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Abstract
“If we think oil is a problem now, just wait 20 years. It’ll be a nightmare.” —
Jeremy Rifkin, Foundation of Economic Trends, Washington, D.C., August 2003.
This statement harmonises with the reality that human civilisation faces today. As a
result, humankind has been forced to look for alternatives to fossil fuels. Among
possible solutions, fuel cell (FC) technology has received a lot of attention because
of its potential to generate clean energy.

Fuel cells have the advantage that they can be used in remote telecommunication
sites with no grid connectivity as the majority of telecommunication equipment
operates from a DC voltage supply. Power plants based on phosphoric acid fuel cell
(PAFC) have been installed worldwide supplying urban areas, shopping centres and
medical facilities with electricity, heat and hot water. Although these are facts
regarding large scale power plants for on-site use, portable units have been explored
as well. Like any other fuel cell, the PAFC output power is highly unregulated
leading to a drastic drop in the output voltage with changing load value. Therefore,
various DC–DC converter topologies with a wide range of input voltages can be used
to regulate the fuel cell voltage to a required DC load.

An interleaved synchronous buck converter intended for efficiently stepping down
the energy generated by a PAFC was designed and developed. The design is based
on the National Semiconductor LM5119 IC.

A LM5119 evaluation board was

redesigned to meet the requirements for the application. The measurements were
performed and it was found that the converter achieved the expectations. The results
showed that the converter efficiently stepped down a wide range of input voltages
(22 to 46 V) to a regulated 13.8 V while achieving a 93 percent efficiency. The
conclusions reached and recommendations for future research are presented.
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Chapter 1
1.1

Introduction

Background

“If we think oil is a problem now, just wait 20 years. It’ll be a nightmare.” — Jeremy
Rifkin, Foundation of Economic Trends, Washington, D.C., August 2003. This
statement harmonises with the reality that human civilization faces today. As a
result, humankind has been forced to look for different resources other than fossil
fuels. Alternative energy sources such as fuel cells (FCs) have received a lot of
attention because they are a potential technology for generating clean energy (Pareta,
Choudhury, Somaiah, Rangarajan, Matre & Palande 2011:14772).

A FC is an electrochemical device in which the energy of a chemical reaction is
converted directly into electricity. Compared to a battery, a FC works as long as a
fuel and an oxidant are supplied continuously from outside the cell (Redmond 2007).
There are several different types of FCs, each using a different chemistry. FCs are
usually classified according to their operating temperature and the type of electrolyte
they use.

Applications for FC systems spread from residential applications,

uninterruptible power supplies (in houses, industries and remote locations) to
automotive applications (Chakraborty 2011:1823).

The main types of FCs are:
•

Phosphoric Acid Fuel Cell (PAFC);

•

Proton-Exchange Membrane Fuel Cell (PEMFC);

•

Molten Carbonate Fuel Cell (MCFC);

•

Solid Oxide Fuel Cell (SOFC);

•

Direct Methanol Fuel Cell (DMFC); and

•

Alkaline Fuel Cell (AFC).

Closely associated to FCs are power electronics modules. Because FCs are used
where efficiency is crucial, these modules help in the energy conversion by
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improving the efficiency of power utilisation (Bose 2006:4). Thus power conversion
is fundamental to FC systems. The operating FC voltage can be stepped down or
stepped up. In order to control and shift the FC voltage to a required voltage level,
voltage regulators, DC–DC converters and chopper circuits may be used. A range of
DC–DC switch-mode converters are used depending on the application.
achieve voltage regulation by varying the

ON–OFF

They

ratio or time duty ratio of the

switching element. The main types of electronic switches used in modern power
electronic equipment are the MOSFET and IGBT. There are two main applications
for DC–DC converters in FC systems. One is to provide DC isolation. This type
often requires the use of an isolating transformer. The other application is to transfer
power from a fixed DC supply, which may be inverted into AC (Cheng, Sutanto, Ho
& Law 2001:2201).

Since most telecommunication equipment operates from a DC voltage supply, the
most convenient power electronics interface is a DC–DC converter. Decades ago, all
equipment was located in a central office and grid supply was all that they needed.
Most recently, owing to new telecommunication networks, new challenges have
come to the fore. Telecommunication equipment is being located closer to customers
organised in diverse networks (Ribero, Cardoso, Boccaletti & Mendes 2009:433438). However, some areas where this equipment is located lack a proper AC grid
especially in remote areas.

Always situated at a distance from any form of grid power or energy supply, remote
telecommunication sites’ greatest expenditure and largest problem are the supply of
energy for electrical devices housed in them. This leads to reliance on small-tomedium-sized generation plants with or without backup batteries, supplying local
demand (Swanepoel 2005:1). According to Joubert (2005:1) these small-to-mediumsized generation plants may comprise electrical sources such as fuel cells, batteries,
photovoltaic cells, windmill power, hydro-power, bio-energy, generators, devices
using heat to generate electricity and the utilisation of storage devices such as super
capacitors and ultra capacitors.

Some of these technologies are the object of

extensive research at the Telkom Centre of Excellence at the Vaal University of
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Technology in order to provide solutions for the telecommunication industry in terms
of backup power systems and rural power generation plants.

Another big area where the role of power electronics finds importance is when
connected to a FC system. In general most common energy storage devices such as
batteries, capacitors and ultra-capacitors are needed at various stages either to supply
auxiliaries or to improve the slow transient response of the FC used, with a power
electronic interface. When series of battery packs are placed across the FC stack,
they require an additional circuitry for regulating the DC bus voltage. Although
costly, this setup ensures a safe operation of the battery packs (Chakraborty
2011:1824).

In these kind of systems, the FC operates more or less continuously at the average
power. When the total system power requirements are low, the surplus electrical
energy is stored in a rechargeable battery or capacitor. In the case that power
demand exceeds the amount that can be provided by the FC, the energy is drawn
from the storage device. It stands to reason that the power requirements are quite
variable. Such a situation can happen with data transmitters and certain types of
telecommunications equipment where for fairly long periods the device is in
‘standby’ mode and the FC will be recharging the battery. During transmission
periods, the battery supplies most of the power (Larminie & Dicks 2003:362-363).

1.2

Phosphoric acid fuel cell and power conditioning

According to Sammes, Bove and Stahl (2004:372), the PAFC is a widely used and
well documented type of FC. It is used in stationary power plants ranging from
dispersed power to on-site generation plants. Power plants based on a PAFC stack
have been installed worldwide supplying urban areas, shopping centres or medical
facilities with electricity, heat and hot water. Although these are facts regarding
large scale power plants for on-site use, portable units have been explored as well. A
study by Sakai, Ito, Takesue, Tsutsumi, Nishizawa and Hamada (1992:49-52) from
Sanyo Electric reported on a portable 250 W aircooled PAFC.
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As the name implies, the PAFC uses phosphoric acid (H3PO4) as its electrolyte. The
phosphoric acid used is in a highly concentrated form (95 percent or higher). The
electrolyte is often immobilised in a porous silicon carbide (SiC) matrix by capillary
action. A PAFC works with pure hydrogen or hydrogen rich gases as fuel and air is
invariably used as the oxidant (Li 2006:264).

PAFCs operate at temperatures

between 150 - 220°C. The electro-catalyst in both the anode and cathode is made of
platinum (Pt) or Pt alloys. The advantages of the PAFC are its simple construction,
its stability both thermally, chemically and electrochemically. In addition, the use of
concentrated acid (100%) minimizes the water vapour pressure so water management
in the cell is not difficult. These factors probably assisted the earlier deployment into
commercial systems compared to the other FC types (Carrette, Friedrich & Stimming
2001:15).

PAFC power generation makes intensive use of power electronics because a PAFC’s
output voltage is unstable.

According to Bernay, Marchand and Cassir (2002:

Prospects of different fuel cell technologies for vehicle applications as quoted by
Sammes 2006:257) the cell voltage decreased from 0.82 V to 0.62 V as the current
density increased from 10mA/cm2 to 350mA/cm2 for a PAFC. Similar variations in
cell voltage with increasing operating current densities are reported for PEMFC,
MCFC, SOFC, DMFC and protonic ceramic FCs. A single FC produces a very low
voltage; therefore individual cells are usually piled in stacks as explained earlier.
Even if multiple FCs are carefully stacked together in series, the voltage of the
system will not be exactly what is desired for a given application. In other words,
the electrical output power of a FC will not often be at a suitable voltage and
certainly not at a constant voltage.

1.3

Problem statement

In order to efficiently regulate and stabilise the output voltage of a PAFC supplying
power to remotely located telecommunication equipment, there is a need for a
converter with the ability to handle a wide range of input voltages and then to
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convert the unstable electrical power generated by a PAFC into usable power for
telecommunication equipment operating on DC.

1.4

Methodology

The design and development of a converter for a PAFC will be addressed in the
following manner. Firstly, an in depth literature study will be conducted on the
PAFC and DC–DC converters for FCs. This will be followed by the design of a
switched-mode converter utilizing pulse width modulation (PWM).

Once the various components of the converter have been designed, the converter will
be constructed; operational tests and refinement of the design will be performed.
Then the necessary experiments will be conducted on the PAFC’s converter system.
Finally, the conclusions and recommendations based upon the analysis of the results,
will follow.

1.5

Delimitations

The design and development of a converter for PAFCs does not involve any
construction of a PAFC or a controller of some sort to prevent overcharging of
batteries and will be limited to 200 W.

1.6

Importance of the research

“The engagement of South Africa with the potential benefits of fuel cells is centered
on the strategic use of the country’s natural resources, including minerals, energy
resources and technical skills”, says the South African Agency for Science and
Technology Advancement (SAASTA) science communication manager, Lorenzo
Raynard (Burger 2012). Since the FC market in South Africa as well as the technical
expertise on FC ancillary technologies are currently soaring, this research will
address the need for a switched mode power converter providing usable DC current
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from a PAFC in order to supply telecommunication equipment as it is fairly
economical and suited for low power applications.

The study will also be of great benefit in the sense that it will constitute a building
block for future research on the topic of power conversion for FCs at the Telkom
Centre of Excellence.

1.7

Overview of the report

Chapter 2 consists of a literature review. After a brief review on PAFCs, key design
considerations of DC–DC converters for FCs are presented as well as the different
types of power electronic converters. Some ‘conventional’ and special switchedmode DC–DC converter topologies are also examined.

Chapter 3 deals with the practical design procedure and construction of the 200 W
converter.

In Chapter 4, the experimental setup, measurements and results are presented.
Lastly, Chapter 5 contains the conclusions drawn; recommendations are made
regarding the PAFC converter as well as suggestions for further improvements.

1.8

Summary

In this chapter the background for the design and development of a 200 W converter
for PAFCs was presented as well as the methodology, relevance and importance of
this research. The methodologies of the study along with its importance and relevance
have been presented.

In the next chapter, a literature review on power converters for FCs is considered.
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Chapter 2
2.1

Literature review

Introduction

This chapter discusses theoretical considerations on the design of DC–DC converters
for PAFCs as well as some converter topologies which can be used with FCs. Before
delving into that, an explanation of the structure and working principle of a PAFC
and its voltage-current (V-I) characteristics are examined in the following section.

2.2

Review on the PAFC

Considered the ‘first generation’ of modern fuel cells, PAFC technology has the most
substantial record of operational experience. A photo of a stationary UTC PAFC is
shown in Figure 1. PAFC systems produced by UTC Fuel Cells were the world’s
first commercially available FC product (King & Ishikawa 1996:86). It runs on
hydrogen as the fuel and oxygen as the reducing agent. Hydrogen FCs provide a
promising new method of power generation and energy storage for both mobility and
stationary power applications (Dogterom & Kammerer 2005:401-405).

