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Abstract

DC - DC converters are one of the major component in most of the
power electronic equipments. These converters find applications in
switched mode power supplies, battery operated electric vehicles,
LED drivers for lighting, DC micro grids, battery chargers, DC
welding solar power conditioners, and power conversion equipments
in DC transmissions, covering different ranges of power such as low,
medium and high specifically for power conversion processes. The
basic circuit topology for DC - DC converters offers the buck and
boost facility, utilized for power handling. They provide pulsed
currents either on input or on output side, due to the availability of
inductor either at input or at output. The pulsed power affects the
power quality, which is required is to be very high, to avoid injection
of harmonics to the parent source. The problem is more precarious,
when the DC - DC converters are used in large numbers in order to
transfer the requisite amount of power. Naturally, the research
investigations are focused in the key area like

1. reduction of ripple content,

2. peak current of switch,

3. current programmed/ voltage mode control,

4. design of compensator/ controller in closed loop,

5. design of the pulse width modulator,

6. modification converter circuit topology to obtain high gain and

7. optimization of efficiency.



The issues like communication and system level integration, zero power
switching, restriction of number of components and their sizes and over
all thermal management have also received wise attention among the
research community.

The requirements as required above are yet to be realized fully the
designs of the DC - DC converters currently available. While the wish
list of any industry demanding a promising performance on the DC -
DC converter, includes ripple free current at output, along with tight
regulation and high efficiency. Accordingly the author is motivated to
investigate the design and development of new topology for the DC
- DC converter to offer simultaneous boost and buck operation, also
providing stable operation and effective switching to reduce the ripple,
confirming high power quality.

In this context, while exploring the available topologies for the DC -
DC converter, it is seen that the Conventional Cuk Converter (CCC)
has received wide appreciation in the present day DC - DC converter
designs, both in research and industry. The Cuk converters are noted
for the configuration, offering better characteristics on ripple content
of currents, compared to all basic DC - DC converters, due to the
presence of inductors on both input and output sides. Obviously the
resulting continuous current is taken as the candidate for
performance analysis and so the components of CCC are designed by
considering ripple current and ripple voltage. In order to provide
stable output with a tight regulation, a compensator is also included
in the feed back path to operate the complete system in closed loop.
On simulation and hardware validation of CCC in closed loop in
continuous conduction mode, it is observed that this converter
produces large current ripple on input side, which affects the quality
of source and in turn reduces the life of connected
equipments/devices. While the operation is better in the buck mode
with duty ratio less than 0.5, this converter can provide step-up of



input voltage only when the duty ratio is beyond 0.5. Also when
CCC operates with duty ratio above 50%, the switching current is
high, so as to heat up the switching devices. The efficiency and the
regulation were also not quite acceptable in the basic CCC.
Accordingly, an Interleaved Cuk Converter (ICC) with Phase Shifted
Pulse Width Modulation (PSPWM) is proposed in the thesis. The
proposed configuration is designed in the buck mode to reduce the
input current ripple and also to improve transient performances. The
design of the Proposed ICC is complete with a digital type III
compensator fused in a FPGA controller in the feedback path, in
continuous conduction mode. The design is also simulated and
realized in hardware. The interleaved feature shares the current and
offers inbuilt ripple cancellation, which improves the quality of source
current. The decrease in ripple content also reduces associated losses
and improves the converter efficiency. A PSPWM technique is
developed to decrease duty ratio to half, which has helped to reduce
the switching current during transitions. Also the proposed converter
provides improvement in transient performance with overshoot and
settling time. The switching stress is appreciably less for the
Proposed ICC, when it is operated for buck mode of operation, with
effective ripple cancellation.

But boost mode of operation creates overlap of PSPWM switching
pulses, which builds ripples on source currents due to simultaneous
charging or discharging of inductors. Hence the operation of the
Proposed ICC is limited for buck operation only, to provide two
parallel outputs with ripple cancellation.

With a view to achieve boost operation also with low switching
stress and high efficiency, the thesis has come up with a modification
on the Proposed ICC topology, to provide step-up of input voltage
with duty ratio less than 0.5, by judiciously employing the PSPWM
scheme. So the Modified Interleaved Cuk Converter (Modified ICC)



is demonstrated to achieve both boost and buck operations, with
multiple power outputs, with ripple content much lower than the
CCC and the Proposed ICC. Here again the Modified ICC is
designed with digital compensator in the feed back path. The circuit
is simulated and experimentally validated by realizing the hardware.
The digital compensator has been realized in a FPGA SPARTAN
3AN Altium Nano board. The experimental validation in hardware
in closed loop, by voltage mode control of the converter, shows that
the converter has multiple different variable outputs and the third
output is obtained by summing two interleaved output voltages. A
note worthy feature of this parallel input series output converter is
that the overall switching current stress, input current ripple and
losses are reduced, appreciably well below the CCC and the
Proposed ICC. The efficiency and the transient performances are
also improved along with better output voltage regulation.

The thesis has therefore reported the design of an improved version
of a DC to DC converter, offering multiple outputs so as to take care
of both buck and boost operations. The reduced ripple content, high
efficiency, tight regulation and low switching stress are the added traits
of the new design reported. The circuit is also realized in hardware
and performance is evaluated with two other configurations, popular
in literature. The contents of the thesis have been communicated to
standard literature and some of the papers communicated have already
been accepted for publication after extensive review.
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Chapter 1
Introduction

1.1 Motivation

Though the bulk power generation in the world so far have been
largely on the AC side, many utilities have been developed on DC
power source. Ever since the digital systems comprising of
computers, controllers and the signal processing and communication
processing platforms chose to remain digital, there has been an
increasing demand in the industry for DC sources, with different
output voltages. With the advent of semiconductors being available
for high voltage and high current switching applications, the
industrial drives also started looking for DC power sources. With the
dawn of digital transmission of high voltages, the need for DC to DC
converters became a well sought out technology, by Power System
Engineers also. The modern world is blessed to be in an era, where
enough DC sources are directly available from Solar PV systems, fuel
cells and high density batteries, making it possible to derive DC
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voltages directly a DC source. As one looks back into the history, the
earlier approach to convert the voltage of a DC supply to a higher
voltage, specially for low-power applications, was to convert it to AC
by using a mechanical vibrator, stepped up by transformer and
rectify to the required specifications [1], [2]. For producing higher
power, an electric motor was used to drive a DC generator for the
desired voltage. Obviously all these methods proved out to be
inefficient, bulky and expensive, which often became an unavoidable
imposition. The developments in power semiconductors and
integrated circuits, made it possible to directly convert DC input to
DC output. The boost and buck operations as they called popularly
named in the DC-DC converter parlance, resulted in economically
viable solutions for converting DC voltages.

The DC - DC converter is one of the most sought out devices in the
present era, thanks to the ready availability of DC power from
multitude of energy sources including the non-conventional ones.
The DC DC converter primarily converts voltage on one level into
another level by switching the incoming supply line. Inductors and
capacitors are also part of the circuit to ensure energy transfer and
delivery of steady voltage at the output, with minimum disturbance
at the input as well. Conventional DC - DC converters are having
only one inductor on DC side and which reduces ripple at the output
to a certain extent. However sharing the current by connecting
inductors in parallel often reduces the size and value of inductors, in
those cases where the requirement to carry the required higher
source currents demands larger rating of switches and size of the
inductor. The paralleling becomes a blessing which reduces the
ripple content on current by cancellation technique. While the
switches in converters are turned ON and OFF by high frequency
switching to improve the shape of average output voltage, a properly
designed Pulse Width Modulation (PWM) can ensure effective ripple
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cancellation, thereby improving the output voltage profile as well.
However, one must be cautioned against the possibility of ripple
building issues, which may turn out be counter productive, because
of improper selection of the frequency and the design of the of PWM
logic. The current sharing not only improves the current shape but
also reduces the magnitude of current to be carried by each
component in input side. The reduction of size of the components
reduces the weight of the converter hence the DC - DC converter can
be used with high current utilities.

The high frequency switching of high currents, which is inescapable
in DC to DC conversions, can tell upon the power quality. Power
quality is a matter of primary concern, when power electronic
equipments are used specially in power systems. The contentious
issue here points to the non-linearities of switching in power
electronic circuits, which can cause harmonics in source current,
directly hampering the power quality. The non-linearities stem out of
the non linear characteristics of semiconductor switches and gets
worse when used with storage devices like inductors and capacitors,
which also have limitations in providing linear characteristics all the
time. It is well acknowledged fact that the output voltage/current
signals of the power electronic circuit not often in the required
sinusoidal shape and therefore can not be directly applied to all
types of utilities. In order to overcome the problem, electric filtering
circuits are designed and inserted before the utility equipment.
These power electronic equipments/ components can also produce
distortion on input side source current waveforms apart from the
output voltage. Generally series input inductors are used to filter the
input current, while parallel output capacitor filter frequently
improves the output voltage profile. Commonly harmonic filters are
designed to ward off high frequencies on ac side. As in the well
known case of the traditional rectifier circuit, a large capacitor filter

School of Engineering, CUSAT 3



Chapter 1

improves the shape of output voltage profile; but including the
harmonic filter on the input side improves the source current shape
and the input power quality. The filters designed for high frequency
have the added advantage of lower size. Also the converter with
filters on both sides can be generally used in power system to
improve the power quality. The ripple produced because of the
switching in power electronic circuits thus gains prominence while
discussing the design of power electronic circuits, especially of
applications demanding large currents.

In the attempt to reduce the ripple content resulting from the
switching circuits, a good number of circuits have appeared in
literature. They include paralleling and interleaving to provide the
ripple cancellation. Many of these circuit topologies have evolved as
part of the development in the DC - DC converters. The ever
increasing demand to provide ripple free power, with multiple output
voltages from a single source at the same time limiting the size has
been a major challenge to the designer of power systems. It is in this
context that the present study is taken up to provide effective
solutions to all the issues raised above.

1.2 Introduction

Taking a look at the DC - DC converter circuit technology, a DC -
DC converter transforms a DC voltage in to another DC voltage,
with lower or higher magnitude. The demand for DC - DC
converters are on the increase in industry, electric drives, traction
and in power transmission. DC - DC converters have already found a
stable place in switched mode power supplies in laptop and desk top
computers, digital television set and a host of practical utilities like
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surveillance systems, medical gadgets, battery chargers in electric
vehicles and locomotives. Sensing the ease of using DC power, the
conversion equipments in power transmission and micro grids are
also suing the DC to DC converters in various voltage levels and
power capacity.

The basic topologies of DC to DC converters utilize the high current
switching technology using semiconductor switches, thereby
generating pulsed currents either on input or on output or even both.
The high frequency used in switching high currents can pose a
serious challenge to the quality of power both at the source and the
utility. Apart from creating pulsed and distorted signal waveforms at
the utility end, the non-linear operation of switches also creates
ripples in both at the input and output of the DC to DC converter.
With large number of DC to DC converters operating in a system,
the input ripple can also lead to serious harmonic distortion of the
parent source. The present day industry demands high efficient
power converters with low ripple and better transient performance,
with an uncompromising rider on the power quality.

1.3 DC - DC Converter Circuits

The basic DC-DC circuits are buck, boost and buck-boost converters
and a review [3] of these converter circuits would be in order to
appreciate the rest of the thesis. A typical buck converter is shown
in Fig. 1.1, which steps down a DC voltage. The converter circuits
have semiconductor switch, storage devices like indictors and
capacitors and the pulsing circuits to regulate the switching process.

As shown in Fig. 1.1, Inductor L is charged from the source DC voltage
Vg when the switch S is turned ON and transfers stored energy to load
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Fig. 1.1: Circuit diagram of ideal buck converter

resistor RL through the diode D and filter capacitor C, when the switch
S is turned OFF. So the output voltage has the step down operation
[4] as described by the Eqn.(1.1).

Vo = d ∗ Vg (1.1)

where d, 0 < d ≤ 1, is duty ratio. The inductor L in the buck
converter filters the output current to smoothen it. But the absence
of an inductor on input side results in pulsed input current.

A boost DC-DC topology is shown in Fig.1.2, which steps up a DC
voltage. The inductor L is charged from the source DC voltage Vg

when the switch S is turned ON. Due to the negative polarity of L the
diode is reverse biased at this time. But when the switch is turned
OFF the diode becomes forward biased and transfers the sum of stored
voltage in L and input voltage to load resistor RL. The capacitor C
filters the output voltage to reduce ripple content. So the output
voltage is the stepped up [4] by Eqn. (1.2).

Vo =
Vg

1− d
(1.2)
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Fig. 1.2: Circuit diagram of ideal boost converter

where d, 0 <d ≤ 1, is duty ratio. The inductor L in the boost converter
filters the input current but the absence of inductor on output side
causes pulsed output current.

The combined buck-boost DC-DC converter circuit is shown in Fig.1.3,
which can perform step up/down a DC voltage source. The output
voltage has opposite polarity with respect to the input voltage. The
Inductor L is charged from the source DC voltage Vg when the switch
S is turned ON. Due to the positive polarity to the cathode, the diode
D is reverse biased at this time. When the switch is turned OFF the
diode becomes forward biased by the inductor and transfers stored
energy to load resistor R. The capacitor C filters the output voltage
to reduce ripple content. So the output voltage [4] is given by Eqn.
(1.3).

Vo =
d ∗ Vg

1− d
(1.3)

where d, 0 <d ≤ 1, is duty ratio. It can be seen that the boost or
buck operation is possible with the value of d, properly chosen. d < 0.5
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Fig. 1.3: Circuit diagram of ideal buck boost converter

bucks the output voltage while d > 0.5 results in boost operation. Here
again the absence of inductor at the input is not quite an acceptable
feature.

Industrial DC - DC Converters are manufactured and supplied by M/S
Cosel, Japan [5] for medical applications viz. ventilator, incubator,
artificial heart pumping in hospitals. A 120W single input multiple
output DC - DC converter is shown in Fig. 1.4a and various industrial
DC -DC converters are shown in Fig. 1.4b. The multiple output
converters are used for a single medical equipment with its different
variable utilities. The converter in Fig. 1.4b operates with an input
voltage range of 36V - 76V with an output of 50V. It is operating
with a current range of 5A to 7.9A with in the power range of 250W
to 350W.

One of the basic restrictions of the converter topologies reviewed so
far is the difficulty to get continuous currents both at the input and
output. The limitation leads to the generation of ripples in the
converter circuits, that can seriously hamper the power quality. In
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(a) Single input multiple
output DC - DC converter

(b) Various DC - DC converter
packages

Fig. 1.4: Industrial DC - DC Converters; Courtsey : Cosel Co. Ltd, Japan

this context, the Cuk converter with continuous input and output
current has been a very popular topology in literature [6], [7], [8] and
is therefore taken as the potential candidate for investigations in this
thesis.

The Cuk converter is one of the buckboost type DC -DC converter
which produces the output voltage with opposite polarity to input.
An ideal Cuk converter is shown in Fig. 1.5, which operates based
on energy transfer by capacitor. The inductor La is charged when

Fig. 1.5: Circuit diagram of ideal Cuk converter
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the switch S in ON state and the capacitor C is discharged. And at
the same time the output capacitor is also discharged and the filter
inductor Lb is charged. When the switch is in OFF state the inductor
La discharges and the capacitor C is charged. Also the capacitor Co

is charged and the inductor Lb is discharged. During the OFF state
the capacitor stores energy and trnsfers to the output during the ON
state. The output voltage [4] is given by Eqn. 1.4.

Vo =
d ∗ Vg

1− d
(1.4)

The Cuk converter design is noted for better characteristics on ripple
content of currents, compared to all basic DC - DC converters. Low
source current ripple has been an enabling factor in the choice of the
Cuk converter adequate requirement when these converters are
deployed in large numbers in various applications. Even though the
current is continuous in Cuk converter, the presence of noticeable
amounts of ripples on input current is an accepted fact in the design.
The large ripple currents on source side in Cuk design require large
filter on input side to reduce harmonics, to improve distortion factor
and thus to enhance power factor and efficiency. Also the power
rating of the switching devices and passive elements have to be
reduced for conversions in high power transmission lines and in high
current applications. It thus turned out that the DC to DC
Converter design needs further investigation, to provide attractive
features like found that ripple current cancellation, zero power
switching, low-switching stress, high gain converter with high
efficiency and low ripple on voltage and current both at input and
output.

One of the effective approaches reported [9] in the DC - DC
converter designs to improve the power quality is the interleaving of
the converter circuits. The interleaving strategy decides the amount
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of the current can be shared, which helps to reduce ripple on source
current, simultaneously bringing down the size and rating of the
devices. Accordingly the investigations in the design of isolated DC -
DC converter during last two decades are largely focused in evolving
the circuit topology to enhance the quality of input and output
currents, besides tangible improvement in voltage characteristics and
efficiency, with better transient and dynamic performance.

The current sharing and ripple cancellation features are part of Cuk
converter design, called the Interleaved Cuk Converter. In order to
alleviate the above mentioned issues an Interleaved Cuk Converter
(ICC) using Phase Shifted Pulse Width Modulation (PSPWM)
scheme is proposed. The Proposed ICC operates comfortably below
duty ratio 0.5 and it cancels the ripple content on source current
effectively. Interleaved converters can also operate beyond a duty
ratio of 0.5 for boost applications; but the ripple building issues
created are not a very attractive feature. Hence Proposed ICC are
known to provide buck operations only, since the switch can be
effectively operated up to a duty ratio of 0.5. The simulation and
experimental validation of Proposed ICC through hardware
realization has demonstrated the improvement of current ripple on
input side, reduction of ripples on both voltage and current on
output side, reduction of current stress of switches and excellent
transient performances, complete with better efficiency.

The drawback of the circuit of Proposed ICC in providing efficient
boost operation is overcome in the thesis, by altering the circuit in to
a novel topology called Modified Interleaved Cuk Converter
(Modified ICC). Modified ICC is shown to provides both buck and
boost output voltages with reduced source side current ripple. The
converter provides three different output voltages, two are
interleaved boost outputs and third is a buck output.
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As part of the investigation, the power quality of the AC waveform
is also assessed by driving the DC to DC converter developed, from
an AC power source. For this, the converter circuits are extended
to input side, by connecting through an uncontrolled bridge rectifier.
The THD of the source current is evaluated and the power factor is
measured to assess the input power quality.

1.4 Problem Definition

The discussions so far have brought out some of the major issues that
need to be addressed in the development of the DC to DC converter.
It is strongly felt that the design of the converter should

• guarantee high power quality, especially when basic DC to DC
converters are used for power conversions.

• extend the capability of the ICC to provide boost operation,
with reduced switching stress and high efficiency.

• improve the transient performance of the ICC. At present, the
ICC gives better performance only during buck operations (d <
0.5), ICC has large peak switch current during boost operation
and create ripple building issues with parallel outputs.

• come up with a modification on Proposed ICC, to provide boost
operation not possible with ICC and

• provide multiple voltage outputs with tight regulation and high
efficiency.
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1.5 Objective

The observations made in the previous sections and the problem
definition in Sec. 1.4, has motivated the author to take up the
development of a DC - DC converter that promises reduced ripple
and reduced switch current, along with high gain and high efficiency.
The conflicting requirements as noted above, but supported by rich
availability of literature on the Cuk converter, which brings out the
good qualities of the Cuk Converter, were the inspiring factors that
led to the development of the Modified ICC, elaborated in the thesis.
Towards this, the rest of the thesis is organized as described below.

1.6 Organization of Thesis

Outlining the purpose, scope and the motivation of the thesis,
Chapter 1 is presented as an Introduction about power quality in
general and DC - DC converters in particular. Chapter 2 presents a
comprehensive review of the relevant literature. This chapter covers
brief description of the quality requirements of source current and
output voltage, along with literature pertinent to related topics like
the influence of PWM in the design of DC-DC converters and a
general overview of the advantages and disadvantages of isolated and
non isolated converters. Literature survey also brings out the gaps in
the research area of converters vis - a - vis power quality

Since thesis has derived inspiration from the Cuk Converter, a detailed
review of the traditional topology of the Cuk Converter is taken up
in Chapter 3. Named as Conventional Cuk Converter (CCC), in the
proposed thesis, the Chapter 3 focuses on the basic concept, followed
by the detailed discussion of the operation of converter and the analysis
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of the circuit, with comprehensive simulation. The stability of the
closed loop converter is ensured with a suitable compensator for closed
loop in voltage mode control.

In order to fully assimilate the behavior of the CCC, the hardware
implementation of CCC is covered in Chapter 4. All the passive
and switching components for the realization are carefully chosen or
diligently designed. The complete operation of the circuit along with
the XILINX Spartan 3AN FPGA Altium nano board implementing
the compensator and wave form generator for PWM are demonstrated
with Oscillograms displaying the various outputs. The valuable lessons
form the implementation learnt from the hardware realization could
reveal the limitation and gaps in the design of the CCC.

Chapter 5 concentrates on analysis of the Proposed interleaved Cuk
converter (Proposed ICC) in closed loop in continuous conduction
mode. The outcome of interleaving the Cuk Converter using
PSPWM logic for switching is shown to bring in admirable reduction
in ripple and switching stress especially in the bulk mode of
operation. The results from the highly structured simulation of the
circuit of the Proposed ICC underscored the above observation.

The findings in Chapter 5 were corroborated through the extensive
hardware realization of the Proposed ICC in Chapter 6. The
measurements as shown in the Oscillograms divulged the advantages
of the Proposed ICC over CCC. The limitation of the Proposed ICC,
in not being able to be operated in boost mode, could be brought
out in this effort.

The major contribution of the thesis is discussed in Chapter 7. The
chapter portrays the Modification of Proposed ICC, diligently done to
improve the performance. The detailed analysis, design and simulation
of the Modified ICC are discussed in this chapter. The complete design
of the circuit with a type III compensator in the feed back path has
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ensured the stable operation of the Modified ICC, with tight voltage
regulation. The simulation results confirm the reduction in ripple,
tight regulation, high efficiency and admirable transient response in
the Modified ICC circuit developed in the thesis.

The hardware implementation of Modified ICC detailed in Chapter
8, has helped to reaffirm the findings of Chapter 7. The chapter
ends with summarizing the merits of Modified ICC over other known
converter topologies discussed in the thesis.

Chapter 9 consolidates the major findings of the thesis, vividly
bringing out the contributions of the thesis. The major conclusions
and directions for further research work are also provided in this
chapter.

A major facet of the thesis is the hardware demonstration
of all the circuits discussed in the thesis, thereby adding
credence to the findings. The major results reported in the
thesis have been published or communicated for
publications in reputed journals and conferences, as shown
toward the end of thesis.
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Chapter 2
Review of DC - DC Converters

2.1 Introduction

The reduction of ripple content is an adequate requirement when DC
- DC converters are largely employed for various applications like
switched mode power supplies, electric vehicles, medical equipments,
renewable and non-conventional energy conversions etc. The basic
topologies buck, boost and buckboost converters have the inherent
demerit of high ripple either on input or on output sides. The Cuk
design reduces the ripple content due to the presence of energy
storage and filter components on both input and output sides. The
power rating of the switching devices and energy storage components
have to be reduced when these converters are utilized in high power
transmission lines and in high current applications. Moreover when
the converters are operated above 0.5 duty ratio, due to the current
stress impressed upon the switches, the rating, size and weight of
converter are increased.
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In such cases conventional DC - DC converter with lowest ripple on
source side is not even useful since it will have high switching stress
and higher current rating. Now the solution can be proposed as
interleaved converter with low switch current stress and low current
ripple compared to conventional converter. This thesis focuses on
interleaved cuk converter which reduces ripple on source current due
to its current sharing feature and also reduces peak current of switch
of the power electronic devices. The reduction in ripple decreases
harmonics on AC side and reduces Total Harmonic Distortion (THD)
of source current, thus improves power factor.

2.2 Shaping of Source Current in Boost

Converters

Sharing of current in two coupled inductors and two switching
devices in the interleaved boost converter reported in [9], reduces the
ripple content on input current by ripple cancellation technique. The
two inductors and capacitors which are additional with conventional
interleaved boost converter make the converter bulky. But the
coupling of inductors in the converter gives a small reduction in the
size and weight. The shared current reduces the magnitude of rated
current through the components and switching devices. This reduces
switch current stress and improves the dynamic performance. The
ripple reduction reduces the losses thus the efficiency is also
improved. Interleaved boost circuit with additional variable inductor
[10] is utilized to regulate the output voltage with high gain. A
double E-core is used to wind the variable inductor which causes to
bulky converter and increased size. Also the losses associated with
more number of components reduces the efficiency.
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A simple boost non-isolated converter with coupled inductor topology
[11] reduces the size and weight of the converter. The work reported
in [12] for zero voltage transition of the switch is achieved by auxiliary
capacitor circuit in coupled inductor boost converter. In the paper the
conventional topology is modified by the additional coupled inductor
and capacitor circuit to achieve high conversion ratio suitable for photo
voltaic system. Interleaved boost DC - DC circuit with high voltage
gain converter [13] reduces the ripple of source current at preselected
duty ratio. The isolated input side inductors cancel the ripple and
diode-capacitor arrangement improves the voltage gain. A third small
inductor is used to control the current through diode. Although the
number of components are limited to minimum which compacts the
size of the converter, the increased number of components challenge
the stability during transient conditions.

Parallel input series output interleaved boost converter presented in
the paper [14] improves the output voltage by high gain. The
switched capacitors on the output side, connected in series adds up
the voltage. The switches are operated at zero voltage switching
(ZVS) and diodes are operated by zero current switching (ZCS) to
achieve zero power transition increase the efficiency. More number
switches in the converter circuits compared with conventional
interleaved boost converter adds to the complexity in circuit design
and also in the PWM logic, making the converter bulky. The
interleaved boost DC-DC converter with coupled inductor and
clamping circuit [15] reuses the leakage energy of inductor. It reduces
the switch voltage stress and also improves the efficiency of the
converter. The circuit arrangement of inductors connected in series
and the capacitor improves the voltage gain to a large extent without
specially prepared PWM logic scheme. This circuit also regulates
output voltage tightly with high gain and reduced ripple. Fast
transient response of the circuit is an added trait in thid circuit.
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Along with ripple reduction, the output voltage gain is improved
with high efficiency in experimental result of interleaved high gain
converter [16].

An interleaved bidirectional circuit with isolation transformer [17]
performs zero voltage operation of switches throughout all loads
improves the dynamic characteristics of the converter. The gain of
the converter is designed to have high step-up/ down ratio according
to the number of turns in coupled inductors. The additional coupled
inductor in the circuit act as parallel for boost operation and series
for buck operation which saves the transformer magnetic size. A
derived logic of PWM with phase shift is used for triggering switches.
The voltage stress of the switches are reduced by employing three
level topology during high gain operation. The high step-up gain is
achieved in the interleaved multilevel boost converter [18] with
bidirectional flow of current. The multi parallel input reduces the
ripple content in source current considerably. The switched
capacitors on output with parallel-series combination increases the
gain to many times the input voltage. The voltage stress of the
switches is reduced to one-third in three level converter topology
while the current stress on forward mode is eliminated by zero
current switching. In the reverse mode the transition of the switches
is not addressed and it draws a positive current. Also the number of
switches in the one level circuit itself very high which leads to poor
transient and dynamic behavior along with the demerit of high cost.

