . Where (s)N1  

corresponds to the first null condition and (s)N2  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 )(ˆ sd  is set to zero. 
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Figure 3.34: The equivalent circuit of the sepic converter used to determine the line-
to-output transfer function. 

 

The first null condition of )(ˆ svO  is given by the output zero when it shorts, so that the 

first factor of (s)Nin  is expressed as  

   (s).NCsr1(s)N 222Cin   (3.125) 

 

The second null condition of )(ˆ svO , (s)N2  is given when oî  is equal to zero so that 

1î  flows through the first impedance branch of  11C Cs1r   and the second 

impedance branch of  22L sLr  . With )(ˆ svO  at null, it follows that both aî  and 
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cî  are zero, therefore, the voltage across the first and the second impedance branch 

can be expressed as  

  ,Cs1rˆˆ 11C1  iv ap  (3.126) 

  .sLrˆˆ 22L1  iv cp  (3.127) 

 

Equation (3.127) is expressed in terms of Eq. (3.126) as apcp vDv ˆˆ   and yields   
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Finally, the line-to-output transfer function is determined by substituting the numerator 

term into Eq. (3.110) and it is given as  
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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 DK  and (s)Nd  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 )(ˆ sIV  is set to zero. The term DK  is derived from the 

expression of the DC voltage transfer function of the converter as shown below 
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The term (s)Nd  relates to the null conditions of )(ˆ svO  to the stimulations of the 

sources  d̂DVD  and d̂Ic . The first null condition is given by the output zero, 

therefore, (s)Nd  is expressed in terms of the output zero as its first factor as  

   (s),NCsr1(s)N 222Cd   (3.131) 

where  22C Csr1  is the output zero. 
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The term (s)N2  corresponds to the second null condition when )(ˆ si o  is equal to zero. 

With )(ˆ si o  equal to zero, applying Kirchhoff current law (KCL) at node “C” and at node 

“P” yields  
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With some manipulation of Eq. (3.132) and (3.133), the second factor of the control-to-

output numerator is determined and expressed as  
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Substituting Eq. (3.134) and (3.130) into Eq. (3.109) yields the control-to-output transfer 

function of the sepic converter. The numerator term given by Eq. (3.134) is 

characterised by a real right half plane zero (RHPZ) and a pair of complex conjugate 

zeroes.  
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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 OP  50 – 900 W At full-load for IP  of 1 kW  

Input voltage IV  36 – 67 VDC Nominal Voltage: 52 VDC 

Output voltage OV  100 VDC Galvanic isolation required 

Efficiency target η  90 % optimised at full-load 

Input current ripple    30 % of LI  For load range 5.5-100 % 

Output voltage ripple Ov  < 1 % of OV   

Switching frequency sf    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 

Eq. (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 Eq. (3.102) and (3.103), and the 

values of the inductors are calculated using Eq. (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 

1C  914.135  μF  

2C  65.543  μF  

1L  65.100  μH  

2L  65.100  μH  

R  20011.11   Ω  
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3.5 IBVM Converter  

3.5.1 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.  

3.5.2 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 IV , an inner and outer boost leg, two input inductors 1L and 2L , three 

capacitors 1C , 2C  and 3C , two controllable switches 1S  and 2S , four high speed high-

power diodes 1D , 2D , 3D  and 4D , an output voltage OV  and a load resistor R. 
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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 

sT . The switches repeatedly turn on and off at the switching frequency of  sss T1ff 

. 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 40 tt   is equal 

to one switching period and consist of four operating modes. GS1V  and GS2V  are the 

switch gate signals, (t)iL1 and (t)iL2  are the inductors instantaneous currents, L1I  and 

L2I  are the inductors average currents, 1Li  and 2Li  are the peak-to-peak inductors 

current ripple, (t)iD1  and (t)iD2  are the diodes instantaneous current, (t)VD1  and (t)VD2  

are the diodes voltage, )(C1 ti , (t)IC2  and (t)IC3  are the capacitors instantaneous 

current, (t)vC1 , (t)vC2  and (t)vC3  are the capacitors instantaneous voltage, C1V , C2V  

and C3V  are the capacitors average voltage and 1Cv , 2Cv  and 3Cv  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 NVO  and then the output voltage is approximated as

  NVN O . 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. 

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 ( 10 tt  ): 0.5D  

Figure 4.39 shows the equivalent circuit of the converter during mode 1. During this 

mode of operation, both switches 1S  and 2S  turn on and conduct the input current II , 

while the diodes 1D , 2D  and 4D are reverse biased and 3D  is forward biased. Both 1L  

and 2L  are charged up from the source. If the voltage across 1C  is lower than that 

across 3C , then 3D  is forward biased, allowing 3C  to discharge current into 1C  until 

the voltage level of 1C  is clamped to that of 3C . 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 2C  and 3C , therefore both capacitors provide power 

to the load R. This mode ends when 1S  turn off. 
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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  
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.

R

V2
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tveq
 (3.140) 

Where 1Mr  and 2Mr  are the series resistance of the switches, 1Lr  and 2Lr  are the 

series resistance of the inductors, 1Cr , 2Cr  and 3Cr  are the series resistance of the 

capacitors and eqC  is the parallel equivalent capacitance of the series connected 

capacitors at the output node.  

Mode 2 ( 21 tt  ):D  

Figure 3.40 shows the equivalent circuit of the converter during mode 2. During this 

mode of operation, 1S  turns off whereas 2S  stays on and conducts both 2LI  and 1CI

, while 2D  and 4D  are reverse biased and 1D  and 3D  are forward biased. 1L  

discharges current through 3C  while 2L  is charged up from the source. Similarly to 

mode 1, If the voltage across 1C  is lower than that of 3C , then 3D  is forward biased 

allowing 3C  to discharge current into 1C  until the voltage level of 1C  is clamped to that 

of 3C . The output voltage is equal to the sum of the voltage across 2C  and 3C . This 

mode ends when 1S  turns on again. 
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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 
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Where Fr  is the series resistance of each diode and FV  is the forward voltage drop 

across each diode. 

Mode 3 ( 32 tt  ): 0.5D  

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 2S  turns off. 
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Figure 3.41: The equivalent circuit of the IBVM converter during mode 3. 

Mode 4 ( 43 tt  ):D  

Figure 3.42 shows the equivalent circuit of the converter during mode 4. During this 

interval, 1S  stays on and 2S  turns off and the diodes 1D  and 3D  are reverse biased, 

while 2D  and 4D are forward biased. 1L  is charged up from the source while 2L

discharges current into 3C . If the voltage across 2C  is lower than that across 1C , then 
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4D is forward biased allowing 1C  to discharge current into 2C  until the voltage level of 

2C  is clamped to that of 1C . This mode ends when 2S  turns on again. 
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Figure 3.42: The circuit of the IBVM converter during mode 4. 
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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  
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Where  

 D,rDrrr 1MF1L   (3.156) 

 .Drrr 2M2L2   (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  

 
,DIIDIrdt)(

T

1
(t) F2L2M

sT
0 1

s
1C  tii C

 

 

(3.158) 

 
,

dt

D)(d
C

R

V
dt)(

T

1
(t)

1
1

OsT
0 2

s
2C




tv
tii

C
C  

 

(3.159) 

 

,DIDI
dt

D)(d
C

dt

)(d
C

dt,)(
T

1
(t)

F1L
1

1
2

2

sT
0 3

s
3C





tvtv

tii

cc

C

 

 

(3.160) 

 
.