Figure 1: UTC PC25 Stationary PAFC
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2.2.1

Structure and operation of a PAFC

As illustrated in Figure 2, a phosphoric acid cell is composed of two porous gas
diffusion electrodes, namely, the anode and cathode placed side by side against a
porous electrolyte matrix. The electrolyte matrix used here is silicon carbide (SiC).
The gas diffusion electrodes are porous substrates that face the gaseous feed. On the
other side of this substrate, which faces the phosphoric acid electrolyte, a fine
platinised carbon powder electrocatalyst is roll-coated with polytetrafluroethylene
(PTFE) as a binder. PTFE also acts as a hydrophobic agent to prevent flooding of
pores so that reactant gas can easily diffuse to the reaction site. At the anode,
hydrogen ionises to H+ and migrates towards the cathode to combine with oxygen,
forming water vapour.

The steam then comes out to the oxygen stream.

An

electromotive force or voltage is generated between the two electrodes through
conversion of Gibbs free energy – that is, the energy available to do electrical work.
This work involves moving electrons around an external circuit so that the electrical
power can be extracted (Basu 2007:177).

Figure 2: Structure of a single cell PAFC (Basu 2007:189)
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During operation, especially during high-temperature operation, phosphoric acid
must be continually replenished because it gradually evaporates into the environment
(O’Hayre, Won Cha, Colella & Prinz 2009:262).

The reactions at the anode and cathode are as follows:
At the anode:

H 2 → 2H + +2e -

(1)

At the cathode:

1
O 2 +2H + +2e - → H 2 O
2

(2)

The only by-products of the FC are water and heat generated by the chemical
reaction. The overall reaction of a hydrogen-oxygen FC can be given by:

1
H 2 + O 2 → H 2O
2

(3)

The operating temperature is found to be comprised between the electrolyte
conductivity (which increases with temperature) and cell life which decreases when
the temperature is increased (Brandon & Thompsett 2005:157). Pure phosphoric
acid solidifies at 42 °C. Therefore, PAFCs must be operated above this temperature.
Because freeze-thaw cycles can cause serious stress issues, commissioned PAFCs are
usually maintained at an even operating temperature.

2.2.2

V-I characteristics of a PAFC

A polarisation curve or cell voltage-load current (V-I) characteristic may be used to
express the performance of a FC. Modelling the V-I characteristics of FC systems
may well be necessary for the design of the power conditioning unit, FC system
controllers, FC stack simulator systems and optimisation of FC operating points,
because they are largely dependent on such characteristics. The performance of the
FC is improved by thermodynamics and electrical efficiency of the system. The
thermodynamic efficiency depends upon the fuel processing, water management and
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temperature control of the system. But the electrical efficiency depends on the
various losses over the FCs such as ohmic loss, activation loss and concentration loss
(Kirubakaran, Shailendra & Nema 2009:2433). These losses contribute to the drop
of a FC output voltage as its current increases.

According to Barbir (2005:249) there are three distinct regions on a FC polarisation
curve noticeable in Figure 3 which portrays the cell voltage versus current density
characteristic of a typical fuel cell system:

•

Activation polarisation (region 1),

•

Ohmic polarisation (region 2),

•

Concentration polarisation (region 3),

Figure 3: V-I characteristic of a typical FC (Barbir 2005:250)

These losses are often referred to as polarisation, overpotential or overvoltage,
though only the ohmic losses actually behave as a resistance (EG & G Technical
Services Inc. 2004:2-10).

Zhao, Kreuer and Nguyen (2007:34-35) explain each of these regions as follows:

•

Activation polarisation: arises from the slow rate of electrochemical
reactions and a portion of the energy is lost (or spent) on driving up the rate
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of electrochemical reactions in order to meet the rate required by the current
demand. In other words, the activation polarisation loss is dominant at low
current density. This is caused by the slowness of the reaction taking place
on the surface of the electrodes. These losses are basically representative of a
loss of overall voltage at the expense of forcing the reaction to completion,
which is forcing the hydrogen to split into electrons and protons and for the
protons to travel though the electrolyte and then combine with the oxygen
and returning electrons.

This loss is often termed over-potential and is

essentially the voltage difference between the two terminals.

•

Ohmic polarisation: arises owing to electrical resistance in the cell,
including ionic resistance to the flow of ions in the electrolyte and electronic
resistance to the flow of electrons in the rest of the cell components.
Normally, the ohmic polarisation is linearly dependent on the cell current.
Ways to reduce the value of the ohmic resistance are (Larminie & Dicks
2003:57):

 To use high conductivity electrodes,
 Good design of the appropriate materials for the bipolar
plates or cell interconnections,

 Reduce the space of the electrodes in order to minimize the
electrolyte resistance.

•

Concentration polarisation: is caused by the slow rate of mass transfer
resulting in the depletion of reactants in the vicinity of active reaction sites
and the over-accumulation of reaction products which block the reactants
from reaching the reaction sites.

It usually becomes significant or even

prohibitive, at high current density when the slow rate of mass transfer is
unable to meet the high demand required by the high current output.

2.3

Fundamentals of converters for a PAFC

The power electronics conditioning systems (inverters or converters) are required in
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order to supply normal customer load demand or send electricity into the grid
supplied by a PAFC (Chakraborty, Kramer & Kroposki 2009:2327).

However, the electric characteristic of a converter for example should match that of
the FC. This is particularly important for three reasons (Xu, Kong & Wen
2004:1136):

•

The input side current/voltage ripple of the DC–DC converter should be
minimum, so as to reduce the ripple current/voltage of the FC,

•

When the FC is working under load current pulses, the DC–DC converter
must apply a suitable strategy to adjust the output power of the FC, so as to
ensure high-efficiency and reliable operation,

•

The DC–DC converter should be able to adjust power distribution in the case
of hybrid power configurations. Taking into account the above requirements,
a DC–DC converter should be designed using a topology structure and
control strategy, which is slightly different from those of conventional
converters.

Basu (2007:209) explains that there are various techniques available to stabilise the
output potential from a PAFC stack. A typical method is to convert unstabilised low
potential DC into a high voltage AC. This is achieved by using switching devices in
series with the primary of the transformer. The output from the FC is connected to
the primary of the transformer through the switching device. As the device switches
ON

and

OFF

at a pre-determined frequency, an AC potential is generated at the

secondary of the transformer. The AC frequency is dependent on the switching
frequency. The waveform of the AC potential is a square wave and the one of the
current is a rounded square to near triangular waveform depending upon the circuit
impedance. The potential of the AC generated is dependent upon the transformer
windings. The overall stabilisation of the high frequency AC voltage is carried out
by dynamically changing the

ON

and

OFF

time of the switching device. The high

frequency AC is then either converted into a stabilised DC voltage through a rectifier
circuit or is converted into a lower voltage AC as required by the application. The

12

major losses that occur during the overall conversion are at the section where
variable DC input is converted to high frequency AC. Hence, the switching devices
and the switching control mechanisms are of primary concern to achieve high
efficiency. Other aspects that are to be considered involve output voltage regulation
and the variable DC input window. All these aspects are interrelated and have to be
considered in a holistic manner. The transformer weight (for smaller power plants)
needs to be low for easy transportation. To achieve this, a higher frequency AC may
be selected but at the cost of more losses in the switching device.

2.4

PAFC converter key design considerations

Based on the fact that the behaviour of the output voltage is generally similar for all
types of FCs, the following subsections discuss key requirements for FC converters.

2.4.1

Wide input voltage and current window

Since the FC voltage varies significantly depending on the current that it is supplying
to the load, a wide input range DC–DC converter is required (Todorovic, Palma &
Enjeti 2008:1248).

Polenov, Mehlich and Lutz (2006:1974-1979) reported that the wide FC output
voltage range results in two main requirements for the dimensioning of the switching
devices in converters for FCs which are:

•

At no load condition a maximum FC voltage is applied to the converter input.
It determines together with topology characteristics the minimum necessary
blocking voltage of semiconductor devices at the FC side. For most of the
popular topologies, the minimum required MOSFET blocking capability is
the maximum converter input voltage which is the FC voltage. The push-pull
converter is an exception because its input voltage is twice the maximum FC
voltage.
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•

The main requirement for dimensioning of the MOSFET is the current
capability because the FC output current increases nonlinearly with the rising
output power.

As the requirement of high efficiency of the PAFC converter is crucial, the power
loss caused by the low-voltage MOSFET needs to be analysed and reduced as far as
possible. For optimisation of the efficiency of any converter used for power
conditioning in FC systems, low RDSon switches are necessary. Paralleling of several
MOSFETs is a way to reduce conducting losses. However, this comes at a higher
cost as well as the need for additional space on the printed circuit board (PCB).

2.4.2

Efficiency

In a low potential high current device such as a PAFC, the target efficiency for the
DC–DC converter should be greater than 85 percent (Basu 2007:209). This is due to
the fact that the unregulated DC voltage can vary widely with the load and ageing of
the stack. In addition, considering the low-voltage, high-current nature of the FC,
switching and conduction losses of the converter need to be minimized. A high
efficiency converter will contribute to improve the total system efficiency (Huang,
Zhang & Jiang 2006:1616).

2.4.3

Reverse current

Current flow into the FC is detrimental to it. Therefore to avoid current acceptance
to the FC, a diode DFC can be inserted in series with the FC module as depicted in
Figure 4.

In applications, where reverse current can be expected, a capacitor CDC is
implemented to absorb the current.

But caution in selecting the capacitor and

operating the system is crucial to ensure that the capacitor is not overly stressed (Yu,
Starke, Tolbert & Ozpineci 2007:645-646).
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Figure 4: Reverse current protection (Yu et al. 2007:646)

2.4.4

Input ripple current

FCs prefer a pure DC load. Any disturbance on the DC output of the fuel cell can
have a significant impact on the conditions within the fuel cell diffusion layer. Some
of this ripple current can be absorbed through the addition of a capacitor (Yu et al.
2007:646).

2.4.5

Electrical isolation

For safety purposes, electric isolation is essential to protect a FC. This is made
possible by means of a transformer incorporated in the DC–DC converter interfacing
the low voltage output of the FC and high-voltage DC link. This is particularly
needed when the difference in voltage is significant (Yu et al. 2007:646).

In a DC–DC converter combined with a DC–AC inverter system, the DC–DC
converter is used for isolation and voltage step-up while the inverter is needed to
provide an AC voltage from a DC source. In general, both DC–DC converters and
DC–AC inverters have many topologies for selection, including hard-switching and
soft-switching circuits (Blaabjerg, Chen & Kjaer 2004:1188).
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2.5

Review of power electronics converters

DC–DC conversion technology is a vast subject area. It developed very fast and
achieved much. DC–DC converters are power electronics circuits that convert a DC
voltage to a different DC voltage level, often providing a regulated output (Hart
1997:185).

There are believed to be more than five hundred existing topologies of DC–DC
converters according to current statistics. DC–DC converters have been widely used
in industrial applications such as DC motor drives, communication equipment,
mobile phones and digital cameras. Many new topologies have been developed in
recent decades (Luo & Ye 2010:23).

A converter topology refers to the arrangement of components within the converter.
Power DC–DC converters have plenty of topologies and the corresponding
conversion technique is a big research topic.

Dr F L Luo and Dr H Ye have

categorised all existing prototypes of power DC–DC converters into six generations
theoretically and evolutionarily since 2001.

Their work is an outstanding

contribution in the development of DC–DC conversion technology and has been
recognized and assessed by experts worldwide (Luo, Ye & Rashid 2005:178). A
more detailed description on DC–DC converters can be found in Luo and Ye (2004).