A novel circuit with auxiliary switch arrangement is used in compact
interleaved DC-DC circuit [19] to achieve zero voltage transition on
two switches. The series inductor circuit with diode and existing
single capacitor combination meets the necessity of zero voltage at
the time of switching for main two devices. Also the inductor
provides zero current to auxiliary switch during the transition
period. All inductors are coupled and wound on a single core which
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reduces the size, weight and cost. But the combination logic of
circuit causes higher peak current on main switches during
transition. The transient, dynamic performances are enhanced and
efficiency is increased by the reduction of ripple current and
switching losses. The synchronous interleaved high gain converter
[20] reduces the ripple content on source current by conventional
ripple cancellation scheme. Also the zero voltage switching is
achieved for all four switches by the circuit of soft-switching cell.
Additional coupled inductor along with extra dc link capacitor
circuit is used to achieve soft switching. A high step-up converter
with interleaved circuits [21] increases the voltage gain by multiplier
capacitor circuit. The zero voltage transition is achieved by capacitor
connected across the switch. Each interleaved circuits consists of
three winding coupled inductor which reduces the ripple content on
source current. The circuit consists of large number of inductors and
capacitors makes a challenging dynamic performance. Even if the
converter size and weight are larger but the reduction of losses
increases the efficiency to high. The soft switching of interleaved
converter achieved by connecting snubber circuit with auxiliary
switch in the reported manuscripts [22]-[23]. The main switches are
operated by zero voltage transitions and auxiliary by zero current
turn on and zero voltage turn off. The elimination of switching losses
improves the efficiency of interleaved step-up converter in continuous
conduction mode (CCM). The additional circuits to achieve zero
power transition causes increased size, delay in response, complex
analysis and also result in increased cost.

A simple step-up interleaved circuit [24] reduces the source current
ripple and the output voltage is improved by diode-capacitor multiplier
circuit. The combination of the multiplier circuit is inserted in each
interleaved circuit to improve the voltage gain. The ripple content is
further reduced by mutliphase interleaved circuits and large step-up
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gain is achieved by n number of multiplier circuits. Also the gain of the
circuit is improved further by cascade of third level boost circuit [25]
along with multiplier circuit. The additional switches with capacitors
in the circuit for high step-up gain reduces the voltage stress of the
interleaved switches. A dual input interleaved circuit[26] increases
the voltage gain to high. The voltage gain is improved by diode-
capacitor multiplier circuit. The converter can be utilized along with
two generating sources like solar and fuel cell. Also the converter yields
good efficiency due to trim down of losses by ripple reduction.

The current stress of the switches are reduced by semi active
quadrupler converter in interleaved step-up circuit shown in the
paper [27]. The voltage doubler circuits along with combination of
phase shift and conventional PWM scheme are utilized to obtain
higher gain. The isolated converter with capacitor connected across
the switches to achieve soft transition of transistors.The secondary
side of the transformer is formed as a rectifier with semi active
circuit to reduce conduction losses. Though the converter system
having more number of components and larger size, it provides good
efficiency. The simple interleaved step-up circuit alternative phase
shift and interleaving PWM control [28] controls the source current.
The input current and output voltage are sensed to deduce the new
PWM scheme by the combination of aforementioned switching logic
suitable for duty ratio less than and equal to 0.5. The output gain is
improved by diode-capacitor voltage multiplier circuits suitable for
fuel cell generation systems. The switching scheme adopted decreases
the switching voltage stress through out light and high loads.

The coupled series inductor with capacitor multiplier circuit [29]
improves the voltage gain of the interleaved converter circuit many
times and can be utilized with renewable energy systems. The input
side is connected with two parallel additional coupled inductor
circuit to achieve trimming of ripple content of source current. The
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switched capacitor circuit makes the dynamic characteristics of the
circuit challenging. Also the circuit becomes bulky and in larger size
due the multiple number of coupled inductors. A high gain step-up
multiple phase interleaved converter with modular circuits [30]
suitable for wind farms analyses the challenges with high power
converters. The secondary side of the isolated modular converter is
connected with fault tolerance circuit to provide protection. The
reduction in losses improves efficiency but four switches and higher
number of inductors in one modular circuit increase the size and
weight. of the modular circuit. A special pulse logic control circuit is
required to trigger the switching devices. The high voltage gain
interleaved circuit [31] suitable for high power applications yields
high efficiency with feasibility of isolation, soft switching and
modularity. The complex modular converter has rectifier on the
output side of the isolation transformer with series coupled
inductors. The converter regulates the output voltage tightly which
overcomes the challenges of large variation output voltage for small
changes of input suitable for high voltage direct current (HVDC)
applications. The parallel input series output structure improves the
quality of source current and enhances the output voltage in large.

An interleaved converter with floating ground provides high gain using
outer robust voltage control and inner sliding mode control in the
presented work [32]. The control techniques regulate the converter
to constant output voltage and also share the input current equally
through the inductors. The control scheme improves the over shoot
and settling time of output voltage during transient operations. The
controller is insensitive to uncertainties of supply and can be utilized
with fuel cell systems. The power loss of the interleaved converter
is tabulated against the temperature and found that the reliability
of the interleaved structure [33] is high. As temperature increases,
power loss is increased, thus reliability decreasing, but is better than
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conventional DC-DC boost converters.

2.3 Reduction of Ripple in Step-down

Converters

Conventional buck converter operates with high ripple on load
current. The interleaved structure with ZVS reported in the paper
[34] reduces ripple on load current and regulates the output voltage.
The interleaved inductors are coupled and the leakage energy is
re-used by clamp circuit and hence the efficiency is improved. By
operating the converter at boundary conditions, the zero voltage
switching can be achieved by charging and discharging of inductors
with the output capacitor without the additional circuitry. The
switching transients can be reduced with zero power transitions and
dynamic characteristics can be improved. The two phase circuit can
generalized with adding interleaved modules to improve the shape of
load current further and hence the output voltage. The switches
connected in series in interleaved structure of step-down converter
[35]-[36] reduce the switch voltage instead of applying soft switching
schemes. The conventional circuit is modified by focusing improved
step-down ratio along with ripple reduction on output. Also an
auxiliary capacitor-diode circuit is added to enhance the performance
of the converter under transient conditions. The additional circuitry
is not affecting the characteristics of the converter under steady state
operating conditions. The series connected switches have to be
operated simultaneously by PWM to share the voltage, delay in
simultaneous operation causes to transients. The synchronous
non-isolated step-down circuit with quasi resonant switching logic
[37] improves the converter efficiency. The discontinuous mode and

24 School of Engineering, CUSAT



Chapter 2

continuous mode of operations are carried out respectively in light
and heavy load conditions to meet the requirement of zero voltage
transitions. The control algorithm used along with valley switching
logic enables ZVS without any auxiliary circuits improves the output
power, hence also the efficiency in discontinuous conduction mode
(DCM) of conditions. By eliminating auxiliary components, the
converter provides pertinent advantages like compact size, light
weight, low cost and in addition, it can be adopted in integrated
circuit (IC). The dual control scheme mainly applied in light load
conditions and the output voltage increment may cause to change
the synchronous voltage across switch and it results into switching
losses under heavy load conditions, leads to decrease in efficiency. A
step down converter with high gain circuit with dual series circuit
[38] reduces the voltage stress of the switches and increases the
efficiency to high. Due to the connection of capacitors the input
voltage is not equally shared between two interleaved circuits but the
same capacitors shares the output current is equally in inductors
with the aid of additional switch. The same duty ratio on two phases
of the interleaved circuit provides twice the current in one of the
interleaved circuit. To balance and share the current equally in each
phase of the interleaved circuit, the duty ratio of the switches is
made different. This results into unbalanced step down conversion
ratio of voltages in each phase of the interleaved circuit. This circuit
is applicable to tightly regulated output voltage under frequent
transients and where high step down conversion ratio required with
extremely higher input voltage.

A simple buck converter with the combination controller of fuzzy and
proportional integral derivative (PID) [39] in closed loop voltage
mode control improves the dynamic performance of the converter.
The synchronous buck converter is triggered by digital PWM
(DPWM) which is generated with fuzzy logic and PID controller.
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The combination controller reduces the hardware cost of the closed
loop control in comparison with other superior controllers. The
dynamic behavior of parallel step-down converter [40] is investigated
and the instabilities are mitigated by master-slave closed loop
control. The stability of the parallel converter is verified by
bifurcation analysis by considering the new variable as phase
shift.The transient instability is suppressed by optimal resonant
perturbation and the load current is equally shared by output
voltage mode master slave control.

A three level interleaved buck converter presented [41] - [42] with
dual high voltage inputs operates at zero voltage transitions for all
controlled switches. The isolated converter consists of two circuit
modules operated by the switching logic of two phase PWM. Each
module has double three level circuits with many number switches
and secondary side output of the transformer is rectified by diodes
which is also under soft switching of zero current. The complex
interleaved circuit is triggered by PWM schematic reduces the
voltage ripple on output side and shares the load current. The
hybrid converter balances the two input voltage source and clamp
voltage across the switch to half of the input voltage. The output
ripple current is reduced by rectifier with current doubler circuit.
More number of inductors causes to a heavy circuit in larger size and
a crucial dynamic behavior due to more number of switches. A four
phase step down converter reported in the paper [43] shapes the
output voltage to a steady DC by eliminating ripple content.
Automatic current sharing feature balances the output current and
reduces the voltage stress of the switches to half and diodes to
one-fourth of supply voltage respectively. The circuit resembles to
three level converter and suitable for applications with high input
voltage with high efficiency. The efficiency of the converter is further
improved by replacing diodes with MOSFETs. In a four phase
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converter the duty ratio is limited 0.25 with special PWM logic to
trigger the converter switches. The extension of duty ratio increases
the voltage stress of the devices to input voltage.

A generalised circuit interleaved four phase converter with DC
blocking capacitors [44] diminishes the voltage stress of controlled
and uncontrolled switches. The voltage across the blocking capacitor
in the circuit varies accordingly the rise and fall of the input voltage,
hence the voltage across the switches are controlled. The charge
balance of capacitors shares the current uniformly through the
interleaved phases. The phase shifted PWM logic applied to switches
reduces the current considerably. The added inductor [45] on output
side further reduces the ripple content of load current. Also this
converter reduces the voltage stress of the switches to one fourth of
the source voltage. The additional switched capacitors on each phase
challenges the dynamic behavior of the converter and more number
inductors causes to higher size and weight. The stability of the
converter is to examined with one the well known conventional
control scheme.

The autotuning algorithm in an interleaved synchronous step-down
converters presented in the papers [46] - [47] shares the current
equally between the phases without the usage of same number of
sensors. The input voltage ripple difference of two phases is
minimized within a cycle in two phase converter by the controller,
while keeping tight regulation on output voltage. The sensed output
voltage is fed to a two pole compensator and the error processed by
autotuning sensorless logic to yield PWM pulses for switches. Finally
the algorithm is extended to more number of phases for equal
current sharing and it saves cost and reduces size of the converter.
The main switches of interleaved step down converter is operated by
zero voltage transition along with an auxiliary circuit [48]. The
additional auxiliary circuit consists inductors, diodes and capacitor
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and switch cause more complexity in circuit and also the auxiliary
switch is operated by zero current switching. The reduction of ripple
on output voltage and switching losses improve the efficiency of the
converter. The additional inductors in circuit and zero voltage
transition improve the transient and dynamic performance of the
converter. The switching logic scheme to trigger the devices is
generated by phase shift control suitable to interleaved converters.
The load power is driven from two sources such as renewable source
and battery in an interleaved three port converter [49]. The
interleaved structure reduces the filter size on the output and ZVS
technique reduces switching losses. The additional coupled inductors
and input capacitors in the three port system add up the complexity
along with large weight and size. The conduction losses and
switching losses are trimmed down in isolated full bridge converter
[50]. The circulating currents are eliminated by phase shift control
with zero voltage transition in secondary side. The high power
circuit is designed with high frequency transformer and a rectifier
suitable for fuel cell systems.

The number of inductors in a converter increases size and weight of
the overall module. If two inductors are coupled in single core which
reduces the size of the converter. Size and compatibility are major
issue in converters which are used in servers, memory units, new
generation computer processors etc.. An interleaved step-down
converter designed by considering coupling effect in the paper [51] to
avoid the early saturation of inductor current. Also the paper
investigates the interference between phases in the physical design by
evaluating coupling coefficient using equivalent reluctance models.
When two inductors are directly coupled with very short coupling
distance, if one of the inductor is discharging and the other is
charging then there is abrupt change in the slope of first inductor
during the short period of interference and it comes to the normal
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state after a small interval of interference. This distortions affect to
ripple building and cause for losses which reduce the efficiency. An
indirect coupling of inductors in very short distance is one of the
solution suggested to reduce the slope of inductor discharge.

A compact inductor winding structure in interleaved synchronous
step-down converter [52] reduces the space and size of the circuit
module and it can be utilized in sophisticated equipments like
laptops, mobile etc.. The design of the converter is carried out at
high switching frequency and the selected indirect coupling reduces
the ripple associated losses and improves the efficiency of the
converter. As the distance between winding increases, the coupling
coefficient decreases, the dimensions of the core is decided based on
the surface area available in the PCB and the distance of the
winding fixed by selecting suitable type of coupling.

Step-down and step-up operations are carried out using a bidirectional
converter with interphase transformer in the paper [53]. The switches
of the interleaved structure are operated by complementary pulses
with same duty ratio which reduces the voltage stress. The inductance
mismatch in interleaved converters in the reported paper[54] cause to
vanish the advantages of low ripple and reduction of voltage stress
across switches. The ripple cancellation is not carried out if there
is difference in inductor values, it causes of harmonics on AC side,
which increases THD. The ripple current equation is characterized in
terms of duty cycle and it allows one to evaluate theoretically the
performance of the ripple associated expressions without the software
or hardware validations of the converter circuit. This easiness can lead
to moderate optimizations of inductor values in interleaved converters.
The assumption of constraints to characterize the total ripple may
cause to an approximate analysis and it results in to variations in
actual ripple values.
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2.4 Impact on Power Quality by Basic

Circuits of Buckboost Converters

The high voltage gain of the buckboost converter [55] and trimming
down of conduction losses improve the efficiency and hence the
performance improvement. The voltage stress of the switch and
diodes reduced by the connection of additional capacitor. A single
inductor buckboost converter [56] regulates output voltage tightly
against wide input voltage and load current variations with high
efficiency. By using time multiplexing logic, auto allocation of buck
or boost mode is enabled which resolves the issue of unbalanced
loadings on different channels. The control algorithm of first order
converter in closed loop operation enables the converter to settle fast
and hence improves the transient behaviour against wide output
changes.

The interleaved buckboost circuit with inversely connected coupled
inductor [57] with ZVS improves the dynamic characteristics. The
current control in critical mode reduces the volume of the magnetics
along with inversely connected coupling of inductors. The switching
losses are reduced by ZVS, which improves the efficiency and also the
converter transient performance is improved by current sensing control
scheme.

The output voltage of the buckboost converter with non-inverting
output and interleaved structure suggested in the paper [58]
improves converter conversion efficiency by reducing current ripple at
low voltage when operated at high power. This converter suggests a
solution to the problems related to differential ground in buckboost
converters, also reduces cost by eliminating some of components
which improves transient performance. An interleaved step-up
module integrated with buckboost converter and isolation
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transformer [59] deduced from analysis of the basic converter
topologies to conduct the DC - DC conversion effectively with high
efficiency. The integrated converter yields better steady state
characteristics even with more number of components and diode
capacitor multiplier circuit. The step-up of the voltage is conducted
by multiplier circuit and it reduces the turns ratio of the high
frequency transformer, also multiplier circuit provide the advantages
of reduced conduction loss and reduced voltage stress across
semiconductor devices. The integrated converter components make a
challenging dynamic and transient behaviour and also zero voltage
switching to be employed to improve the characteristics during
transition. The DC - DC converter with hard switching generally
used in low power circuit, but in high power circuit zero power
transition of switch is utilized to decrease switching losses. A flyback
converter half bridge interleaved circuit [60] with zero power
transition in switches reduces the switching losses and improve the
efficiency. The switches in converter with coupled inductors turned
ON at zero current and turned OFF at zero voltage. The complex
circuit with more number of inductors make the circuilt larger and
but the dynamic behaviour of the converter is improved. An isolated
flyback interleaved converter with ZVS [61] reduces the switching
and conduction losses to improve the efficiency. The PWM scheme
for the dual switches is generated by using input current and output
voltage sensors with three compensators in a digital controller. The
auxiliary inductors and two transformers integrated in the circuit
cause to larger and weightier topology.

The boost voltage output of the Single Ended Primary Inductor
Converter (SEPIC) topology recommended in the paper [62] provides
high gain with reduced switch stress by an additional clamping
circuit. The cascaded SEPIC circuit provides a smooth input current
with zero ripple by the aid of an auxiliary circuit in the boost
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module and high boost gain by the help of more turns ratio in
coupled inductor. Reduced switch stress allows the selection low
rating MOSFET which reduces conduction loss hence efficiency of
the system increased. The limitation of the converter the high gain
conversion is applied only for boost operation. Also the coupled
inductor, ripple reduction circuit, auxiliary circuit etc. increase the
size, weight, cost and make analysis complex during trouble shooting
stage. The dynamic characteristics of the DC-DC SEPIC topology
[63] is analyzed using modal analysis by forming analytical
expression for transient conditions. The non-linear modal analysis
with large disturbance yields optimal design suitable for better
transient characteristics by the help of correlation of state variables
and also suggests interactions with second order transfer function is
much stronger in non-leading oscillations The SEPIC circuit with
interleaved structure [64] operates transition of switches in ZVS
scheme for the duty cycle above 0.5 and reduces switching losses.
But when the converter operated below 0.5 duty ratio the switching
losses are predominant at high frequencies. The ZVS scheme is
executed with resonant inductor connected in series with Drain
terminals of the MOSFET. The SEPIC topology with energy storage
circuit [65] can be utilized for multiple inputs with energy generating
systems. The converter consists combination of bidirectional and
unidirectional ports to receive the power from the source and to
charge the battery also. The circuit consists of three switches for two
input systems requires a special switching logic and the increase in
number of switches with number of sources make the dynamic
behavior of the system critical with increased cost. The ripple on
output voltage and the equation for switch peak current is derived in
SEPIC circuit [66] in CCM. The design of input inductor, the
magnitude in source voltage and the load current decide the peak
current of switch and the values of output inductance and
capacitance determine ripple on load voltage.
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A Cuk converter with Hysteresis controller in CCM [67] and DCM
[68] are analysed to generate PWM switching logic. The stability of
the converter system is verified with Lyapunov function represented
as semi-definite expressions. The matrix inequalities in linear mode
are used to evaluate Lyapunov quadratic equations. The control law
improves the transient and dynamic characteristics of Cuk converter.

2.5 Power Quality Improvement

The snubber circuit along with interleaved step-up converter is
suggested in the paper[69] to achieve ZVS for controlled switches and
ZCS for diodes. The input side of the converter is a rectifier, the
parallel PWM scheme selected cancels the ripple on source current
and also improves the output voltage. The converter is operated in
closed loop with current control, that shapes the source current,
reduces THD and improves the power factor. The soft switching is
achieved with an expense of additional circuit with isolation
transformer leads increased size, weight and cost. The interleaved
stepdown converter with current mode control using slope
compensation [70] technique reduce THD and power factor of input
AC source. The AC input side is connected with capacitive -
inductive - capacitive (C-L-C) filter with coupled inductor to shape
the input current and rectifier output is connected also with another
C-L-C filter to derive stiff DC voltage suitable for interleaved
converter. The output current is sensed for phase management to
control the dynamic performance at light load conditions. The input
voltage is sensed by feed forward scheme to improve factors of the
slope compensation and current clamping circuit is used to control
the power factor to high for large input voltage variations. The
generation of PWM logic with the complex control circuitry requires
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a high end processor to evaluate composite algorithm which increases
the overall cost of the total converter system.

The two stage converter with interleaved transformer [71] improves
the power factor of the circuit by sharing the current. The converter
operates with high number of switches, interleaved transformer,
coupled inductors and switched capacitors make the circuit complex
and a special derived switching logic is essential. The basic
buckboost converter consists of inductor neither on input side nor on
output side and hence the power factor becomes poor when it is
connected to AC source through rectifier. An interleaved boost
cascaded with buckboost converter is put forward in the paper [72]
to reduce DC source side ripple and hence to reduce THD on AC
side. This converter is one of the basic circuit to improve the power
factor and also reduces the voltage stress with enhanced efficiency.
The SEPIC interleaved converter in DCM [73] regulate the power
factor by the coupled inductor circuit. The converter is operated in
DCM to get better stability and to achieve ZVS transition for the
controlled switches and ZCS transition for uncontrolled switches. As
the output voltage across DC link varies widely but the power factor
is tightly regulated. The operation of the converter is limited to
DCM of current since the converter in CCM causes for large
switching losses which reduces the overall efficiency.

An inductive - capacitive - inductive (LCL) filter is used in
bidirectional converter [74] - [75] to achieve zero power transition in
the semiconductor devices. The resonant network with voltage
doubler by series capacitors increases the converter voltage gain in
boost mode without the isolation transformer. The step down
conversion on the other direction is also increased by decreasing the
voltage to half by equal capacitor division. The reduction in voltage
and the complimentary PWM logic decreases the switch stress. The
high frequency operation of the converter reduces the size and weight
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of the inductors and ZVS increases the efficiency. The analysis of the
converter is complex and challenging due to multiple equations for
buck and boost individually along with resonant parameters.

The droop control scheme is presented [76] to provide a solution to
the second harmonic ripple across DC voltage controller for a single
phase inverter with LCL filter connected to the grid. The control
scheme eliminates the voltage component with twice the frequency
from the DC bus voltage and prevents the ripple component flow to
the current control loop and to the grid. Hence the third harmonic
distortion is reduced and the filter size is considerably decreased to
enhance THD and to improve power factor. The relevant features of
a few of the converters are summarized in tabular form in the Table
2.1. The review of the converter can be summarized as follows.

2.6 Summary

The input side inductor of interleaved boost converter [9] - [18]
shares the source current and improves the shape but the output
current is pulsed. The auxiliary resonant circuits to reduce switching
losses, voltage multiplier and switched capacitor circuits [19] - [33] to
improve voltage gain, result into complex trouble shooting analysis,
Also the inductor on output side decreases ripple on load current in
buck converters [34]- [54], but the source current is pulsed. The
source and load currents of the circuits with buckboost topologies
[55]-[61], are pulsed due to the absence of inductors either on input
or output sides. The inductors present on both sides of SEPIC and
Cuk converters [62]-[68] reduce the source and load current ripples
which improves the quality AC source current to certain extent.

If a DC-DC converter is required to be operated for high currents
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Table 2.1: Issues related to DC - DC Converters

Converter Merits Issues
Boost Source current is

continuous,
Pulsed output currents

Gain improvement Switched capacitor
Buck Output current is

continuous
Pulsed current on source
side

Wide duty ratio Large switch stress
Buckboost Step down and step up Pulsed currents on input

and output
Wide variation of duty
ratio

Poor transient behavior

SEPIC, Continuous current High switch stress
Cuk Buck and boost

operation
More settling time,
overshoot

Interleaved Low switch stress,
Parallel outputs

Multiple switches, Parallel
outputs same magnitude

Duty ratio < 0.5 Limitation on output

then sharing of currents reduce the size of components. In such cases
interleaved converter is viable option not only to share the source
current but also to reduce the ripple on source current. The power
quality of the converter is verified by connecting it to AC source with
a rectifier circuit. An optimum filter circuit [69] -[71] is used along
with various topologies [72] - [76] to reduce THD and hence the
power factor. The significant issues to be addressed while operating
DC - DC converters are ripple current, high switching stress, number
of outputs, regulation, switching losses, oscillations on output and
transient behavior. The proposed topologies to address the above
issues are extensively analyzed and effectively validated in the
coming chapters.
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Conventional Cuk Converter

3.1 Introduction

Conventional Cuk Converter (CCC) [4] is a DC to DC converter which
delivers an output voltage higher or lower than the input voltage. Also
the output has the polarity opposite to that of input voltage. As
against the well known Buck boost converter, which provides pulsed
current on both input and output sides, the Cuk converter provides
continuous currents on both sides. The output voltage equation is
similar to that of the Buck boost converter. The circuit diagram of an
ideal cuk converter is shown in Fig.3.1.
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Fig. 3.1: The circuit diagram of CCC

The circuit consists of input inductor L1a, filter inductor L1b, energy
storage capacitor C1, filter capacitor Co1, input source Vg, load
resistance RL, switch S1 and diode D1. The input voltage Vg is
applied produces the output voltage Vo measured across load
resistance RL. The input and output inductors ensure the delivery of
continuous currents on both sides.

The operation of the converter is based on capacitor energy transfer,
the capacitor C1 acts as primary means of storing and transferring
energy from the input to the output. The average inductor voltages
VL1a and VL1b are zero at steady state. The capacitor C1 is designed
in such a way that it transfers the constant voltage. The circuit has
low switching losses and high efficiency. The converter operation is
explained in two modes as given below.

3.2 Modes of Operation

The converter transfers the input power to output power by
operating it in two states. The first state is when the switch S1 is in
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ON position and the second state is when the switch S1 is in OFF
position. The energy storage element C1 stores energy during OFF
state of switch and transfers to output during ON state of switch.
The modes of operation are mentioned as Mode-1 and Mode-2 and is
explained below.

3.2.1 Mode -1 : Switch S1 in ON state

The ON state circuit diagram is shown in Fig.3.2. The inductors
L1a& L1b get energised and capacitors C1 & Co1 are discharged when
the switch S1 is closed. The load current is assumed constant and
flows in negative direction as shown in Fig. 3.2. The inductor L1a

Fig. 3.2: Circuit diagram of ideal CCC when the switch S1 is ON. (D1

RB - Diode in Reverse Bias)

is energized and capacitor C1 reverse biases diode D1. Therefore C1

discharges its energy through C1, Co1, L1b and through the load RL.

The charging and discharging of inductor currents and capacitor
voltage are shown in Fig.3.3. . During tON = dTs period, where d =
duty cycle, 0 < d < 1 and Ts switching period, inductor current rises
from initial value I1 and reaches to peak value I2. At t = t1, the
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Fig. 3.3: The inductor current and output capacitor voltage waveforms

switch S1 opens and inductor starts discharging. The capacitor C1

discharges and transfers its previously charged energy to load. The
capacitor Co1 filters ripple on output voltage and the inductor L1b is
getting charged.

By assuming linear rise of inductor current, ripple current ΔI1, during
Mode-1 is given by Eqn. (3.1).

ΔI1 = tONVg/L1a (3.1)
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Where Vg is the input voltage. Obviously, the ripple on inductor
current in Mode-1 depends on pulse width of ON time, inductor value
and input voltage.

3.2.2 Mode -2 : Switch S1 in OFF state

The circuit diagram with switch S1 in OFF state is shown in Fig. 3.4.
At the instant t1 switch opens and inductor starts discharging during

Fig. 3.4: Circuit diagram of ideal CCC when the switch S1 is OFF state

the period tOFF = (1 − d)Ts. At t2 it reaches to initial value I1 and
switch closes. When the switch S1 is opened, the inductors L1a, L1b

are discharged and capacitors C1, Co1 are charged with the diode D1

closed naturally. The load current Io is assumed constant and flows
in the negative direction, towards RL. The element C1 charges from
input power supply and energy stored in L1b charges up the capacitor
Co1. By assuming linear fall of inductor current, the ripple current
ΔI1 is given by Eqn. 3.2), (referring to Fig. 3.3)

ΔI1 = −tOFF (Vg − Vc1)/L1a (3.2)
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Comparing equations (3.1) and (3.2), Vc1 can be expressed as

Vc1 = Vg/(1− d) (3.3)

where d = tON/(tON + tOFF ) Also assuming that the inductor current
in L1b rises linearly during time tON and falls linearly during tOFF ,
during tON , ΔI2 can be expressed as

ΔI2 = (Vc1 + Vo)tON/(L1b) (3.4)

Similarly during tOFF the ripple current, ΔI2

ΔI2 = −tOFF ∗ Vo/L1b (3.5)

From equations 3.4 and 3.5, it can be deduced that

Vo = −Vc1 ∗ (tON/(tON + tOFF )) = −Vc1 ∗ d (3.6)

Substituting Eqn. (3.3) in Eqn.(3.6), the output can be given in terms
of Vg as Eqn. (3.7),

Vo = −Vg(d/(1− d)) (3.7)

Output Current for resistive load RL is given by the Eqn. (3.8)

Io = Vo/R (3.8)

Thus it turns out that the output voltage can be varied by changing
duty ratio of switch, by keeping input voltage constant. The duty ratio
can be varied by changing the ON time of Pulse Width Modulation
(PWM) by keeping time period constant. By comparing triangular
carrier wave with DC signal in the case of PWM, the on time and
hence the duty ratio d can be varied.