R

V2
DIdt)(

T

1
(t)

O
L

sT
0

s
eqC  tii

eqC
 (3.161) 

Where 
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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 

Eq. (3.161), (3.155) and (3.154), and they are expressed as  
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Where )M(D1  is the DC voltage transfer function derived with respect to the inner 

boost leg of the converter and )M(D2  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  
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The inductors current ripple  

The peak-to-peak inductors current ripple 1iL  and 2iL  are derived from Eq. (3.135) 

and (3.136), and they are expressed as  
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Where 1iL  and 2ΔiL  are the peak-to-peak current ripple of 1L  and 2L . 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 2C  using Eq. (3.138). The voltage ripple 

across 2C , 2Cv , and the voltage across its series resistance 2rCV  are expressed as  
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Since the output voltage is measured across 2C  and 3C , it follows that the output 

voltage ripple across the equivalent output capacitor is a sum of the voltage ripple 

across 2C and 3C , and it is expressed as  

 .IrC22 2C22  CO vv  (3.173) 

 

The minimum value of 2C  required to maintain the voltage ripple across 2C  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 1C  and 3C  

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 η  as shown below  
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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  
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where )ηM(D1  is the converter efficiency expressed in terms of the DC voltage transfer 

of the inner boost leg and )ηM(D 2  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  
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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 
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The final step is to take the Laplace transform of Eq. (3.179), (3.180) and (3.181), and 

the results are given as  
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Converter Open-loop Transfer Functions 

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 

derived and they are given as  
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(3.187) 

 

Where  1L(s)ˆOv  is the converter small signal output voltage derived with respect to 

the inner boost leg of the converter, while  2L(s)ˆOv  is the converter small signal 

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

 

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 

functions were derived and they are given as 
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(3.189) 

 

Where )(1 sdGvO  is the small signal control-to-output transfer function derived with 

respect to the inner converter boost leg, while )(2 sdGvO  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 OP  50 – 900 W At full-load for IP  of 1 kW  

Input voltage IV  36 – 67 VDC Nominal Voltage: 52 VDC 

Output voltage OV  200 VDC Galvanic isolation required 

Efficiency target η  90 % optimised at full-load 

Input current ripple    30 % of LI  For load range 5.5-100 % 

Output voltage ripple Ov  < 1 % of OV   

Switching frequency sf    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 Eq. (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 

1C , 2C  & 3C  244.82 μF  

1Cr , 2Cr & 3Cr  17.8 mΩ  

1L  & 2L  288 & 287.31 μH  

minR & maxR  44.44 & 400   

 

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 

index 

Converter Topology 

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  
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CHAPTER 4 

CONVERTER CONTROL, SIMULATION RESULTS AND DISCUSSION 

4.1 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. 

4.2 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 )(tVO  and feeds it to the controller, which then produces a control voltage for 

the modulator. )(tVO  entirely relies on the duty cycle )(td , the load current )(tiLoad  

and the input voltage )(tVI . 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.  

)(td

(t)VI
(t)i load

  

(t)V
O

R

Controller





Converter Power Stage

Inductors, Capacitors 

Switches & Diodes. 

Control Input

Control Signal

Output

Voltage

Feedback 

Network

 

Figure 4.1: The simplified circuit of a PWM DC – DC converter with CMFC. 
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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). 

4.2.1 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 )(tVcontrol  and )(tVsawtooth  and an output )(td . The two 

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

)(td  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 )(tv I  and )(ti load  and an output voltage )(tvO . The output voltage 

is a function of the duty cycle, the input voltage and the load current.  
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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 )(td  by comparing 

its two inputs )(tVcontrol  and )(tVsawtooth . 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, sDT  denotes 

the time interval when the PWM signal is high, while sTD  denotes the time interval 

when the PWM signal is low. 

0

0

t

)(tVcontrol

)(tVsawtooth

)( td sDT

sTD

sT
 

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

 

4.2.2 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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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. 

4.2.3 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 III EA, 

which is also known as Integral-double lead controller. The EA consists of an output 

voltage reference ORV , the converter output voltage feedback OFV , a feedback 

impedance fZ , an input impedance iZ  and an output control voltage (error voltage)

cV . 11h  is the h-parameter of the resistive feedback network. The EA subtracts OFV  

from ORV  in order to produce a control voltage CV , which is then fed to the pulse-

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

covered by Kazimierczuk (2008) and many others.  

cV



 ORV

OFV





11h

1R

3R2R 3C
1C

2C





iZ

fZ

 

Figure 4.4: Compensated type III 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 ORV , an output 
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voltage feedback OFV , an error voltage )(sVe , a control voltage (s)VC , a resistive 

feedback network gain β , an EA gain (s)Gc , a pulse-width modulator gain (s)Gm , a 

gate driver gain (s)Gd  and the converter power stage with three inputs and an output. 

Compensation of the EA reduces the error voltage, stabilises the closed-loop gain 

(s)Gcl , ensures fast response to variations and ensures sufficient gain margin (GM) 

and phase margin (PM). 

(s)VOR )(sVe )(sd

)(svI

)(si load

stage power converter

)(svO

 )(),(),()( sdsisVfsV loadIO


  variations

  input Control(s)Gm

β


 (s)Gc

)(sVc )(sd

)(sVOF

)(sGd

 

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 )(ˆ sv I , )(ˆ svOR  and )(ˆ si load  and a single output )(ˆ svO . The signals with 

the hat ( ) symbol represent the AC component of the signals. )(ˆ sv I  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 

)(ˆ svO  is constant and then setting )(ˆ svOR  to zero, and it is given as   

 
(s).G(s)G(s)G(s)G

)(ˆ

)(ˆ
A dOvdmc

sv

sv

e

O  (4.1) 

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

as  

 
(s).G(s)G(s)G(s)βGβA

)(ˆ

)(ˆ
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sv

sv

OF

O  (4.2) 

The AC variations of the converter output voltage is given as 
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Equation (4.3) indicates that feedback reduces the line-to-output transfer function

)(G sIvO
, and the control-to-output transfer function )(G sdvO

 by a factor of  )(11 sT
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. Assuming a very large loop gain, the reference-to-output transfer function is 

expressed as 

 
.

β

1

)(v

)(ˆ
)(G

OR


s

sv
sRv

O

O
 (4.4) 

Analysing Eq. (4.4) shows that the reference-to-output transfer function is independent 

of the converter forward path gains, therefore below the crossover frequency cf , 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 dB0 . The control voltage-to-duty cycle transfer function of 

the pulse-width modulator is given as 

 
.