The notion of the DC–DC converter is closely intertwined with that of power supply.
A power supply is a constant voltage source with a maximum current capability.
According to Dorf (2006:9-14) “DC–DC converters are widely used in switch-mode
DC power supplies and in DC motor drive applications”. There are two general
classes of power supplies: regulated and unregulated. Figure 5 shows a classification
of regulated power supply technologies. Two of the most popular categories of
voltage regulators are linear regulators and switching-mode power supplies. There
are two basic linear regulator topologies: the series voltage regulator and the shunt
voltage regulator. The switching-mode voltage regulators are divided into three
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categories: PWM DC–DC converters, resonant DC–DC converters and switchedcapacitor (also called charge-pump) voltage regulators (Kazimierczuk 2008:1).

To highlight the benefit of a switching regulator which is intended to be used for this
work, an examination of the basic properties of what preceded them is discussed in
the following subsection.

Figure 5: Classification of power supply technologies (Kazimierczuk 2008:2)

2.5.1

Linear regulators

A linear regulator makes use of an amplifier and a transistor to control the current
supplied to the load (Shaffer 2007:187). This type of circuit is called a linear
regulator or a linear DC–DC converter because the transistor operates in the linear
region, rather than in the saturation or cutoff region. This means that the transistor is
used in a manner that it is not switched fully on or fully off. Rather, the gate voltage
is adjusted so that its resistance is at the correct value to drop the voltage to the
desired value. This resistance will vary continuously depending on the load current
and the supply voltage (Larminie & Dicks, 2003:336). The transistor, in effect,
operates as a variable resistance (Hart 1997:185).

Linear regulators are used

predominantly in ground-based equipment where the generation of heat and low
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efficiency are not of major concern and also where low cost and a short design period
are desired. Figure 6 shows a series pass linear DC–DC regulator.

Figure 6: Series pass linear regulator

The linear power supply offers three major advantages. The first advantage is its
simplicity. The second major advantage is its quiet operation and load-handling
capability. The linear regulator generates little or no electrical noise on its output
and its dynamic load response time — the time it takes to respond to changes in the
load current — is very short. The third advantage is that, for an output power of less
than approximately 10 W, its component costs and manufacturing costs are less than
the comparable switching regulator (Brown 2001:1). Also, since the power losses
are mainly due to the DC current and the voltage across the semiconductor switching
element, the loss and the overall efficiency are easily calculated.

Lower radio

frequency interference (RFI) noise is an advantage in some applications, and for this
reason, linear regulators still have a place in modern power supply applications
(Pressman, Billings & Morey 2009:5).

According to Kularatna (2008:83) “when high-speed and power-hungry processors
were introduced during the mid-1990s, much attention was focused on transient
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response and industry trends were to mix linear and switching systems to obtain the
best of both worlds”. This has led to low dropout (LDO) voltage regulators based on
linear designs. LDO regulators were introduced to power noise-sensitive and fast
transient loads in many portable products. When compared to a high-frequency
switching technique based on switched mode power supply (SMPS) solution, LDOs
allow faster transients, have less noise and are more compact on a PCB (Kularatna
2008:83).

The disadvantages of the linear regulators are what limits their range of applications.
Firstly, it can be used only as a step-down regulator. Secondly, each linear regulator
can have only one output. So for each additional output voltage required, an entire
separate linear regulator must be added. This requirement for multiple voltages once
again drives up the system cost.
efficiency of linear regulators.

Another major disadvantage is the average

In normal applications, linear regulators exhibit

efficiency of 30 to 60 percent (Brown 2001:1-2). Further, the high power loss in the
semiconductor device requires a large heat sink and large storage capacitors and
makes the linear power supply disproportionately large (Pressman et al. 2009:11).

According to Larminie and Dicks (2003:336) linear regulator circuits are widely used
in electronic systems, but they must never be utilised with fuel cells. The reason is
that they waste energy by converting the surplus voltage into heat.

2.5.2

Switched regulators

Ang and Oliva (2005:1) define a switching converter as a power electronic system,
which converts one level of electrical energy into another level of electrical energy at
the load, by switching action. According to Maniktala (2006:3) DC–DC converters
are the basic building blocks of modern high-frequency switching power supplies.
Switching power supplies gained popularity in the mid-1970s owing to the fact that
they offer many advantages over linear regulators. Switching power supplies are
more efficient and smaller in size than linear regulators of similar ratings. They are,
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however, more difficult to design and radiate more electromagnetic interference
(Brown 2001:21).

Brown (2001:21-22) further says that in this technology, the direct current or the
rectified alternating current input voltage is ‘chopped’ into pulses whose amplitude is
the magnitude of the input voltage and whose duty cycle is controlled by a switching
regulator controller. Once the input is converted to an AC rectangular waveform, the
amplitude can be stepped up or down by a transformer. The AC waveforms are then
filtered to provide the DC output voltages. Supplementary output voltages can be
derived by adding secondaries to the transformer. Many electronic circuits operating
at several different voltage levels using a DC–DC conversion method make it
convenient to convert energy from a single source rather than to get the supply from
many different supplies. This DC–DC conversion circuit has been classified as
SMPS. The SMPS method is more efficient (up to 98 percent) than linear voltage
regulation which dissipates losses as heat.

2.5.2.1 PWM regulators

These converters employ square-wave PWM to achieve voltage regulation. The
average output voltage is varied by varying the duty cycle of the power
semiconductor switch. The voltage waveform across the switch and at the output is
square-wave in nature and they generally result in higher switching losses when the
switching frequency is increased. Also, the switching stresses are high, accompanied
by the generation of a high level of electromagnetic interference (EMI), which is
difficult to filter. However, these converters are easy to control, well understood and
have a wide load control range (Dorf 2006:9-18).

According to Lee (1993:2) there are three basic types of switched semiconductor
DC–DC converters: the buck converter, the boost converter and the buck-boost
converter from which many different SMPS circuit topologies have been developed.
For example, a buck converter with an isolation transformer is called a forward
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converter and buck-boost converter with an isolation transformer is known as a
flyback converter. The push-pull converter, half-bridge converter and full-bridge
converter are variants of the forward converter. All these converters process power
in pulsed form and are called PWM converters or hard-switching converters. This is
because in practice, PWM controller ICs are chosen to produce the square pulse to
drive the switching elements which are MOSFETs or IGBTs. The advantage of
using PWM controller ICs is their compatibility with voltage or current mode
topologies as well as with different switching power supply topologies.

The methods of control of PWM converters are discussed next. According to Dorf
(2006:9-18) the PWM converters operate with a fixed frequency and a variable duty
cycle. Depending on the duty cycle, they can operate in either continuous current
mode (CCM) or discontinuous current mode (DCM). If the current through the
output inductor never reaches zero then the converter operates in CCM; otherwise
DCM occurs.

PWM converters are suited for fuel cells because they make it possible for the energy
produced by a fuel cell to be converted efficiently without significant losses
compared to linear regulators. PWM switched-mode DC–DC converter topologies
which are at the heart of switching power supplies for fuel cells are examined later in
this chapter. Other types of DC–DC converters are also briefly examined.

2.5.2.2 Resonant regulators

The term ‘resonant’ here refers to a continuous sinusoidal signal.

Resonant

converters which use the principle of a resonating LC tank circuit are those which
process power in a sinusoidal form and have long been used with high-power
systems. However, owing to its circuit complexity, it had not found application in
low-power DC–DC converters until the early 1990s. The thrust toward resonant
supplies has been fueled by the industry’s demand for miniaturisation, together with
increasing power densities and overall efficiency as well as low EMI. All resonant
control circuits keep the pulse width constant and vary the frequency, whereas all
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PWM control circuits keep the frequency constant and vary the pulse width
(Kularatna 2008:137).

The advantages of resonant DC–DC converters are that they have a drastic reduction
of the switching losses within the supply, which is one of the top heat-generating
losses. This removes 30 to 40 percent of the losses within a comparable PWM
supply when operated at the same frequency. The designer can then increase the
operating frequency in order to reduce the major component sizes, hence increasing
the power density. As a result power supplies operating at 500 kHz and higher is
definitely achievable. An added advantage that is in the designer’s favour is the
significant reduction in radio frequency interference (RFI) or electromagnetic
interference (EMI). By eliminating the very rapid transitions in current and voltage,
the harmonic-rich waveforms are also eliminated. This makes it easier to pass the
RFI requirements imposed by the approval bodies with less RFI filtering (Brown
1990:171).

However, the disadvantages of resonant converters are that they are more complex
than their PWM counterparts and consequently require a longer time to design and
cost more to implement.

2.5.2.3 Switched capacitors regulators

According to Kularatna (2008:84) charge pumps, switched capacitors, flying
capacitors, and inductorless converters are all different names for DC–DC converters
that use a set of capacitors rather than an inductor or transformer for energy storage
and conversion. For many years, designers have used charge pumps for DC–DC
conversion in applications for which the regulation tolerance, current conversion
efficiency and noise specifications are not very stringent.

These circuits use

capacitors combined with switches to boost or invert the input voltage and they do
not occupy more PCB or silicon area than a single-chip converter, to implement.
Recent generations of charge pumps have become viable DC–DC conversion
methods for cellular phones, portable wireless equipment, notebook computers and
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PDAs, where high-density DC–DC conversion is necessary and circuit area is at a
premium.

2.6

FC converter topologies

Conventional converter topologies used with FC systems are first examined. These
converters are not only implemented in FC applications, but have also been heavily
employed in everyday applications.

Following the discussion of conventional

converters, a section representing DC–DC converter topologies specifically designed
for FC usage is introduced (Yu et al. 2007:647).

Basically popular converter

topologies fall into two main categories: non-transformer-isolated and transformerisolated.

2.6.1

Non-transformer-isolated converter topologies

Non-transformer-isolated converters such as the buck, boost and buck-boost
converter topologies are generally used for lower-power level converter circuits and
are not so popular for higher-power applications (Kularatna 2008:108).

These

converters have two main problems: linkage between input and output and very large
output voltage ripple.

2.6.1.1 Step-down (buck) converter

The step-down DC–DC converter, commonly known as a buck converter, is shown
in Figure 7. It consists of a DC input voltage source VS, controlled switch QS, diode

D, filter inductor L, filter capacitor C and load resistance RL. Typical waveforms in
the converter are shown in Figure 8 under the assumption that the converter works in
CCM. It can be seen from the circuit that when the switch QS is commanded to the
ON

state, the diode D is reverse-biased. When the switch QS is

OFF,

the diode

conducts to support an uninterrupted current in the inductor (Rashid 2001:213).
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Figure 7: Buck converter topology

Figure 8: Voltages and currents during on-off cycle of the buck topology (Ang &
Oliva 2005:23)
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The output voltage of a buck converter is always less than the input voltage. The
switch produces a pulse-width-modulated waveform to the passive components.
When the regulator is at steady state, the average output voltage is:

Vo = Vs ⋅

ton
= Vs ⋅ D
T

(4)

where T ≡ total period in s = 1/f, (where f is the switching frequency)

ton ≡ power device ON time in s
D ≡ duty cycle = ton/T
A prominent application of the buck converter is a DC-regulated power supply in
which the output voltage is regulated against the variations in the load resistance and
the input voltages.

These power supplies are used in computers and portable

instruments in the medical and communication fields (Agrawal 2001:178).
According to Mohan, Undeland and Robbins (2003:164), it is also used in DC motor
speed control.

The buck regulator topology has the limitation that it can only produce a lower
voltage from a higher voltage (Pressman et al. 2009:31).