The design of a power supply system is often stable, providing
sufficient amount of gain and phase margins over a wide range of
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frequencies. The designs also show zero steady state error. However,
the transient responses often leads to large amount of unwanted
ringing and over shoots, where there is much room for improvement.
The feedback compensation then suggests itself as the right choice
for the said improvement. The motivation behind the feedback
control is to shape the open loop gain of the system, so at to achieve
low steady state error. Among the many techniques available for
compensation, the dominant Pole Compensation is by far the
simplest and most common form of feedback compensation. The
open loop transfer function of the plant is therefore required to
effectively implement the feed back scheme

3.3 Derivation of Transfer Function

from State Space Model for Open

Loop Plant of CCC

Following the classical model of the linear system using the state space
theory, the transfer unction of a system is given by

G(s) = C ∗ (sI − A)−1 + E (3.9)

where the system is modelled as

dx(t)

dt
= A ∗ x(t) + B ∗ u(t) (3.10)

and

y(t) = C ∗ x(t) + Eu(t) (3.11)

The state is given by[
x(t)

]
=

[
i1a(t) i1b(t) vc1(t) vo1(t)

]T
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where the state variables are
i1a(t), current through inductor L1a

i1b(t), current through inductor L1b

vc1(t), voltage across capacitor C1 and
vo1(t) voltage across output capacitor Co1.

The output y(t) is given by

[
y(t)

]
=

[
ig(t)
vo(t)

]

where
ig(t), current through the the source and
vo(t), voltage across load resistance.

The state space modelling of practical CCC in terms of the above state
variables is discussed in detail in Appendix A.1.

The state space modelling of practical CCC is shown in Appendix A.1.
From state space model of Appendix A.1, the state matrices A,B, C
and E are given below as,

A = d ∗ A1 + d′ ∗ A2 (3.12)

B = d ∗B1 + d′ ∗B2 (3.13)

Cmod2R2CstateR1 = d ∗ Cmod1R1 + d′ ∗ Cmod2R1 (3.14)

CstateR2 = d ∗ Cmod1R2 + d′ ∗ Cmod2R2 (3.15)
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where d′ = 1 - d, CstateR1 and CstateR2 are first and second rows of
output C matrix. Applying small perturbations x̂(t), û(t) and d̂(t) in
time domain respective functions x(t), u(t) and in d(t), then the small
signal ac model [77] is given in equations 3.16 and 3.17.

dx̂(t)

dt
= Ax̂(t)+Bû(t)+ ((A1−A2)X +(B1−B2)U) ∗ d̂(t) (3.16)

where X denotes the state variable in steady state[
X

]
=

[
I1a I1b Vc1 Vo1

]T
and U = Vg. The output is given by

ŷ(t) = Cx̂(t) (3.17)

In this converter B1 = B2, so B1 − B2 = 0, E1 =E2 = 0
and hence the solution in s domain is given by

x̂(s) = (sI − A)−1Bû(s) + (sI − A)−1(A1 − A2)X ∗ d̂(s) (3.18)

The output is given by

ŷ(s) = C(sI −A)−1Bû(s)+C(sI −A)−1(A1−A2)X ∗ d̂(s) (3.19)

Accordingly, the output voltage is given by

v̂o(s) = C(sI−A)−1Bû(s)+C(sI−A)−1(A1−A2)X ∗ d̂(s) (3.20)

Then the transfer function is

Gp(s) =
v̂o(s)

d̂(s)
= C(sI−A)−1B

û(s)

d̂(s)
+C(sI−A)−1(A1−A2)X (3.21)
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The plant transfer function is obtained by keeping the input as
constant, that is the variation û(s) = 0 so

Gp(s) =
v̂o(s)

d̂(s)
= C(sI − A)−1(A1 − A2)X (3.22)

where A1 - A2 =⎡
⎢⎢⎣

rc1 0 1 0
0 −rc1 1 0
−1 1 0 0
0 0 0 0

⎤
⎥⎥⎦

3.4 Design of Components

A typical design of CCC is now given in detail, addressing all aspects
including the selection of components, design of components, detailed
design and hardware simulation. The components, L1a, L1b, C1 and
Co1 of CCC are designed [4] for -40V, 80W output as given below.

3.4.1 Design of Inductor

Referring to Fig.3.1, the inductor values are designed for an input
voltage Vg of 20V and an output voltage Vo of -40V. using the
following steps:

1. Calculate the duty ratio d from equation (3.7)

40=
20 ∗ d
1− d

, the value of obtained=0.67.

The load current is limited to -2A due to limitations of
laboratory set-up.
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2. The load resistance is RL=−40/− 2 =20 Ω.

3. The rated output power is -40*-2 = 80W.

4. The source current for 80W power is 80/Vg =4A. 20% ripple
on input current= 10*4/100 =0.8A. is assumed. Assume the
switching frequency fs as 25 kHz.

5. The inductor value L1a =
20 ∗ 0.67

25 ∗ 1000 ∗ 0.8 = 0.67mH. using Eqn.

(3.1) (corresponding to 20% ripple current)

Chose a large value of L1a for continuous conduction. Hence L1a =
0.75mH.

Using Eqn (3.4) (corresponding to 20% ripple current)

L1b =
20 ∗ 0.67

25 ∗ 1000 ∗ 0.4 = 1.34mH.

Here again chose a larger value L1b = 1.5mH.

3.4.2 Design of Capacitor

The capacitor Co1 is designed for 1% ripple on output voltage as

1. Co1 =
Δi1b

ΔVo ∗ 8 ∗ fs
Co1 =

0.4

8 ∗ 0.4 ∗ 25000 = 5μF

Choosing a large value, Co1 is taken as 10 μF

2. C1 =
d2Vg

(1− d) ∗RL ∗ΔVc1 ∗ fs . Here Vc1 = Vg − Vo = 60V.

C1 =
0.672 ∗ 20

0.33 ∗ 20 ∗ 3 ∗ 25000 = 18.1μF
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(Assuming ΔVc1 = 5% of Vc1= 3V)

Larger value of 22 μF is taken for C1. The designed values of
components are tabulated in Table 3.1

Table 3.1: Designed values for CCC

parameter Vg Vo Io L1a L1b

Values 20V -40V -2A 0.75mH 1.5mH

parameter C1 Co1 RL fs d
Values 22μF 10μF 20Ω 25kHz 0.43

3.5 Compensator Design

By substituting values from Table 3.1 in the equation (3.22) and
simulated in MATLAB , the plant transfer function in open loop is
given by

Gp(s) =
224.9s3 + 1.12 ∗ 1011s2 − 8.15 ∗ 1014s+ 8.532 ∗ 1018

s4 + 5249s3 + 1.12 ∗ 1012s+ 2.17 ∗ 1017 (3.23)

As shown in Fig. 3.9, the compensator as a modulator, is inserted
in the feed back path, which senses the voltage from the output for
correction. A XILINX SPARTAN - 3AN FPGA board was used for
realizing the transfer function. The board has an 8 bit ADC, which
accommodates the variation of the control voltage vc from 0 to 256.
Varying the duty ratio d from 0 to 100, the modulator gain is given
by

Gm(s) =
100− 0

256− 0
= 0.39
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The overall transfer function is given by

GpGm(s) =
87.71s3 + 4.38 ∗ 1010s2 − 3.2 ∗ 1014s+ 3.32 ∗ 1018

s4 + 5249s3 + 1.12 ∗ 1012s+ 2.17 ∗ 1017 (3.24)

The simulated result of bode plot for transfer function of open loop
CCC along with transfer function of modulator as given in Eqn.
3.24, is shown in Fig.3.5. The plot shows a phase margin of 12.9◦ (at

Fig. 3.5: Bode plot of open loop plant with modulator gain of CCC, phase
margin =12.9◦ at 9.93 ∗ 104 rad/sec, gain margin = -28.3 dB at 6.74 ∗ 103
rad/s

a gain crossover frequency of 9.93 ∗ 104 rad/s) and gain margin of
-28.3 dB (at a phase cross over frequency of 6.74 ∗ 103 rad/s). The
negative value of gain margin and the low value of phase margin
suggests the possible instability of the system, which can be
corrected by improving phase margin, by using compensators in
closed loop. To make the stable operation in closed loop for DC - DC
converters, generally compensators of lag, lead or lead-lag designs are
commonly utilized.
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It is worthwhile to note that phase lag of power converters in general
can approach to 180◦ [78]. In general the phase margin of the system
must be higher than 45◦ for stable operations. When phase margin
of the converters fall close to 0◦, investigations for uplifting the phase
margin is foussed into type I,II or III compensators. Towards this,
considering the different types of compensators of Type I, II and III
[78] are considered.

It is seen that type I compensator can additionally add another -90◦

phase lag along with phase lag of feedback loop and it is not meeting
the intended purpose, improvement of the phase margin.

On the other hand, though the type II compensator can improve the
phase margin up to 90◦. In this case the type II compensator can lift
the phase lag to 0◦ at certain frequencies. Accordingly the Type II
compensators fall short of the required phase margin. But by
focussing to type III compensator it can lift the phase lag above 0◦

and is considered here as viable option to improve the phase margin.

Looking further into type III compensator, which can give a phase
margin boost of additional 90o. The phase plot is close to -180◦ at
a gain cross over frequency of 9.93 ∗ 104 rad/sec (15.8kHz). As the
required phase margin is about 60◦, the phase plot has to be lifted up
by about 45◦. Hence a Type III compensator is utilised in closed loop
to take care of the stability.

3.5.1 Design of Type III Compensator

The zeros and poles of the type III compensator is systematically
designed to operate the converter into stable operation in closed loop.
The design of type III compensator is given in Table 3.2.
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Table 3.2: Design of the Compensator for the phase margin ωm= 12.90o

at the gain cross over frequency of ωgc = 9.93 ∗ 104rad/s (15.8kHz)

From Fig.3.5, phase margin ωm= 12.90o at the gain cross over
frequency of ωgc = 9.93 ∗ 104rad/s (15.8kHz). Therefore
1. ωp1 = 180− ωm = 167.1o

2. ωp1 = 180− ωm = 167.1o,
where ωm is phase margin. Then

b = tan(
ωrm − ωp1

2
− π

4
) = tan(

60 + 167.1

2
− 45) = 2.56,

where ωrm is required phase margin

3. Denoting
√
k = b+

√
b2 + 1 = 5.31

Zeros are given by

ωz =
ωm√
k
=

99300

5.31
= 18706.3

poles by

ωp = ωm ∗
√
K = 99300 ∗ 5.31 = 527282

The gain crossover frequency, for phase margin ωm= 12.90o is ωgc =
9.93∗104rad/s = 15.81 kHz. The transfer function in general for Type
III compensator proposed to be designed is given by

Gc(s) =
(s+ ωZ)

2

s(s+ ωP )2
(3.25)

where ωz and ωp are arrived at as shown in Table 3.2. Substituting
the values of poles and zeroes in equation(3.25) to obtain compensator
transfer function,

Gc(s) =
(s+ 18706.3)2

s(s+ 527282)2
=

(s2 + 2 ∗ 18706.3s+ 18706.32)

s(s2 + 2 ∗ 527282s+ 5272822)
(3.26)

The compensator is simulated in MATLAB and the bode plot is shown
in Fig. 3.6.
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Fig. 3.6: Phase margin = 90o in Bode plot of compensator without
multiplying with gain

Here the gain margin is infinite and the gain plot has to be lifted up
by −120dB, So
20 log (A) = 120
So the gain is A = 106.
Now multilying the compensator transfer function with gain

Gc(s) = 106 ∗ (s2 + 2 ∗ 18706.3s+ 18706.32)

s(s2 + 2 ∗ 527282s+ 5272822)
(3.27)

The bode plot of compensator with gain is shown in Fig.3.7.
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Fig. 3.7: Bode plot of compensator with gain, phase margin = 90o

From the bode plot the phase margin of the compensator is = 90o.
The overall transfer function, T(s) for the closed loop system with
copmensator is obtained by convolution of plant transfer function and
compensator transfer function. Now the overall transfer function of
the compensated system is given by the Eqn. (3.28),

T (s) = Gp(s)Gm(s) ∗Gc(s) (3.28)

T (s) = 106 ∗ 87.7s3 + 8.77 ∗ 109s2 − 6.36 ∗ 1013s+ 6.66 ∗ 1017
s4 + 13580s3 + 1.23 ∗ 1009s+ 3.07 ∗ 1012 *

s2 + 2 ∗ 18706.3s+ 18706.32

s(s2 + 2 ∗ 527282s+ 5272822)

The overall transfer function is computed as given by the Eqn. 3.29,

T (s) =
(b2s

5 + b3s
4 + b4s

3 + b5s
2 + b6s+ b7)

(s7 + a1s6 + a2s5 + a3s4 + a4s3 + a5s2 + a6s)
(3.29)
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where b2 = 2.63∗108, b3 = 2.63∗1016, b4 = 7.94∗1020, b5 = 4.07∗1024,
b6 = 7.99 ∗ 1027, b7 = 6.99 ∗ 1032, a1 = 1.07 ∗ 106, a2 = 2.94 ∗ 1011,
a3 = 5.08 ∗ 1015, a4 = 3.46 ∗ 1020, a5 = 9 ∗ 1023, a6 = 1.21 ∗ 1028

The bode plot for the overall transfer function of the copmensated is
plotted in MATLAB as shown in Fig.3.8. From the bode plot Fig.3.8

Fig. 3.8: Bode plot of compensated system, from simulated result phase
margin and gain margin are 59.5◦ and 20.4 dB respectively.

the phase margin is 59.5◦ at a gain cross over frequency of 1.04 ∗ 105
rad/s and gain margin of 20.4 dB at 5.13∗105 rad/s, the compensated
system is stable in closed loop. The s-domain compensator in Eqn.
3.27 is converted to z-domain by bilinear transformation [79]. The
compensator in z domain is used in XILINX tool of digital FPGA
controller for the hardware implementation of the overall system in
closed loop. The compensator in z-domain is given in equation(3.30).

Gc(z) = 109
3.15z3 + 9.44z2 + 9.44z + 3.15

z3 + z2 − z − 1
(3.30)
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3.6 Simulation Results and Discussion

The CCC, designed as discussed in previous sections, is simulated in
closed loop in MATLAB, with the designed values as shown in table
4.1. The simulation has been conducted in open loop and in closed
loop for CCC with an input voltage of 20V and output voltage of
-40V at -2A and -15V at -2A. The results of closed loop simulation is
shown below. The compensator in s-domain is used for closed loop
simulation. The closed loop block diagram [80] for simulation of
CCC is shown in Fig. 3.9. The corresponding parasitic resistance

Fig. 3.9: Block diagram for closed loop control of CCC

values of inductors and capacitors need for hardware realization are
considered during simulation. The output voltage is fedback and
applied to the error amplifier. The error amplifier compares the
feedback voltage with applied reference voltage and error is
generated. The error is processed in digital compensator which
delivers a DC signal for control. This control signal is compared with
triangular carrier signal at 25kHz to generate the PWM pulse train,
which is used to trigger the switch S1.

School of Engineering, CUSAT 55



Chapter 3

3.7 Closed Loop Operation at an Output

Voltage of -15V

With the designed values for -15V,-2A output as shown in Table 3.3,
the CCC operates in continuous conduction mode. Both output

Table 3.3: Design values for CCC for -15V, -2A output

parameter Vg Vo Io L1a L1b

Values 20v -15v -2A 0.75mH 1.5mH

parameter C1 Co1 RL fs d
Values 22μF 10μF 7.5Ω 25kHz 0.43

voltage and output current are negative and the product is positive
hence the converter operates in quadrant III and draws power from
the source.

The PWM with duty ratio d = 0.43, is shown in Fig.3.10, at 25 kHz.
for switch S1 (Fig. 3.9). With the input of 20V and output of -15V, the

Fig. 3.10: The PWM for CCC to generate -15V,-2A output

duty cycle is evaluated as 0.43 using the output equation (3.7). The
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PWM has a period of 40uS and the ON time pulse width is 17.2uS.

3.7.1 Voltage

The output and input voltage of the proposed design of the CCC are
shown in Fig.3.11a. It gives a DC output voltage of Vo = -15V with

(a) Voltages of Input Vg =20V and
output Vo =-15V

(b) Ripple on output voltage is 1.2%

Fig. 3.11: Waveforms of CCC at an output of -15V,-2A

Vg =20V DC input. The settling time of the converter is almost 10ms.
At the same time the voltage transient is only two times the output
voltage. The magnified waveform of output voltage is shown in Fig.
3.11b. The output voltage has a ripple of 0.18V, which is 1.2% of
output voltage -15V.

3.7.2 Current

The input and output current waveforms along with their ripples are
shown in Fig.3.12. The average value of input current is 1.65A for
average value of output current of -2A. The ripple on input current
is 0.45A, which is nearly 27% of DC source current. It may be noted
that the CCC provides negative output current hence it is plotted in
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Fig. 3.12: The input and output current waveform of CCC Ig = 1.65A
and Io = 2A for -15V,-2A output.
Ripple on Input current Ig(rip) = 0.45A.
Ripple on output current Io(rip) = 0.024A

quadrant III in Fig.3.12. With a resistance of 7.5 ohm at the output,
the required output current is -15/7.5 = -2A and the value obtained
is -2A, which has a ripple content of 0.024A (1.2% of output current).

3.7.3 Transients

The transient response of the CCC for a change of line voltage Vg from
17V to 23V at 30 ms as shown in Fig. 3.13. It can be seen that the
output voltage settles back to -15V with a settling time of 30ms. The
load transient is shown in Fig.3.14 where load current is changed from
-1A to -2A and back to -1A at 15ms and 30ms respectively. The output
voltage settles to Vo to -15V, at Io = −2A with a settling time of 7mS.
It is thus confirmed that the CCC is able to stabilize effectively, both
against the changes in input voltage and output current.
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Fig. 3.13: Line transient of CCC for -15V, -2A output

Fig. 3.14: Load transient of CCC for -15V,-2A output
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3.8 Closed Loop Operation of CCC at an

Output Voltage of -40V

3.8.1 Voltage

The CCC is simulated in boost mode to get an output voltage of -40V
with a current of -2A. The output and input voltage are shown in
Fig.3.15. It gives an output voltage of Vo = -40V with Vg =20V at the
input end. The settling time of the converter is almost 30ms.

Fig. 3.15: Input and output voltage of CCC. Input voltage = 20V, Output
Voltage Vo =-40V, at a load of -2A, Ripple on Vo = 0.6V (1.5% of 40V).

A portion of the output voltage is magnified and is shown in side
the Fig. 3.15 as inset. The ripple content on output voltage after the
output stabilizes shows that the ripple has a magnitude of 0.6V, which
is nearly 1.5% of 40V.
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3.8.2 Current

The input and output currents waveforms are shown in Fig.3.16. The
observation brings out that the CCC draws, on the average, an input
current (shown in Blue) is 4.3A for delivering an average value of
output current (shown in Red) is -2A at the output. The input and

Fig. 3.16: The input and output current waveform of CCC Ig =
4.3A&Io = −2A for an output of -40V,-2A.

output currents are zoomed to observe the ripple content. As seen
from Fig. 3.16, the ripple (shown in Blue) on input current is 0.7A
which is 16.3%. The ripple (shown in blue) on output current is also
shown in Fig. 3.16.The output current has a ripple of 0.03A which is
1.5%. With a resistance of 20 ohm the required current is -40/20 =
-2A. As seen from Fig. 3.16., the actual load current generated from
simulation is -2A.

The switch current shown in Fig. 3.17 brings out that the peak value
of switch current for -40V, -2A output is 13.35A, which is 6.7 times
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of output current. It is clear from Fig. 3.17 that the duty ratio is

Fig. 3.17: Switch current of CCC for an output of -40V,-2A.

very well beyond 0.5, which is required to obtain the boosted output
of -40 V. The duty ratio evaluated from the output Eqn. 3.7 is 0.67.
The pulse width for ON time of the switch is 27uS of the total period
40 uS. But the stress of the switching device S1 due to the high peak
current and the duty ratio beyond 0.5 makes the design not suitable
for boost operation. However, it is interesting to note that the CCC
is possible to produce -15 V from 20 V at a lower duty ratio of 0.43.

3.8.3 Transients

The perfomance of the type III compensator in closed loop is
evaluated by conducting line and load transient tests. An additional
circuitry along with source voltage inserted in CCC to obtain line
trasient response. The line transient for the variation of input
voltage input voltage from 17V to 23V at 70 μs is shown in Fig. 3.18
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by keeping the load current constant. The reference value of output

Fig. 3.18: Line transient of CCC for -40V,-2A output

voltage is set to -40V for compensator and operations of CCC. It has
found from the line transient response observation that the output
settles back to -40V with a settling time of 15ms. The output has a
small overshoot and it can be decreased by increasing filter capacitor
values, but it may increase settling time hence designed capacitor
value is used.

The load transient waveform for the change of load current while
keeping the input voltage constant is shown in Fig.3.19. The load
resistance is changed by inserting a switching circuit in series with
resistive loads. The output voltage settles to the reference value set
in the converter in response of load transient by the control of
compensator. The load resistor is changed in such a way as to change
the load current from -1A to -2A at 30ms. The response shows that
the output voltage settles to Vo to -40V, at Io = −2A after a dip.
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Fig. 3.19: Load transient of CCC at an output of -40V,-2A

3.9 Summary

In the present chapter, the design of conventional cuk converter CCC
is discussed in detail and the design is simulated in MATLAB
environment in closed loop using compensator realized in z-domain.
Both the buck and boost operations have been demonstrated in
simulation. The output voltage, switch current, source current along
with ripple content both at input and output are plotted. The plot
of the switch current reveals that the CCC is possible to produce -15
V from 20 V at a lower duty ratio of 0.43. Both the buck and boost
operations have been demonstrated in simulation. However, for the
boost operation, that the duty ratio is very well beyond 0.5.
Accordingly, the stress of the switching device S1 due to the high
peak current and the duty ratio beyond 0.5 makes the design not
suitable for boost operation. The practical realisation of the
simulation is given in the following chapter.
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Hardware Realization of
Conventional Cuk Converter

4.1 Introduction

The practical realization of the CCC to validate the simulation
results is discussed in this section. The complete design of the
system including selection of inductors, capacitors circuit, switches
and diodes, followed by the realization of the complete hardware on
a PCB has been achieved. A resistive load is used for ascertaining
the parameters like output voltage, load current, voltage and current
transients. Analog ammeters, voltmeters, digital multimeter, digital
storage oscilloscope, power quality analyzer are used for
measurement of various parameters as above. Though both open and
closed loop hardware realizations have been carried out, only closed
loop experimental results are shown discussed here.
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4.2 Selection of Components

The energy storage components designed for the realization of the
CCC for 80W output are tabulated in Table 4.1. While standard

Table 4.1: Design values for the CCC for 80W output

parameter Values parameter Values
Vg 20 V Vo -40 V
L1a 0.75mH L1b 1.5mH
C1 22μF Co1 10μF
RL 20 Ω fs 25 kHz

values of capacitors are taken, the inductor is realized by winding the
SWG copper wire on E-55 core to get required value of inductance as
per design. The number of turns are calculated [81] for L1a = 0.75mH
and L1b = 1.5mH as explained below. The ferrite core E-55 selected
for winding the copper SWG wire, the area product of the core is given
by the general Eqn. 4.1.

AcAw =
LIpIrms

KwBmJ
(4.1)

where Ac - Area of core (m2), Aw - Area of window(m2).
L - Inductance in (H), Ip -Peak current (A),
Irms -RMS current (A), J - Current density (A/m2), Bm - Maximum
flux density (T), The number of turns N is given by the Eqn 4.3 for
an inductor with inductance L1a, length lg, permeabilities μo, μr and
area of core A

N =

√
L1a ∗ lg

μo ∗ μr ∗ A (4.2)
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Table 4.2: Design values for an inductor

Parameter Value Parameter Value
L1a 0.75 mH lg 1 mm
Ip 5 A Irms 3.54 A
Kw 1 mm Bm 0.3 T
J 3 A/m2 μo 4 π ∗ 10−7 H/m
μr 1 A 353* 10−6m2

The area of the wire ac = 3.54/3 = 1.18m2, The conductor selected as
0.397 mm2, SWG = 22, carries 1.5A, So three conductors wound in
parallel. The area A = 353 * 10−6m2 from E-55 core datasheet.

N =

√
0.75 ∗ 10−3 ∗ 1 ∗ 10−3
4π ∗ 10−7 ∗ 353 ∗ 10−6 = 42Turns (4.3)

For the inductor L1b =1.5mH the number of turns is given by
equation(4.4). Ip = 2.5A, Irms = 2.5/

√
2 = 1.8 A, Kw = 1mm, Bm =

0.3 T, Current density J = 3 A/m2, area of the wire
ac = 1.8/3 = 0.6m2, SWG 20 wire is used.

N =

√
1.5 ∗ 10−3 ∗ 1 ∗ 10−3
4π ∗ 10−7 ∗ 353 ∗ 10−6 = 58Turns (4.4)

Forty two turns of three wire 22 SWG conductors in parallel are wound
on E-55 core and 0.75mH is obtained. Fifty eght turns of single wire
20 SWG conductor is wound on E-55 core and 1.5mH is obtained.

4.3 Practical Implementation of CCC in

Closed Loop

The practical realization of CCC has been achieved on electronic
circuit board in open loop and closed loop. The converter is realized
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Fig. 4.1: Block diagram for closed loop control of CCC

with an input voltage of 20V and output voltage of -15V and -40V at
2A. In order to implement the feed back, the output voltage is scaled
down and applied to 8 bit ADC of ALTIUM FPGA Spartan-3AN
Nano controller board. The sensed output is compared with
reference voltage and error generated is given to compensator
implemented XILINX. For realization, (Fig. 4.1) the compensator
along with triangular generator is modelled using XILINX tool of
MATLAB. The model is executed on the ALTIUM FPGA controller.
The DC output of the type III compensator is compared in the
comparator with the bipolar triangular waveform and the PWM
output is generated. The obtained PWM pulse sequence is level
shifted to boost the voltage and applied to the gate of MOSFET
IRF540, to regulate the switching operation.

The circuit diagram of the CCC realized on electronic circuit board
is shown in Fig. 4.2. The inductors (L1a and L1b) are wound on E55
ferrite cores, IRF540 MOSFET is used as switch and MUR420 high
frequency diode is used to complete the circuit realization. The
inductors L1a and L1b are connected respectively to the terminals L1
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Fig. 4.2: Practical circuit diagram of CCC and its layout

and L2 of Fig. 4.2. The voltages and currents are measured
respectively at the points i/p, o/p and S1, S2. The complete block
schematic of the realization is given in Fig. 4.1.