V

1
(s)G

mT
m   (4.5) 

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

compensated error amplifier is given as  

 
.

(s)Z

(s)Z
(s)G

i

f
c   (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. 
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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 rampV , a 

compensated control voltage cV , a voltage sensor iR , a pulsating terminal voltage 

)(tv cp  and a steady DC terminal voltage )(tv ap . 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 sT  repeatedly sets the S-R latch to initiate the 

on-time of the converter switch. iR  measures the inductor current and converts it into 

a voltage signal, and rampV  compensates for the sub-harmonic oscillations of the 

current loop. Whenever the sum of iR  and rampV  is greater than cV , the comparator 

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

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

sDT , fS  is the negative slope of the inductor current during sTD , eS  is the slope of 

the external ramp, cI  is the current of the common terminal and cv  is the 

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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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  
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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 sC  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. 
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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 (s)He , 

common to the denominator of the small-signal dynamics of all PWM DC – DC 

converters operating in CCM with PCMFC. The modelling of (s)He  is thoroughly 

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

 
,

ω
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s
1(s)H

2
n

2

nn
e   (4.10) 

 

where nQ  is equal to   221SSDπ1 ne  , nω  is equal to 2ωs  and sω  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.  
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In order to design a peak current mode feedback (PCMF) controller, first the small-

signal control-to-output transfer function cO vv ˆˆ  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.  

4.3 Control and Simulation of the ICFFB Converter  

4.3.1 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. 
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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 AR  and BR , 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 cV  to sawtoothV  and then produces a PWM signal 

with duty cycle )(td  and the gate drivers amplify )(td  to a higher GSV  amplitude, which 

is then used to control the switching of the MOSFETs.  
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Figure 4.12: The circuit of the ICFFB converter with VMFC. 

 

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 

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 III 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 

tmV  2.5 V Sawtooth amplitude 

ORV  2.5 V Output voltage reference 

AR , BR , 1R  , 2R , 

3R  

kΩ39 , kΩ1 , MΩ2.1 , 

kΩ78.282 , kΩ64.325  

Resistor values for the 

voltage FN and EA 

1C , 2C , 3C  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 Lr , four MOSFET switches 41 MM   and two PWM blocks, a high frequency 

transformer, four diodes 41 DD  , a capacitor C and its series resistance Cr , 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 minR  

(full-load) to axmR  (minimum-load). The power stage component and parameter values 

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

 

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 ( cf ) 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 cf . Since the total phase of the control-

to-output power stage transfer function of the ICFFB converter exceeds 180 at cf , 

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, OV  

is the converter output voltage, FCV  is the FC stack output voltage, OI  is the converter 

output current and FCI  is the FC stack output current. OV  and OI  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, FCV  sharply drops after start-up, and then steadily increases and reaches its 

mean value of 37.6 V in 4.5 ms. While FCI  overshoots at start-up, and then steadily 

decreases and reaches its mean value of 26.4 A in 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. OV  and OI  steadily increase after start-up, and reach their mean value of 

89.99 V and 0.45 A in 15.5 ms and 13 ms respectively. On the other hand, FCV  sharply 

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

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

mean value of 1.03 A in 5 ms. 

 

Results in Figure 4.15 and Figure 4.16 show that OV  and OI  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. 

 

 

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 ( OV ) of 0.4 V and a peak-to-peak 

output current ripple ( OI ) of 0.3 A. While the FC stack has a peak-to-peak output 

voltage ripple ( FCV ) of 1 V and a peak-to-peak output current ripple ( FCI ) of 2.4 A. 

 

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 OV  of 6 mV and a OI  of 1.1 mA. While the 

FC stack has a FCV  of 1.3 V and a FCI  of 0.31 A. 

 

The results in Figure 4.17 and Figure 4.18 show that OV , OI  and FCI  are greater 

at full-load than at minimum-load. While FCV  is greater at minimum-load than at full-

load. 

89.6

89.7

89.8

89.9


 V

O
 (

V
)

ICFFB converter output voltage ripple at full-load

36.6

36.8

37

37.2

37.4
37.6


 V

F
C
 (

V
)

FC stack output voltage ripple at full-load

8.06

8.08

8.1


 I O

 (
A

)

ICFFB converter output current ripple at full-load

0.4975 0.498 0.4985 0.499 0.4995 0.5
24

25

26

time (s)


 I F

C
 (

A
)

FC stack output current ripple at full-load



  

91 
 

 

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.  

 

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 III EA for the ICFFB converter controller 
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and a high cross over frequency at 6.22 kHz with a total PM of 1.80 . The high cross 

over frequency ensures a wider bandwidth and faster transient response for the closed-

loop control of the system. 

 

Figure 4.20: The bode-plot of the magnitude and the phase of the voltage transfer 
function of the designed and compensated type III 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. 

 

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. OV  and OI  steadily increase 

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

hand, FCV  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 FCI  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 A in 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. OV  and 

OI  steadily increase after start-up, and then slightly overshoot and reach their mean 

value of 100 V and 0.5 A in 6 ms. On the other hand, FCV  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 FCI  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 A in 3 ms .  

 

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. 

 

0

50

100

150

V
O
 (

V
)

ICFFB converter output voltage at full-load

0

20

40

60

80

V
F
C
 (

V
)

          FC stack output voltage at full-load

0

5

10

 I O
 (

A
)

      ICFFB converter output current at full-load

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0

20

40

60

time (s)

I F
C
 (

A
)

              FC stack output current at full-load



  

94 
 

 

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 OV  and OI  

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 OV  of 0.4 V and a OI  of 39 mA. While the FC stack has a FCV  of 1.5 V and 

a FCI  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 OV  of 2 mV and a OI  of 0.1 mA. While the FC stack 

has a FCV  of 0.5 V and a FCI  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. 

 

 

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 OV  and OI  reduces with 

VMFC, while FCV  increases. On the other hand, FCI  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: FCV  increases while its ripple content reduces, FCI  decreases and develops 

spikes between 0.25 s and 0.375 s, OV  overshoots and then stabilises again at 100 V 

and OI  decreases. Another load transient is introduced at 0.45 s, as a result: FCV  

slightly increases, FCI  decreases again and retains high ripple content, OV  overshoots 

and then stabilises again at 100 V and OI  decreases again. 

 

The results in Figure 4.26 indicate that OV  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. 

 

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 III 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 

tmV  2.5 V Sawtooth amplitude 

ORV  2.5 V Output voltage reference 

AR , BR , 1R , 2R , 

3R  

k 39 , k 1 , 3.5 M , 

3.5 M , 7.66 M  

Resistor values for the 

voltage FN and EA 

1C , 2C , 3C  nF 2.01 , nF  13.16 ,

pF  801.77  

Capacitor values for the EA 

 

 

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 Lr , a MOSFET switch, a diode 1D , a capacitor C and it’s 

series resistance Cr , a variable load resistor R, a PWM modulator block and a scope. 