2.6.1.2 Step-up (boost) converter

The boost converter or step-up converter is a well-known switched-mode converter
capable of producing an output voltage larger than the input (Hart 2006:211). Its
circuit diagram is shown in Figure 9. An inductor L is placed in series with Vs and a
controlled switch QS to common or ground. The converter waveforms are presented
in Figure 10. When the switch QS is in the ON state, the current in the boost inductor
increases linearly and the diode D is
OFF,

OFF

at that time. When the switch QS is turned

the energy stored in the inductor is released through the diode to the output

circuit formed by RL and C (Rashid 2001:216).
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Figure 9: Boost converter topology

Figure 10: Voltage and current waveforms of a boost topology (Ang & Oliva
2005:33)
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Zhang, Pittini, Andersen and Thomsen (2012:3) report that as to the non-isolated
converters, normally, boost-type converters are favourable to fuel cell application.
Still they require a bulky input inductor to limit the current ripple in the components,
especially when high voltage gains are required. To minimize the input inductor size
and the current ripple, as well as to reduce the switch current stress, the converter can
be designed with multiple legs interleaving each other by means of the input
coupling inductors and high efficiency can thereby be obtained.

In DC–DC

converters the efficiency of the conventional boost converter is always greater than
the other converter topologies such as the push-pull, half-bridge, full-bridge, etc.,
because it has a reduced component count and simplicity in control. But from the
protection point of view, electrical isolation is not possible in a boost converter
(Kirubakaran et al. 2009:2437).

In the CCM of operation, considering D as the duty ratio, the input-output relation is
as follows:

Vo
1
=
Vs 1 − D

(5)

The use of this topology to boost the voltage supplied by fuel cells is feasible when
the ratio between the output voltage and the input voltage is not higher than two or
three times and when galvanic isolation is not required.

2.6.1.3 Buck-boost converter

The buck-boost regulator is shown in Figure 11. It can provide both a step-down and
a step-up function. With the switch
diode is maintained

OFF.

ON,

the inductor current increases while the

When the switch is turned

OFF,

the diode provides a path

for the inductor current. The buck-boost converter waveforms are depicted in Figure
12.
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Figure 11: Buck-boost converter topology

Figure 12: Waveforms inside the components of a buck-boost topology (Ang &
Oliva 2005:44)
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The input-output relation over one complete cycle is:

Vo ton
D ⋅T
 D 
=
=
= −

Vs toff (1 − D) ⋅ T
1− D 

(6)

The main application of the buck-boost converter is in regulated DC power supplies,
where a negative-polarity output with respect to the common terminal of the input
voltage may be desired and the output voltage can be higher or lower than the input
voltage (Mohan et al. 2003:178).

When applied to FCs, the final output of the buck-boost converter is usually set
somewhere within the operating range of the FC. While such circuits are technically
possible, their efficiency tends to be rather poor, certainly no better than the boost,
mostly worse. The consequence is that this is not a good approach (Larminie &
Dicks 2003:338).

2.6.1.4 Çuk converter

The circuit of the Çuk converter is shown in Figure 13. This topology consists of a
DC input voltage source Vs, input inductor Li, controllable switch Qs, energy transfer
capacitor Ct, diode Dfw, filter inductor Lo, filter capacitor Co and load.

According to Rashid (2001:218) an important advantage of this topology is a
continuous current at both the input and the output of the converter. Disadvantages
of the Çuk converter are a high number of reactive components and high current
stresses on the switch Qs, the diode Dfw and the capacitor Ct. The main waveforms in
the converter are presented in Figure 14. When the switch is ON, the diode is OFF and
the capacitor Co is discharged by the inductor Lo current. With the switch in the OFF
state, the diode conducts the currents of the inductors Li and Lo, whereas capacitor Ct
is charged by the inductor Li current.
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Figure 13: Çuk converter topology
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Figure 14: Voltage and current waveforms of the Çuk converter topology (Ang
& Oliva 2005:54)
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The input-output voltage relation is the same as that for the buck-boost converter.
Hence, the DC gain of the Çuk converter is:

Vo
D
=
Vs 1 − D

(7)

The advantage of this circuit is that both the currents at input and output stages are
reasonably ripple free (unlike the buck-boost converter where both these currents are
highly discontinuous). It is possible to simultaneously eliminate the ripples in iLi and
iLo completely, leading to lower external filtering requirements.

A significant

disadvantage is the requirement of a capacitor Ct with large ripple-current-carrying
capability (Mohan et al. 2003:186).

2.6.2

Transformer-isolated converters

Transformer-isolated converters such as forward, push-pull, half-bridge and fullbridge, etc. are particularly appreciated for electrical isolation and high boost ratio.
In this section, these converter topologies are examined.

2.6.2.1 Flyback converter

The flyback converter is shown in Figure 15 and its waveforms are shown in Figure
16. In this converter, when the transistor is

ON,

energy is stored in the coupled

inductor (not a transformer) and this energy is transferred to the load when the switch
is OFF (Dorf 2006:9-18).

The output voltage is calculated by means of the formula,

Vo =

D
⋅ n ⋅ Vs
1− D

(8)

where n is the transformer turns ratio.
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Figure 15: Flyback converter topology
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Figure 16: Voltage and current waveforms of the flyback converter topology
(Ang & Oliva 2005:149)

Flyback converter operation can lead to confusion if the approach in the design of its
magnetics is considered to be a transformer. Except for the case of multiple output
windings, the magnetics in a flyback converter are not a transformer. An easy way to
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view this is as an energy bucket that is alternately filled (when the switch is ON) and
dumped (when the switch is

OFF).

In other words, a flyback magnetic (sometimes

called a transformer choke) is an energy-in, energy-out power transfer device where
input and output windings do not conduct current simultaneously. A gapped core is
used in general to have adequate leakage inductance at the input side for energy
storage during the switch-on period (Kularatna 2008:109).

Low cost and simplicity are the major advantages of the flyback topology. These
converters are inexpensive because the transformer (which really works as a coupled
inductor) is part of the output filter and generating multiple outputs merely requires
the addition of another secondary winding along with diodes and output filter
capacitors (Kularatna 2008:129).

Other advantages of this converter are that the leakage inductance is in series with
the output diode when current is delivered to the output and, therefore, no filter
inductor is required. It is ideally suited for high-voltage output applications. Flyback
converters are used in the power range of 20 to 200 W. However, at power levels
greater than 200 W, because of excessive peak currents in the switching transistor
and excessive voltages across the switches, this topology reaches its limitations.

Some of the disadvantages are that large output filter capacitors are required to
smooth the pulsating output current, inductor size is large since air-gaps are to be
provided and owing to stability reasons, flyback converters are usually operated in
DCM, which results in increased losses. To avoid the stability problem, flyback
converters are operated with current mode control (Dorf 2006:9-18, 9-19).

2.6.2.2 Forward converter

The forward converter represented in Figure 17 is derived from the buck topology
family, generally employing a single switch. The power switch in the forward
topology is ground referenced (also called a low-side switch), whereas in buck
topology the switch source terminal floats on the switching node (Kularatna
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2008:108). It is usually operated in CCM to reduce the peak currents and does not
have the stability problem of the flyback converter. Figure 18 shows the waveforms
associated with the forward converter.

Figure 17: Forward converter topology
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Figure 18: Voltage and current waveforms of the forward converter (Ang &
Oliva 2005:133)
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The output voltage is calculated by means of the equation:

Vo = D ⋅ n ⋅ Vs

(9)

The high frequency (HF) transformer transfers energy directly to the output with
very little stored energy. The output capacitor size and peak current rating are
smaller than they are for the flyback. A reset winding is required to remove the
stored energy in the transformer. Maximum duty cycle is about 0.45 and limits the
control range (Dorf 2006:9-20).

The main advantage of the forward topology is that it provides isolation and the
capability to provide a step-up or step-down function (Kularatna 2008:108).
Additionally, it has the advantage of having a low output ripple voltage.

The main limitation of the topology eventually comes about, rather, from the
available size of MOSFETs. Increased power translates into increased currents and
eventually losses in the MOSFETs become unacceptable. When this is the case, a
topology with more than one transistor to share the burden is desirable (Lenk
2005:31). It also has a poor transient response and its efficiency is low owing to poor
transformer utilisation.

2.6.2.3 Push-pull converter

A push-pull topology is shown in Figure 19. This converter is used to produce a
square-wave AC signal at the input of the high-frequency transformer. The square
wave is then fed to the transformer in order to step-up or step-down the voltage.
Finally, this voltage is rectified by output diodes to get a DC output. The duty ratio
of each switch in a push–pull is less than 0.5. Since there are two switches, which
work alternately, the output voltage is doubled.

The output voltage is calculated with the formula:
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Vo = 2 ⋅ D ⋅ n ⋅ Vs

(10)

Figure 19: Push-pull converter topology

Each secondary delivers a pair of 180º out-of-phase square-wave power pulses
whose amplitude is fixed by the input voltage and the number of primary and
secondary turns (Pressman et al. 2009:45).

The waveforms within a push-pull

converter are given in Figure 20.

A push-pull converter is used to reduce the conduction loss in switches by operating
only one switch at any time to interface the FC voltage to the DC bus. But the major
problem is the transformer saturation which results in converter failure because the
two half portions of the centre-tapped transformer windings cannot be equally or
symmetrically wound. Therefore the push-pull converter is suitable for low and
medium power applications only (Kuribakaran et al. 2009:2437).

Two of the advantages are that the transformer flux swings fully and thereby the size
of the transformer is much smaller (typically half the size) than single-ended
converters and output ripple is twice the switching frequency of the transistors,
therefore needing smaller filters. Some of the disadvantages of this configuration are
that the transistors must block twice the supply voltage, flux symmetry imbalance
can cause transformer saturation with special control circuitry required to avoid this
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problem and use of a centre-tap transformer requires extra copper resulting in a
higher volt–ampere (VA) rating. Current mode control (for the primary current) can
be used to overcome the flux imbalance. This configuration is used in the 100 to 500
W output range (Dorf 2006:9-21).
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Figure 20: Push-pull topology waveforms (Ang & Oliva 2005:138,139)
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2.6.2.4 Weinberg converter

The Weinberg converter is a push-pull converter with an inductor in series with the
input power source as shown in Figure 21.

Basu (2007:336) explains that using an input and output magnetic coupling, the
Weinberg converter overcomes the strict switching requirements for a voltage-fed
push-pull converter.

Further, no output inductor is employed. Nonetheless, the

Weinberg converter is also susceptible to voltage spikes owing to the existence of
leakage inductance in not only the centre-tapped transformer but also the input
magnetics.

Figure 21: Weinberg converter topology (Basu 2007:337)

2.6.2.5 Half-bridge converter

As depicted in Figure 22, in the half-bridge configuration a centre-tapped DC source
is created by two smoothing capacitors (C11 and C12), and this configuration utilizes
the transformer core efficiently. The voltage across each transistor is equal to the
supply voltage (half of push–pull) and, therefore, suitable for high voltage inputs.
The equation for the half-bridge converter output voltage is:
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Vo = D ⋅ n ⋅ Vs

(11)

The disadvantage of this configuration is the requirement for large-size input filter
capacitors. The half-bridge configuration is used for power levels on the order of
500 to 1000 W (Dorf 2006:9-21). The ideal waveforms of the half-bridge converter
are given in Figure 23.