For testing the CCC, the input voltage is applied from a 30V, 5A, DC
Power supply, and at the output, a resistive load of 100 ohm rheostat is
used. The output voltage is divided by using a potential divider circuit
of 1:11 and is terminated at S2. The current sensors of LA55P are used
for measurement input and output currents. The current sensor is
scaled as 1V = 1A to measure the current in oscilloscope. The output
voltage, input voltage, output current, input current are measured
using TEKTRONIX 50 / 100MHz Digital Storage Oscilloscope (DSO).
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4.4 Measurements from Hardware

Realized at an Output -15V, - 2A

The photograph depicting the hardware realization of CCC is given
in Fig. 4.3. The CCC realized along with all ancillary power supplies
and monitoring devices and instruments are marked clearly in the
photograph.

Fig. 4.3: Photogaph: Experimental set up for CCC along with XILINX
FPGA controller board

4.4.1 Voltage

The CCC is tested by applying an input voltage of 20V (from a 30V,
5A power supply). The steady state output voltage measured on the
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oscilloscope is shown in Fig. 4.9 as -15V (in red) at output load current
of -2A. The input voltage of 20 V is shown in blue in Fig. 4.9.

Fig. 4.4: For the input voltage of 20V (shown as blue), the steady state
output voltage is measured as -15V (in red) at -2A output load current,
Ripple content on output voltage of CCC (shown as red in inset) at -15V
is 1.04V

However, on a finer measurement scale, it is seen that that the output
voltage has a certain amount of ripple. As shown in Fig. 4.9. the
ripple on output voltage of -15V, at a load current 2A is measured as
1.04, which works out to be 7%.
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4.4.2 Current

The waveform of the input and output current are shown in Fig. 4.5.
With a resistive load of 7.5 Ω connected across -15V output, the

Fig. 4.5: Ripple currents at Input (in amber) and output (in green) of the
CCC. The input ripple is 500 mA (26%), while the output ripple is -100
mA (5%).

converter produces an output current of -2A, when it draws an input
current of 1.9A. Current sensors are used to measure input and
output currents. The current sensor is scaled to measure 1A as 1V
on the Oscilloscope . The ripple on the output current shown in Fig.
4.5 measures as 100mA (in green), which is 5% (0.1/2) at the
measured output current of -2A. The ripple for the corresponding
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input current of 1.9 A is 400mA (in amber), which is 26% (0.5/1.9)
of the measured current. It is interesting to note that the amount of
spike at the output substantially less that the input. This could be
attributed to insufficient grounding and isolation of the current
probe used.

Switch current of CCC, primarily responsible for energy transfer from
input to output, is shown in Fig. 4.6. The peak Switch current of

Fig. 4.6: Switch current of CCC at -12V, peak value =6.6A

CCC is observed in DSO is 6.5A at an output of -15V, -2A. The pulse
train with a period of 40 μs and a pulse duration of 18 μs switches
S1 in Fig. 4.2 and 4.1. The spikes appearing in all the voltage and
current waveform at output can be attributed to this period of 40 μs.
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4.4.3 Transients

The response of the CCC to input line transient is measured by
changing input voltage (in amber) from 15 to 25V to assess the
response. It can be seen that the output (in green) settles to -15V,
with a settling time of 50ms as shown in Fig. 4.7. The line voltage is

Fig. 4.7: Line transient (voltage) of the CCC at -15V output. The input
voltage variation is shown in amber, while the output is in green

measured by using a manual switching arrangement to change the
input voltage between two set values of 15V and 25V. There is an
under shoot of -25V at the output, in response the sudden change of
25 V input; but the settling time very well within acceptable limits.
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The transient behavior as seen from the load side is shown in Fig.
4.8. From Fig. 4.7, it is clear that there is an undershoot of output

Fig. 4.8: Load transient (current) of the CCC at -15V output. The load
current variation is shown in Green, while the output in Amber settles to
-15V

voltage because of step change. Following this change in voltage, the
load current has a change from -1A to -2A and load voltage also settles
back to -15V, with a settling time of about 400ms. A manual switching
arrangement is made by connecting two rheostats in series to change
the current into two set values of -1A and -2A. The choice of the
capacitor Co1 of Fig. 4.1 decides the settling time.
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4.5 Practical Realization of CCC at

-40V, - 2A Output

The experimental implementation of CCC for buck operation is
detailed in section 4.4. The CCC is practically validated also for the
boost operation to provide an output of -40V, -2A.

4.5.1 Voltage

Fig. 4.9: For the input voltage of 20V (shown as blue), the steady state
output voltage is measured as -40V (in red) at -2A output load current,
ripple content on output voltage of CCC (shown as red in inset) at -40V is
1.5V
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The CCC is tested by applying an input voltage of 20V (from a 30V,
5A power supply) also to measure a steady state output of -40V ,-2A.
The input voltage of 20 V is shown in blue in Fig. 4.9. However, on a
finer measurement scale, it is seen that that the output voltage has a
certain amount of ripple as shown in Fig. 4.9. The ripple on output
voltage of -40V, at a load current- 2A is measured as 500 mV, which
works out to be 1.25%.

4.5.2 Current

Fig. 4.10: Input and Output current : (current scale, 1V=1A) Source
current Ig (in blue) = 4.47A, Ripple on input current =500mA (11.2%) ;
Output current Io(in red) =-2A, the output ripple is -100 mA (5%).
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The waveform of the input and output current are shown in Fig.
4.10. With a resistive load of 7.5 Ω connected across -40V output,
the converter produces an output current of -2A, when it draws an
input current of 4.47A.

The current sensor is scaled to measure 1A as 1V on the Oscilloscope.
The ripple on the output current shown in Fig. 4.10 measures as
100mA (in Red), which is 5% (0.1/2) at the measured output current of
-2A. The ripple for the corresponding input current of 4.47 A is 500mA
(in blue), which is 11.2% (0.5/4.47) of the measured current. It is
interesting to note that the amount of spike at the output substantially
less that the input. This could be attributed to insufficient grounding
and isolation of the current probes used.

Fig. 4.11: Switch current of CCC at -40V,-2.11A, peak value =9.52A, d
= 0.63
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The switch current of CCC, primarily responsible for energy transfer
from input to output, is shown in Fig. 4.6. The peak switch current
of CCC is 9.52 at -40V, -2.11A which is 4.5 times the load current.
The pulse train with a period of 40 μs and a pulse duration of 25 μs
switches S1 in Fig. 4.1 and 4.2. The spikes appearing in all the voltage
and current waveform at output can be attributed to this period of
40μs.

4.5.3 Efficiency

The measurement values of input and output parameters are tabulated
in Table 4.3 to plot the efficiency curve.

Table 4.3: Efficiency of CCC converter at fs = 25kHz,d=0.43

Vg (V) Ig (A) Vo (V) Io (A) Efficiency (%)
20 0.405 -12 -0.595 88
20.2 0.7 -12.1 -1.05 89.9
20.3 0.9 -12 -1.4 90.2
20.2 1.3 -12 -1.97 90.02
20.2 1.54 -12 -2.35 90.7
19.9 1.92 -12 -2.89 90.7
19.8 2.47 -11.8 -3.52 84.9

The converter is tested with an input of 20V and the output is
controlled to -12V. The rheostat load is varied in wide range for a
load current from 0.5A to 3.5A and the input current is noted. Also
the variation of output voltage is measured to complete the
evaluation. The efficiency is calculated and the converter provides a
tight regulation of output voltage for the variation of load current
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Fig. 4.12: Efficiency of cuk converter at -12V, -2A

from 0.5A to 3.5A. The efficiency curve of CCC is plotted in
Fig.4.12, the average efficiency is 89%

4.6 Summary

Conventional Cuk Converter is designed, simulated and
experimentally validated in closed loop at -15V and -40V at -2A
output. From the observations and characteristics it can be
concluded that ripple content on the source side current is high
about 25% for an output voltage of -15V. Also the peak current of
the switch is low when the converter operates with duty ratio
lessthan 0.5. But to provide an output voltage of -40V, the converter
has to operate with a duty ratio of 0.67 (above 0.5). The peak
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Table 4.4: Results for CCC at fs = 25kHz,d=0.43

parameter Simulation Resutls Experimental
Results

Vg 20v 20v
Vo -15v -15v
Ig 1.8A 1.9A
Io -2A -2A
Igrip 0.45A (27%) 500mA (26%)
Iorip 0.024A (1.2%) 100mA (5%)
Vorip 0.18V (1.2%) 1.04V (7%)

Iswpk
at -40V 13.35A 9.52A

Iswpk
, at -15V 4.1A 6.5A

Line Transient at -15V 30ms 50ms
Load Transient at -40V 15ms 400ms

Average Efficiency – 89%

current of the switch for -40V, -2A output is high. The findings from
the systematically built hardware from this chapter is published as a
paper, that substantiates credence to the work executed. The
proposed methods to reduce current ripple and switching stress are
discussed in next chapter
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Chapter 5
Proposed Interleaved Cuk
Converter

5.1 Introduction

The practical realization and the evaluation of the performance of
the CCC was presented in the last chapter. The CCC was shown to
operate both in the buck and the boost modes of operation. While
operating the CCC on the boost mode,the inductor present on input
side of the CCC was seen to be helping to reduce the ripple on source
current, as was illustrated in Fig. 3.16 and 4.10. But the amount
of ripple on DC source current in high and it can inject harmonics
to parent AC source. It was also seen that the switching device gets
heavily stressed since the duty ratio to obtain boost operation is high.

With a view to reduce the above limitations in the operation of DC
to DC converter, an interleaved coupled boost converter is analysed
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in [9], which gives better result than boost converter by reducing
ripple on input side. The current stress on the switch is distributed
in interleaved converter circuit, thereby reducing the switching losses
to a great extent. Obviously, the current sharing feature of
interleaved converter reduces the ripple on input current. It is also a
known fact that the interleaved converter produces output voltage
less than input voltage, when duty ratio is less than 50%. In order to

Fig. 5.1: Basic circuit diagram of Proposed ICC

alleviate the above mentioned issues an Interleaved Cuk Converter
(ICC) using Phase Shifted Pulse Width Modulation scheme
(PSPWM) is proposed in the present work. Fig. 5.1 illustrates the
circuit of the Proposed ICC. The PSPWM scheme is illustrated in
Fig. 5.2, (to be read in the context of Fig. 5.1). The basic idea of
PSPWM is to divide the total gating pulse TON by 2 and generate
two pulses for S1 ON and S2 ON, to switch each leg of the
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interleaved configuration. The delay between S1 ON and S2 ON is
carefully chosen to ensure low harmonic injection to the parent AC
source.

Fig. 5.2: Waveforms of PSPWM technique: VPWM = gate voltage of
switch of CCC; VS1 and VS2 gate voltages of the two legs of Proposed ICC;
i1a and i2a : current through inductors L1a and L2a; ig: source current of
Proposed ICC.

The Proposed ICC topology is derived and developed for practical
realization. The converter consists of four inductors, four capacitors,
two switches and two diodes (Fig. 5.1). A modified PWM [9] as shown
in Fig.5.2, produces a switching waveform VS2, which is applied to
second switch S2, in place of the of the conventional inverted PWM
pulse sequence. For this, a phase shifted PWM technique is developed
and used to trigger the switches. The output voltage is scaled and
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fedback through a transfer function, whose output is compared with
reference value. The error processed in compensator, generates the DC
signal from the controller, which is compared with triangular waveform
to generate the PWM signal. From the PWM signal generated, the
ON time of the PWM signal is further divided into two. The first pulse
is applied to the switch S1 (Fig. 5.1) during the beginning of first half
cycle of switching frequency and the second pulse is applied to the
switch S2, during the beginning of second half cycle of the switching
frequency. During the OFF time of pulses the diodes will be active
with respect to the switches.

Referring to Fig. 5.1 and 5.2 when the switch S1 is ON, the inductor
L1a is connected to the source, it will be magnetised and capacitor
will be discharged, as in the case of the CCC. When the switch S1 is
OFF, the current will flow through diodeD1 and inductor L1a transfers
stored energy to the load. This will happen during first half of the
switching cycle. So the power transfer from source to output takes
place on every half of the period. In Sec. 5.2 below the converter
analysis done using state space averaging method.

5.2 Modelling of Proposed ICC

5.2.1 Mode 1 - S1 ON and S2 OFF (0 to t1)

During the period t1 = d1T , where d1 = d is the duty ratio (0 <d<0.5)
of switch S1, the switch S1 turned ON, inductor current i1a rises from
initial value I1 and reaches to peak value I2. With the switches S1 in
ON and S2 in OFF state, the equivalent circuit diagram of Fig. 5.1
is shown in the Fig.5.3, where L1a charges up and at the same time
inductor L2a discharges (refer the timing diagram in Fig.5.2). During
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Fig. 5.3: ICC diagram of Fig. 5.1, when S1 is ON and S2 is OFF

this time, the capacitor Co1 also discharges, charging the inductor
L1b. The stored energy in L2b transfers to Co2. Also the capacitor
C1 discharges through C1, S1, Co1, L1b and RL, hence transfers stored
energy in the capacitor to the load to produce output voltage. At
t1, the switch S1 opens and inductor L1a starts discharging. ig, the
source current in the Fig. 5.2 shows the sum of the currents i1a and
i2A from the source. The state equations [82] required to complete the
modeling for switches S1 ON & S2 OFF are derived in Appendix B.1

The load current is assumed to be constant, ripple current equation
[4] for ideal ICC is derived as shown in Eqn. (5.1), (5.2) and (5.3). It
is assumed that L1a = L2a, Vg is the voltage of the DC source current.
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ΔIL1a =
(t1 − 0)Vg

L1a

(5.1)

ΔIL2a =
(t1 − 0)(Vg − Vc2)

L2a

(5.2)

The ripple content on source current is given by equation (5.3)

ΔIrmode1
=

t1Vc2

L2a

(5.3)

5.2.2 Mode 2 - S1 OFF and S2 OFF (t1 to t2)

When both switches S1 OFF and S2 are OFF, with the circuit of
Fig. 5.1 as shown in Fig.5.4, both inductors L1a and L2a are
discharging and stored energy transfers to capacitors C1 and C2

respectively. At the same time inductors L1b and L2b are discharging
as shown in Fig.5.2, transferring their energy to load. During this
mode all inductors are discharging and capacitors C1, C2, Co1 and
Co2 are charging up. Assuming that the inductor current is linear,
and the diodes D1 and D2 are identical, the ripple content on DC
source current for ideal ICC is derived by Eqn. (5.4), (5.5) and (5.6),
below.

ΔIL1a = (t2 − t1)(Vc1 − Vg)/L1a (5.4)

ΔIL2a = (t2 − t1)(Vc2 − Vg)/L2a (5.5)
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Fig. 5.4: Proposed ICC circuit diagram when both switches S1 and S2 are
in OFF state

The ripple on source current is zero as per equation (5.6)

ΔIrmode2
= (t2 − t1)(Vc1 − Vc2)/L2a = 0 (5.6)

where Vc1 = Vc2, assume equal values for capacitors.

The state space equations required to complete modelling [82] for
Mode-2 is shown in appendix B.2.

5.2.3 Mode - 3: S1 OFF and S2 ON (t2 to t3)

In this mode the switch S1 is kept OFF and S2 turned ON leaving
the circuit of Fig. 5.1, as shown in Fig.5.5. The inductor L2a charges
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Fig. 5.5: ICC circuit diagram when switches S1 in OFF and S2 in ON
states

and at the same time inductor L1a discharges (Fig.5.2). The stored
energy in L1a transfers to C1. At this time, the capacitor C2 discharges
through S2, as indicated by i2b in Fig.5.5, with C2, Co2, L2b and RL in
circuit. As a result stored energy in the capacitor C2 appears as voltage
across the load. As in the case of Fig.5.3, where i1b was responsible
for producing the output voltage, i2b produces the voltage across the
load in this case. Equations for ripple on source current are as given
below by Eqn. (5.7), (5.8) and (5.9).

ΔIL1a =
(t3 − t2)(Vg − Vc1)

L1a

(5.7)

ΔIL2a =
(t3 − t2)Vg

L2a

(5.8)
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ΔIrmode3
=

(t3 − t2) ∗ (−Vc1)

L2a

(5.9)

It is obvious that the ripple on source current depends on the voltage
across the energy storage capacitor, inductor value and OFF time of
the period. The state space equations to complete the modelling can
be deduced as shown in Appendix B.3.

5.2.4 Mode 4 - S1 OFF and S2 OFF (t3 to t4)

When both switches S1 and S2 are in OFF, the situation is as shown
in Fig.5.4. This mode is in effect a repetition of mode 2. (discussed
in section 5.2.2). With this a full cycle is completed.

5.3 Output Equation of Proposed ICC

The output equation of Proposed ICC can be derived as follows.
During Mode -1, Capacitor C1 acts as primary means of storing and
transferring energy from the input to the output. Under steady state
conditions average inductor voltages VLa1 and VLb1 over a period are
zero. Hence

VC1 = Vg + Vo1 (5.10)

where VC1 and Vo1 are voltage across capacitors C1 and Co1

respectively. The volt-sec balance of switch S1 is given by

Vg ∗ d ∗ Ts

2
+

(Vg − Vc1) ∗ (1− d) ∗ Ts

2
= 0 (5.11)
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where Ts is switching period. Substituting equation (5.10) in equation
(5.11), the output voltage across Co1 is

Vo1 =
Vgd

(1− d)
(5.12)

where d =
Ton

Ts/2
and Ton is on time of switch S1. Considering the

polarities of diodes the output current is in the negative direction
along with output voltage with respect to input and thus the converter
works in quadrant III of input-output. Hence for the Proposed ICC
both step up and step down for output voltage takes place as per Eqn.
(5.12). Also ripple cancellation takes place as confirmed by equations
(5.1), (5.5) and (5.6). Since the both the legs of the circuit in Fig. 5.1,
are parallel, the output, Vo2 = Vo1. The converter works satisfactorily
d<0.5. The duty ratio of d > 0.5 provides overlap of pulses for turn
ON switches, it creates issues on inductor charging and discharging
and hence d > 0.5 is not recommended for design.

5.4 Design of Components

In this section, the components L1a, L1b, L2a, L2b, C1, C2, Co1, Co2,
S1, S2, D1 and D2 are designed [4] systematically, so as to conduct
simulation and hardware verifications of proposed ICC.

5.4.1 Design of Inductor - L1a, L2a, L1b and L2b

From Eqn. (5.1) the inductor value can be designed for an input
voltage Vg of 20V and an output voltage Vo of -40V.
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1. First of all the duty ratio d is obtained by substituting input

and output voltages in the Eqn.(5.12), when -40=
20 ∗ d
1− d

, which

in turn gives d = 0.67.

2. The specified output power is 80W and load current (-2A) are
restricted to suit the laboratory set-up, available, when the load
resistance is −80/− 4 =20 Ω. The source current for providing
80W power is 80/20 =4A.

3. Permitting 20% ripple on input current, which is 20*4/100
=0.8A, at a switching frequency fs as 25 kHz, the inductor
value is obtained from Eqn.(5.1) L1a =

20 ∗ 0.67
25 ∗ 1000 ∗ 0.2 ∗ 0.4 ∗ 2 = 0.335mH.

(Referring to Eqn.(5.1), here Δi1a = [(0.2*4)*2], where the last
factor 2 accounts for the interleaved operation).
L1a should be greater than 0.335mH, in order to ensure
continuous conduction, hence it is selected as 0.38mH. L2a is
assumed to be same as L1a.

4. L1b =
20 ∗ 0.67

25 ∗ 1000 ∗ 0.4 ∗ 2 = 0.67mH.

L1b chosen to be greater than 0.67mH, as 0.75mH.
L2b is assumed to be same as L1b.

5.4.2 Design of Filter Capacitors - Co1, Co2,
Energy Storage Capacitors - C1 and C2

The capacitor Co1 is charged by L1b and designed for 1% ripple on
output voltage as
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Co1 =
Δi1b

ΔVo ∗ 8 ∗ fs
With Δi1b = 0.2 and ΔV o = 0.4 for V0 = -40 V,

Co1 =
0.2

8 ∗ 0.4 ∗ 25000 = 2.5μF

Co1 is chosen to be greater than 2.5 μF and it is assumed as 10 μF.
Also Co2 is taken to be same as Co1.
The capacitor C1 is primarily responsible for energy transfer and is

designed using the relationship, C1 =
d2Vg

2 ∗ (1− d) ∗RL ∗ΔVc1 ∗ fs
Here Vc1 = Vg + Vo = 60V and ΔVc1 = 5% of Vc1 =3V.

C1 =
0.672 ∗ 20

2 ∗ 0.33 ∗ 20 ∗ 3 ∗ 25000 = 9.1μF

C1 is greater than 9.1 μF and it is assumed as 10 μF. Also C2 is
assumed same as C1

To sum up, the designed values from sections 5.4.1 and 5.4.2 for 80W
output from the proposed ICC are tabulated as shown in Table 5.1.

Table 5.1: Design values for the proposed ICC

parameter Values parameter Values
Vg 20V Vo -40V

L1a = L2a 0.38mH L1b = L2b 0.75mH
C1 = C2 10 μF Co1 = Co2 10 μF

RL 20 Ω fs 25 kHz
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5.5 Compensator Design - State Space

Averaged Model of Proposed ICC

The output voltage of the Proposed ICC, as per the design given in
Sec. 5.3 is stabilized using the feedback and the compensator shown
in Fig. 5.8. It can be seen that the scaled output voltage is sensed
and compared against the reference value. The error generated is
sent though the compensator, designed to ensure the gain and phase
margins required for the stabilization. The output DC signal of the
compensator is used to modulate the PSPWM to switch the power
supplies. Towards this, the derivation of the transfer function of the
compensator using the state averaged model is discussed below.
Though the approach is similar to what was discussed in Sec. 3.5,
considering the changes in the definition of the state vector and the
system matrices as a result of the change in topology, the subtle
differences in the derivation of the transfer functions are presented
below. As in the case of CCC, a type III compensator has been
included in the design here also. The detailed derivation of the state
space model for each mode of operation is given Appendix B.1.
Referring to Fig. 5.3, 5.4 and 5.5, the state variables are taken to be[
x(t)

]
=

[
i1a(t) i1b(t) i2a(t) i2b(t) vc1(t) vc2(t) vo1(t) vo2(t)

]T
where
i1a(t), i1b(t), i2a(t), i2b(t) are current through respective inductors and
vc1(t), vc2(t), vo1(t), vo2(t) are voltage across respective capacitors.

Defining the sate equation as
dx(t)

dt
= Ax(t) + Bu(t)

and y(t) = C x(t)+ E u(t)
The small signal ac model of the circuit [77] is given below.
dx̂(t)

dt
= Ax̂(t) +Bû(t) + (A1−A2)Xd̂1(t) + (A3−A4)Xd̂2(t) + (B1−
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B2)Ud̂1(t) + (B3 − B4)Ud̂2(t)
ŷ(t) = Cx̂(t) + Eû(t)
where the variables x̂(t), û(t), d̂(t) and ŷ(t) are small ac variations
bound to their quiescent steady state values X, U, d and Y respectively.

The A,B, C and E matrices are now defined as shown below,
corresponding to the different modes of operation:
A = A1 ∗ d1 + A2 ∗ d′1 + A3 ∗ d2 + A4 ∗ d′2.
B = B1 ∗ d1 +B2 ∗ d′1 +B3 ∗ d2 +B4 ∗ d′2.
CR1 = d1 ∗ Cmode1R1 + d′1 ∗ Cmode2R1 + d2 ∗ Cmode3R1 + d′2 ∗ Cmode4R1.
CR2 = d1 ∗ Cmode1R2 + d′1 ∗ Cmode2R2 + d2 ∗ Cmode3R2 + d′2 ∗ Cmode4R2

E = E1 ∗ d1 + E2 ∗ d′1 + E3 ∗ d2 + E4 ∗ d′2.
where d1 and d2 are duty ratios which vary from 0 to 0.5. Also
d′2 = 0.5− d2, d

′
1 = 0.5− d1, CR1 and CR2 are row1 and row2 in state

matrix C. Cmode1R1, Cmode2R2 etc are the second row matrices in
Mode-1, Mode-2 etc. Assuming that d1 = d2 = d, the state space
model then gets modified as
dx̂(t)

dt
= Ax̂(t) +Bû(t) + [(A1 −A2)X + (A3 −A4)X + (B1 −B2)U +

(B3 − B4)U ]d̂(t)

In this converter B1 = B2 = B3 = B4,C1 = C2 = C3 = C4, the state
equation in s-domain is

x̂(s) = (sI−A)−1Bû(s)+(sI−A)−1((A1−A2)X+(A3−A4)X)∗d̂(s)
(5.13)

And E1 =E2 =E3 =E3 = 0, the output equation is ŷ(s) = Cx̂(s)
Taking û(s) = 0 for constant input voltage hence the transfer function
of output to duty ratio d̂(s) can be modified as in equation (5.14)

ŷ(s) = C(sI − A)−1((A1 − A2)X + (A3 − A4)X) ∗ d̂(s) (5.14)
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The output voltage from second row of matrix (Appendix B.1) is given
by the equation (5.15).

v̂o(s) = CR2(sI − A)−1((A1 − A2) + (A3 − A4))X ∗ d̂(s) (5.15)

The transfer function of output voltage to duty ratio is given by the
Eqn. 5.16.

Gp(s) =
v̂o(s)

d̂(s)
= CR2(sI −A)−1[(A1 −A2) + (A3 −A4)]X (5.16)

where d̂(s) and v̂o(s) are small perturbations in the duty ratio and
output voltage respectively bound to their steady state values d and
Vo. (In practical designs, the variation of duty ratio d1 for switch S1

and d2 for switch S2 are limited to 50%, hence peak current of the
switches get reduced considerably.)

From Appendix B.1, the matrices A1 - A2 and A3 - A4 are evaluated
as given below

A1 - A2 =⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

rc1
L1a

0 0 0
1

L1a

0 0 0

0
rc1
L1b

0 0
1

L1b

0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

− 1

C1

− 1

C1

0 0 0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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A3 - A4 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

0 0
rc2
L2a

0 0
1

L2a

0 0

0 0 0
rc2
L2b

0 − 1

L2b

0 0

0 0 0 0 0 0 0 0

0 0 − 1

C2

1

C2

0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

By substituting values from Table (5.1) in the equation (5.16) and
multiplying also with modulator transfer function (Gm(s) =0.39, refer
section 3.5) then the open loop transfer function in s-domain is given
by Eqn. (5.17).

GpGm(s) =
(b1s

7 + b2s
6 + b3s

5 + b4s
4 + b5s

3 + b6s
2 + b7s+ b8)

(s8 + a1s7 + a2s6 + a3s5 + a4s4 + a5s3 + a6s2 + a7s+ a8)

(5.17)

where b1 = 8.32, b2 = 8.32 ∗ 108, b3 = 2.08 ∗ 1016, b4 = −2.812 ∗ 1018,
b5 = 1.012 ∗ 1024, b6 = −4.712 ∗ 1025, b7 = 1.227 ∗ 1031, b8 = 4.07 ∗ 1032
a1 = 5 ∗ 107, a2 = 7.996 ∗ 1008, a3 = 5.645 ∗ 1015, a4 = 2.095 ∗ 1017,
a5 = 1.804 ∗ 1023, a6 = 6.965 ∗ 1024, a7 = 1.771 ∗ 1030, a8 =
5.882 ∗ 1031.