 

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  4.54 at a cross over frequency of 7.5 kHz, with a total phase of  4.234 . 

Since the total phase of the control-to-output transfer function of the boost converter 

exceeds 180  at cf , 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. OV  and OI  

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, FCV  sharply drops after start-up and then steadily increases 

and reaches its mean value of 36.3 V in 11 ms. While FCI  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. OV  and OI  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, FCV  

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

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

reaches its mean value of 0.87 A in 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. 

 

 

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 OV  of 0.65 V and a OI  of 55 mA, while the FC stack has a FCV  

of 0.5 V and a FCI  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 OV  of 30 mV and a OI  of 0.20 mA, while 

the FC stack has a FCV  of 8.8 V and a FCI  of 1.5 A. 

 

A comparison of the results in Figure 4.33 and Figure 4.34 show that OV  and OI  

are greater at full-load, while FCV  and FCI  are greater at minimum load  

 

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. 

 

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 III 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 III 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 3.53  

at a cross over frequency of 69.1 Hz. 

 

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. OV  and OI  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, FCV  dips after start-up and then overshoots, and 

steadily decreases and reaches its mean value of 62.62 V in 41 ms. While FCI  

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. OV  and OI  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, FCV  dips after start-up and then steadily increases and reaches 

its mean value of 65.5 V in 2 ms. While FCI  overshoots at start-up, then sharply 

decreases and becomes discontinuous, and then steadily increases to its mean value 

of 1 A. 

 

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 OV  of 0.4 V and a OI  of 33 mA, while the FC stack has a FCV  of 0.38 V 

and a FCI  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 OV  of 30 mV and a OI  of 60 mA, while the FC stack 

has a FCV  of 0.35 V and a FCI  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: FCV  increases, FCI  

decreases, OV  slightly overshoots and then stabilises again at 100 V and OI  

decreases. Another load transient is introduced at 0.45 s, as a result: FCV  increases 

slightly, FCI  decreases again, OV  slightly overshoots and then stabilizes at 100 V again 

and OI  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. 

 

 

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 Control and Simulation of the Sepic Converter  

4.5.1 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.  
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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 

rampV  and 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 iR  samples the total inductors peak current. The compensated EA produces a 

compensated error voltage cV  and then feeds it to the modulator. At the modulator: 

rampV  compensates for sub-harmonic oscillations prevalent in senseV , the clock sets 

the latch to initiate the switching of the gate driver, the comparator compares cV  with 

senseV  and whenever senseV  is greater than cV  it resets the latch and ultimately the 

switch. Once senseV  is less than cV , 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 II voltage controller and an S-R latch and a comparator with a 

compensated senseV  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 

tmV  2.5 V. Sawtooth amplitude 

refV  & senseV (max) 2.5 V. Output voltage reference and 

sensed inductor-current voltage  

iR  Ω0833.0  Current sense resistor 

AR , BR , Rcomp ,

1f bR  

kΩ39 , kΩ1 ,

kΩ1 , MΩ39  

Resistor values for the voltage FN 

and EA 

compC , hfC  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 1L  and 

its series resistance 1Lr , a coupling capacitor 1C  and its series resistance 1Cr , an 

output inductor 2L  and its series resistance 2Lr , a PWM switch, an output capacitor 

2C  and its series resistance 2Cr , a variable load resistor R and a scope. The switching 

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

 

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. 

 

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. OV  and OI   

steadily increase after start-up and reach their mean value of 90.7 V and 8.17 A in 8 

ms. On the other hand, FCV  sharply drops after start-up and then steadily increases 

and reaches its mean value of 37.1 V in 10 ms. While FCI  overshoots at start-up, and 

then steadily decreases with minor oscillations and reaches its mean value of 25.4 A 

in 15 ms.  

 

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. OV  and OI  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, FCV  sharply drops after start-up, then steadily 

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

57 V in 10 ms. While FCI  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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z  

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 OV  of 0.46 V and a OI  of 40 mA, while the FC stack has a FCV  

of 0.3 V and a FCI  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 OV  of 20 mV and a OI  of 0.1 mA, while the FC stack has a 

FCV  of 4.8 V and FCI  of 0.7 A. 

 

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

FCI  are greater at minimum-load, while OV  and OI  are greater at full-load. 

0

50

100

 V
O
 (

V
)

Sepic converter output voltage at minimum-load

30

40

50

60

70
V

F
C
 (

V
)

       FC stack output voltage at minimum-load

0

0.2

0.4

I O
 (

A
)

     Sepic converter output current at minimum-load

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

0

20

40

time (s)

I F
C
 (

A
)

     FC stack output current at minimum-load



  

114 
 

 

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. 

 

 

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. 

 

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 II 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  7.15 .  

 

Figure 4.53: The bode-plot of the magnitude and the phase of the voltage transfer 
function for the designed and compensated type II 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 

1.89  at 0.518 Hz.   

 

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. OV  and OI  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, FCV  is 

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

of 59 V in 960 ms. While FCI  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 A in 440 ms. The initial dip in OV  and OI  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. OV  and 

OI  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, FCV  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 FCI  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 OV  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 OV  of 1 V and a OI  of 92 mA, while the FC stack has a FCV  of 1.5 V and a 

FCI  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 OV  of 2 mV and a OI  of  0.1 mA, while the FC stack 

has a FCV  of 0.3 V and a FCI  of 1 A.  
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Figure 4.57: 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. 

 

 

Figure 4.58: The waveforms of the output voltage ripple and the output current ripple 
of the sepic converter and the FC stack at minimum-load with PCMFC. 
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A comparison of the results in Figure 4.57 and Figure 4.58 indicate that OV  and OI  

reduce with PCMFC. On the other hand, FCI  and FCV  increase at full-load while 

FCV  decreases and FCI  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. OV  and OI  stabilise 

at 100 V and 9 A in 34 ms after start-up regardless of variations in FCV . At 0.75 s, a 

load transient is introduced, as a result: OV  slightly overshoots and then stabilises at 

100.1 V, OI  decreases and stabilises at 2.5 A, FCV  increases and develops high ripple 

content and FCI  decreases and develops high ripple content. At 0.9 s, another load 

transient is introduced, as a result: OV  slightly overshoots and stabilises at 100.1 V 

again, OI  decreases again and stabilises at 0.5 A, FCV  increases and retains high 

ripple content and FCI  decreases and retains high ripple content.  

 

The results in Figure 4.59 indicate that OV  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. 

 

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 Control and Simulation of the IBVM Converter  

4.6.1 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 1C  and two output capacitors 2C  and 3C , four diodes 

41 DD  , a variable load resistor R, a load current loadI  and a pulse-width modulator. 

The two input inductors are interleaved together in order to form two legs of boost 

converters. 