Figure 22: Half-bridge topology

Figure 23: Waveforms of the half-bridge converter (Ang & Oliva 2005:142)
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2.6.2.6 Full-bridge converter
The full-bridge converter, as shown in Figure 24, is the most frequently implemented
circuit configuration for FC power conditioning when electrical isolation is required
(Yu et al. 2007:647). The output voltage is calculated according to the formula:

Vo = 2 ⋅ D ⋅ n ⋅ Vs

(12)

Figure 24: Full-bridge topology
The full-bridge converter is well developed and frequently used for FC applications.
The main advantage of this topology is its short-circuit protection and it does not
have transformer saturation problems (Cheng, Sutanto, Ho & Law 2001:2201).

One of the salient features of a full-bridge converter is that, by using a proper control
technique, it can be operated in zero-voltage switching (ZVS) mode, which results in
negligible switching losses. However, at reduced load currents, the ZVS property is
lost. Recently, there has been a lot of effort made to overcome this problem. Fullbridge topology is used for very high-power applications. The use of this topology
requires the consideration of losses in the circuit and the design complications due to
high-side switches operating with their source terminals (in the case of MOSFETs)
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or emitters (in IGBTs or power transistors) at floating levels (Kularatna 2008:129).
Typical waveforms of the full-bridge converters are shown in Figure 25.

Figure 25: Waveforms of a full bridge topology (Ang & Oliva 2005:145)

2.6.3

Specialised DC–DC converters for FCs

Although conventional DC–DC converters are often implemented in FC applications,
not all of the problems encountered with FC conditioning have been resolved (Yu et
al. 2007:647).

In the following sections, some DC–DC converters designed specifically for
application in FC power conditioning are the following:
•

Multiphase isolated boost converter: the circuit schematic of a multiphase
isolated boost converter is shown in Figure 26. The circuit consists of twelve
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controlled switches (S1-S12) and six diodes (D1-D6) to generate a DC voltage
output. Because the current is shared by three phases, the current stress on
each device reduces. As a result, the problems of diode recovery and higher
switch and diode losses are substantially alleviated.

Also, because the

topology is a buck-derived type of converter, the controller implementation is
simplified (Basu 2007:335).

Figure 26: Multiphase isolated boost converter (Basu 2007:335)
•

Isolated Çuk converter: The isolated Çuk converter in Figure 27 steps up
the input voltage to a high intermediate DC voltage and provides galvanic
isolation as well. The isolated Çuk converter attains fewer components,
enables integrated magnetics leading to low input and output current ripples
and lower electromagnetic interference (EMI) as compared to other
conventional isolated step-up converters. The magnetic integration yields
significant savings in weight and volume as well. However, because the
current through the transformer sees an almost instantaneous change owing to
the switching of S1, the leakage inductance of the Çuk converter has to be
really low, otherwise, the voltage spike across S1 (and S2) could potentially
destroy the device. A higher voltage rating of S1 (S2) leads to higher losses.
Non-dissipative (resonant) or dissipative snubbers (RC and RCD) can be used
to overcome the voltage spike problem. Also, a resonant clamp circuit across
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the transformer primary can be used to clamp the voltage overshoot to a
predetermined value. However, all of these options have a drawback from
the standpoint of efficiency (Basu 2007:335-336).

Figure 27: Schematic of the isolated Çuk converter with integrated magnetics
(Basu 2007:336)
•

Full-bridge converter with multiple secondary coils: According to Yu et
al. (2007:647) the full-bridge converter with multiple secondary coils (shown
in Figure 28) utilises a transformer with multiple secondary coils connected
in series. This full-bridge converter topology has the capability to achieve
ZVS allowing for high-efficiency operation.

Furthermore, if the correct

control algorithm is implemented, this converter topology can shift the phase
as much as 180°, thus regulating the output voltage. This converter also has
the capability to operate either under constant-voltage mode or constant
current affording flexibility for the designer.

To

control

the

amount

of

voltage

gain,

the

converter

utilises

electromechanical relays in the transformer secondary coils that manipulate
the transformer turns ratio. Through this methodology, if the FC’s stack
voltage decreases because of increasing load, a higher transformation ratio
can be chosen to maintain the output voltage.
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Figure 28: Full-bridge converter with multiple secondary coils (Yu et al.
2007:647)

2.6.4

Interleaved multiphase converters

According to Ang and Oliva (2005:321) a parallel connection of switching
converters results in what is called interleaved converters. Compared to single power
stage converters these converters offer numerous advantages such as:
•

Low current ripple on the input and output capacitors,

•

Fast transient response to load changes,

•

Improved power handling capabilities at greater than 90 percent efficiency.

Interleaved converters are used in applications with low ripple such as the new
generation of personal computers and switching audio amplifiers (Ang & Oliva
2005:321).

44

According to Eirea and Sanders (2008:137) this topology has some drawbacks such
as the fact that it requires more components and a more complex controller.
Additionally, it suffers from current unbalance. This occurs when there exist small
variations in the characteristics of each channel and this situation generates a
significant current unbalance. This needs to be looked at closely because many
advantages of the multiphase topology are lost if currents in each phase are
unbalanced.

2.7

Choice of topology

Topology selection is a crucial task because all other design selections such as
component selection, magnetic design, loop compensation and so on depend on it. If
the topology changes, these must change as well. So before getting started, it is
always a good idea to spend some time, carefully looking at the power supply’s
requirements and specifications to ensure that a proper topology is selected (Lenk
2005:17).
Furthermore, it is essential to be familiar with the merits, drawbacks and areas of
usage of all converter topologies. Table 1 summarizes the merits and as well as the
drawbacks of some of the converter topologies examined. It is very important to
select the right converter in order to achieve the maximum utilisation of the FC
energy and to minimise losses. The investigation on design considerations of FC and
PAFC converter systems made possible the establishment of the requirements for the
DC–DC converter so that design choices can be made upfront. Making a proper
choice at the beginning is vastly less costly and time-consuming than trying to make
corrections later (Lenk 2005:22).

Table 1: Comparison of converter topologies (Kularatna 1997:68)
Topology

Buck

Vin /Vout

Advantages

Disadvantages

D

High efficiency,
simple, low switch
stress, low ripple

No isolation, potential
over-voltage
if switch shorts
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Typical
Application
Environment
Small-sized
imbedded
systems

Typical
Efficiency
(%)
78

Table 1: Comparison of converter topologies (Kularatna 1997:68) continued
Topology

Vin /Vout

Advantages

Disadvantages

Typical
Application
Environment

Typical
Efficiency
(%)

Boost

1/( 1-D)

High efficiency,
simple, low input
ripple current

No isolation, high
switch peak
current, regulator
loop hard
to stabilise, high
output ripple,
unable to control
short circuit
current

Power-factor
correction,
battery upconverters

80

Buck-boost

-(D/1-D)

Voltage inversion
without a transformer,
simple, high frequency
operation

No isolation,
regulator loop
hard
to stabilise, high
output
ripple

Inverse output
voltages

80

Flyback

n·D/(1-D)

Isolation, low parts
count, has no
secondary output
inductors

Poor transformer
utilisation, high
output ripple, fast
recovery
diode required

Low output
power,
multiple
output

80

Push-pull

2·n·D

Isolation, good
transformer utilisation,
good at low input
voltages,
low output ripple

Cross conduction
of switches
possible, high
parts count,
transformer
design critical,
high voltage
required for
switches

Low output
voltage

75

Half-bridge

n·D

75

2·n·D

Poor transient
response, high
parts count, cross
conduction
of the switches
possible
High parts count,
cross conduction
of switches
possible

High input
voltage,
moderate
to high
power

Full-bridge

Isolation, good
transformer utilisation,
switches rated at the
input
voltage, low output
ripple
Isolation, good
transformer utilisation,
switches rated at the
input
voltage, low output
ripple

High power,
high input
voltage

73
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When comparing the efficiencies presented in Table 1 with the target efficiency for
FC’s DC–DC converters (which should be greater than 85 percent), it is clear that
these efficiencies are too low. In order to achieve higher efficiencies, a multiphase
synchronous buck converter circuit topology can be used. This topology will be
expounded in the next chapter.

2.8

Summary

This chapter presented some facts regarding the PAFC. It also highlighted the broad
range of DC–DC converters which can be used with FCs although this list is not
comprehensive.

Conventional and some specific converters used with FC

technology were reviewed. In Chapter 3, the design procedure of the proposed DC–
DC converter is presented.
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Chapter 3
3.1

Design aspects of the converter

Introduction

The choice of the most suitable DC–DC converter for a specific application may
prove to be a daunting challenge (Nowakowski & Tang 2009:15). In the case of
FCs, the requirement for greater efficiency is a typical issue.

Kuyula and van

Rensburg (2012) presented the experimental results of the development of a pushpull converter for FC applications with 63 percent efficiency at the SATNAC 2012
conference held at Fancourt, George, South Africa. Because FCs are used where
conversion efficiency is a key requirement, another topology with the possibility of
achieving more than 90 percent efficiency was selected. Achieving high energy
conversion efficiency by means of a switching regulator is key to prolong a FC’s life
and improve its power reliability (Basu 2007:333).

Most applications in

telecommunications today, require DC–DC converters capable of regulating a
relatively low output voltage at increasing load currents from a wide range of input
voltages while meeting efficiency requirements (National Semiconductor 2010).
Taking this trend into account, Chapter 3 presents a design of a 200 W converter
using an interleaved multiphase synchronous buck topology. The hardware
construction is shown as well.

3.2

Interleaved multiphase synchronous buck converter

According to Hegarty (2007) a poly-phase or multiphase synchronous buck converter
is a suitable topology for various applications.

In recent decades, interleaved

multiphase buck converters have received considerable attention with regard to
applications in computing. This topology has found its way into many other spheres
such as telecommunications and others.

Depicted in Figure 29 is a N-phase

synchronous buck converter. It consists of N synchronous buck converters (two or
more single phase converters) operated in parallel feeding the same filter capacitor
and load. (Kazimierczuk 2008:77).
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Figure 29: N-phase interleaved buck converter (Hegarty 2007)

This topology has the following advantages (Hegarty 2007):
•

Minimum EMI filtering requirements,

•

Excellent transient response,

•

High efficiency,

•

Small size and low cost,

•

The effective switching frequency is multiplied by the number of phases
while the load current is divided by the number of phases.

3.3

Operation of the multiphase synchronous buck converter

Before explaining the operation of this topology, it is fitting to understand what a
synchronous buck converter is. A noticeable difference between a conventional buck
converter and a synchronous buck converter is the substitution of the freewheeling
diode by a second switch as illustrated in Figure 30. This results in an improvement
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of the efficiency of the buck converter. The diode that is replaced by the second
switch, is accountable for substantial losses leading to poor efficiency of the buck
converter (Hart 2011:207).

The connecting point where the two switches and

inductor of a switching converter meet is called the switch node.

Figure 30: Synchronous and nonsynchronous buck circuits (Nowakowski &
Tang 2009:15)

To illustrate how the multiphase synchronous buck converter works, a two-phase
interleaved buck converter is shown Figure 31.
represent the individual phases.

The boxes with dashed lines

In other words each phase corresponds to one

synchronous buck converter.

The duty cycle D is expressed as:

D=

VOUT
VIN

(13)
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Figure 31: Two-phase interleaved buck converter (Kazimierczuk 2008:78)

The waveforms of a two-phase buck converter are shown in Figure 32. The control
drive signals VGS1 and VGS2 are separated from each other by a 180° phase. For this
topology, the output voltage ripple is reduced considerably owing to ripple
cancellation when each phase of the converter is switched complementarily
(Kazimierczuk 2008:78).

Furthermore, according to Kazimierczuk (2008:78) in a two-phase buck converter,
the sum of iL1 and iL2 is a constant at duty cycle D = 0.5. The AC component of the
sum of the two currents is zero. Hence, this results in a zero ripple voltage as the AC
component of the current through the filter capacitor is zero. However, partial ripple
cancellation occurs at D ≠ 0.5.