The bode plot of the plant transfer function 5.17 is shown in Fig. (5.6).
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Fig. 5.6: Bode Plot of open loop ICC with modulator

5.6 Design of Type III Compensator

The phase margin is very low and the phase lag is to be up lifted by a
type III compensator, similar to section 3.5.1 for closed loop voltage
mode duty ratio control. The transfer function of the designed type
III compensator is given in the Eqn. (5.18),

Gc(s) = 2.65 ∗ 105 ∗ s2 + 2 ∗ 3952.1s+ 3952.12

s(s2 + 2 ∗ 77490s+ 774902)
(5.18)

which is used in digital controller for simulation and practical
validation. The convolution of equations 5.17 and 5.18 provide
overall transfer function of the compensated closed loop system. The
bode plot of the compensated system of ICC is shown in Fig. 5.7.
The complete closed loop system of ICC is stable with a phase
margin of 38.9◦ and gain margin of 16.5 dB. This type III is
compensator is used to produce PSPWM for triggering the switches
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Fig. 5.7: Bode plot of closed loop compensated system of ICC with phase
margin = 38.9◦

of ICC in closed loop. The amplitude of compensator output is
reduced to half, then this dc voltage is compared with triangular
signal to generate PWM for the switch S1. The pulse for switch S2 is
generated by phase shifting the pulse train of first PWM. Fig. 5.8
shows the realization scheme in closed loop, this scheme is simulated
in the section to follow:

5.7 Simulation of Proposed ICC in

Closed Loop

The Proposed ICC is simulated in closed loop with designed values
as shown in Table 5.1. The parasitic values of inductors and
capacitors are also considered while conducting simulation in
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Fig. 5.8: Block diagram for closed loop operation of the Proposed ICC for
simulation using type III compensator

MATLAB. In general is seen that the output voltage transient is
very low and the the ripple contents on load voltage and load current
are also low. The simulation scheme analyses the operation of
Proposed ICC in continuous conduction mode. Both output voltage
and output current are negative and hence the product is positive.
Hence converter is shown to operate in quadrant III, drawing power
from the source.

In the closed loop scheme, the output voltage is compared with set
value of -15V corresponding to a duty ratio d =d1 = d2 = 0.43, 0 < d
< 0.5. The error is processed in a type III digital compensator which
gives a DC signal, which in turn is compared with carrier signal to
generate the pulse train for triggering the switches at 25kHz.
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5.8 Results and Discussions

Fig. 5.9: The PSPWM scheme generated by closed loop control: S0 -
PWM for switch in CCC, S1 and S2 -PSPWM for switches S1 and S2 of
Proposed ICC

The pulse train is generated with a duty cycle of d = 0.43 in closed
loop. The pulses generated in closed loop from simulation is shown in
Fig. 5.9. The ON time of PWM pulse (refer Fig.5.2) is divided to two
equal halves and which is used to turn ON the switches. Referring to
Fig.5.8, the pulse is applied to the first switch S1 and a phase shifted
pulse is applied to the second switch S2. It is thus ensured that both
switches will never turn ON together. The OFF time is also divided
into two halves and which is used for conductions of respective diodes
D1 and D2. Referring to the timing diagram Fig. 5.2, the switches are
turned ON, one at a time, for a period of TON/2. After TON/2 period
both switches are in OFF position for the duration TOFF/2. At this
time diode D1 connected to the first switch circuit also conducts along
with the other diode D2 which was previously conducting. After T/2
the second switch S2 is turned ON for TON/2 period (and S1 remains
in OFF position). Thereafter both switches are again OFF when the
diode D2 of second switch circuit becomes forward biased. It can be
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observed from the waveforms in Fig.5.9 that both switches are not ON
together and there exists common OFF time for the switches.

The major performance indicators of the Proposed ICC are
summarized below from the measurement carried out on the
simulation:

5.8.1 Voltage

Fig. 5.10: Input voltage and Output voltage of Proposed ICC, the ripple
on output voltage Vo(ripple)=0.015V (1%)

The output of the Proposed ICC measured is shown in Fig.5.10. The
measured value of output voltage is -15V for an input voltage of 20V.
From the waveform shown in Fig.5.10, it can be seen that ripple
content on output voltage is very low. The settling time is
approximately 5ms and overshoot is nil. (The settling time of the
interleaved boost converter is 0.4 seconds [9]). The percentage of
ripple is 0.1% in the Proposed ICC, which is very much less
compared to 1.2% in case of CCC.
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5.8.2 Current

Fig. 5.11: The output current waveform of Proposed ICC in closed loop,
Io = 2A, the ripple on output current Io(rip) =0.002A

The output current shown in Fig. 5.11 indicates a low amount of
ripple content. The output current of -2A is measured for an output
resistor of 7.5Ω. As expected the Proposed ICC provides negative
output current. The ripple on output current is also shown in Fig.
5.11, which is only 0.1% as against the ripple obtained in the case of
simulation result of the CCC, where the ripple was 1.2%)

The waveforms of the current drawn from the source are shown in
Fig. 5.12. The input source current of 1.65A is seen to be drawn from
the source, to produce the required out current of -2A at -15 V. It is
interesting to see that the average value of inductor currents I1a and
I2a are 0.875A each The inductor current waveforms have ripple of
0.45A, which is similar to that of the CCC. But with the proposed
interleaved feature, the source current ripple has been brought down
further to 0.125A. The ripple on source current is thus 7.2% only, in
contrast to the o 27% of ripple content in CCC.
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Fig. 5.12: Source current and inductor current wave form for Proposed
ICC

Fig. 5.13: Ripple on source current and inductor current waveform for
Proposed ICC

The waveform of the ripple current alone shown in Fig.5.13 underscores
the superior performance of the Proposed ICC.

A current measurement block is inserted in series with MOSFET to
measure switching current. The switching current measured is shown
in Fig. 5.14. It can be seen that the peak current of switch in the
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proposed ICC is two times the load current (Io = -2A) for an output
voltage of -15V and is admirably less lesser than that in the switch
current of CCC.

Fig. 5.14: Switch current waveform for Proposed ICC

5.8.3 Transients

In order to study the effect of sudden variation in the input voltage,
the line transient is measured by changing input voltage from 17V to
23V at 15ms, after the start of simulation. The reference of the output
voltage was set to -12V. It was observed (Fig. 5.15a) that the output
voltage settles to set voltage of -12V, after a small transient settling
time of 5 ms with an overshoot is only 2 V. Noting that transient can
happen in response to the changes in input voltage as well as the load
current, the load transient is also measured by changing load current
from -1A to -2A at 15 ms. Here again the output voltage reference
point is set to -12V. It was observed (from Fig. 5.15 b) that the output
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Fig. 5.15: Line transient of Vg in Proposed ICC changes from 17V to 23V
at 15ms, Output voltage settles to -12V in 5ms,
Load transient of Proposed ICC Io changes from -1A to -2A at 15 ms ,
Output voltage settles to -12V in 8ms

voltage settles to -12 V after a small transient settling time of 5 ms.
The transient under shoot is only about 3 V.

5.9 Summary

The chapter repots the development of the Proposed Interleaved Cuk
Converter (Proposed ICC). The design is systematically evolved and
simulated using MATLAB in closed loop using type III compensator,
by maintaining the output voltage constant for line voltage changes
and load current variations. In order to maintain the load current
and output voltage, a digital z-domain compensator is designed and
implemented in the closed loop simulation. The design brings out
notable advantages against the CCC in respect of low switching
stress, stable output voltage and load current and admirably low

School of Engineering, CUSAT 107



Chapter 5

ripple at the input current and output voltage. The performance
improvement as above is convincingly demonstrated in the plots
given in Fig 5.9 to Fig. 5.15. The quick settling time, low over and
undershoot during transient behaviour also underscores the
improvement in the design of Proposed ICC. The findings from this
chapter is published [83] to substantiate analysis and development of
circuits towards Proposed ICC. The detailed hardware realization of
the Proposed ICC is presented in the chapter 6 to follow.
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Hardware Realization of Proposed
Interleaved Cuk Converter

6.1 Introduction

The Proposed ICC introduced and simulated in detail in chapter 5 has
been realized in hardware, which is discussed in the present Chapter.
All the components required for realization viz. the inductors and
capacitors are designed based on ripple current and voltage similar
to those in CCC (in Chapter 4). Current sensors LA55P is used to
measure source, inductor and output currents. The measured current
is scaled down as 1A=1V and plotted using 100MHz DSO. The output
voltage is scaled down by forming potential divider circuit, as required.

The Modified ICC along with FPGA digital controller is shown in
Fig.6.1. While realizing the hardware, the reference voltage is given
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Fig. 6.1: Block diagram for closed loop operation of Proposed ICC for
hardware

as hexadecimal value in SPARTAN 3-AN FPGA controller, where
the output voltage is taken as feedback the inbuilt ADC. The output
voltage is scaled down to a limited value of 3.3V suitable to ADC of
the controller.

The feedback voltage is compared with digital reference voltage to
generate error. The error is processed in a digital type III
compensator, emulated in FPGA controller using XILINX tool. The
DC output of compensator is compared with triangular signal to
generate the PSPWM required for switching. Thereafter, the
PSPWM is level shifted up using driver circuit to meet the hardware
requirements of realization.
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6.2 Selection of Components

As in the case of the hardware realization of CCC, discussed in
Chapter 4, the passive components were designed following the
standard approach. Table 6.1 summarizes the values of components,
that were arrived in Chapter 5 for realizing the Proposed ICC for
80W output. It may be noted that while standard values of
capacitors are taken, the inductor is realized by winding the SWG
copper wire on E-55 core to get required value of inductance.

Table 6.1: Designed values for the closed loop control of ICC

parameter Values parameter Values
Vg 20 V Vo -40 V

L1a = L2a 0.38mH L1b = L2b 0.75mH
C1 = C2 10uF Co1 = Co2 22uF

RL 7.5 Ω fs 25 kHz

It can be seen from Table 6.1 that the practical values used for Co1

and Co2 are 22 μF, in deviation to the designed values arrived in Sec.
5.4.2. Referring to Fig. 6.1, the number of turns are designed [81] for
L1a = 0.38mH and L1b = 0.75mH as follows. The area product of the
core is given by the equation (6.1).

Ap = Ac ∗ Aw =
LIpIrms

kwBmJ
(6.1)

where Ac - Area of core (mm2), Aw - Area of window(mm2).
L - Inductance in (H), Ip -Peak current (A), kw=window factor
Irms -RMS current (A) J - Current density, Bm - Maximum flux density
The number of turns (N) of wire required to be wound to get the
required inductance L1a = 0.38mH, is given by the standard formula,

N =

√
L1a ∗ lg

μo ∗ μr ∗ A (6.2)

School of Engineering, CUSAT 111



Chapter 6

where lg = length of air gap of the core, μ = μoμr = permeability and
Ap is given in Eqn. 6.2. For the value of Ip is taken as 5A, Irms =
3.54 A. Assuming current density J = 3A/ m2, Kw = 1mm, Bm =
0.3T, the area of conductor to be wound is given by ac = 3.54/3 =
1.18 mm2. Choosing the SWG 22 wire, the conductor gives an area of
0.397 mm2 and so 3 wires are wound to realize the area of 1.18 mm2.
The present design has used the standard value of the area of the core,
from the data sheet [84], for the ferrite core E-55 to get Ap = 353 *
10-6 mm2, (instead of using Eqn. 6.1). Finally, choosing lg = 1mm,
the number of turns is calculated from Eqn. 6.3, as N = 29, to give
the required inductance value of 0.38 mH.

N =

√
0.38 ∗ 10−3 ∗ 1 ∗ 10−3
4π10−7 ∗ 353 ∗ 10−6 = 29Turns (6.3)

Similarly, the inductance of L1b = 0.75 mH, the number of turn works
out to be 42.

N =

√
0.75 ∗ 10−3 ∗ 1 ∗ 10−3
4π10−7 ∗ 353 ∗ 10−6 = 42Turns (6.4)

6.3 Hardware Realization of the

Proposed ICC

The photograph of hardware is shown in Fig. 6.2.
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Fig. 6.2: Photo: Experimental setup of Proposed ICC along with Altium
FPGA board and XILINX software

A 30V, 5A DC source is used to give an input voltage of 20V to the
circuit of Proposed ICC. A 100Ω, 5A variable rheostat is used along
with SPST mechanical switch to measure the load transient. The
rheostat is varied to note the observations at different load currents
by keeping the DC source voltage constant.

Standard instruments like digital multimeter, analog ammeters,
analog voltmeters and DSO are used to take the observations from
the circuit realized. Also the current is measured by the sensor the
circuit prepared using LA55P sensor.
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6.4 Measurements from Hardware

Realized at an Output -15V, - 2A

Fig. 6.3: PSPWM generated in hardware set-up for ICC

The PWM pulse required for switching is derived from the deviation
of the voltage fed back from output and the reference voltage set.
For this, the feedback voltage is scaled to a ratio of 10kΩ/100kΩ and
is given to the input of ADC of FPGA controller. The reference
voltage is entered manually in hexadecimal code to the controller.
The type III compensator designed in Sec. 5.5, is realized in the
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FPGA modulator to process the error required to produce the PWM
pulse train. The PWM pulse train is divided to two halves and is
applied to two switches, in order to alternatively trigger ON switches
in either legs of the Proposed ICC. The Phase Shifted PWM pulse is
shown in Fig. 6.3.

The performance of the hardware realized is assessed by observing

1. the voltages and currents at the input and output ,

2. the switching stress

3. transient behaviour and

4. over all efficiency,

there by confirming the association with the simulation.

6.4.1 Voltage

The proposed ICC is tested by applying an input voltage of 20V (from
a 30V, 5A power supply). The steady state output voltage measured
on the oscilloscope is shown in Fig. 6.4 as -15V (in red) at output load
current of -2A. The input voltage of 20 V is shown in blue. However,
on a finer measurement scale, it is seen that the output voltage has
a certain amount of ripple. As shown in Fig. 6.4 (in the inset), the
ripple on output voltage of -15V, at a load current -2A is measured
as 400mV, which is works out to be 2.7% which is very less than in
comparison with the CCC. In the case of CCC, ripple was 700mV, i.e.
4.5% under similar conditions.
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Fig. 6.4: For the input voltage of 20V (shown as blue), the steady state
output voltage is measured as -15V (in red) at -2A output load current,
Ripple content on output voltage of ICC (shown as red in inset) at -15V is
400mV

6.4.2 Current

The waveform of the input and output current are shown in Fig. 6.5.
With a resistive load of 7.5Ω connected across -15V output, the
converter produces an output current of -2A, while drawing an input
current of 1.83A. Current sensors are used to measure input and
output currents. For this the current sensor is scaled to measure 1A
as 1V on the Oscilloscope . The ripple on the output current shown
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Fig. 6.5: Input(amber), input inductor (blue and violet) and output
(green) currents of ICC

in Fig. 6.5 measures as 100mA (in green), which is 5% (0.1/2) at the
measured output current of -2A. This also may be contrasted with
the ripple on the output current of CCC. The ripple for the
corresponding input current of 1.83A is 100mA (in amber), which is
5.5% (0.12/1.8) of the measured current. Hence the ripple on the
source current has substantially come down from 400mA (27% in
CCC) to 100mA, 5.5%in the proposed ICC. It is interesting to note
that the individual inductor current still remain at 400mA.

The switch current of Proposed ICC, primarily responsible for energy
transfer from input to output, is shown in Fig.6.6. The switching pulse
train has a period of 40 μs and a pulse width of 18 μs for the switches
S1 and S2. The peak value of switch current of ICC as observed in
DSO is 4A at an output of -15V, -2A, which is twice the value of load
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Fig. 6.6: Switch Current of Proposed ICC. The maximum value is 4A

current. However, it can be seen that the switch current of Proposed
ICC is 38% lower than that of CCC. The reduction in switch current
helps to reduce the size of the switching devices and also simplify the
cooling arrangements.

6.4.3 Transients

Fig. 6.7 illustrates the transient behaviour of the Proposed ICC. The
response of the Proposed ICC in the closed loop, to input line transient
is measured by suddenly applying input voltage of 20V (in red). It
can be seen that the output voltage (in blue) settles to the set value
of -15V, within a settling time of 4ms without any overshoot. On the
other hand the settling time is 125ms in CCC, which reconfirms the
improved performance of the Proposed ICC.
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Fig. 6.7: Line transient of ICC at an output of -15V

Fig. 6.8: load transient of ICC, in terms of output and input currents
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The transient behaviour as seen from the load side is shown in Fig.
6.8. The load current (in green) has a change from -1A to -2.0A and
input current (in amber) made a change from 1A to 1.8A. The settling
time is approximately 125ms.

6.4.4 Efficiency

The measurement values of input and output voltages and currents
are tabulated in Table 6.2. In order to plot the efficiency curve over a

Table 6.2: Efficiency of ICC converter at fs = 25kHz

Vg (V) Ig (A) Vo (V) Io (A) Effi (%)
20.1 0.34 -12 -0.5 87
20 0.7 -12 -1.04 88.6
20 1.01 -12 -1.59 94.1
20 1.27 -12 -1.98 93.5
20 1.66 -12 -2.6 93.97
20 1.92 -11.9 -3.03 92.9
20 2.22 -11.7 -3.5 92.2
20 2.75 -11.5 -4.2 87.8

range of load currents, the load current is varied from -0.5A to -4A, by
keeping the input voltage constant. The output voltage, input current
and output current are measured. The efficiency is calculated as the
ratio of output power to input power. From the Table 6.2, it can be
seen that the output voltage regulation is tight for the load current
variations. The efficiency curve, shown in Fig.6.9, is nearly flat , with
the highest efficiency being 94%. The average efficiency is found as
91% for Proposed ICC in practical validation. Table 6.3 brings out the
correspondence of the facts mentioned in the simulations and hardware
realization.
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Fig. 6.9: Efficiency curve for ICC

Table 6.3: Results for Proposed ICC at fs = 25kHz,d=0.43

parameter Simulation Resutls Experimental Results
Vg 20v 20v
Vo -15v -15v
Ig 1.7A 1.83A
Io -2A -2.06A
Igrip 125mA (7.2%) 100mA (5.5%)
Iorip 2mA (0.1%) 100mA (5%)
Vorip 0.015V (0.1%) 0.4 (2.7%)
Iswpk

2.8A 4A
Line Transient 5ms 10ms
Load Transient 5ms 125ms

Efficiency – 91%
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In the Table 6.3 the parameters Igrip, Iorip, Vorip and Iswpk

respectively represents ripple on source current, ripple on output
current, ripple on output voltage and peak value of switch current.
The simulation and hardware results have slight variations in values
since the parasitic resistance values for each energy storage elements
are assumed in simulation, but actual values are practically
considered in hardware validation.

The comparison with the Table 6.4 clearly underscores the improved
performance of the Proposed ICC over the CCC, in respect of ripple
currents, switch currents, line and load transients, though both the
topologies offer similar behavior in respect of regulation and flatness
of the efficiency curve.

Table 6.4: Comparison of CCC and Proposed ICC - Hardware at Vg = 20
V, Vo = -15 V, Io = -2 A, Ig = 1.8 A, fs = 25 kHz

Parameter CCC Proposed ICC

Ig(rip) 400 mA (22.2%) 100 mA (5.5%)

Vo(rip) 1.08 V( 7%) 400mV (2.7%)

Io(rip) 100 mA (5% ) 100 mA (5% )

Line transient 125 mS 4 ms

Load transient 400 ms 125 ms

Efficiency 89% 91%

6.5 Summary

The present chapter has brought out the details of the hardware
realization of the Proposed ICC, with the PSPWM switching
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sequence, corresponding to buck mode of operation i.e. at -15V, -2A
output. From the observations made out of detailed measurements of
steady state and transient behaviour of both input and output
voltages, it is demonstrated that the proposed design outperforms
the CCC. It is interesting to note that the ripple content on the
source side current is high about 5% for an output voltage of -15V,
while the peak current of the switch is reduced by 31% when the
converter operates with duty ratio less than 0.5. Further the
efficiency is not sacrificed while attempting to reduce input current
ripple. The average efficiency, over 91% is noted in hardware for the
Proposed ICC, is high, which remains flat for an appreciable
variation of load current. The findings from practical validation of
Proposed ICC is published [85] - [86] to substantiate the simulation
results. The converter characteristics of Proposed ICC is limited to
buck operation due to ripple building issues, a modified topology is
presented in the next chapter to address this issue and provide boost
operation.
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Chapter 7
Modification on Proposed
Interleaved Cuk Converter

7.1 Introduction

Though a Conventional Cuk Converter (CCC) reduces ripple current
on input and output sides compared to that of basic DC-DC
converters following the viz. buck, boost and buck boost topologies,
it is shown that the Proposed ICC, introduced in Chapter 5, achieves
substantial reduction in ripple content and switching stress, of course
for a duty ratio below 50%. But in the Proposed ICC also, the duty
ratio above 50% required for boost operation does not yield adequate
ripple cancellation and so results in ripple building issues because of
increases of switching stress. Increase in switch stress in turn pushes
up the temperature, demanding adequate cooling arrangement at
extra cost. Naturally, this shortens the life of switch as well.
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In order to achieve boost operation avoiding switching with duty
ratio beyond 50%, a modified topology is proposed in the present
Chapter. Accordingly, the output voltage will be sum of individual
interleaved outputs. The Modified Interleaved Cuk Converter
(Modified ICC) is demonstrated to overcome draw backs of ICC and
its extensions introduced earlier in the thesis. The Modified ICC
delivers a step-up of input voltage, while operating with a low duty
ratio less than 0.5. Reducing the switching current noticeably, the
converter is also capable of providing multiple output voltages with
different magnitudes i.e. two outputs are directly from interleaved
circuits and the third, which is greater than input voltage, is sum of
these two interleaved outputs.

The reduction in switch current, which forms the crux of the
development of the Modified ICC, comes from the PSPWM
technique, used for triggering the switches. The PWM is divided into
two halves so that the first switch is operated during first half cycle
and second switch in second half cycle in Modified ICC. As a result,
the switching current reset to zero on every ON time of half cycles
thereby decreasing the rise of peak current of switch considerably in
Modified ICC configuration. In contrast, in a CCC the switch is
reset to zero on every ON time of the full cycles, throughout the
circuit also uses the PWM technique .

7.2 Modified Interleaved Cuk Converter

(Modified ICC)

As in the case of the proposed ICC, the Modified ICC, shown in
Fig.7.1a, also consists of four inductors, four capacitors, two switches
and two diodes, along with single DC source. The Proposed ICC
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circuit (earlier shown in Fig. 5.1) is also shown in Fig. 7.1b for
comparison, where the following components are directly grounded:
the switch S2, the Diode D2 and the Capacitor Co2. In the Proposed
ICC the output capacitors are parallel and they provide parallel
output voltages with same magnitude. But in the Modified ICC

(a) Modified ICC circuit diagram
developed from Proposed ICC

(b) Proposed ICC circuit diagram
reproduced from Fig. 5.1

Fig. 7.1: Circuit diagrams of Proposed ICC and Modified ICC

shown in Fig. 7.1a, the second switch S2 and second diode D2,
connected through S1, touch the ground, only when S1 is ON, or
through D1 otherwise. However, the first switch S1 and the first
diode D1 are directly connected to the ground in the Modified ICC.
As was indicated earlier in the Chapter 5, the PSPWM technique is
used to trigger the switches S1 and S2.

In this circuit the input side is connected with a single source and
the output side is connected in series to add up voltage across
capacitors. As a result the modification on topology provides output
voltage three times the input voltage at a duty ratio of 0.5. As the
output filter capacitors are different potentials, they provide two
variable output voltages. Thus the modified circuit provides three
variable output voltages. The circuit operates identically in two half
cycles of a given cycle. The detailed analysis of the Modified ICC,
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shown in the Fig.7.1a, is carried out under ON and OFF conditions
of switches as discussed below.

7.3 Derivation of Output Voltage of

Modified ICC

Fig. 7.2: Waveforms of PSPWM technique for Modified ICC: VPWM =
gate voltage of switch of CCC; VS1 and VS2 gate voltages of the two legs
of Modified ICC; i1a and i2a : current through inductors L1a and L2a; ig:
source current of Modified ICC
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The PSPWM scheme to trigger the switches S1 and S2 of Modified
ICC is shown in Fig. 7.2. Also charging and discharging current of
energy storage inductors along with source current waveform is shown.
During t1 = d1Ts period (Fig.7.2), the switch S1 is turned ON, when
inductor current i1a rises from initial value I11 and reaches to peak
value I12. At t1 switch S1 opens and inductor L1a starts discharging
from I12 through t2 till the end of cycle t4. Here the common OFF
time is given by t2 - t1 = (1− d1)Ts/2. Similary on next half cycle,
at t= t2 switch S2 is turned ON and inductor current i2a rises from
I21 and reaches to peak value I22. At t = t3 the switch S2 opens and
inductor L2a starts discharging through t4, here again the common
OFF time is given by t4 − t3 = (1 − d2)Ts/2. The cycle is thereafter
repeated with PSPWM technique, such that Ts = TON + TOFF . Here
d1 and d2 represent duty ratios of switches S1 and S2 respectively for
0 < {d1, d2} < 0.5.

The detailed operation of the circuit is discussed below in four modes
(Refer Fig. 7.2). Initially the capacitor C1 and Co2 are assumed as
in charged state. Also assume that the filter inductor L1b and energy
storage inductor L2a are in charged state.

7.3.1 Mode 1 - S1 ON and S2 OFF (to to t1)

Fig. 7.3 illustrates the state of the circuit of the converter when
switches S1 is ON and S2 is OFF. When inductor L1a charges, at the
same time inductor L2a discharges, as shown in Fig.7.2. The
capacitor C1 discharges through S1 in the circuit, completes with
Co1, L1b and through the load RL. The energy stored in the
capacitor C1 transfers to the load. The capacitor Co1 charges and L1b

discharges. Also Co2 discharges and hence L2b charges. In this mode
the previously charged inductor L2a discharges and C2 is charged.

School of Engineering, CUSAT 129



Chapter 7

Table 7.1: Status of elements during transition periods; FB- Forward
Bias, RB-Reverse Bias.

Modes Status of Switch
and Diodes

Period Charging Discharging

Mode-1 S1 ON, S2 OFF t0 to t1 L1a, L2b, C1, Co2,
D1-RB, D2-FB C2, Co1 L2a, L1b

Mode-2 S1 OFF, S2 OFF t1 to t2 C1, C2, L1a,L2a,
D1-FB, D2-FB C02, L1b Co1, L2b

Mode-3 S1 OFF, S2 ON t2 to t3 L2a, L1b, C2, Co1,
D1-FB, D2-RB C1, Co2 L1a, L2b

Mode-4 S1 OFF, S2 OFF t3 to t4 C1, C2, L1a, L2a,
D1-FB, D2-FB Co2, L1b Co1, L2b

The charging and discharging elements are shown in Table 7.1.

The voltage across inductors L1a, L1b, L2a and L2b is given by Eqn.
(7.1).

L1a
di1a
dt

= Vg

L1b
di1b
dt

= Vc1 − Vo1

L2a
di2a
dt

= Vg + Vc1 − Vc2

L2b
di2b
dt

= Vc1 − Vo1 − Vo2

(7.1)

130 School of Engineering, CUSAT



Chapter 7

Fig. 7.3: Modified ICC circuit diagram when S1 is ON and S2 is OFF (D1

RB : Diode 1 Reverse Biased)

7.3.2 Mode 2 - S1 OFF and S2 OFF (t1 − t2)

When both switches S1 and S2 are in OFF state as shown in Fig.7.4,
both inductors L1a and L2a are discharging. The stored energy in
inductors transfers to capacitors C1 and C2. So the capacitor Co1

discharges, which charges L1b and Co2. At the same time inductors
L1b and L2b discharges as shown in Fig.7.2 and transfers energy to
load. The charging and discharging elements are shown in Table 7.1.