IV
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R
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2S

loadI

+
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d(t)
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non-Inverted 

gate signal Pulse width modulator

1D

2D

3D

3C

4D

OV





Inner boost leg

Outer boost leg

 

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 III 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 

refV , tmV  &  

senseV (max) 

2.5 V Output voltage reference, 

sawtooth & sensed inductor-

current voltage 

iR  Ω69.10  Current sense resistor 

AR , BR  79 kΩ , 1kΩ  Resistor values for the FN  

1R , 2R , 3R , 4R ,  

5R  

1.2 MΩ , 119.5 kΩ , 121.8

kΩ , 100.32 kΩ , 105 kΩ  

Resistor values for the inner 

and outer boost leg EAs 

1C , 2C , 3C , 4C , 5C  & 

6C  

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 1L  and 

1L  with their series resistances 1Lr  and 2Lr , two Modulator & PWM Switch models, 

an energy transfer capacitor 1C  with its series resistance 1Cr , two output capacitors 

2C  and 3C  with their series resistances 2Cr  and 3Cr , two diodes 3D  and 4D , a 

variable load resistance R and a scope.  

 

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  14.8  at 

a frequency of 82.6 kHz, with a total phase of  14.188 . 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  15.8  at a frequency of 82.6 kHz, with a total phase of  15.188 . 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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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. OV  and OI  

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, FCV  sharply drops after start-up and then steadily increases 

and reaches its mean value of 36 V in 40 ms. While FCI  overshoots at start-up and 

then steadily decreases and reaches its mean value of 28 A in 41 ms. 1LI  and 2LI

overshoot at start-up and then steadily decrease and reach their mean value of 14 A in 

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. OV  and OI  steadily increase after start-up and reach their mean value of 174 

V and 0.435 A in 70 ms. On the other hand, FCV  sharply drops after start-up and then 

steadily increases and reaches its mean value of 53.5 V in 32 ms. While FCI  overshoots 

at start-up, and then steadily decreases and reaches its mean value of 1.75 A in 42.5 

ms. 1LI  and 2LI  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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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. 

 

 

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 OV  of 1 V and a OI  of 18 mA, while the FC stack has FCV  of 0.22 

V and a FCI  of 0.6 A. On the other hand the inductors have a 1LI  and 2LI  of 1.5 

A. 

 

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 OV  of 90 mV and a OI  of 0.2 mA, while the 

FC stack has a FCV  of 1 V and a FCI  of 0.3 A. On the other hand, the inductors 

have a 1LI  and a 2LI  of 1.5 A. 

 

A comparison of the results in Figure 4.66 and Figure 4.67 show that FCI  is lower 

than 1LI  and 2LI  at both full-load and minimum-load. This validates the discussed 

inductor-interleaving feature of the IBVM converter, where the total current ripple ( FCI

) of the source is less than the sum of the inductors current ripple ( 1LI  and 2LI ).  
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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.  

 

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 III 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 2.112 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 

42.116  at 24.35 Hz. 

 

Figure 4.69: The bode-plots of the magnitude and the phase of the voltage transfer 
functions of the designed and compensated type III 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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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. OV  and OI  steadily 

increase after start-up and reach their mean value of 200 V and 4.5 A in 140 ms. On 

the other hand, FCV  sharply drops after start-up and then steadily increases and 

reaches its mean value of 62 V in 130 ms. While FCI  overshoots at start-up, and then 

steadily decreases and reaches its mean value of 16 A in 10 ms. 1LI  and 2LI  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. OV  and OI  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, FCV  sharply drops after start-up, and then steadily increases and 

reaches its mean value of 64 V in 15 ms. While FCI , 1LI  and 2LI  overshoot at start-up 

and sharply drop and then steadily decrease and reach their mean value of 1.5 A, 0.5 

A and 1 A in 15 ms, respectively.  
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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. 

 

 

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 OV  of 0.6 V and a OI  of 20 mA, while the FC stack has a FCV  of 0.53 V 

and a FCI  of 3 A. On the other hand, the inductors have a 1LI  and 2LI  of 4.5 A. 

 

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: FCV  slightly 

increases and develops moderate ripple content, FCI  decreases and develops high 

ripple content, OV  remains stable at 200 V, OI decreases, 1LI  and 2LI  decrease and 

develop high ripple content. At 0.45 s, another load transient is introduced, as a result: 

 slightly increases,  slightly decreases and its ripple content slightly reduces, 

 remains stable at 200 V,  decreases again, 1LI  and 2LI  decrease again and 

their ripple content slightly reduce.  

 

The results in Figure 4.74 indicates that  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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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.  

 

4.7 Relative evaluation of the converters performance and the simulation results 

4.7.1 Relative evaluation of the converters performance 
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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. 

 

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 ( FCI ) vs. the converters 

duty cycle at full-load. Figure 4.76 (a) shows FCI  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 FCI  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 FCI  vs. the sepic converter duty cycle: the 

stack output current ripple is inversely proportional to the converter duty cycle. Figure 

4.76 (d) shows FCI  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 FCI  is lower when the FC stack is interfaced with the IBVM 

converter. Therefore, the IBVM converter is a better option for lower FCI

requirements. 
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Figure 4.76: The FC stack output current ripple vs. the converters duty cycle at full-
load. 

(a) FCI  vs. boost converter duty cycle. (b) FCI  vs. sepic converter duty cycle. (c) 

FCI  vs. ICFFB converter duty cycle. (d) FCI  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 FCI  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 FCI  when interfaced with the boost converter and vice versa when 

interfaced with the ICFFB and IBVM converters.  

 

The results indicate that FCI  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. 

(a) FCI  at full-load. (b) FCI  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 FCΔV  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 FCΔV  when interfaced with the boost converter and vice versa when 

interfaced with the IBVM converter.  

 

The results indicate that FCΔV  is lowest when the stack is interfaced with the IBVM 

converter at both full-load and minimum-load. 

 

Figure 4.78: The FC stack output voltage ripple pie charts for the simulated converter 
models with open-loop control. 

(a) FCΔV  at full-load. (b) FCΔV  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 FCI  and FCΔV  

when interfaced with the IBVM converter. 

 

Table 4.5: A summary of the FC stack and the converters simulation results with open-
loop control 

Parameter 

 

Converter Topology at full-load 
Converter Topology at 

minimum-load unit 

ICFFB Boost Sepic IBVM ICFFB Boost Sepic IBVM 

OV  89.8 95.6 90.7 197.8 89.9 93.59 91.5 174 V 

FCV  37.6 36.3 37.1 36 56 58.52 57 53.5 V 

OI  8.08 8.6 8.17 4.44 0.45 0.468 0.46 0.435 A 

FCI  26.4 27.5 25.4 28 1.03 0.87 1 1.75 A 

OΔV  0.4 0.65 0.46 1 0.006 0.030 0.02 0.090 V 

FCΔV  1 0.5 0.3 0.22 1.3 8.8 4.8 1 V 

OΔI  0.3 0.055 0.04 0.018 0.0011 0.0007 0.0001 0.0002 A 

FCΔI  2.4 1.12 0.7 0.6 0.31 1.5 0.7 0.3 A 

 

 

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 FCI  and FCΔV  when interfaced with the IBVM converter, and 

vice versa when interfaced with the ICFFB and sepic converter.  