It is important to mention that a dead time is required to avoid simultaneous
conduction of high-side and low-side switches. During this time both high-side and
low-side switches are OFF (Perutka 2011:161).
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Figure 32: Waveforms in two-phase buck converter (Kazimierczuk 2008:79)
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3.4

Specifications

The first step in any successful design is to determine the power supply
specifications (Brown 2001:5). The following specifications are used for the design
of the prototype:

3.5

•

Input DC voltage range: 22 – 46 V

•

Output DC voltage: 13.8 ± 0.5V at 1 A – 14 A

•

Efficiency: > 85 percent
Webench® designer

The Webench® Designer (online software package from Texas Instruments) was
used to design the converter.

The converter specifications were entered in the

software as shown in Figure 33.

Figure 33: Specifications entered in Webench® Designer
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Figure 34 shows the suggested design solution in Webench® Designer. The PWM
controller proposed for this design was the LM5119 from National Semiconductor.
Additionally, a basic schematic is provided as well as other design considerations
such as the bill of materials, type of topology, efficiency, the operating frequency
and so on.

Figure 34: Webench® Designer solution for a synchronous buck converter with
the LM5119

As it can be seen from Figure 34, the design using the LM5119 achieves a higher
efficiency (97 percent) and it has a low peak-to-peak output ripple voltage (126 mV).
Besides, the circuit is relatively small in size. Hence, the LM5119 synchronous buck
controller was selected for the DC–DC converter to be used in conjunction with the
PAFC.

3.6

LM5119 controller

The LM5119 is a dual-phase or dual channel synchronous buck controller intended
for step-down regulator applications for a high voltage or widely varying input
supply (See Annexure B). It has several interesting features such as a wide Vin range,
multiphase operation, programmable soft-start and diode emulation mode (DEM).
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Additional features include thermal shutdown, cycle-by-cycle and hiccup mode
current limit and adjustable line under-voltage lockout (UVLO).

All these

characteristics give the designer a variety of options for control of all applications
(Pur 2010). For more details on the LM5119 controller see Annexure B.

The LM5119 is available in 5 mm by 5 mm 32-pin LLP package (National
Semiconductor 2010). Figure 35 depicts the actual size of the LM5119 and next to it
is a South African five cent coin which has diameter of 21 mm.

Figure 35: Size of the LM5119 Controller
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3.7

Design calculations

Based on the LM5119 datasheet (see Annexure B) the following parameters were
calculated.

3.7.1

Oscillator frequency

RT is used to set the switching frequency of each regulator phase or channel.

However, the oscillator frequency is twice the switching frequency. The converter’s
oscillator frequency can be adjusted by means of RT. Its value is calculated using the
following formula, obtained from the LM5119 datasheet (see Annexure B):
5.2 × 109
RT =
- 948
f SW

(14)

The frequency selected for this design was 230 kHz. Thus the value of RT is
calculated:

RT =

5.2 × 109
- 948 = 21.7 × 103 Ω
230 × 103

The value of RT used for the prototype is 22 kΩ.

3.7.2

Choice of output inductor per phase

The inductor value is determined using the operating frequency fSW, ripple current
IPP, the maximum input voltage VIN(MAX) and output voltage VOUT according to the

following equation:

L=


VOUT
V
×  1 − OUT
I PP × f SW  VIN ( MAX )





(15)
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Taking into account that the maximum ripple current is generally between 20 and 40
percent of the total load current, for this design a 15 percent current ripple of the
output current IOUT was assumed. The reason behind this assumption is to avoid
putting unnecessary burden on the output capacitor COUT. On the contrary, COUT will
have to smooth a consistent amount of ripple current.

Since IOUT is 7 A per phase, the ripple current IPP is calculated as follows:

I PP =

15 × I OUT
15 × 7 A
=
= 1.05 A
100
100

Hence, according to Equation (15) the inductor value is:

L=

13.8 V
13.8 V 

-6
× 1  = 31.1 × 10 H
3
1.05 A × 230 × 10 Hz 
46 V 

The closest standard inductor value selected per channel was a 33 µH, 12 A from
Wurth Elektronik with a tolerance of 15%.

3.7.3

Current sense resistor

According to National Semiconductor (Annexure B) prior to determining the value
of the current sense resistor RS, it is essential to understand the K factor notion,
which is defined as the ramp slope multiple chosen for slope compensation. It is
common practice that the K factor is varied from 1 to 3 and it is expressed as:

K=

L

(16)

10 × RS × RRAMP × CRAMP

It is important to mention that the K factor has a bearing on the performance. Table
2 gives a summary of how this notion affects the converter performance. For this
design, a K factor of 2.5 was selected.
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Table 2: Performance variation owing to K factor
K<1

1←K→3

K>3

Peak inductor current
with short output
condition

Lower

Subharmonics

Higher

oscillation may

Inductor Size

Introduces additional
pole near cross-over

Smaller Larger

occur

Power dissipation fo RS

Higher

Lower

Efficiency

Lower

Higher

frequency

The current sense resistor value is calculated using the equation:

RS =

VCS (TH )
V × K I PP
I OUT ( MAX ) + OUT
−
2
f SW × L

(17)

where VCS(TH) ≡ Current limit threshold voltage,
K ≡ K factor,
IOUT(MAX) ≡ The maximum current capability.

The maximum current capability needs to be 20-50 percent higher than the required
output current to account for tolerances and ripple current.

Therefore, for this

design, a 120 percent of 7 A (8.4 A) was chosen to ensure safe operation.

Calculating RS using equation (17):

RS =

0.12
= 10 ×10-3 Ω
13.8 V × 2.5
1.05 A
8.4 A +
230 ×103 Hz × 33 × 10-6 H
2

A current resistor of 10 mΩ was used because it was available.
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3.7.4

Ramp resistor and ramp capacitor

To enable full discharge of the LM5119 internal switch between cycles, the capacitor
CRAMP should be of a good quality, thermally stable ceramic capacitor with a 5
percent or less tolerance as recommended and it should be not more than 2 nF.

The value of the ramp capacitor was chosen to be 820 pF.

With the ramp capacitor selected as well as the K factor, the sense resistor and output
inductor calculated, the ramp resistor is calculated using the equation:

RRAMP =

L
10 × Rs × K × CRAMP

(18)

Hence the value of ramp is:

RRAMP =

33 × 10-6 H
= 161×103 Ω
10 × 0.01 × 2.5 × 820 × 10-12 F

A ramp resistor of 200 kΩ was used instead of the calculated one. The reason for
this choice is that the 200 kΩ is in the range of resistors that can be used according to
Webench® Designer.

3.7.5

Output capacitors

The role of the output capacitor is to smooth the inductor ripple current. A 470 uF,
25 V surface mount electrolytic capacitor from KJ Electronics was selected. To
negate the output voltage ripple and spikes, two 22 uF low ESR and ESL capacitors
are connected in parallel with COUT for each channel.
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3.7.6

Output voltage divider

Figure 36 highlights the output voltage divider of the voltage feedback loop. To
obtain an output voltage of 13.8 V, the values of RFB2 and RFB1 needed to be
determined.

Figure 36: Output voltage divider of the converter feedback loop

The ratio of these resistors is calculated from the following equation:

RFB 2 VOUT
=
−1
RFB1 0.8 V

(19)

Hence the ratio of RFB2 and RFB1 is:

RFB 2 VOUT
13.8 V
=
-1=
- 1 = 16.25
RFB1 0.8 V
0.8 V

In order to obtain a 13.8 V output voltage for this design, the value of RFB2 was
chosen to be 19.1 kΩ which results in a RFB1 value of 1.18 kΩ calculated as follows:
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RFB1 =

3.7.7

RFB 2
19.1 kΩ
=
= 1.18 kΩ
16.25
16.25

Error amplifier compensation

In order to configure the error amplifier gain characteristics so as to achieve a stable
voltage, the network consisting of RCOMP, CCOMP and CHF is required (See Figure 37).
However, only RCOMP and CCOMP are needed to close the voltage loop and improve
the phase margin of the voltage loop with increased stability. The voltage loop gain
is the product of the modulator gain and the error amplifier gain.

Figure 37: Error amplifier compensation network

The DC modulator gain of the LM5119 is modeled as follows:

DC _ GAIN ( MOD ) =

RLOAD
( A × RS )

(20)

where A ≡ Gain of the current sense amplifier (For the LM5119, A = 10),
RLOAD ≡ Ratio of VOUT / IOUT
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The dominant low frequency pole of the modulator is determined by the load
resistance RLOAD and the output capacitor COUT. The corner frequency of this pole is
obtained by means of the equation:

f P ( MOD ) =

1

(21)

(2π × RLOAD × COUT )

Hence, RLOAD =

13.8 V
= 1.971 Ω ,
7A

The total output capacitance COUT = 514 uF,

Thus, f P ( MOD ) =

1
= 157.064 Hz
2π × 1.971 Ω × 514 ×10-6 F

And the DC _ GAIN ( MOD ) =

1.971 Ω
= 19.714 = 25.9 dB
(10 × 10 × 10-3 Ω )

The Bode plots of the system were obtained from the LM5119 quick start worksheet
calculator available on the Texas Instruments website. This calculator was used to
ascertain whether the system is stable or not. A picture of the Excel worksheet is
shown in Figure 38. The Bode plots are shown in Figures 39 (the modulator gain vs.
frequency characteristic), Figure 40 (error amplifier gain and phase) and Figure 41
(overall voltage loop gain and phase).

The error amplifier of the LM5119 is configured as a Type II amplifier by means of
RCOMP and CCOMP. This configuration enables the error amplifier zero to cancel the
dominant modulator pole leaving a single pole response at the crossover frequency of
the voltage loop. This yields a stable voltage loop with 90° of phase margin.

For this design a 71.5 kΩ resistor was selected for RCOMP and a 1.8 nF capacitance
was selected for CCOMP. Figure 40 shows the error amplifier gain and phase plot.
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LM(2)5119 Wide Input Range Dual Synchronous Buck Controller
Note: The components calculated in this worksheet are reasonable starting values for a
design using the LM(2)5119. They are not optimized for any particular performance
attribute. Only one channel is show n. Calculate each channel separately for dual output
designs. Each channel is identical for interleaved designs.

Enter Design parameters in the shaded
Cells

Version 1.3

Step 1 General Requirements

08/11/2010

VIN (min) (V)

22

VIN (max) (V)

46

VOUT (V)
Max. Load Current per Channel (A)
Ripple Current % of Max. Load Current (%)
Minimum Duty Cycle
Maximum Duty Cycle
Interleaved Operation

Step 2 Interleaved or Dual Output

Package Type
Recommended IC
Step 3 Sw itching Frequency
Step 4 Frequency Programming
Step 5 Inductor Value

Step 6 Current Limit

13.8
8.4
15%
0.30
0.63
Dual Output
LLP32
LM5119

FSW (kHz)

230

RT (kΩ)

21.7

L per Channel (µH)
Nearest standard value for L (µH)

33.3
33.0

Target (% Beyond Max. Load)
Max Output Current at Current Limit (A)
K Factor (K)
Current Sense Resistor Rs (Ω) per Channel
Choose Closes Standard Value for Rs (Ω)
Peak Output Current with Output Short (A)

20%
10.08
2.5
0.0086
0.010
12.1

RRAMP (kΩ)

200

CRAMP (pF)

660

COUT1 (µF)

470

COUT2 (µF)
Net ESR (Ω)
COUT Total (µF)
Peak-Peak output voltage ripple (mV)

44
0.01
514
13

Step 7 Ramp Configuration

Step 8 Output Capacitors

Step 9 Input Capacitors

Step 10 VIN UV Shutdow n

Step 11 Feedback Resistors

Step 12 Compensation Network

Input Capacitor CIN (µF)
Input Voltage Ripple (V)

300.0
0.03

UV Shutdown Voltage (V)
Desired UV Hysteresis, VHY S (V)

17.9
1.098

RUV2 (kΩ)

54.90

RUV1 (kΩ)

4.12

RFB1 (kΩ)

1.18

RFB2 (kΩ)

19.18

Bandwidth (kHz)
RCOMP (kΩ)

5
36.5

CCOMP (pF)

8721

CHF (pF)
Soft-Start Time (ms)
Soft-Start Capacitor CSS (µF)

Step 13 Soft Start Capacitor
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Figure 38: LM5119 Excel sheet used to obtain the Bode plots
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Figure 39: Modulator gain and phase

Figure 40: Error amplifier gain and phase

The overall voltage loop gain can then be predicted because it is the product of the
modulator gain and the error amplifier gain. The overall loop gain plot is shown in
Figure 41.
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Figure 41: Overall voltage loop gain and phase

According to Dostal (2008:3) a minimum phase margin of 45° to 50° is necessary
and more is better. In the case of this design, the maximum phase margin was found
to be 80° which yields the conclusion that the designed system is stable.