The voltage across all inductors L1a, L1b, L2a and L2b are given by
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Fig. 7.4: Circuit diagram of Modified ICC when both switches are in OFF
state

equations (7.2)

L1a
di1a
dt

= Vg − Vc1

L1b
di1b
dt

= −Vo1

L2a
di2a
dt

= Vg − Vc2

L2b
di2b
dt

= −Vo1 − Vo2

(7.2)
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7.3.3 Mode 3 - S1 OFF and S2 ON (t2 − t3)

Fig. 7.5 illustrates the equivalent circuit of Mode 3. During this
period, the charging and discharging process as shown in Table 7.1
takes place by closing the switch S2. The charging elements are C1,
Co2, L1b and L2a. Also the discharging elements are L1a, Co1, L2b and
C2. As the switch S2 is closed, the current through Inductor L2a

increases and it stores energy as shown in Fig.7.2. Also at the same
time the transferring of stored energy from L1a to C1 continues and
capacitor C1 remains charging. The capacitor C2 discharges through
S2, Co1, L2b and RL, transferring the stored energy in the capacitor to
the load.

Fig. 7.5: Circuit diagram of Modified ICC when S1 is OFF and S2 is ON
(D2 RB: Diode 2 Reverse Biased)

School of Engineering, CUSAT 133



Chapter 7

The voltage across all inductors L1a, L1b, L2a and L2b is given Eqn.
(7.3).

L1a
di1a
dt

= Vg − Vc1

L1b
di1b
dt

= −Vo1

L2a
di2a
dt

= Vg

L2b
di2b
dt

= Vc2 − Vo1 − Vo2

(7.3)

7.3.4 Mode 4 - S1 and S2 OFF (t3 − t4)

When both switches are in OFF states, the circuit operates as shown
in Fig.7.4. The operation is same as Sec. 7.3.2 and with this Mode, a
switching cycle is completed. In this mode the charging and
discharging, as illustrated by the waveforms of inductor currents, in
Fig.7.2.

It may be noted that in any switching converters under steady state,
the net change in inductor current over one complete switching period
must be zero. Therefore the volt-sec balance to the inductor L1a for
the equations (7.1), (7.2) and (7.3) from Mode 1 to 4, is given by Eqn.
(7.4)

Vgd1+(Vg−Vc1)(0.5−d1)+(Vg−Vc1)(d2)+(Vg−Vc1)(0.5−d2) = 0 (7.4)

From the Eqn. (7.4),

Vc1 =
Vg

(1− d1)
(7.5)
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From the relations of the voltage across inductor L1bdib/dt, described
in all the four modes from Mode 1 to 4 (i.e from equations (7.1), (7.2)
and (7.3)), the volt-sec balance is given by Eqn. (7.6)

(Vc1− Vo1)d1− Vo1(0.5− d1)− Vo1(d2)− (Vo1)(0.5− d2) = 0 (7.6)

Substituting the Eqn. (7.5) in equation(7.6) results one of the
interleaved output voltage as in the Eqn. (7.7).

Vo1 =
d1Vg

(1− d1)
(7.7)

Similarly for inductor voltage equations (7.1), (7.2) and (7.3) from
Mode1 to 4, the volt-sec balance is given by Eqn. (7.8)

(Vg+Vc1−Vc2)d1+(Vg−Vc2)(0.5−d1)+Vg(d2)+(Vg−Vc2)(0.5−d2) = 0

(7.8)

Substituting Eqn. (7.5) in the Eqn. (7.8) to obtain voltage across
capacitor C2,

Vc2 =
Vg

(1− d1)(1− d2)
(7.9)

Further the equations (7.1), (7.2) and (7.3) for the inductor L2b, from
Mode1 to 4 yields the volt-sec balance as given in Eqn. (7.10)

(Vc1 − Vo1 − Vo2)d1 − (Vo1 + Vo2)(0.5− d1) + (Vc2 − Vo1 − Vo2)(d2)

−(Vo1 + Vo2)(0.5− d2) = 0

(7.10)

The second interleaved output voltage Vo2, as shown in Eqn. 7.11, is
obtained after substituting equations (7.5), (7.7) and (7.9) in the Eqn.
(7.10).

Vo2 =
Vgd2

(1− d1)(1− d2)
(7.11)
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Adding the two voltages Vo1 and Vo2, results in the output voltage Vo

of the Modified ICC circuit, given by the Eqn. (7.12).

Vo = −(Vo1 + Vo2) (7.12)

Substituting equations (7.7) and (7.11) in Eqn. (7.12), the expression
for output voltage of Modified ICC is given by the Eqn. (7.13).

Vo = − d1Vg

(1− d1)
− d2Vg

(1− d1)(1− d2)
(7.13)

The Eqn. 7.13 can be controlled for constant output voltage Vo by
varying duty ratios d1 and d2. The interleaved output voltages Vo1 and
Vo2 are having different magnitudes according to the equations 7.7 and
7.11, but the Proposed ICC produces identical parallel outputs. The
second phase interleaved circuit is connected to the ground through
the switch S1 or the diode D1, which produces different magnitudes for
two interleaved output voltages. Here the output capacitors are series
and hence third output voltage is sum of two interleaved outputs. All
three output voltages and currents with negative polarity, which falls
into quadrant III operation. The buck and boost operations possible
with output voltage Eqn. 7.13. Assume that d1 = d2=d, 0 < d < 0.5
then the Eqn. 7.13 can be modified as,

Vo =
(d2 − 2d)Vg

(1− d)2
(7.14)

The operation of the Modified ICC is tabulated in Table 7.2 for various
duty ratios. The output voltage increases as the duty ratio increases
according to the Eqn. 7.13.
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Table 7.2: Output Voltage according to Eqn. 7.13 for Modified ICC when
the input voltage is Vg

Duty Ratio Output Voltage Types of Operation

0.1 -0.23 Vg buck

0.2 -0.56Vg buck

0.3 -1.04Vg boost

0.4 -1.77Vg boost

7.4 Calculation of Ripple Currents of

Modified ICC

In practical realization of the Modified ICC, as shown in Fig.7.6, the
circuit uses MOSFET switches, S1 and S2, high frequency ultrafast
recovery diodes D1 and D2, are assumed to be ideal. But the
inductors L1a, L1b, L2a and L2b, have their series resistances r1a, r1b,
r2a and r2b respectively, while the capacitors C1, C2, Co1 and Co2 also
have the equivalent resistances rc1,rc2, ro1 and ro2, shown in series,
respectively. The average input voltage applied is Vg, the
instantaneous input current flowing is denoted as ig. Similarly, the
average output voltage Vo is measured across a load resistance of RL,
and the instantaneous output current is denoted as io. The
capacitors C1 and C2 act as primary means of storing and
transferring energy from the input to the output. The average
inductor voltages VL1a, VL1b, VL2a and VL2b are zero at steady state
and are used effectively in formulating the output voltage equation
by volt-second balance. The capacitors C1 and C2 are designed in
such a way that it transfers energy from input to provide the
constant voltage.

School of Engineering, CUSAT 137



Chapter 7

Fig. 7.6: Practical circuit diagram of Modified ICC

138 School of Engineering, CUSAT



Chapter 7

7.4.1 Mode 1 - S1 ON and S2 OFF (t0 to t1)

Fig. 7.7: The circuit diagram of Modified ICC when S1 ON and S2 OFF

The practical circuit diagram for the case when the switch when S1

ON and S2 OFF is shown in Fig.7.7. In this mode inductor L1a is
charging through the switch S1. Also in the lower half of the circuit,
the capacitor Co1 is charging and inductor L1b is discharging and
capacitor C1 is discharging. The inductor L2a is discharging and
capacitor C2 is charging through diode D2, C1 and switch S1 to the
ground. At the same time, the capacitor Co2 is discharging and
inductor L2b is charging, again through diode D2, C1 and also the
switch S1 to the ground. The PSPWM pulse sequence generated in
Fig.7.2 triggers the MOSFET switches. The ripple current produced
in the Modified ICC is derived to show that the ripple is much less
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compared to the Proposed ICC. The Modified ICC produces less
amount of ripple compared to that of CCC.

In Mode-1 when switch S1 is turned ON as shown in Fig.7.7, the
inductors L1a is charged and L2a is discharged simultaneously. The
load current is assumed to be constant and flows in negative direction.
The rise and fall of the inductor currents i1a and i2a, respectively are
assumed to be linear. Now the ripple current on inductor L1a and L2a

during Mode-1 is described by equations below

ΔIL1a1ON
= (t1 − t0)(Vg − r1ai1a)/L1a (7.15)

ΔIL2a1ON
=

(t1 − t0)

L2a

[Vg + Vc1 − Vc2 − rc1(i1b + i2b)− (r2a + rc1 + rc2)i2a]

(7.16)

The ripple content on source current during Mode-1 is given by Eqn.
(7.17), assuming L1a = L2a = La also neglecting parasitic resistances,

ΔIg1ON
= ΔIL2a1ON

−ΔIL1a1ON
= (t1 − t0)(Vc1 − Vc2)/La (7.17)

The ON time t1 − t0 is very low value (as duty ratio is always < 0.5)
compared to that of CCC, hence the ripple current become very low.
Also by controlling the inductor value ripple current can be reduced.
The ripple content on load side by neglecting parasitic resistance values
are given by equations (7.18) and (7.19)

ΔIL1b1ON
= (t1 − t0)(Vc1 − Vo1)/L1b (7.18)

ΔIL2b1ON
= (t1 − t0)(Vc1 − Vo1 − Vo2)/L2b (7.19)

where ΔIL1a1ON
,ΔIL1b1ON

,ΔIL2a1ON
and ΔIL2b1ON

are ripple content
on current I1a, I1b, I2a and I2b respectively.
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7.4.2 Mode 2 - S1 OFF and S2 OFF (t1 to t2)

Fig. 7.8: The Circuit diagram of Modified ICC when S1 and S2 are OFF

The practical circuit diagram for the switches, when S1 and S2 OFF,
is shown in Fig.7.8. In this mode, inductor L1a and L2a are
discharging through the switch D1 and D2. Also the capacitor Co1 is
discharging and inductor L1b is charging and both the capacitors C1

and C2 are charging, through diodes D2, D1 to ground. The
capacitor Co2 is charging and inductor L2b is discharging through
diodes D2, D1 connected to ground. Assuming inductor current to
be falling linearly and neglecting parasitic resistances, the ripple
current on source side is given by the equations (7.20), to (7.21)

ΔIL1a1,2OFF
= (t2 − t1)(Vg − Vc1)/L1a (7.20)
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ΔIL2a1,2OFF
= (t2 − t1)(Vg − Vc2)/L2a (7.21)

The net ripple content on source current is given by the Eqn. (7.22).

ΔIg1,2OFF
= ΔIL2a1,2OFF

−ΔIL1a1,2OFF
= (t2−t1)(−Vc2+Vc1)/L2a (7.22)

Here again the ripple content source is very low since the duty ratio is
always less than 0.5 and the OFF time (t2 − t1) is very low. Further
reduction in ripple content can be achieved by controlling the inductor
values ripple content can be reduced. The ripple content on load side
current is given by equations (7.23) and (7.24).

ΔIL1b1,2OFF
= −(t2 − t1)Vo1/L1b (7.23)

ΔIL2b1,2OFF
= −(t2 − t1)(Vo1 + Vo2)/L2b (7.24)

The ripple on load side can be controlled by the inductor values of L1b

and L2b.
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7.4.3 Mode 3 - S1 OFF and S2 ON (t2 to t3)

Fig. 7.9: The Circuit diagram of practical Modified ICC when S1 OFF
and S2 ON (D2 RB : Diode 2 Reverse Biased)

The effective circuit diagram for the switch when S1 OFF and S2 ON
is shown in Fig.7.9. In this mode, the inductor L1a is discharging
and capacitor C1 is charging through the diode D1. Also inductor
L1b is charging to discharge the capacitor Co1. At the same time,
the inductor L2a is charging through switch S2 and diode D1. The
capacitor Co2 is charging, sending current through the inductor L2b

and the capacitor C2 is discharging through diode D1 to the ground.
Assuming that the inductor currents i1a and i2a are assumed to be
respectively falling and rising linearly, the ripple current, by neglecting
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parasitic resistances, is given by equations (7.25), to (7.26)

ΔIL1a2ON
= (t3 − t2)(Vg − Vc1)/L1a (7.25)

ΔIL2a2ON
= (t3 − t2)Vg/L2a (7.26)

The net ripple content on source current during Mode-3 is given by
the Eqn. (7.27)

ΔIg2ON
= ΔIL2a2ON

−ΔIL1a2ON
= (t3 − t2)Vc1/L2a (7.27)

For the same case, the load side ripple current is given by the equations
(7.28) and (7.29).

ΔIL1b2ON
= −(t3 − t2)Vo1/L1b (7.28)

ΔIL2b2ON
= (t3 − t2)(Vc2 − Vo1 − Vo2)/L2b (7.29)

The ripple on output current can be controlled by varying ON time of
switch S2 and also with help of inductor values of L1b and L2b.

7.4.4 Mode 4 - S1 and S2 OFF (t3 to t4)

The effective circuit diagram for Mode-4 is same as that shown in
Fig.7.8 and hence the switching behaviour is exactly similar to what
was explained in Sec. 7.4.2 The expression for source and load ripple
currents are also similar to what was given all Eqn. 7.20 to 7.24.

In all the expressions of the ripple current in Sec. 7.4.1 to 7.4.4, it may
be noted that the ON times t1 - t0 and t3 - t2 and the OFF times t2 -
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t1 and t4 - t3, are very small for the duty ratio of the Modified ICC,
which is always < 0.5, as against that of CCC. This results in low
value of switch current stress and ripple current. Also by controlling
the inductor values in the expression for the source and load ripple,
the ripple current can be further reduced. Accordingly the Modified
ICC can promise to perform much better than the CCC

7.5 Design of Components

The components, L1a, L2a, L1b, L2b, C1, C2, Co1 and Co2 of Modified
ICC, described in Fig. 7.6 are designed [4] systematically for -40V,
80W output similar to Sec. 5.4. The design approach is very much
similar to Sec. 5.4.2 and the Modified ICC is realized by adapting
same components of ICC. The designed components for 80W output
is tabulated in Table. 7.3.

Table 7.3: Design values for Modified ICC

parameter Values parameter Values
Vg 20V Vo -40V

L1a, L2a 0.375 mH L1b, L2b 0.75mH
C1, C2 10uF Co1, Co2 10uF
RL 20 Ω fs 25 kHz
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7.6 Compensator Design - State Space

Averaged Model of Modified ICC

In order to guarantee stable operation of the Modified ICC, it is
imperative that control through the PSPWM pulse train is derived
from the error that is fed back from the output voltage and the set
voltage. The transfer function of the Modified ICC is therefore
derived, further to asses the requirement of the compensation
required in the feed back path. Towards this, the state space analysis
[82] of the Modified ICC in all the four modes are carried out. For
the state variable analysis, the state variables are defined below:
i1a(t)- current through inductor L1a,
i1b(t)- current through inductor L1lb,
i2a(t) - current through inductor L2a,
i2b(t)- current through inductor L2b,
vc1(t)- voltage across capacitor C1,
vc2(t)- voltage across output capacitor C2,
vo1(t), voltage across capacitor Co1 and
vo2(t)- voltage across output capacitor Co2.
And the output variables are
ig(t)- current through the source and
vo(t)- voltage across load resistance.

The Modified ICC in continuous conduction mode can be modeled
using state space averaging (SSA) technique as follows. The derivation
of the state space model for all the four modes are summarized in
Appendix C. The state matrices, to be included in the SSA model, are
to be taken from the Appendix C in each of the modes are tabulated
below.

The discussions in this section has lot of similarity to section 5.5, and
hence only the subtle changes pertaining to the Modified ICC alone
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Table 7.4: State matrices for four modes of operation of Modified ICC

Operation State Matrices

Mode 1 A1, B1, C1

Mode 2 A2, B2, C2

Mode 3 A3, B3, C3

Mode 4 A4, B4, C4

are discussed here. The plant transfer function is given by Eqn. 7.30,

Gp(s) =
v̂(s)

d̂(s)
= Cm2(sI −A)−1((A1 −A2) + (A3 −A4))X (7.30)

Where v̂(S) and d̂(S) are slight variations in the output voltage and
duty cycle respectively, with respect to steady state values Vo and d
the duty ratio. Also the variable Cm2 is second row of output matrix,
which is the equation for output voltage as described in Appendix C,

Cm2 = d1∗Cmode1mR2+d′1∗Cmode2mR2+d2∗Cmode3mR2+d′2∗Cmode4mR2

(7.31)

The matrices A1 - A2 and A3 - A4 are evaluated from the components
of the circuit as given below:
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A1 - A2 =⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

rc1
L1a

0 0 0
1

L1a

0 0 0

0
rc1
L1b

− rc1
L1b

− rc1
L1b

1

L1b

0 0 0

0 − rc1
L2a

− rc1
L2a

− rc1
L2a

1

L2a

0 0 0

0 − rc1
L2b

− rc1
L2b

− rc1
L2b

1

L2b

0 0 0

− 1

C1

− 1

C1

− 1

C1

− 1

C1

0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

A3 - A4 =⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

0 0
rc2
L2a

0 0
1

L2a

0 0

0 0 0 − rc2
L2b

0
1

L2b

0 0

0 0 0 0 0 0 0 0

0 0 − 1

C2

− 1

C2

0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

The duty ratios of d1 and d2 can be varied upto 50%, to avoid
overlap of turn ON of switches. The designed values of parameters
for the Modified ICC, for experimental validation with FPGA
controller, are mentioned in Table 7.3. The resulting s-domain
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transfer function of the plant, in MATLAB R12a environment is
obtained, after substituting the design values from Table (7.3) in the
equation (7.30). Including the modulator gain, the transfer function
is given below in equation (7.32).

GpGm(s) =
(b1s

7 + b2s
6 + b3s

5 + b4s
4 + b5s

3 + b6s
2 + b7s+ b8)

(s8 + a1s7 + a2s6 + a3s5 + a4s4 + a5s3 + a6s2 + a7s+ a8)

(7.32)

where b1 = 624.4, b2 = 3.113 ∗ 108, b3 = −2.915 ∗ 1011, b4 = 7.43 ∗ 1016,
b5 = −4.17 ∗ 1019, b6 = 4.517 ∗ 1024, b7 = 6.353 ∗ 1025, b8 = 9.986 ∗ 1030
a1 = 353.9, a2 = 2.394 ∗ 1008, a3 = 7.461 ∗ 1010, a4 = 1.63 ∗ 1016, a5 =
4.05 ∗ 1018, a6 = 2.44 ∗ 1023, a7 = 1.789 ∗ 1025, a8 = 5.184 ∗ 1029.

The bode plot of the equation 7.32 for plant as given in Fig. 7.10,
shows a gain margin of -35.6 dB and phase margin of 7.35◦.

Fig. 7.10: Bode Plot of modified ICC without compensator.
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So the system is obviously unstable. Including a type III compensator
[80] with transfer function given Eqn. in the feed back path, brings
out a phase margin of 52.5◦ and a gain margin 21.5dB, thus making
the system stable.

Gc(s) = 300, 000 ∗ (s+ 3952.2)2

s(s+ 77490)2
(7.33)

And the overall transfer function in closed loop is

T (s) =
Nr

Dr
(7.34)

where Nr= 1.873 ∗ 108s9 + 9.487 ∗ 1013s8 + 6.537 ∗ 1017s7 + 2.306 ∗
1022s6+1.623∗1026s5+1.604∗1030s4+1.053∗1034s3+2.431∗1037s2+
2.398 ∗ 1040s+ 4.679 ∗ 1043,
Dr = s11+1.553∗105s10+6.299∗109s9+3.93∗1013s8+1.465∗1018s7+
2.978 ∗ 1021s6+9.876 ∗ 1025s5+6.216 ∗ 1028s4+1.469 ∗ 1033s3+1.878 ∗
1035s2 + 3.113 ∗ 1039s
The bode plot of the overall compensated system of the transfer
function in Eqn. 7.34 is shown in Fig. 7.11.

In order to complete the implementation, the s-domain transfer
function of the compensator is converted to z-domain. The z-domain
transfer function is implemented in the FPGA controller for practical
realization of the Modified ICC. The z-domain transfer function of
the compensator is given by the Eqn. 7.35.

Gc(z) = 1010 ∗ (1.9509z3 + 5.8526z2 + 5.8526z + 1.9509)

z3 + z2 − z − 1.0
(7.35)

Towards this implementation, the digital compensator is modelled for
the Eqn. 7.35 using XILINX tool in FPGA modulator.
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Fig. 7.11: Bode Plot of Modified ICC with compensator.

7.7 Simulation of Modified ICC

The Modified ICC, including the compensator, is simulated in closed
loop with designed values as shown in Table 7.3. The parasitic
resistance values of inductors and capacitors are included, during the
simulation of the converter in closed loop. As shown in Fig. 7.12, the
output voltage is compared in an error detector with set value of
-40V. The error is processed in compensator, whose output is
compared with carrier signal at 25KHZ to produce the PSPWM
trigger switches. These Phase shifted PWM pulse train is used to
turn ON the switches of the Modified ICC as shown in Fig.7.3. The
performance of the circuit in simulation, assessed in terms of input
and output voltage, input and output current and transient response,
is discussed in the sections to follow:
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Fig. 7.12: Block diagram of Modified ICC in closed loop for simulation

7.7.1 Voltage

The output voltage shown in Fig. 7.13 is plotted against time. The
duty ratio evaluated for -40V output from equation 7.13 is d1 = d2
= d =0.43. The interleaved output voltages Vo1 and Vo2 are 15V and
25V respectively in closed loop against the duty ratio d = 0.43. The
expected value of -40V at the output for an input voltage of 20V, is
seen to be produced in Fig. 7.13, as Vo = -40V. The output is seen to
settle within 20ms, with nil overshoot. This may be contrasted with
the settling time of the ICC [9], which is 400 ms. The settling time
can further be reduced by decreasing output inductor values. As is
clear from the plot of the output in Fig. 7.13, the output voltage is
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Fig. 7.13: The output voltage of Modified ICC, PSPWM duty ratio 0.43,
input voltage Vg =20V, Interleaved voltages Vo1 =15V, Vo2 =25V, Output
voltage, Vo = -40V. The PSPWM sequence is also shown for clarity

sum of two interleaved voltages and with the value greater than input
voltage, the boosting has been achieved for a duty ratio of 0.43. The
interleaved output voltages are having different magnitudes according
the eqquations 7.7 and 7.11. The reduction in switching stress during
the boost operation is an additional advantage.

7.7.2 Current

The source and inductor current waveforms plotted against time in
Fig.7.14. The extent of reduction of ripple in the output is
commendable, coming to less than 1 %. The ripple in input current
ripple has also come down considerably compared to the earlier
design discussed, viz. the CCC and the Proposed ICC, as shown in
the Fig.7.14. The ripple on source current is 200mA, only 4.4 % of
source current, though the ripple for inductor current is 410mA.
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Fig. 7.14: Drawing a Source current Ig = 4.5A, the Modified ICC produces
an output Current Io = -2A. Inductor currents Ia2 = 3.1A, Ia1 = 1.4A and
sum upto Ig

The switch current of switch S1 is shown in Fig. 7.15. The switch
current is measured at an input voltage of 20V and output of -40V,-
2A, using a current measurement block connected in series with the
MOSFET. Though the peak value of switch current is measured as
7.7A, the relatively less time taken for the switch to be kept on, thanks
to the duty ratio of 0.43 less than 0.5, brings down the switching stress.
The switch current of switch S2 is shown in Fig. 7.16 measures as 5.1A.

The peak value of switch current is measured as 5.1A. The switch
current of S2 is lower than that of S1, because the switch S1 has to
carry the total current during Mode -1. But switch S2 has to carry
only its branch current during Mode - 3. So while selecting the switch
rating S2 can be selected to carry low value of current.

154 School of Engineering, CUSAT



Chapter 7

Fig. 7.15: Switch current of switch S1. Peak value of switch current
=7.7A.

Fig. 7.16: Switch current of switch S2. Peak value =5.1A.
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7.7.3 Transients

Fig. 7.17: Load transient for constant -40V output , for load current
changes from -2A to -3A.

A noticeable trait of the Modified ICC is fast settlement during
transients. The transient waveform for a load current change from
-2A to -3A is shown in Fig. 7.17. To achieve this test condition, for
an input voltage 20V is applied, load current is changed from -2A to
-3A. It can be seen that the output voltage -40V settles back within
10ms, after the change. The transient of the load current is shared in
two interleaved circuits by the inductors L1b and L2b, hence the
overshoot and settling time are reduced.

7.8 Summary

The present chapter has demonstrated the design and simulated
testing in MATLAB of a Modified ICC, which has proposed a
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modification in the circuit topology of the ICC. A note worthy
feature of the design is that the Modified ICC, provides multiple
output voltage with duty ratio less than 0.5. The multiple outputs
correspond to both boost and buck modes of operation. As against
the Conventional Cuk / Interleaved Cuk Converter reported in
literature, the Modified ICC converter also provides a boost output
with the low duty ratio below 0.5, while the others in comparison
provides only buck operation with duty ratio below 0.5. Also all
three output voltages form the Modified ICC can be varied directly
from the duty ratio. The admirably small ripple in both the input
and the output current underscores the merit of the design proposed
here. The reduction in the switching stress while achieving the boost
operation is a major boon in the design. The quick recovery of the
output voltage from transient changes holds out the promise of the
Modified ICC in effectively handling sudden changes in load, as in
the case of welding and electric vehicles.

School of Engineering, CUSAT 157





Chapter 8
Practical Validation of Modified
Interleaved Cuk Converter

8.1 Introduction

The findings of theoretical and simulation analysis of Modified ICC
is further strengthened by experimental validation through hardware
realization, presented in the present Chapter. Closed loop control of
Modified ICC is demonstrated in this chapter by realizing the
Modified ICC as an electronic circuit, with hardware components like
switches, diodes, inductor and capacitors. The feed back path
including compensator and error detector are appended to the circuit
using the XILINX Spartan - 3AN FPGA Altium Nano board with
level shifting circuit. The circuit diagram for closed loop control is
shown in Fig. 8.1. The circuit realized has the following
specifications:

159



Chapter 8

Fig. 8.1: Circuit for closed loop control of Modified ICC in hardware

1. Input voltage : 20 V

2. Output voltage : -40 V

3. Interleaved voltages Vo1 = 14 V and Vo2 = 26V

4. Duty ratio d1 = d2 = d = 0.42

5. Carrier frequency : 25 kHz.

6. Load current : 2 A

7. The power circuit board is constructed for 100W, due to
limitations in laboratory set-up.
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The inductors and capacitors are selected for 100W output in the
Modified ICC, as explained in section 6.2. While the capacitors of
10μF, MOSFETs IRF540 and diodes of MUR 810, MUR 420 are
chosen from available stock, the inductors are designed and wound
on an E-55 ferrite core. Twenty nine turns of three conductors of 22
SWG wire in parallel are wound on E-55 core to obtain L1a = L2a =
0.38mH and L1b = L2b = 0.75mH is obtained by winding 42 turns of
a SWG 20 wire on E-55 core.

A 30V, 5A DC source is used to provide 20V input to power circuit
board. The separate 5V, DC source supplies the auxiliary supply for
current sensor board while a 12V source powers the TLP-250 opto
coupler circuits, used for switching S1 and S2. In the Modified ICC
circuit the switches (S1, S2) are at different potentials at source
terminal and also S2 is not connected to ground. So the TLP250
opto coupler circuits are used here for isolation and switching.

A 100Ω, 5A variable rheostat is used as load, to set the current
required during testing. While ammeters and voltmeters are used for
the measurements of input and output current and voltages, a
LA-55P current sensor board is used to monitor the waveforms of
input, output and inductor currents. A 50MHz, 2 channel and
100MHz, 4 channel DSOs complete the test set up.