 

Figure 4.79: The FC stack output current ripple and voltage ripple for the simulated 
converter models at full-load with PCMFC.  

(a) FCI  at full-load. (b) FCΔV  at full-load. 
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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 

Parameter 

 

Converter Topology at full-load 
Converter Topology at 

minimum-load unit 

ICFFB Boost Sepic IBVM ICFFB Boost Sepic *IBVM 

OV  100 100 100 200 100 100 100 - V 

FCV  62 62.62 59 62 66.7 65.5 53.5 - V 

OI  9 9 9 4.495 0.5 0.5 0.435 - A 

FCI  17 16.96 18.5 15.76 0.75 1 1.75 - A 

OΔV  0.4 0.4 1 0.6 0.002 0.030 0.090 - V 

FCΔV  2 0.38 1.5 0.3 0.5 0.35 1 - V 

OΔI  0.039 0.033 0.092 0.020 0.0001 0.060 0.0002 - A 

FCΔI  5.9 1.49 4.5 1.1 1.7 1.33 0.3 - A 

 

*The IBVM results at minimum-load are omitted because this work only considered IBVM circuit modelling at full-load.  

4.7.2 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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CHAPTER 5 
EXPERIMENT OF THE IBVM CONVERTER PROTOTYPE CIRCUIT 

5.1 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 OP  0 – 900 W Nominal OP  of 0 – 30 W  

Input voltage IV  36 – 67 VDC Nominal IV : 58 VDC 

Output voltage OV  200 VDC Nominal output voltage 

Efficiency target η  90 % optimised at full-load 

Input current ripple    30 % of LI  For load range of 0 – 100 % 

Output voltage ripple Ov  < 1 % of OV   

Switching frequency sf    50 kHz  
 

 

Table 5.2 The parameter and component values for the IBVM converter prototype circuit. 

Component /parameter Value comments 

refV , tmV  2.5 V OV  Reference, 

sawtooth voltage 

1L , 2L , 321 CCC   224 μH , 263.5μH , 680 μF  Power-stage 

components 

AR , BR  79 kΩ , 1kΩ  Feedback Resistors 

1R , 2R , 3R , 4R ,  5R  1.2 MΩ , 119.5 kΩ , 121.8

kΩ , 100.32 kΩ , 105 kΩ  

Resistor values for the 

Error Amplifiers (EAs) 

1C , 2C , 3C , 4C , 5C  , 6C  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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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. 

Digital 

multimeter

1 kW 

PEMFC 

stack

Variable 

electronic 

load

100 MHz 

LeCroy digital 

oscilloscope

Hydrogen gas 

supply pipeLaptop

Dual variable DC 

power supply 
1 kW PEMFC 

stack controller

IBVM converter 

prototype circuit
 

Figure 5.1: The experimental setup for the experiment of the IBVM converter prototype 
circuit. 

5.2 The IBVM converter prototype circuit 

Figure 5.2 shows the IBVM converter prototype circuit. The circuit consists of the input 

voltage terminals IV  and IV , two homemade toroid input inductors 1L  and 2L

, 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: 1C , 2C  and 3C . 

 

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 ( OV ) of 

about 200 V. A portion of OV  is fed back to the inverting input of the DA as converter 

output feedback voltage ( OFV ) in order to produce an error voltage ( eV ). eV  is fed to 

the compensated EAs and the low pass filter and then the summing amplifiers adds up 

their outputs to produce cV . The MCU reads cV  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 MOSFETs. 

 

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 OFV was 

fed to the inverting input and an output reference voltage ( ORV ) equivalent to 2.5 V was 

fed to the non-inverting input. A resistive voltage divider feedback network was used to 

attenuate OFV . Ideally, when OFV is equal to ORV , then eV  is zero. But when OFV  

deviates from ORV , eV  becomes non-zero and reaches a maximum at 2.5 V.  
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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 I/O pins, the 

timers and the ADC10 module (See Appendix D3: MSP430G2553 C-code for IBVM 

Converter Control). Timer0_A3 and Timer1_A3 are configured to operate as up/down 

counters at a fixed switching frequency of 50 kHz, with the initial count of Timer1_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 cV  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  

 
.

)(V)(V

)(V
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Where ADCN  is the analogue-to-digital conversion of the ADC10 module, )(VR   is 

the negative reference voltage of the ADC10 module and )(VR   is positive reference 

voltage of the ADC10 module. The MCU data sheet gives eight options for reference 

voltage configurations. In this work, )(VR   corresponds to 2.5 V while )(VR   

corresponds to 0 V. 

 

The ADC10 module repeatedly samples and performs the analogue-to-digital voltage 

conversion of cV . 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 Timer0_A3 and Timer1_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 cV  to )(VR  . 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.  
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Start

No

Vc >0.54*Vref

Yes

 PWM dutycycle 

= 0%

Declare Variables, 

constants  and functions
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 PWM 
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unchanged

YesNo
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 PWM dutycycle 
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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 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 ( 3C ), 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.  

5.3.1 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 μS . Further, the results show that the phase difference between the voltage 

waveforms captured at CH1 and CH2 is 1.188  

 

Figure 5.4: The gate-to-source voltage waveforms of the MOSFETs at 20 W power-load. 
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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 19.96μS , while that 

captured at CH2 has a frequency of 50.22 kHz, a duty cycle of 42 % and a period of 

19.91μS . 

 

(a) 

 

(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 MOSFETs 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. 

 

(a) 

 

(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 
CH1. (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 MOSFETs out of phase by 

9.182 at 30 W power-load. 

 

Figure 5.7: The gate-to-source voltage waveforms of the MOSFETs out of phase by 

9.182  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 

MOSFETs, 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 

110 V, 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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(a) 

 

(b) 

 

(c) 

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  

 

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 20.16μS . While that 

captured at CH2 has a frequency of 50.09 kHz, a duty cycle of 53 % and a period of 

19.96 μS . 

 

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. 
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(a) 

 

(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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(a) 

 

(b) 

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 
CH1. (b) The voltage measurements of the drain-to-source voltage waveform captured 
at CH2. 

 

5.3.3 The inductors 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 1L  and Figure 5.12 (b) shows the voltage waveform corresponding to the 

inductor current ripple of 2L . 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  

 
,I

V

V
I max

R

sensor
av erage   (5.2) 
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where sensorV  is the sensor output voltage, RV  is the sensor reference voltage 

specified as 2.5 V and maxI  is the maximum measureable current of the sensor 

specified as 25 A.  

 

The results show that the voltage corresponding to the inductor current of 1L  given in 

Figure 5.12 (a) is equal to 68 mV, while that corresponding to the inductor current ripple 

of 2L  given in Figure 5.12 (b) is equal to 40 mV. The average inductor currents are 

determined by using Eq. (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. 