The results of the step load transient tests will be presented in Chapter 4 in order to
verify if the practical setup is really stable as found theoretically.

3.7.8

MOSFETs

As the input voltage for this design is limited to 46 V, the PSMN5R5 MOSFET is an
appropriate choice for the reason that it has a maximum drain-source voltage of 60 V
and a drain current of 100 A. This MOSFET has a low RDS(ON) (5.2 mΩ ) and a total
gate charge of 56 nC.

Switching devices used for multiphase buck converters have different criteria. For
example the RDS(ON) of the synchronous rectifier should be as low as possible because
it conducts current during most of the switching cycle. Another criterion is the
switching speed so as to minimize the switching losses. The switching speed has a
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direct relation with the gate charge because a low gate charge allows the gate driver
to switch the MOSFET rapidly (Schuellein 2000).

3.8

Converter construction

To be able to meet the above requirements, the LM5119 evaluation board (see
Annexure C) from Texas Instruments was used to implement the prototype. Figures
42 and 43 show the top and bottom views of the redesigned converter.

The construction of a multiphase synchronous buck converter requires a multilayer
board on which careful layout considerations need to be taken into account. Some of
these considerations are (Schuellein 2000):
•

Output inductors and capacitors should be situated on wide planes connected
to the load so as to minimize drops during heavy loads and transients.

•

The area of the inductor switching node should be minimised by placing the
inductor and the MOSFETs of each phase close to each other.

•

High current traces such as those of the inductor switching node and gate
drive should be as short and wide as possible to negate the effect of EMI.

•

Input capacitors should be placed as close to the switching MOSFETs as
possible and with the output capacitors closer to the load.

Figure 42: Top view of the redesigned LM5119 evaluation board and input
capacitors on the left-hand side
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Figure 43: Bottom view of the redesigned LM5119 evaluation board and input
capacitors on the left-hand side

The LM5119 evaluation board was redesigned according to the converter
specifications because the board comes already populated with components. Hence,
the components replaced include the input and output capacitors, inductors as well as
some resistors and capacitors associated with the operation of the LM5119
controller.

3.9

Summary

A brief presentation of the topology used was presented. The design procedure and
calculations regarding components as well as the construction of the converter were
considered.

The next chapter will discuss the measurements and results.
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Chapter 4

4.1

Results

Introduction

Chapter 4 considers the simulation performed to obtain theoretical waveforms. The
tests and measurements performed on the converter are also presented.

A

comparative analysis of some simulated and experimental results of the converter
power stage is also presented. The converter has been mainly tested according to the
problem statement set out in Chapter 1.

4.2

Simulation

The simulated results were obtained by means of Cadence OrCAD. This software
package is widely used to simulate SMPS. It includes a schematic capture program
called Capture and a SPICE simulator called PSpice. Owing to Cadence OrCAD’s
widespread use in industry most semiconductor manufacturers produce device
models for both the PSpice and Capture.
After completion of the design phase, a simulation of a portion of the converter was
implemented. The simulation model consists of a single phase synchronous buck
converter. As the LM5119 PSpice model is not available, the LM5117 model was
downloaded from the Texas Instruments website. The LM5117 is the one channel
version of the LM5119.

The reason behind this is that the designed converter

consists of two identical synchronous buck converters.

Hence, to simplify the

analysis, a single channel synchronous buck was used. The desired frequency and
the pulse width signals for the gates of the MOSFETs were obtained using the
LM5117 controller. It is important to note that components used in the schematic
were modeled to be similar to the components of the prototype.

Figure 44 shows the simulation circuit diagram. The input of the power supply is
modeled by a constant voltage source V1. The circuit is simulated for a run time of
at least 3.5 ms to ensure that the simulation reaches steady state. Each input and
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output capacitor’s ESR (Equivalent Series Resistance) along with inductor’s DCR
(Direct Current Resistance) are also modeled in this simulation in order to get a good
representation of what is happening in each phase of the actual hardware circuit. The
circuit’s performance was then studied by obtaining plots of critical parameters such
as the output voltage, the inductor current, etc. Figure 45 shows the output filter and
load current waveforms during typical operation with a load of 2 Ω. This plot shows
that the inductor ripple current is filtered out by the output capacitance. Hence the
load sees the DC current.
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Figure 44: Single channel synchronous buck circuit used to obtain simulation
results
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Figure 45: Output inductor (green trace), output capacitor (red trace) and load
(blue trace) current waveforms
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Figure 46 shows the simulation result for the output voltage.
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Figure 46: Result of the simulated output voltage.

4.3

Turn-on input voltage test

This test was performed to ascertain at what value of the input voltage the converter
starts delivering the required output voltage. The waveforms were obtained using a
Rigol DS2102 100 MHz digital oscilloscope. Figure 47 shows the recorded the input
voltage while monitoring the output voltage coming into the specified regulation
range.

Figure 47: Turn-on input voltage test result
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The measured input voltage was found to be 22 V, which is the lowest voltage within
the specified range of input voltages.

4.4

Soft-start time test

The soft-start time is a small time duration needed for the output voltage to reach the
specified accuracy when the output is loaded into a resistive load. A sequence of
events occurs when power is applied to the converter. Soft-start capacitors and other
components allow for a linear increase in output voltages (See Annexure C).

Figure 48 shows the soft-start waveform obtained while measuring the output voltage
on the hardware (Input voltage: 34 V, 12 Ω load on 13.8 V output). The soft-start
time of the converter is 1.28 ms.

1.28 ms

13.8 V

Figure 48: Output voltage waveform and start-up time

4.5

Load transient test

The load transient test is the simplest way to analyse the loop stability of a converter
(Simpson 2007:2). This test gives a qualitative indication of the feedback loop
circuitry performance.

In case the results indicate potential instabilities, then

stability margin measurements tests are usually appropriate if feasible (Leon 2010:7).
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Figure 49 illustrates the block diagram of the test set-up diagram needed to evaluate
the regulator’s response to a transient load. The test was done at different resistance
loads. The test set-up included a PIC microcontroller needed to generate a step
voltage to switch

ON

a MOSFET. When the switching element is

ON,

the value of

the load changes. The oscilloscope connected to the output shows a small voltage
droop, which recovers to the steady state value after a short time. Figure 50 shows
the practical setup used for the measurement.

Figure 49: Load transient test setup

Figure 50: Practical of the transient load test
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Figure 51 shows the step load response of the converter. The upper waveform shows
the 12 V step voltage applied to the gate of the MOSFET. The lower waveform
shows a voltage droop in the output voltage during the sudden change in the value of
the load. The converter output current went from 0.8 A to 2 A in about 380 ns. This
is called load transient recovery time or transient response time (Brown 2001:76). It
represents how long it takes for the converter to return to its set voltage after an
abrupt change in load current.

Figure 51: Hardware step load response

According to Simpson (2007:4) the appearance of the VOUT load step response should
extinguish very cleanly and have the fastest possible settling time. Based on this
criterion, the converter shows a very good stability which is in accord with the
theoretical calculations presented in Chapter 3.

In a converter, the type 2 error amplifier compares the converter output voltage with
a reference voltage to produce an error signal that is used to adjust the duty ratio of
the switches. Compensation associated with the amplifier determines the control
loop performance and provides for a stable control system (Hart 2011:308).

The converter prototype includes a type 2 amplifier which acts in keeping the output
voltage constant under varying input current and load conditions. The measurement
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shown in Figure 51 indicates how the controller brings the load voltage back to its set
point in 380 ns. The two dashed lines highlight the area of interest.

4.6

Further measurement results

In Figure 52 the complete circuit diagram with the test points (TPs) is shown. The
prototype consists of a power stage with two synchronous buck converters connected
in an interleaved configuration. The controller stage is constituted by the LM5119
PWM controller.

Figure 52: Complete circuit diagram of the converter

Figure 53 is obtained simultaneously from test points TP1 and TP2 of the
experimental model. The trace on top is the high-side MOSFET gate pulses for Q2.
It shows as well its period being 4.560 µs yielding a switching frequency of 219 kHz.
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Figure 53: Q2 and Q4 high-side MOSFET gate voltages waveforms obtained at
TP1 and TP2

This frequency approaches the 230 kHz set out in the requirements. The frequency is
not accurate due to the tolerance in the value of the timing resistor RT. The bottom
trace is high-side MOSFET gate pulse for Q4. It can also be seen that there exists a
180° phase shift between Q2 and Q4 switching pulses.

Figure 54 shows the switch node voltages for each phase obtained simultaneously at
TP3 and TP4. Figure 55 shows the simulated model’s result for the switch node
voltage.

Figure 54: Switch node 1 and 2 waveforms obtained at TP3 and TP4
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Figure 55: Simulated voltage of the switch node voltage

From the waveforms, shown in Figure 54, it is clear that the phases are interleaved
because the waveform at the switch node 1 is the same as the one at switch node 2.
According to Baba (2012) interleaving minimises ripple currents at the input and
output.

4.7

Efficiency and wide input voltage experiments

A DC–DC converter test apparatus shown in Figure 56 was used in order to obtain
the efficiency and wide input voltage measurements. The converter input power was
supplied by a BK precision XLN6024 high power programmable DC power supply.
Values of voltages and currents were obtained from digital multimeters. Finally, a
TTi LD 300 DC electronic load was used as a load for the converter.

Figure 56: Hardware setup for efficiency and wide input voltage measurements
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The testing of the redesigned LM5119 evaluation board yielded results shown in
Table 3 and Figure 57. Table 3 and Figure 57 show the efficiency of the converter as
the load was increased. The converter functioned efficiently with loading up to 7 A
with an output voltage which varied slightly from 13.8 to 13.4 V.

Table 3: Test of re-designed LM5119 evaluation board at a input voltage of 22 V
Input

Input

Input

Output

Output

Output

Voltage

Current

Power

Voltage

Current

Power

(Vin)

(Iin)

(Pin)

(Vout)

(Iout)

(Pout)

22

0.935

20.57

13.7

1.4

19.18

93

22

1.852

40.744

13.59

2.8

38.052

93

22

2.744

60.368

13.51

4.2

56.742

94

22

3.669

80.718

13.47

5.6

75.432

93

22

4.595

101.09

13.4

7

93.8

93

Efficiency (%)

Figure 57: Efficiency plot of the redesigned LM5119 evaluation board for an
input voltage of 22 V
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The testing of the redesigned evaluation board at a maximum input voltage of 46 V
yielded the results shown in Table 4 and Figure 58.