The photograph of the resulting lay out of the realization is shown in
Fig. 8.2. The hardware realized for Modified ICC is tested extensively
for output voltage and current, ripple content in the input and output
voltages and current, the switching currents and the transient response
of the circuit. The sections to follow summarizes the results as seen on
the oscillograms. The efficiency of the circuit realized is also measured
and presented.
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Fig. 8.2: Photograph: Experimental set up of Modified ICC PCB along
with XILINX FPGA controller board

8.2 Results and Discussions

The phase shifted PWM waveform used for realizing the Modified ICC
in closed loop for a duty cycle of 0.4, is shown in Fig. 8.3. The duty
ratio of PWM pulse required to produce same output (-40V) in CCC
is distributed into two PWM signals in PSPWM. It has observed that
both the pulses are judiciously phase shifted in time, so that there
exists a common OFF time as shown in Fig.8.3. It is interesting to
note that that the duty ratio of PWM for Modified ICC is reduced
to half of that for CCC, which can bring down the switching stress
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Fig. 8.3: PSPWM in closed loop for Modified ICC d1 = d2 =0.42

considerably.

8.2.1 Voltage

The PSPWM waveform with input voltage and output voltage is
shown in Fig. 8.4. Corresponding to the PSPWM waveform for the
duty ratio 0.43, the input voltage 20V (in pink, CH3) and output
voltage -40V (in green, CH4) are shown in Fig. 8.4. The channels 1
and 2 (CH1 and CH2) provides PSPWM of duty ratio d=0.43, which
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Fig. 8.4: CH1, CH2- PSPWM with d1 = d2 = 0.43, CH3- Vg = 20V , CH4-
Output voltage Vo = −40V, Vorip = −1.08V 2.7% of Vo

are applied two switches of the two legs of Modified ICC. The spikes
appearing on the waveforms are due to the pick up on the sensing
probes. Measurement on a finer scale confirms a ripple of -1.08 V
(i.e. 2.7%) on the output voltage of -40V.

The interleaved output voltages, responsible for producing the output
voltage of -40 V, for the duty ratio of d=0.43 are shown in Fig. 8.5a
and 8.5b.
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Fig. 8.5: Interleaved voltages Vo1=14.4V and Vo2=26V for duty ratio d
=0.43 in closed loop
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The interleaved voltage Vo1 (Fig. 8.5a) measured as 14V and Vo2

(Fig. 8.5b) as 26V for the duty ratio 0.43 are seen to satisfy the
equations (7.7) and (7.11) respectively. For a slightly lower duty ratio
of d=0.4, the Fig.8.6 shows the output voltage (interleaved voltage Vo1

= 13V, (in red, CH2) as confirmed by Eqn. (7.7) The influence of the

Fig. 8.6: The interleaved Output voltage Vo1 of Modified ICC in closed
loop

interleaved voltages on the duty cycle as indicated in the Eqn. (7.7)
is underscored by the above observation.
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8.2.2 Current

The input and output currents of Modified ICC measured from the
hardware realization are shown in Fig. 8.7. The ripple on source

Fig. 8.7: CH1-Source current Ig = 2.91A, Igrip = 200mA (7% of Ig),
CH2-inductor current I1a = 0.88A, CH3-inductor current I2a = 1.83A,
CH4-output current Io = −1.42A,Iorip = 75mA (5.37% of Io) of Modified
ICC in closed loop

current is 200mA for an input current of 2.9A, limiting the percentage
of ripple to only 7% of source current. The ripple on load current is
75mA for a load current of 1.83A, showing the ripple in percentage as
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only 5.4%. The appreciable reduction of the ripple content in Modified
ICC is quite palpable, in contrast to that of CCC.

The waveforms corresponding to the switching current of switch S1 is
portrayed in Fig.8.8., along with PSPWM corresponding to duty ratio
0.43 in channel 1 (CH1 amber). The channel 2 (CH2 green) shows the

Fig. 8.8: Switch current of S1 of Modified ICC in closed loop (current
sensor scaled as 1V= 1A): CH1-PSPWM duty ratio d=0.43, CH2-switch
(S1) current, peak value =7A, CH3-source current Ig = 3.99A, CH4-output
current Io = −1.98A

switch current of S1, indicating that the peak value of switch current
is 7A, corresponding to 3.99A of input current Ig , shown in channel 3
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(CH3 pink). The channel 4 (CH4 dark green) shown the load current
is measured at this instance as -1.98A . It can be seen that the switch
current is 1.75 times the input current and also 3.5 times the load
current.

Fig. 8.9 illustrates the switch current of S2. The channel 1 (CH1)

Fig. 8.9: Switch current of S2 of Modified ICC in closed loop (current
sensor scaled as 1V= 1A): CH1-PSPWM pulse d = 0.43, CH2-source
current Ig=3.5A, CH3-Switch S2 current, peak value =5.0A , CH4-Io =
−1.72A

shows PSPWM corresponds to duty ratio 0.43, Channel 2 (CH2) shows
the input current of 3.49A, peak value of switch S2 current is 5A
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corresponds to -1.72A output current as in channel 4 (CH4). The
switch current in S2 is only 2.9 times the load current.

8.2.3 Transient

The transient behaviour of the hardware realized for the Modified ICC
in response to change in load current is shown in Fig.8.6. When the

Fig. 8.10: Load transient of Modified ICC : Corresponding to a change
from - 0.4A to -1.4 A of load current, while delivering -24V the output
voltage quickly settles back to -24V.
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converter is running with a small load of 0.4A and delivering 24V
output from a 20V input, the load current is changed from 0.4A to
1.4A. It can be seen that the output voltage settles back to 24V after
a transient in less than 250 ms. The quick recovery in response to
the load change of the Modified ICC will be an attractive feature in
electric cars, where large changes are likely very frequently.

8.2.4 Efficiency

In order to asses the efficiency of the converter, the input voltage is
kept constant at 20V and the load current is varied from no load to
-2A, the output voltage and input current are measured respectively
with voltmeter and ammeter.

The 100Ω rheostat is varied to change the load current, the output
voltage is driven to a constant value by the designed type III
compensator. The measurements are simultaneously observed in
DSO, ammeters, voltmeters and multimeter.

The measurements are tabulated in Table 8.1. It can be seen that the
output voltage is almost constant, providing a very tight regulation.
It is also interesting to note that the variation of the input current is
almost linear with load current. The efficiency is evaluated by taking
ratio of the load power to input power for a constant line voltage. As
a result, the converter provides an efficiency above 90%, which is more
or less constant over the change of load.

The corresponding efficiency curve of the Modified ICC is shown in
Fig. 8.11. It can be seen that the efficiency is lowest at light load,
while the efficiency increases as the loading moves towards the rated
load conditions.
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Table 8.1: Efficiency of Modified ICC converter at fs = 25kHz

Vg Ig Pi Vo Io Po Efficiency
(V) (A) (W) (V) (A) (W) (%)
20.1 1.04 20.9 -40.1 -0.47 18.4 90.2
20.1 1.13 22.7 -40.1 -0.515 20.7 90.9
20 1.85 37 -40.0 -0.859 34.5 92.8
20 2.33 46.6 -39.8 -1.08 43 92.2
20 2.91 58.2 -39.7 -1.38 54.8 94.1
19.9 3.53 70.3 -39.3 -1.67 65.6 93.4
20.1 4.1 82.4 -38.9 -1.97 76.7 92.9

Fig. 8.11: Efficiency curve of Modified ICC in the hardware realization

The measurements corresponding the vital observables of the design
in the hardware validation of the Modified ICC are tabulated in Table
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8.2. The measurements are compared with those from the hardware

Table 8.2: Results for Modified ICC fs = 25kHz,d=0.43

Parameter Experimental Results
Vg 20v
Vo for d=0.5 -60V
Igrip 200mA for 2.9A (7% of Ig)
Iorip 75mA (5.3%)
Vorip 1.08V (2.7%)
I1switch at -40V 7.2A
I2switch at -40V 5.6A
Load Transient 300ms
Efficiency 93%

realization of CCC in Table 8.3. A substantial reduction in all the
observables along with an enhanced efficiency underscores the merit
of the Modified ICC.

Table 8.3: Comparison of CCC and Modified ICC - Hardware at Vg = 20
V, Vo = -40 V, Io = -2 A, fs = 25 kHz

Parameter CCC Modified iCC

Ig(rip) 800 mA (17.3%) 200 mA (6.8%)

Vo(rip) 1.5 V(3.8%) 1.08 V (2.7%)

Io(rip) 100 mA (5%) 75 mA (3.7%)

Load transient 400 ms 250 mS

Efficiency (average) 89% 93%
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8.3 Summary

The hardware realization of the Modified ICC reposted in this
chapter brings out the correspondence with the theoretical models
proposed earlier in Chapter 7 and also the simulation experiments
carried thereon. It is seen that the boost operation has been made
possible with the duty ratio of the PWM reduced to half what was
required for the CCC. The converter provides three output voltages
(of which two are boosted outputs) with variable magnitudes, where
the variation is possible directly with duty ratio. The attractive
features of the design as has been brought out through the hardware
realization include low ripple content in the input and output
currents, reduced switching currents, tight regulation over large
variation in load and above all an appreciably high efficiency more
than 90%, which is more or less flat over a large variation of load
current. The capability of the Modified ICC to recover fast from
transient changes in the loading currents adds to the versatility of
the design. The findings of this chapter in comparison with Proposed
ICC and CCC are communicated to standard journal for publication.
A comparison with the CCC in respect of the features listed above
finally speaks loud of the merits of the design proposed.
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Conclusions and Directions for
Further Research

9.1 Consolidation of Results

In an attempt to arrive at the proper topology for a guaranteed
performance, the thesis has portrayed the systematic evolution of
three types of DC to DC Converters viz. the Conventional Cuk
Converter (CCC), the proposed Interleaved Cuk Converter
(Proposed ICC) and the Modified Interleaved CuK converter
(Modified ICC). The detail design based on the theoretical
propositions followed by detailed simulation, supplemented by
hardware realization has directed the process to assess the
improvement in the performance of the DC to DC Converter, as the
thesis evolved. This chapter comprises the results of CCC, Proposed
ICC and Modified ICC, consolidated through detailed hardware
realization. The results obtained from the hardware of all three
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converters reveal the practical aspects, strengthening the
observations made in the present thesis.

9.2 Comparison of Salient Features

While CCC produces only one output voltage, the Proposed ICC
provides two parallel output voltages. Both the circuits primarily
operate with a duty ratio less than 0.5 and results into a buck
opeation. Any attempt to operate these two circuits in boost mode
demands duty ratio more than 0.5, resulting in increased switching
stress in both the circuits and ripple building issues in Proposed
ICC. On the other hand, the major development from the thesis the
Modified ICC has been shown to operate with duty ratio less than
0.5 and concurrently produce three output voltages, with different
magnitudes - two are interleaved outputs and third is the sum of
interleaved two outputs. The resulting sum obviously produces boost
output, at the same time maintaining the duty ratio less than 0.5,
thereby alleviating the evils of enhanced switching stress and ripple
building. The large number of output voltages make the Modified
ICC more versatile for applications. All converters are noted for
having output voltages with opposite polarity to input voltage.

9.2.1 Number of Output Voltages and Influence
of Duty Ratio

CCC is shown to produce -20V output for a duty ratio of 0.5 with 20V
input, while lower voltages as possible with duty ratio less than 0.5.
However, for a boost operation of the CCC, duty ratios more than
0.5 are required, which can lead to enhanced switched stress . The
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proposed ICC produces same output (-20V) for the same duty ratio
with the same input 20V. Modified ICC produces -60V for a duty ratio
of 0.5 with the same input of 20V and the output voltage is three times
the input voltage.

9.2.2 Ripples on Current and Voltage

The source current ripple at -15V output voltage for CCC is 400 mA
which is 27% (of source current). But for the same output voltage
the Proposed ICC produces only 100 mA ripple and it is only 5.5% of
source current. The reduction in ripple has been achieved because of
the cancellation taken place during the paralleling of the interleaved
outputs. However for a boost operation of CCC to produce -40V, the
source current ripple is 800mA which is 17.3% (of source current).
The requirement of duty ratio greater than 0.5 has also resulted in
higher ripple content, in addition to enhanced stress already noted.
Interestingly the Modified ICC for the same output voltage of -40V
produces 200 mA ripple and is only 6.8% of source current. Apparently
larger value of ripple current in comparison to the Proposed ICC could
be attributed to the modified circuit topology introduced to realize
the boost operation. It can be seen that the Modified circuit forces
the output current to flow through diode D1. For the same reason
the interleaved voltages also take different values as confirmed by the
Eqn. (7.13) even when operated with same duty ratio d1 = d2. The
output voltage of CCC has 1.04V ripple which is 7%, when operated
for an output voltage of -15V. But for the same output the ripple
of Proposed ICC appreciably comes down to 400mV which is 2.7%.
However, the output voltage of CCC has 1.4V ripple, which is 4%,
when operated for an output voltage of -40V. For the same output of
-40V the Modified ICC produces a ripple of 1.08V, which is 2.7% as
against the CCC.
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9.2.3 Peak Switch Current

The switch current peak value of CCC at -15V, -2A output is 6.5A
whcih is 3.25 times the load current; but for the same output voltage
and current the switch peak current is 2 times the load current for
the Proposed ICC, clearly bringing out the benefit of interleaved
operation. At the output of -40V, -2A, the switch peak current of
CCC is 9.5A i.e. 4.5 times the load current, which is objectionably
high. But that for Modified ICC for the same output voltage and
current an effective distribution of switching currents to both the
halves brings down the current to 7.2A for S1 and 5.6A for S2. The
appreciable reduction to 3.6 and 2.8 times the load current,
respectively underscores the merit of the Modified ICC.

9.2.4 Efficiency

The average efficiency of the three configurations over a variation of
2A of load current is tabulated in Table 9.1. It can be seen that the
Modified ICC gives the best efficiency both in the buck and boost
operations. At -40V, -2A output, the CCC offers an efficiency of 89%,
which may be contrasted with the efficiency of 94% for the Modified
ICC. The Proposed ICC is seen to provide an efficiency of 91% at
-15V, -4A. The reduction in the ripple resulting from the interleaved
operation accounts for the higher efficiency.

9.2.5 Output Voltage vs Duty Ratio

The graph showing the relationship between duty ratio and the
output voltage is plotted in Fig. 9.1. The input voltage to the
converter is 20V for all three types of converters shown on the graph.
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Fig. 9.1: Plot of Output Voltage vs Duty ratio for the circuits of CCC,
Proposed ICC and Modified ICC with input voltage Vg = 20V

It can be seen that the CCC and ICC provide less than 100% output
voltage, at a duty ratio not greater than or equal to 0.5. Also the
curves of these two converters coincide each other, since they have
same output voltage equation. The above two converters can
perform boost operation only by increasing the duty ratio above 0.5,
which in turn can cause for high switching stress in CCC and ripple
building issues in the Proposed ICC. On the other hand, the
Modified ICC totally overcome this problem and it provides up to
300% output, even when the duty ratio is limited to 0.5 .

The consolidation of performance, discussed thus far for the hard ware
realized for CCC, Proposed ICC and Modified ICC is tabulated in
Table 9.1.
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Table 9.1: Consolidation of results of hardware realization of CCC,
Proposed ICC and Modified ICC

Parameter CCC Proposed
ICC

Modified ICC

No.of O/P
Voltages

1 2 parallel 3 different

Output Voltage
with d= 0.5

-20V -20V -60V

Ig(rip) at -15V (%
of Ig)

400mA (27%) 100mA
(5.5%)

–

Ig(rip) at -40V (%
of Ig)

800mA
(17.3%)

– 200mA
(6.8%)

Vo(rip) at -15V 1.04V (7%) 400mV
(2.7%)

-

Vo(rip) at (-40V) 1.5V (3.8%) - 1.08 V (2.7%)
Load transient 400 mS 250 mS 250 mS
Switch Current
peak (at -15V)

6.5A (3.2
times)

4A (2 times) –

Switch Current
peak (at -40V)
(multiples of Io)

9.5A (4.5
times)

- 7.2A (3.6
times for S1),
2.9 times for
S2

Efficiency 89% 91% 94%

9.3 Final Conclusions of the Thesis

In an attempt to evolve a DC to DC converter with multiple outputs
and high efficiency, the thesis has reported the design, development,
simulation and the hardware realization of the Modified ICC. The idea
of the Modified ICCC has been built up systematically after studying
the existing designs in detail. The limitations of the Conventional Cuk
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Converter (CCC) in offering both the buck and the boost operations,
with the well sought out traits of DC to DC Converter like low ripple,
high efficiency, quick transient response and low switching stress were
demonstrated convincingly in the initial chapters. The work reported
here further moved on to modify the Interleaved Cuk Converter, with
a modification in the switching process, with the possible improvement
in reducing the switching stress, thanks to the interleaved topology.

The Proposed ICC, as it is named in the thesis, was demonstrated to
bring down the switching stress, improve the efficiency and reduce
the ripple content. But the boost output from Proposed ICC creates
ripple building issues and it wipes out the merits of interleaved
topology. Also the possibility of getting multiple outputs from a
single DC to DC converter put still could not be achieved. It is in
this context, the Modified ICC proved to offer multiple outputs with
buck and boost voltages, at the same time providing tangible
improvement in performance in respect of desired features also.

The comparison of the salient features achieved in the design and
development of the three converters, as elaborated in Sec. 9.2, brings
out the outcome of the new topology viz. the Modified ICC, proposed
in the thesis. The performance figures, as consolidated after detailed
simulation and a systematic hardware realization has helped to add
credence to the work reported in this thesis.

The major findings of the thesis also have been reported in standard
publications and they are either in print or in the review stage, as
summarized in the list of publications that have evolved from the
thesis. A systematically built hardware as part of the experimental
demonstration of the ideas put forward in the present thesis
substantiates the findings, thereby adding credence to the work
reported.

School of Engineering, CUSAT 181



Chapter 9

9.4 Directions for Future Work

It is accepted that the ICC topology gives better performance
compared to all present available known techniques. The possibility
of controlling the output voltage and the resulting ripples in the load
current, directly using the duty ratio could be boon in prototyping
the design. The closed loop control of the converter can be modified
by current programmed control method so that the transformer
saturation in isolated converters can be eliminated. This topology
can be extended to Bidirectional Converters to cater the
requirements in renewable energy applications. An attractive option
would be to explore the possibility of using resonant switching of the
topology proposed in the thesis, so as to reduce the switching losses
and improve the efficiency. Working further on the hard ware
realized, the reduction of the size of the inductors could be achieved
using coupled inductors and the ripple can be further steered. Thus
the converter can me made compact, which can help in embedded
applications. Another phase of ICC could be added to further reduce
ripple of the source. The work reported in the present thesis can be
extended directly to AC side to assess the THD and power factor.
Some efforts extend the work in direction is progressing now as a
direct spin off form the thesis, and some preliminary results have
been published in journal.

The requirement to provide multiple outputs from a DC to DC
converter, with a high efficiency and tight regulation is essential in
laboratories, Electric vehicles, personal computers, digital TVs,
medical equipments and a host of other applications, which now
depend on electric power. With variety of unconventional power
sources dominating in the energy market, DC to DC converters, with
multiple outputs, are becoming a well justified demand of the
industry.
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In those applications which require high currents, the size of the
energy storage elements could be a very large and the interleaving
helps to reduce the size of the individual components and the stress
on the switching devices. With the advent of host of alternatives
power sources like solar cells and fuel cells, and development in the
battery technology offering large energy density, the demand for DC
to DC converters with a tight regulation and high efficiency will be
on increase. It is interesting to note that there is an increasing trend
use DC for welding, especially for precision welding. The transient
response of the Modified ICC could prove to be a good candidate to
handle the sudden changes in current, required during welding.

The thesis has throws open further avenues in improving the
regulation and efficiency, even when the output impedance of the
primary source is varying drastically over leading conditions. The
effective solution then would be to estimate the source impendence
on line and accommodate the changes in the design of the
compensator. The possibility of using machine learning techniques to
effectively learn the source parameters to be included in the design of
the duty ratio is worth exploring. But the fact that the possibility
getting multiple outputs from a single DC to DC converter,
supplemented with all the good qualities of a power supply will be
the base line that can strengthen further research in the development
of DC to DC converters.
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Appendix A
State Space Modelling of CCC

A.1 Introduction

The Cuk converter is modeled [82] using the state space technique
in this section. The conventional Cuk converter shown in Fig. 3.1
is repeated as practical circuit in Fig. A.1 with the state variables
marked. The state variables are
i1a(t), current through inductor L1a

i1b(t), current through inductor L1b

vc1(t), voltage across capacitor C1 and
vo1(t) voltage across output capacitor Co1. And the output variables
are
ig(t), current through the the source and
vo(t), voltage across load resistance.

Let the equivalent resistances inductors L1a and L1b be given by r1a
and r1b respectively. Similarly the capacitors C1 and Co1 have
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Fig. A.1: The circuit diagram of Conventional Cuk converter

equivalent series resistances respectively as rc1 and ro1. The variables
Vg, ig, RL, Vo, Io respectively represent input voltage, input current,
load resistance, output voltage and output current. The capacitor C1

acts as primary means of storing and transferring energy from the
input to the output. The average voltage across inductor VL1a and
VL1b are zero at steady state. The capacitor C1 is designed in such a
way that it transfers the constant voltage. The state space model is
derived considering two modes of operation viz. Mode 1 - Switch S1

ON and Mode 2 - Switch S1 OFF

A.2 Mode 1 - Switch S1 ON

When the switch S1 is in ON position as shown in the circuit diagram
of Fig.A.2, the voltage across inductor L1a is given by the equation
(A.1)

L1a
di1a(t)

dt
+ r1ai1a(t) = vg(t) (A.1)
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Fig. A.2: The circuit diagram of practical CCC when the switch S1 is in
ON state(D1 RB - Diode in Reverse Bias)

The current through Co1 is given by the equation (A.2)

(i1b(t)− Co1
dvo1(t)

dt
)RL = ro1Co1

dvo1(t)

dt
+ vo1(t) (A.2)

The voltage across L1b is given by the equation (A.3)

−vo1(t)−ro1Co1
dvo1(t)

dt
−L1b

di1b(t)

dt
−r1bi1b(t)+vc1(t)−rc1i1b(t) = 0

(A.3)

The current through C1 is given by A.4

C1
dvc1(t)

dt
= −i1b(t) (A.4)

The current through the source is given by A.5

ig(t) = i1a(t) (A.5)

The voltage across load resistance is given by A.6

vo(t) = −(vo1(t) + ro1Co1
dvo1(t)

dt
) (A.6)
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Rearranging the equations from A.1 to A.4 and the state equations
are

di1a(t)

dt
= − r1a

L1a

i1a(t) +
vg(t)

L1a

(A.7)

di1b(t)

dt
= [−r1b−rc1− ro1RL

RL + ro1
](
i1b(t)

L1b

)+
vc1(t)

L1b

+
1

L1b

[−1+ ro1
(RL + ro1)

]vo1(t)

(A.8)

dvc1(t)

dt
= − i1b(t)

C1

(A.9)

dvo1(t)

dt
=

i1b(t)RL

(RL + ro1)Co1

− vo1(t)

(RL + ro1)Co1

(A.10)

Writing the state equation in standard form

dx(t)

dt
= A1x(t) + B1u(t) (A.11)

in matrix form⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

di1a(t)

dt
di1b(t)

dt
dvc1(t)

dt
dvo1(t)

dt

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎣

A111 0 0 0
0 A122 A123 A124
0 A132 0 0
0 A142 0 A144

⎤
⎥⎥⎦
⎡
⎢⎢⎣

i1a(t)
i1b(t)
vc1(t)
vo1(t)

⎤
⎥⎥⎦+

⎡
⎢⎢⎢⎣

1

L1a

0
0
0

⎤
⎥⎥⎥⎦ vg(t)
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where

A111 = − r1a
L1a

, A122 = −[r1b + rc1 +
ro1RL

RL + ro1
](

1

L1b

), A123 = − 1

L1b

,

A124 =
1

L1b

[−1 + ro1
(RL + ro1)

], A132 = − 1

C1

A142 =
RL

(RL + ro1)Co1

, A144 = − 1

(RL + ro1)Co1

,

The output equations from A.5 and A.6are given by

ig(t) = i1a(t) (A.12)

vo(t) = −ro1RLi1b(t)

RL + ro1
− RLvo1(t)

RL + ro1
(A.13)

The output equation takes the standard form given by

dy(t)

dt
= Cmod1x(t) + E1u(t) (A.14)

in matrix form is

[
ig(t)
vo(t)

]
=

⎡
⎣ 1 0 0 0

0 − ro1RL

RL + ro1
0 − RL

RL + ro1

⎤
⎦
⎡
⎢⎢⎣

i1a(t)
i1b(t)
vc1(t)
vo1(t)

⎤
⎥⎥⎦+[

0
]
vg(t)

Now the rows in output matrix are

[
Cmod1R1

Cmod1R2

]
=

⎡
⎣ 1 0 0 0

0 − ro1RL

RL + ro1
0 − RL

RL + ro1

⎤
⎦

The first and second rows of output matrix respectively represent input
current ig(t) and output voltage vo(t). The output is regulated by
direct duty ratio control by taking the transfer function of vo(s)/d(s).
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A.3 Mode 2 - Switch S1 OFF

The circuit diagram when the switch S1 is OFF is shown in Fig.A.3.

Fig. A.3: The circuit diagram of CCC when the switch S1 is OFF

The voltage across inductor L1a is given by the equation (A.15)

L1a
di1a(t)

dt
= −(r1a + rc1)i1a(t)− vc1(t) + vg(t) (A.15)

The current through Co1 is given by the equation (A.16)

ro1Co1
dvo1(t)

dt
+ vo1(t)− (i1b(t)− Co1

dvo1(t)

dt
)RL = 0 (A.16)

The voltage across L1b is given by the equation (A.17)

−vo1(t)− ro1Co1
dvo1(t)

dt
− L1b

di1b(t)

dt
− r1bi1b(t) = 0 (A.17)

The current through C1 is given by the equation A.18

C1
dvc1(t)

dt
= i1a(t) (A.18)
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The current through the source is given by the equation (A.19)

ig(t) = i1a(t) (A.19)

The voltage across load resistance is given by the equation (A.20)

vo(t) = −(vo1(t) + ro1Co1
dvo1(t)

dt
) (A.20)

Rearranging the equations from (A.15) to (A.18) and the state
equations are

di1a(t)

dt
= −r1a + rc1i1a(t)

L1a

− vc1(t)

L1a

+
vg(t)

L1a

(A.21)

di1b(t)

dt
= [−r1b − ro1RL

RL + ro1
](
i1b(t)

L1b

)− RLvo1(t)

(RL + ro1)L1b

(A.22)

dvc1(t)

dt
= − i1a(t)

C1

(A.23)

dvo1(t)

dt
=

i1b(t)RL

(RL + ro1)Co1

− vo1(t)

(RL + ro1)Co1

(A.24)

Writing the state equations

dx(t)

dt
= A2x(t) + B2u(t) (A.25)

in matrix form⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

di1a(t)

dt
di1b(t)

dt
dvc1(t)

dt
dvo1(t)

dt

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎣

A211 0 A213 0
0 A222 0 A224

A231 0 0 0
0 A242 0 A244

⎤
⎥⎥⎦
⎡
⎢⎢⎣

i1a(t)
i1b(t)
vc1(t)
vo1(t)

⎤
⎥⎥⎦+

⎡
⎢⎢⎢⎣

1

L1a

0
0
0

⎤
⎥⎥⎥⎦ vg(t)
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Where

A211 = −r1a + ro1
L1a

, A213 = − 1

L1a

, A222 = −[r1b + ro1RL

RL + ro1
](

1

L1b

)

A224 =
1

L1b

[− RL

RL + ro1)
], A231 =

1

C1

,

A242 =
RL

(RL + ro1)Co1

, A244 = − 1

(RL + ro1)Co1

The output equations from (A.19) and (A.20) are given by

ig(t) = i1a(t) (A.26)

vo(t) = −ro1RLi1b(t)

RL + ro1
− RLvo1(t)

RL + ro1
(A.27)

The output equation takes standard form given by

dy(t)

dt
= Cmod2x(t) + E2u(t) (A.28)

in matrix form is

[
ig(t)
vo(t)

]
=

⎡
⎣ 1 0 0 0

0 − ro1RL

RL + ro1
0 − RL

RL + ro1

⎤
⎦
⎡
⎢⎢⎣

i1a(t)
i1b(t)
vc1(t)
vo1(t)

⎤
⎥⎥⎦+[

0
]
vg(t)

Now the rows in output matrix are

[
Cmod2R1

Cmod2R2

]
=

⎡
⎣ 1 0 0 0

0 − ro1RL

RL + ro1
0 − RL

RL + ro1

⎤
⎦

The first and second rows of output matrix respectively represent input
current ig(t) and output voltage vo(t).
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Appendix B
State Space Modelling of Proposed
ICC

B.1 Mode -1 S1 ON and S2 OFF (t0 − t1)

With reference to the Fig.5.3 the state space modelling of Modified
ICC in Mode-1 is given as follows.