 

(a) 

 

(b) 

Figure 5.12: The voltage waveforms corresponding to the inductors current ripple.  

(a) The voltage waveform corresponding to the inductor current ripple of 1L . (b) The 

voltage waveform corresponding to the inductor current ripple of 2L . 
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5.3.4 The PEMFC stack output voltage, the voltage across 3C  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.   

 

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 3C  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 3C  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 3C  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 3C  and the converter output voltage indicates that 

the converter output is approximately twice to that of 3C . This validates the analysis 

of the voltage-balancing feature of the IBVM converter carried out in chapter 3.  
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(a) 

 

(b) 

Figure 5.14: The voltage waveforms and the voltage measurements of the voltage 

across 3C  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 3C . 

(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.  

 

(a) 

 

(b) 

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. 

 

5.4 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 

MOSFETs 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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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 

6.1 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 MOSFETs due to an imbalance 

in the voltage sharing between the inner and outer boost legs of the converter. 
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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, I 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.  

 

6.2 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 MOSFETs.  
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APPENDICES  
Appendix A: H-1000 PEMFC stack system setup  
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Appendix B: H-1000 PEMFC stack technical specifications  

 

 

 

Appendix C: MATLAB M-FILE Codes 

Appendix C1: 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* sqrt(((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))*sqrt(((R*(1-D)^2)+r)/(L*C*(R+rC))) %Corner frequency 
wo = sqrt(((R*(1-D)^2)+r)/(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)) 
Den1 = (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)+Den1 
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) 
h11 = (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 = fc/(sqrt(K)) 
fpc = fc*(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)) 
C1 = 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 + (1/(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 impedance 
   
%The Loop Gain for converter 
Tc = Zf/Zi %The voltage transfer function of controller. vc(s)/ve(s)= -vc(s)/vf(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* sqrt(((L*C)*(R+rC))*((R*(1-D)^2)+r)));  
Q = 1/(2*Zeta); % quality factor 
fc1 = ((R*(1-D)^2)-r)/(2*pi*L);% Frequency of RHP in Hz 
fc =0.1*fc1; % 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)+r)/(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)); 
Den1 = (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)+Den1; 
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 
h11 = (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; % vf(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)/(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))); 
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 =(sqrt(K))/(wc*C1) 
C3 = (R1+h11)/(wc*(sqrt(K))*((R1*R3)+(h11*(R1+R3)))) 
 
%Calculation converter impedances 
Zf = (s + (1/(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 % vf(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 at f = 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 
rC1 = 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; %Input 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 
Vcp = 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 = pi/Ts;  
He = (1 + (s/(Qp*wn))+(s^2/wn^2)); % Open loop Sampling gain 
go = (Ts/L)*(((1-D)*(Se/Sn))+(1/2)-D); 
gf = (D*go)-((D*Dbar*Ts)/(2*L)); 
Ia = Ic*D; 
gi =  -(Ia/Vap); 
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 
a1 = (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); 
 
Num1 =-(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 + a1*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)-(Dbar^4*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; 
Rfb1 = 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 =((Ceq*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)/Vo);% 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; % Quality factor of the open-loop sampling gain 
fs = 50e3;% Converter Switching Frequency 
Ts = 1/fs; % Converter switching period  
Is1 = 14.79; % Maximum Current through the inner boost leg  
Is2 = 14.79; % Maximum Current through the outer boost leg 
Ic = Is2; % Current through the common port of the  
 
%parameters for the small signal switch 
Rsen1 = Vsen / Is1; %shunt resistor for inner boost leg current sensing  
Rsen2 = Vsen / Is2; %shunt resistor for outer boost leg current sensing 
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Ko = (1/Ri); 
Dbar = (1-Dmin) 
M =1/Dbar; 
Vap = Vo/2; 
Vcp = (Vo/2)-Vin; 
Ia = Ic*Dmin 
gi =  -(Ia/Vap) 
gr =( Ic/Vap) 
Sn =((((Vap*(1-Dmin)*Ri))/L)); %On time slew rate of inner boost leg inductor current  
Sn1 =((((Vap*(1-Dmin)*Ri))/L2)) %On time slew rate of outer boost leg inductor current  
Sf =( (Vcp*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 
Se1 = ((1 + ((Qn*pi)/2))*Sn1)/(Qn*Dmin*pi);%Slope of  outer boost leg external ramp 
Vslope = ((Vo-Vin)*Rsen1*Ts)/L; 
Vslope1 = ((Vo-Vin)*Rsen1*Ts)/L2; 
go = (Ts/L)*(((1-Dmin)*(Se/Sn))+(1/2)-Dmin); 
go1 = (Ts/L2)*(((1-Dmin)*(Se1/Sn1))+(1/2)-Dmin); 
gf = (Dmin*go)-((Dmin*Dbar*Ts)/(2*L)) 
gf1 = (Dmin*go1)-((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
C))); 
Den1 = ((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))); 
Num1 = (s+(1/(C*rC)))*(s-((1/L2)*(((R*(Dbar)^2)/2)-r))); %outer loop for L2 
Den = s^2+(s*Den2)+Den1; 
Den5 = 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 
Tp1 = Tpx*(Num1/Den5); % Converter control-to-output T.F with respect to outer boost 
leg  
Gt = (gi+gr+G+(Dbar*(go-gf))) 
Gt1 = (gi+gr+G+(Dbar*(go1-gf1))) 
Ac =(R/Ri)/((2*M)+(((R*Ts)/(L*M^2))*((Se/Sn)+(1/2))));  
Ac1 =(R/Ri)/((2*M)+(((R*Ts)/(L2*M^2))*((Se1/Sn1)+(1/2))));  
wzn = 1/(2*rC*C); % LHPZ 
wzp = (1/(L/((R*Dbar^2)-r))); % RHPZ 
wzn1 = 1/(2*rC*C); %Frequency of LHPZ in rad/s 
wzp1 = (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) 
Cs1 = 4/(L2*ws^2) 
wp = ((2*L*M^3)+(R*Ts*((Se/Sn)+(1/2))))/((C+Cs)*M^3*R*L)  
wp1 = ((2*L2*M^3)+(R*Ts*((Se1/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 
Zeta1=((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*Zeta1);% 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 
fo1 = (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 
wo1 =sqrt(((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 
Voc1 = Ac1 *(((1+(s/wzn1))*(1-(s/wzp1)))/((1+(s/wp1))*(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); 
fzn1 = wzn1/(2*pi); 
fzp1 = wzp1/(2*pi); 
fwp = wp/(2*pi); 
fwp1 = wp1/(2*pi); 
  