Table 4: Test of re-designed LM5119 evaluation board at a input voltage of 46 V
Input

Input

Input

Output

Output

Output

Voltage

Current

Power

Voltage

Current

Power

(Vin)

(Iin)

(Pin)

(Vout)

(Iout)

(Pout)

46

0.46

21.16

13.7

1.4

19.18

91

46

0.89

40.94

13.65

2.8

38.22

93

46

1.35

62.1

13.6

4.2

57.12

92

46

1.78

81.702

13.5

5.6

75.6

93

46

2.2

100.98

13.48

7

94.36

93

Efficiency (%)

Figure 58: Efficiency plot of the redesigned LM5119 evaluation board for an
input voltage of 46 V

These results showed that the converter is capable of handling a wide range of input
voltages as set out in the specifications. The converter efficiency was above 90
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percent. This indicates that the requirements set out in the problem statement were
met successfully.

More importantly, it was found that the converter operated safely up to 7 A, instead
of the 14 A, that was initially necessary to attain the required 200 W mark. In order
to attain this wattage, the proposed solution is to connect two redesigned LM5119
evaluation boards in parallel. This will be discussed further in Chapter 5.

4.5

Calculations

The efficiency is defined as the ratio of total output power to total input power. It
expressed as a percentage. It is normally specified at full load and nominal input
voltage (Lenk 2005:179).

η=

Pout
Pin

(22)

Calculating the efficiency of the system at full load and a nominal voltage of 34 V:

η=

94.5 W
= 93%
101.32 W

The load regulation is defined as the change in output voltage over the specified
change in output load. It usually specified in percentage (Maniktala 2006:5). Figure
59 shows the result of the experimental converter load regulation.

The load regulation is expressed as:

% Load Regulation =

Vloadmin - Vloadmax
× 100
Vloadnom

where Vloadmin ≡ output voltage at minimum load
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(23)

Vloadmax ≡ output voltage at maximum load
Vloadnom ≡ specified output voltage
Calculating the overall percentage of load regulation of the converter:

% Load Regulation =

13.7 - 13.4
×100 = 2 %
13.8

The load regulation results as obtained, are presented. At this stage, no attempts
were made to keep the voltage steady.

Figure 59: Load regulation of the converter

4.6

200 W PAFC Modelling

According to Pholo (2008:58) the output power of a single cell for a PAFC was
found to be 3.3 W. The obtained converter measurement results have shown that its
input voltage ranges between 22 and 46 V. In order to obtain a mathematical model
for a 200 W stack, a value of Nc (number of identical cells) is required. Therefore:
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NC =

200 W
= 60.6 Cells
3.3 W

(24)

The rounded value of cells is thus 60 cells.

Furthermore, Table 5 gives the output voltage of the single cell PAFC at different
currents (Pholo 2008:57). The performance of a FC is determined by the use of a
polarisation curve. The polarisation curve in Figure 60 presents the performance of
the PAFC designed in research at the Vaal University of Technology.

Table 5: Measured data of a PAFC stack (Pholo 2008:57)
Stack voltage (V)

Current (A)

Current density (mA.cm-2)

0.73

0.03

1.2

0.64

0.04

1.6

0.63

0.05

2.0

0.62

0.06

2.4

0.60

0.08

3.2

0.59

0.1

4

0.57

0.2

8

0.56

0.3

12

0.55

0.4

16

0.54

0.5

20

0.53

0.6

24

0.52

0.7

28

0.51

0.8

32

0.50

1.0

40

0.49

1.5

60

0.48

2.0

80

0.47

2.5

100

0.46

3.0

120
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Table 5: Measured data of a PAFC stack (Pholo 2008:57) continued
Stack voltage (V)

Current (A)

Current density (mA.cm-2)

0.45

3.5

140

0.44

4.0

160

0.43

4.5

180

0.42

5.5

220

Figure 60: Performance curve for a single cell PAFC. (Pholo 2008:76)

The data in Table 5 can be used to predict the 60 cells stack PAFC model. By means
of simulation, it can be verified that the stack will be compatible with the converter’s
wide input range of voltages. But this analysis goes beyond the scope of this study.

4.7

Summary

The experimental measurements and results of the converter module have been
covered in this chapter. Some waveforms of the power and control sections have
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also been presented. The results related to the original problem statement have been
discussed. These facts indicate the successful power conversion of a wide range of
input voltages to a stable voltage around 13.8 V with a current of 7 A.

Chapter 5 is the final chapter of this dissertation. It will consider the conclusions
reached and recommendations for future research that evolved from the study of the
design and development of a 200 W converter for PAFC.
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Chapter 5
5.1

Conclusions and recommendations

Introduction

The last chapter of this document presents the conclusions that have been reached
based on the results obtained regarding the design and development of a 200 W
converter for phosphoric acid FCs. As the study requirements for the converter
pointed out in the original problem statement were achieved, the recommendations
for future research will be considered.

5.2

Conclusions

At the outset of this study, the analysis of the literature available showed that the
obstacles for integrating FCs with modern electronics are the low output voltage of
the FC combined with its instability over the range of electrical loading. Thus,
power conditioning circuitry to accommodate for the inconsistencies and load-driven
output voltage variation is a critical component of any FC system. A DC–DC
converter with a wide range of input voltages was therefore required to regulate the
FC voltage.

Accordingly, it was found that one of the most outstanding conclusions that can be
made regarding this project was that the decision regarding the choice of DC–DC
converter topology is of paramount importance. The research showed that a change
in topology means that the components used will change as well. Hence it was
necessary to spend sufficient time to determine which topology will be suited for the
application.

Originally, three converter topologies have been investigated with

regard to their wattage specifications. These included: a two-switch forward
converter, a half-bridge converter and a push-pull converter. The latter was selected
mainly because it is used in application where the wattage range varies from 200 W
to 1 kW.
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The push-pull topology uses magnetic components such as a centre tap transformer
and inductors which have a tremendous impact on the overall efficiency of the
converter. Several attempts were made to construct the transformer using a N87 MnZn ferrite core material mounted on a EPCOS ETD 49 core shape. The transformer
also comprised a primary as well as a secondary centre tap winding made with
copper foils in order to achieve good layer coupling, minimise leakage inductance
and skin effect. Inductors were constructed using toroid cores and copper wires.
Besides the magnetic components, the semiconductor switches had to be chosen
according to their voltage and current handling characteristics taking into account
that the push-pull converter switches must handle twice the input voltage. Another
time consuming task was to design the control section of the converter. The control
scheme was built around a PWM IC UC3825 from Texas Instruments which drove
the gates of the two MOSFET switches. The UC3825 chip’s main role was to
maintain the regulated output voltage.

While the prototype did not meet

expectations, it operated open-loop at a switching frequency of 50 kHz, whilst it
delivered 13.8 V with a 40 W of output power and an efficiency of 63 percent.

Later, recent comprehensive studies highlighted the fact that the power electronic
system interfacing directly to the FC stacks has a significant impact on the long-term
durability and reliable energy efficiency of the FC. Energy conversion efficiency for
the FC then came to the fore as of significant importance. Today, the efficiencies of
power-electronics conversion technology have exceeded 90 percent. However, under
severe cost constraints, most of these technologies are not economically viable. As
such, achieving high power-conversion efficiency at a significantly low cost for the
viability of FC power systems was a daunting challenge.

Taking these concerns into account, a new design consisting of an interleaved
synchronous buck converter was implemented.

The design was based on the

National Semiconductor LM5119 IC using an LM5119 evaluation board.

The

evaluation board was redesigned to meet the requirements for the application. In
total, three LM5119 evaluation boards were used.

The first one worked well.

However a short circuit led to it being damaged. A second board was purchased and
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accordingly redesigned using a lower value for the current sense resistor RS (5 mΩ)
in order to increase the power output. Unfortunately there was no change, the
maximum current stayed at 7 A. A third evaluation board was offered free of charge,
courtesy of Texas Instruments and the board was redesigned accordingly.

The

module worked well as the parameters used in the first place with the first LM5119
evaluation board were kept as they were.

The focus was directed on building a converter capable of handling a wide range of
input voltages. This was made possible using the LM5119 controller. This IC is
well suited for operation of the DC–DC regulator with a wide range of voltages (5.5
to 65 V). The efficiency was found to be greater than 90 percent. This result is well
above the minimum efficiency that a FC’s converter should have which is 85 percent
according to the literature. Hence the objective pursued with regard to the design
and development of a highly efficient and wide range input voltages converter was
achieved.
5.3

Recommendations

As stated in Chapter 4, the converter module was designed to produce 14 A of output
current. However, the experimental converter achieved 7 A. In order to reach 14 A,
which will result in the targeted 200 W output power, two of the redesigned
converters need to be connected in parallel in order to obtain 14 A.

However, studies have shown that connecting DC–DC converters in parallel has
advantages and disadvantages. Besides, modules of the same kind can be connected
directly in parallel. This method retains efficiency.

But differences in current

between modules can cause unequal heating and possible change in output voltage.
This situation requires that the output voltages be kept equal.

When connecting converter outputs it should be remembered that the switching will
not be synchronous, hence some form of coupling should be employed. One possible
solution is to use a diode feed; this is suitable mainly for 12 to15 V output types only
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where the diode voltage drop (typically 0.6 V) will not affect the circuit
functionality. This method also has a beat frequency that will superimpose itself
over the ripple of the two converters; this can be reduced by using an external
capacitor at the paralleled output. The preferred method of connecting converters in
parallel is via series inductors on the output. This configuration not only has a lower
loss of voltage than the diode method, but by suitable choice of inductor and an
additional external capacitor, the beat frequency can be significantly reduced, as will
the ripple from each converter. This aspect remains to be investigated with regard to
the connection of two DC–DC synchronous buck converters in parallel.
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Bill of materials

ANNEXURE A

Part

Value

Package

Cboot1

1 uF, 16 V

0805

Cboot2

1 uF, 16 V

0805

Ccomp1

1.8 nF, 25 V

0805

Ccomp2

1.8 nF, 25 V

0805

Cin

3 x 100 uF, 200 V

CAPPR7.5-16X25 324 mm2

Cinx

100 nF, 100 V

0805

Cout1

470 uF, 25 V

CAPSMT_62_JA0 151 mm2

Cramp1

820 pF, 50 V

0805

Cramp2

820 pF, 50 V

0805

Cres

470 nF, 16 V

0402

Css1

18.0 nF, 50 V

0805

Css2

18.0 nF, 50 V

0805

Cvcc1

1 uF, 16 V

0805

Cvcc2

1 uF, 16 V

0805

D1

60 V, 1 A

SOD123F

D2

60 V, 1 A

SOD123F

L1

33 µH

IND_WE-HCF 540mm2

L2

33 µH

IND_WE-HCF 540mm2

Rcomp1

71.5 kΩ

0805

Rfb1

1.18 kΩ

0805

Rfb2

19.1 kΩ

0805

Rramp1

200 kΩ

0805

Rramp2

200 kΩ

0805

Rsense1

10 mΩ

1206

Rsense2

10 mΩ

1206

Rt

40.2 kΩ

0805

Ruv1

54.9 kΩ

0805

Ruv2

4.12 kΩ

0805

U1

LM5119PSQ

SQA32A 49mm2

LM5119 EVALUATION BOARD*

* Arrow Altech Distribution (Pty) Ltd
LM5119EVAL/NOPB
Pricing for units
Break 1-9 units at R2065.80 ea
Break 10-99 units at R1968.12 ea
Lead time +- 2 weeks.
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