fc = 0.1*fzp; % cross over frequency for inner boost leg controller  
fc1 = 0.1*fzp1; % 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 
wc1 = 2*pi*fc1 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 
h11 = (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) 
Tmp1 = Tm*Tp1; %vo(s)/vc1(s). 
Tk = Tm*Tp*Beta; % vf(s)/vc(s) 
Tk1 = Tm*Tp1*Beta; % vf(s)/vc1(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 (wc1/wo1)>1.. 
QTk1=-180+(atand(fc1/fzn1))-(atand(fc1/fzp1))-(atand(((2*Zeta1*fc1)/fo1)/(1-((fc1/ 
fo1)^2))));  
Qm = PM-QTk-90 % Required phase boost from inner boost leg controller 
Qm1 = 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)) 
fzc1 = fc1/(sqrt(K1)) 
fpc = fc*(sqrt(K)) 
fpc1 = fc1*(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))); 
Tko1=((Beta*Vo*2)/(Vtm*(1-Dmin)))*(((R*(1-Dmin)^2)-(2*r2))/((R*(1-Dmin)^2) 
+(2*r2))); 
Tkm=Tko*(((sqrt(1+(fc/fzn)^2))*(sqrt(1+(fc/fzp)^2)))/(sqrt((1-(fc/fo)^2)^2+((2*Zeta*fc) 
/fo)^2))); 
Tkm1=Tko1*(((sqrt(1+(fc1/fzn1)^2))*(sqrt(1+(fc1/fzp1)^2)))/(sqrt((1-(fc1/fo1)^2)^2+ 
((2*Zeta1*fc1)/fo1)^2))); 
Tcfc = 1/Tkm; 
Tcfc1 = 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/(wc1*(R1+h11)); 
C1 = C2*(K-1); 
C5 = C4*(K1-1); 
R2 =(sqrt(K))/(wc*C1); 
R5 =(sqrt(K1))/(wc1*C5); 
C3 = (R1+h11)/(wc*(sqrt(K))*((R1*R3)+(h11*(R1+R3)))); 
C6 = (R1+h11)/(wc1*(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*C5)))/(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))))); 
Zi1=(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 
Tc1 = 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*Tmp1*Beta; % Converter loop gain with respect to the outer boost leg 
 
 
 

Appendix D: MSP430G2553 Microcontroller unit 

Appendix D1: MSP430G2553 Microcontroller device pin-out 

 

Figure D.1: The MSP430G2553 Microcontroller  device pin-out 

(Adapted from Texas Instruments, 2013). 
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Appendix D2: Device functional block diagram of the MSP430G2553 MCU 

 

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); 
//void Soft_startUP(void); 
 
#define PWM_increment (1024/100) 
 
/* Declare global variables*/ 
unsigned int ADCDATA [2]= {0}; 
unsigned int ADCRead = 0; 
unsigned int ADCRead1 = 0; 
 
/* The main function of the program */ 
void main(void) { 
 unsigned int PWM_duty1; 
 unsigned int PWM_duty2; 
 
/*** Stop Watchdog timer ***/ 



  

174 
 

 WDTCTL = WDTPW + WDTHOLD; 
 
/* 
 * Set Clock to operate at approximately 5MHz speed equivalent 
 * to a clock period of 200 ns 
 */ 
 BCSCTL1 = RSEL3 + RSEL2 + RSEL1 + RSEL0 + XT2OFF + XTS ;//+ XT2OFF; 
 DCOCTL =  DCO2 + DCO1 + DCO0; 
 
 /* Initialize ADC10 Setup Function*/ 
         ADCSetup(); 
 
  /*** GPIO Set-Up ***/ 
 P1DIR = 0x00; 
 P2DIR = 0x00; 
 P1DIR |= BIT2;     // P1.2 set as output 
 P1SEL |= BIT2;     // P1.2 selected Timer0_A Out1 
 P2DIR |= BIT1;     // P2.1 set as output 
 P2SEL |= BIT1;     // P2.1 selected Timer1_A Out1 
 
 /*** Timer0_A Set-Up ***/ 
 TA0CCTL0 |= CCIE;                  //Interrupt enabled 
 TA0CCR0 = 97;           // PWM Period 
 TA0CCTL1 |= OUTMOD_2;           // TA0CCR1 output mode = set/reset 
 TA0CTL |= TASSEL_2 + MC_3 + ID_1;  // SMCLK, Up Mode (Counts to TA0CCR0) 
 
 /*** Timer1_A Set-Up ***/ 
 TA1CCR0 = 97;        // PWM Period 
 TA1CCTL1 |= OUTMOD_2;   // TA1CCR1 output mode = reset/set 
 
 _BIS_SR(GIE);   // Enable global interrupt 
 
 
 while(1){ 
   
  if(ADCRead > 300){ 
     ADCRead = 300; 
     Soft_startfLAG = 1; 
   } 
  if(ADCRead1 > 400){ 
     ADCRead1 = 400; 
   } 
  
   PWM_duty1 = (ADCRead/PWM_increment); 
   PWM_duty2 = (ADCRead1/PWM_increment); 
 
   if(ADCRead > 30){ 
       if(PWM_duty1 < 29){ 
       PWM_duty1 +=1 ; 
       TA0CCR1 = PWM_duty1; 
     } 
   } 
   if(ADCRead1 > 30){ 
       if(PWM_duty2 < 29){ 
       PWM_duty2 +=1 ; 
       TA1CCR1 = PWM_duty2; 
    } 
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         } 
   if(ADCRead =< 20){ 
       if(PWM_duty1 >= 39){ 
         PWM_duty1 -=1; 
       } 
   } 
   if(ADCRead1 =< 20){ 
       if(PWM_duty2 >= 39){ 
           PWM_duty2 -=1; 
       } 
   } 
             
 } 
} 
  //ADC10 Setup 
void ADCSetup(void){ 
   P1DIR |= 0x03; 
   ADC10CTL0 = ADC10ON + MSC + ADC10SHT_2 + SREF_1 + REFON + REF2_5V 
+ ADC10IE + ADC10IFG ; 
   ADC10CTL1 = INCH_1 + ADC10DIV_0 + CONSEQ_3; 
   ADC10DTC1 = 2;                       //Number of conversations. 
   ADC10AE0 |= 0x03; // Enable A0 ,P1.0 
   ADC10SA = (short)&ADCDATA[0];        // ADC10 data transfer starting address. 
   _delay_cycles(30);// Delay and wait for ADC10 Voltage reference to settle down. 
   ADC10CTL0 |= ENC + ADC10SC; // Enable Sampling and start conversion. 
} 
 
 
  //ADC10 interrupt Service Routine 
#pragma vector = ADC10_VECTOR 
__interrupt void ADC10_ISR (void){ 
    ADCRead1 = ADCDATA[1]; 
    ADCRead = ADCDATA[0]; 
    ADC10CTL0 &= ~ADC10IFG;  // clear interrupt flag 
    ADC10SA = (short)&ADCDATA[0]; // ADC10 data transfer starting address. 
     
  } 
 
#pragma vector=TIMER0_A0_VECTOR 
__interrupt void Timer_A (void) { 
 TA1CTL |= TASSEL_2 + MC_3 + ID_1; // SMCLK, Up Mode (Counts to 
TA1CCR0) 
 TA0CCTL0 &= ~CCIE; 
} 
 