The state equation for inductor L1a is given by (B.1)

di1a(t)

dt
= −r1ai1a(t)

L1a

+
Vg

L1a

(B.1)

The state equation for C1 is given by (B.2)

dvc1(t)

dt
= − i1b(t)

C1

(B.2)
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The state equation for C2 is given by (B.3)

dvc2(t)

dt
=

i2a(t)

C2

(B.3)

The voltage across L2a is given by Eqn B.4,

di2a(t)

dt
= −(r2a + rc2

L2a

)i2a(t)− vc2(t)

L2a

+
vg(t)

L2a

(B.4)

The state equation for capacitor Co2 is given by Eqn. B.5.

dvo2(t)

dt
=

ro1
(RLro1 + ro2ro1 + ro2RL)Co2

∗

[RLi1b(t) +RLi2b(t) +
vo1(t)RL

ro1
− vo2(t)(1 +RL)

ro1
]

(B.5)

Writing equation for Capacitor Co1 as Eqn.B.6

dvo1(t)

dt
=

ro2
(RLro2 + ro2ro1 + ro1RL)Co1

∗

[RLi1b(t) +RLi2b(t) +
vo2(t)RL

ro2
− vo1(t)(1 +RL)

ro2
]

(B.6)

The voltage equation for L1b is given by (B.7).

di1b(t)

dt
= [− i1b(t)

L1b

][r1b − rc1 +
ro1ro2RL

(RLro2 +RLro1 + ro1ro2)
]

−[ i2b(t)
L1b

]
ro1RL

(RLro2 + ro1RL + ro1ro2)

−[vo1(t)
L1b

]
RLro2

(RLro2 + ro1RL + ro1ro2)

−[vo2(t)
L1b

]
RLro1

(RLro2 + ro1RL + ro1ro2)
+ [

vc1(t)

L1b

]

(B.7)
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Voltage equation for L2b is given by Eqn. B.8

di2b(t)

dt
= [− i1b(t)

L2b

][− ro1ro2RL

(RLro2 +RLro1 + ro1ro2)
]

[
i2b(t)

L2b

][− ro1ro2RL

(RLro2 +RLro1 + ro1ro2)
− r2b]

[
vo1(t)

L2b

][− ro2RL

(RLro2 +RLro1 + ro1ro2)
]

[
vo2(t)

L2b

][− ro1RL

(RLro2 +RLro1 + ro1ro2)
]

(B.8)

These are the eight state equations to form the matrices for Mode -1.
Writing the state equations (B.1), (B.7), (B.4), (B.8), (B.2), (B.3),
(B.6) and (B.5) in matrix form

211



The state space model of ICC in Mode 1 is given below.⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

di1a(t)

dt
di1b(t)

dt
di2a(t)

dt
di2b(t)

dt
dvc1(t)

dt
dvc2(t)

dt
dvo1(t)

dt
dvo2(t)

dt

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A111 0 0 0 0 0 0 0
0 A122 0 A124 A125 0 A127 A128
0 0 A133 0 0 A136 0 0
0 A142 0 A144 0 0 A147 A148
0 A152 0 0 0 0 0 0
0 0 A163 0 0 0 0 0
0 A172 0 A174 0 0 A177 A178
0 A182 0 A184 0 0 A187 A188

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

L1a

0
1

L2a

0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

[
vg(t)

]

where

A111 =
−r1a
L1a

,

A122 =
(−RL ∗ ro1 ∗ ro2)

L1b ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1) −
r1b
L1b

+
rc1
L1b

A124 =
(−RL ∗ ro1 ∗ ro2)

L1b ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1) , A125 =
1

L1b
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A127 =
RL ∗ ro2

(RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1) ∗ L1b

− 1

L1b

A128 =
−RL ∗ ro1

L1b ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1) , A133 =
−r2a − rc2

L2a

;

A136 =
−1
L2a

, A142 =
(−RL ∗ ro1 ∗ ro2)

L2b ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1)
A144 =

−RL ∗ ro1 ∗ ro2
L2b ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1) −

r2b
L2b

A147 =
−RL ∗ ro2

L2b ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1)
A148 =

ro1 ∗RL

L2b ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1) −
1

L2b

, A152 =
−1
C1

,

A163 =
1

C2

, A172 = A174 =
RL ∗ ro2

Co1 ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1)
A177 =

−(RL + ro2)

Co1 ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1)
A178 =

RL

Co1 ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1)
A182 = A184 =

RL ∗ ro1
Co2 ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1)

A187 =
RL

Co2 ∗ (RL ∗ ro2 − ro1 ∗ ro2 +RL ∗ ro1)
A188 =

−(RL + ro1)

Co2 ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1)
And the output equation (row wise) in matrix is

213



[
ig(t)
vo(t)

]
=

[
1 0 1 0 0 0 0 0
0C122 0C124 0 0C127 C128

]
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Where rows ig(t) and vo(t) are assigned as Cmode1R1 and Cmode1R2

respectively. C122 = C124 = − RL ∗ ro1 ∗ ro2
(RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1) ,

C127 = − RL ∗ ro2
(RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1) ,

C128 = − RL ∗ ro1
(RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1)

B.2 Mode-2 S1 and S2 OFF (t1 − t2)

Similar to Mode -1, the state equations can be written for Mode -2.
The state space model in Mode-2 when both switches S1 and S2 in
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OFF states is given by⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

di1a(t)

dt
di1b(t)

dt
di2a(t)

dt
di2b(t)

dt
dvc1(t)

dt
dvc2(t)

dt
dvo1(t)

dt
dvo2(t)

dt

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A211 0 0 0 A215 0 0 0
0 A222 0 A224 0 0 A227 A228
0 0 A233 0 0 A236 0 0
0 A242 0 A244 0 0 A247 A248

A251 0 0 0 0 0 0 0
0 0 A263 0 0 0 0 0
0 A272 0 A274 0 0 A277 A278
0 A282 0 A284 0 0 A287 A288

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

L1a

0
1

L2a

0
0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

[
vg(t)

]

where A211 =
−r1a − rc1

L1a

, A215 =
−1
L1a

,

A222 = − r1b
L1b

− RL ∗ ro1 ∗ ro2
L1b ∗ (RL ∗ ro2 + ro1 ∗ ro2 +RL ∗ ro1)

A224 = A124, A227 = A127, A228 = A128, A233 = A133, A236 = A136,

A242 = A142, A244 = A144, A247 = A147, A248 = A148, A251 =
1

C1

,
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A263 = A163, A272 = A274 = A172, A277 = A177, A278 = A178,
A282 = A284 = A182, A287 = A187, A288 = A188.

And the equation for output is

[
ig(t)
vo(t)

]
=

[
1 0 1 0 0 0 0 0
0C222 0C224 0 0C227 C228

]
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

where rows ig(t) and vo(t) are assigned as Cmode2R1 and Cmode2R2

respectively,
C222 = C224 = C122, C227 = C127, C228 = C128
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B.3 Mode-3 S1 OFF and S2 ON (t2 − t3)

Writing the state equation in matrix form when the switiches S1 in
OFF and S2 in ON positions⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

di1a(t)

dt
di1b(t)

dt
di2a(t)

dt
di2b(t)

dt
dvc1(t)

dt
dvc2(t)

dt
dvo1(t)

dt
dvo2(t)

dt

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A311 0 0 0 A315 0 0 0
0 A322 0 A324 0 0 A327 A328
0 0 A333 0 0 0 0 0
0 A342 0 A344 0 A346 A347 A348

A351 0 0 0 0 0 0 0
0 0 0 A364 0 0 0 0
0 A372 0 A374 0 0 A377 A378
0 A382 0 A384 0 0 A387 A388

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

L1a

0
1

L2a

0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

[
vg(t)

]

Where
A311 = A211, A315 = A215, A322 = A222, A324 = A224,

A327 = A227, A328 = A228, A333 =
−r2a
L2a

;
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A342 = A242, A344 =
−r2b + rc2

L2b

− ro1ro2RL

(RLro1 + ro1ro2 + ro2RL)L2b

,

A346 =
1

L2b

, A347 = A247, A348 = A248, A351 = A251, A364 =
−1
C2

,

A372 = A374 = A272, A377 = A277, A378 = A278, A382 = A384 = A282
A387 = A287 A388 = A288.
The output is given by equations B.9 and B.10

ig(t) = i1a(t) + i2a(t) (B.9)

vo(t) = −[ ro1ro2RL

(RLro2 + ro1ro2 + ro1RL)
i1b(t)

− RLro1ro2
(RLro2 + ro1ro2 + ro1RL)

i2b(t)

[−1 + (RL − ro2)ro1
(RLro2 + ro1ro2 + ro1RL)

]vo1(t)

− RLro1
(RLro2 + ro1ro2 + ro1RL)

vo2(t)]

(B.10)

The output in matrix form is

[
ig(t)
vo(t)

]
=

[
1 0 1 0 0 0 0 0
0C322 0C324 0 0C327 C328

]
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+
[
0
] [

vg(t)
]

Where C322 = C324 = C122 C327 = C127 C328 = C128 Also rows ig(t)
and vo(t) are assigned as Cmode3R1 and Cmode3R2 respectively.
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B.4 Mode 4 - S1 and S2 OFF (t3 − t4)

This mode is repetition of mode 2 (shown in section B.2) and the
matrices termed as A4, B4 and C4. Also rows ig(t) and vo(t) are
assigned as Cmode4R1 and Cmode4R2 respectively.
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Appendix C
State Space Modelling of Modified
ICC

C.1 Mode 1 - S1 ON and S2 OFF (t0− t1)

With reference to the Fig.7.7 the state space modelling of Modified
ICC in Mode-1 is given as follows.

The state equation for inductor L1a is given by (C.1)

di1a(t)

dt
= −r1ai1a(t)

L1a

+
Vg

L1a

(C.1)

The state equation for C1 is given by (C.2)

dvc1(t)

dt
= − i1b(t)

C1

− i2a(t)

C1

− i2b(t)

C1

(C.2)
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The state equation for C2 is given by (C.3)

dvc2(t)

dt
=

i2a(t)

C2

(C.3)

The voltage across L2a is given by

vg(t)− L2a
di2a(t)

dt
− r2ai2a(t)− vc2(t)

−rc2C2
dvc2(t)

dt
+ rc1C1

dvc1(t)

dt
+ vc1(t) = 0

(C.4)

Substituting equations (C.2) and (C.3) in the above expression and
state equation for L2a is given by (C.5).

di2a(t)

dt
= − rc1

L2a

i1b(t)− (
r2a + rc1 + rc2

L2a

)i2a(t)

− rc1
L2a

i2b(t) +
vc1(t)

L2a

− vc2(t)

L2a

+
vg(t)

L2a

(C.5)

The expressions for voltage across load is given by

vo(t) = ro1Co1
dvo1(t)

dt
+ vo1(t) + ro2Co2

dvo2(t)

dt
+ vo2(t)

and

vo(t) = (i2b(t)− Co2
dvo2(t)

dt
)RL

Equating above two expressions and the state equation for capacitor
Co2 is given by (C.6).

dvo2(t)

dt
=

1

(RL + ro2 + ro1)Co2

[−ro1i1b +RLi2b − vo1 − vo2] (C.6)

222



Writing equation for Capacitor Co1

dvo1(t)

dt
=

1

(RL + ro2 + ro1)Co1

[(RL+ro2)i1b+RLi2b−vo1−vo2] (C.7)

The voltage equation for L1b is

−ro1Co1
dvo1(t)

dt
− vo1(t)− r1bi1b(t)− L1b

di1b(t)

dt

+rc1C1
dvc1(t)

dt
+ vc1(t) = 0

Substituting equation (C.2) and (C.7) in the above expression and
state equation for L1b is given by (C.8).

di1b(t)

dt
= (−r1b − rc1 − ro1(RL + ro2)

(RL + ro2 + ro1)
)[
i1b(t)

L1b

]− rc1
L1b

i2a(t)

−(rc1 + ro1RL

(RL + ro2 + ro1)
)[
i2b(t)

L1b

] +
vc1(t)

L1b

− (RL + ro2)

(RL + ro2 + ro1)
[
vo1(t)

L1b

] +
ro1

(RL + ro2 + ro1)
[
vo2(t)

L1b

]

(C.8)

Voltage equation for L2b is given by

vo1(t)− ro1Co1
dvo1(t)

dt
− ro2Co2

dvo2(t)

dt
− vo2(t)− r2bi2b(t)

−L2b
di2b(t)

dt
+ rc1C1

dvc1(t)

dt
+ vc1(t) = 0

Substituting equations (C.6), (C.7) and (C.2) in the above expression
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to obtain state equation (C.9) for the inductor L2b.

di2b(t)

dt
= (−rc1 − ro1RL

(RL + ro2 + ro1)
)[
i1b(t)

L2b

]− rc1
L2b

i2a(t)

−(r2b − rc1 − (ro1 + ro2)RL

(RL + ro2 + ro1)
)[
i2b(t)

L2b

] +
vc1(t)

L2b

− (RL)

(RL + ro2 + ro1)
[
vo1(t)

L2b

]− RL

(RL + ro2 + ro1)
[
vo2(t)

L2b

]

(C.9)

Writing the state equations (C.1), (C.8), (C.5), (C.9), (C.2), (C.3),

224



(C.7) and (C.6) in matrix form

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

di1a(t)

dt
di1b(t)

dt
di2a(t)

dt
di2b(t)

dt
dvc1(t)

dt
dvc2(t)

dt
dvo1(t)

dt
dvo2(t)

dt

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A111 0 0 0 0 0 0 0
0 A122 A123 A124 A125 0 A127 A128
0 A132 A133 A134 A135 A136 0 0
0 A142 A143 A144 A145 0 A147 A148
0 A152 A153 A154 0 0 0 0
0 0 A163 0 0 0 0 0
0 A172 0 A174 0 0 A177 A178
0 A182 0 A184 0 0 A187 A188

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

L1a

0
1

L2a

0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

[
Vg

]

Where

A111 = − r1a
L1a

, A122 = −[r1b + rc1 +
ro1(RL + ro2)

RL + ro2 + ro1
](

1

L1b

),

A123 = − rc1
L1b

, A124 = −[rc1 + ro1RL

RL + ro2 + ro1
](

1

L1b

), A125 =
1

L1b

,

A127 = [
−(RL + ro2)

RL + ro2 + ro1
](

1

L1b

), A128 = [
ro1

RL + ro2 + ro1
](

1

L1b

),
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A132 = − rc1
L2a

, A133 = −(r2a + rc1 + rc2)

L2a

, A134 = − rc1
L2a

, A135 =
1

L2a

,

A136 = − 1

L2a

, A142 = −[rc1 + ro1RL

RL + ro2 + ro1
](

1

L2b

), A143 = − rc1
L2b

,

A144 = −[r2b + rc1 +
(ro1 + ro2)RL

RL + ro2 + ro1
](

1

L2b

), A145 =
1

L2b

,

A147 = −[ (RL)

RL + ro2 + ro1
](

1

L2b

) = A148, A152 = − 1

C1

=A153 =A154,

A163 =
1

C2

, A172 = [
RL + ro2

RL + ro2 + ro1
](

1

Co1

),

A174 = [
RL

RL + ro2 + ro1
](

1

Co1

),

A177 = [
−1

RL + ro2 + ro1
](

1

Co1

) = A178,

A182 = −[ ro1
RL + ro2 + ro1

](
1

Co2

),

A184 = [
RL

RL + ro2 + ro1
](

1

Co2

), A187 = [
−1

RL + ro2 + ro1
](

1

Co2

) = A188,

The input current and output voltage are shown as output equations
(C.10) and (C.11) as shown below.

ig(t) = i1a(t) + i2a(t) (C.10)

vo(t) = −[ ro1RL

RL + ro1 + ro2
i1b(t) +

(ro1 + ro2)RL

RL + ro1 + ro2
i2b(t)

+
RL

RL + ro1 + ro2
vo1(t) +

RL

RL + ro1 + ro2
vo2(t)]

(C.11)
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The output vector in matrix form is

[
ig(t)
vo(t)

]
=

[
1 0 1 0 0 0 0 0
0C122 0C124 0 0C127 C128

]
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+
[
0
]

Where rows ig(t) and vo(t) are assigned respectively as Cmode1mR1 and

Cmode1mR2, also C122 = − RL ∗ ro1
RL + ro2 + ro1

, C124 = − RL(ro2 + ro1)

RL + ro2 + ro1
,

C127 = − RL

RL + ro2 + ro1
= C128.

The state matrices in this mode are named as A1, B1 and C1.

C.2 Mode 2 - S1 and S2 OFF (t1 − t2)

With rerence to the circuit diagram as shown in Fig.7.8, Modified ICC
is modelled in Mode-2 is given as follows. The derivative of inductor
current i1a is given below as state equation (C.12) for inductor L1a.

di1a(t)

dt
= −(r1a + rc1)i1a(t)

L1a

− vc1(t)

L1a

+
vg(t)

L1a

(C.12)

The state equation (C.13) gives differential of capacitor voltage of C1.

dvc1(t)

dt
=

i1a(t)

C1

(C.13)
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The state equation for C2 is given by (C.14)

dvc2(t)

dt
=

i2a(t)

C2

(C.14)

The state equation for L2a is given by (C.15)

di2a(t)

dt
= −(r2a + rc2)

L2a

i2a(t)− vc2(t)

L2a

+
vg(t)

L2a

(C.15)

Writing state equation for capacitor Co2 as shown in (C.16)

dvo2(t)

dt
=

1

(RL + ro2 + ro1)Co2

[−ro1i1b(t)+RLi2b(t)−vo1(t)−vo2(t)]

(C.16)

Writing state equation for Capacitor Co1 as shown in (C.17)

dvo1(t)

dt
=

1

(RL + ro2 + ro1)Co1

[(RL+ro2)i1b(t)+RLi2b(t)−vo1(t)−vo2(t)]
(C.17)

The state equation for L1b is given by (C.18)

di1b(t)

dt
= −(r1b + ro1(RL + ro2)

(RL + ro2 + ro1)
)[
i1b(t)

L1b

]− ro1RL

(RL + ro2 + ro1)
[
i2b(t)

L1b

]

− (RL + ro2)

(RL + ro2 + ro1)
[
vo1(t)

L1b

] +
ro1

(RL + ro2 + ro1)
[
vo2(t)

L1b

]

(C.18)

The state equation for L2b is given by (C.19)

di2b(t)

dt
= (− ro1RL

(RL + ro2 + ro1)
)[
i1b(t)

L2b

]− (r2b +
(ro1 + ro2)RL

(RL + ro2 + ro1)
)

[
i2b(t)

L2b

]− (RL)

(RL + ro2 + ro1)
[
vo1(t)

L2b

]− RL

(RL + ro2 + ro1)
[
vo2(t)

L2b

]
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(C.19)

Writing the state equations (C.12), (C.18), (C.15), (C.19), (C.13),
(C.14), (C.17) and (C.16) in matrix form⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

di1a(t)

dt
di1b(t)

dt
di2a(t)

dt
di2b(t)

dt
dvc1(t)

dt
dvc2(t)

dt
dvo1(t)

dt
dvo2(t)

dt

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A211 0 0 0 A215 0 0 0
0 A222 0 A224 0 0 A227 A228
0 0 A233 0 0 A236 0 0
0 A242 0 A244 0 0 A247 A248

A251 0 0 0 0 0 0 0
0 0 A263 0 0 0 0 0
0 A272 0 A274 0 0 A277 A278
0 A282 0 A284 0 0 A287 A288

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

L1a

0
1

L2a

0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

[
vg(t)

]

Where A211 = −(r1a + rc1)

L1a

, A215 = − 1

L1a

,

A222 = −[r1b + ro1(RL + ro2)

RL + ro2 + ro1
](

1

L1b

), A224 = −[ ro1RL

RL + ro2 + ro1
](

1

L1b

),
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A227 = A127, A228 = A128, A233 = −(−r2a − rC2)

L2a

, A236 = A136,

A242 = [− ro1(RL)

RL + ro2 + ro1
](

1

L2b

), A244 = [−r2b+−(ro1 + ro2)RL

RL + ro2 + ro1
](

1

L2b

),

A247 = A147 = A248, A251 =
1

C1

, A263 = A163, A272 = A172,

A274 = A174, A277 = A278 = A177, A282 = A182, A284 = A184,
A287 = A288 = A187.

The output vector is given by equations (C.20) and (C.21)

ig(t) = i1a(t) + i2a(t) (C.20)

vo(t) = −[ ro1RL

RL + ro1 + ro2
i1b(t) +

(ro1 + ro2)RL

RL + ro1 + ro2
i2b(t)

+
RL

RL + ro1 + ro2
vo1(t) +

RL

RL + ro1 + ro2
vo2(t)]

(C.21)

The output in matrix form is

[
ig(t)
vo(t)

]
=

[
1 0 1 0 0 0 0 0
0C222 0C224 0 0C227 C228

]
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+
[
0
] [

vg(t)
]

Where rows ig(t) and vo(t) are assigned as Cmode2mR1 and Cmode2mR2

respectively. WhereC222 = C122, C224 = C124, C227 = C228 = C127.

The state and output matrices in Mode-2 are termed as A2, B2 and
C2.
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C.3 Mode 3 - S1 OFF and S2 ON (t2− t3)

The state space model of Modified ICC based on the practical circuit
diagram as shown in Fig.7.9 is given below.

The differential of current i1a through inductor L1a is given by the
state equation (C.22)

di1a(t)

dt
= −(r1a + rc1)i1a(t)

L1a

− vc1(t)

L1a

+
vg(t)

L1a

(C.22)

The differential of voltage across C1 is given by the state equation
(C.23)

dvc1(t)

dt
=

i1a(t)

C1

(C.23)

The derivative of voltage across C2 is given by the state equation
(C.24)

dvc2(t)

dt
= − i2b(t)

C2

(C.24)

The derivative of inductor current i2a is given by the state equation
(C.25)

di2a(t)

dt
= − r2a

L2a

i2a(t) +
vg(t)

L2a

(C.25)

The differentila of voltage across capacitor Co2 is given by the state
equation (C.26).

dvo2(t)

dt
=

[−ro1i1b(t) +RLi2b(t)− vo1(t)− vo2(t)]

(RL + ro2 + ro1)Co2

(C.26)
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The derivative of voltage across capacitor Co1 is given by the state
equation (C.27)

dvo1(t)

dt
=

[(RL + ro2)i1b(t) +RLi2b(t)− vo1(t)− vo2(t)]

(RL + ro2 + ro1)Co1

(C.27)

The voltage across L1b is given by the equation

−ro1Co1
dvo1(t)

dt
− vo1(t)− r1bi1b(t)− L1b

di1b(t)

dt
= 0

Substituting equation (C.27) in the above expression, the current
through L1b is rewritten by the state equation (C.28).

di1b(t)

dt
= −(r1b + ro1(RL + ro2)

(RL + ro2 + ro1)
)[
i1b(t)

L1b

]− ro1RL

(RL + ro2 + ro1)
)[
i2b(t)

L1b

]

− (RL + ro2)

(RL + ro2 + ro1)
[
vo1(t)

L1b

] +
ro1

(RL + ro2 + ro1)
[
vo2(t)

L1b

]

(C.28)

Voltage across L2b is given by the equation

−vo1(t)− ro1Co1
dvo1(t)

dt
− ro2Co2

dvo2(t)

dt
− vo2(t)− r2bi2b(t)

−L2b
di2b(t)

dt
+ rc2i2b(t) + vc2(t) = 0

Substituting equations (C.26) and (C.27) in the above expression to
obtain state equation (C.29) for L2b.

di2b(t)

dt
= − ro1RL

(RL + ro2 + ro1)
[
i1b(t)

L2b

] + (−r2b + rc2 − (ro1 + ro2)RL

(RL + ro2 + ro1)
)

[
i2b
L2b

] +
vc2(t)

L2b

− (RL)

(RL + ro2 + ro1)
[
vo1(t)

L2b

]− RL

(RL + ro2 + ro1)
[
vo2(t)

L2b

]
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(C.29)

Writing the state equations (C.22), (C.28), (C.25), (C.29), (C.23),
(C.24), (C.27) and (C.26) in matrix form

Writing the state equation in matrix form⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

di1a(t)

dt
di1b(t)

dt
di2a(t)

dt
di2b(t)

dt
dvc1(t)

dt
dvc2(t)

dt
dvo1(t)

dt
dvo2(t)

dt

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A311 0 0 0 A315 0 0 0
0 A322 0 A324 0 0 A327 A328
0 0 A333 0 0 0 0 0
0 A342 0 A344 0 A346 A347 A348

A351 0 0 0 0 0 0 0
0 0 0 A364 0 0 0 0
0 A372 0 A374 0 0 A377 A378
0 A382 0 A384 0 0 A387 A388

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

L1a

0
1

L2a

0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

[
vg(t)

]

Where
A311 = A211, A315 = A215, A322 = A222 A324 = A224,

233



A327 = A127, A328 = A128, A333 =
−r2a
L2a

, A342 = A242,

A344 =
−r2b − rc2

L2b

− (ro1 + ro2)RL

(RL + ro2 + ro1)L2b

, A346 =
1

L2b

,

A347 = A348 = A147, A351 = A251, A364 =
−1
C2

, A372 = A172,

A374 = A174, A377 = A378 = A177, A382 = A182, A384 = A184,
A387 = A388 = A187.

The output is given by equations (C.30) and (C.31)

ig(t) = i1a(t) + i2a(t) (C.30)

vo(t) = −[ ro1RL

RL + ro1 + ro2
i1b(t) +

(ro1 + ro2)RL

RL + ro1 + ro2
i2b(t)

+
RL

RL + ro1 + ro2
vo1(t) +

RL

RL + ro1 + ro2
vo2(t)]

(C.31)

The output vector in matrix form is

[
ig(t)
vo(t)

]
=

[
1 0 1 0 0 0 0 0
0C322 0C324 0 0C327 C328

]
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

i1a(t)
i1b(t)
i2a(t)
i2b(t)
vc1(t)
vc2(t)
vo1(t)
vo2(t)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
+
[
0
] [

vg(t)
]

Where rows ig(t) and vo(t) are assigned respectively as Cmode3mR1 and
Cmode3mR2, C322 = C122, C324 = C124, C327 = C127 = C328.

The state and output matrices in Mode-3 are named as A3, B3 and
C3.
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C.4 Mode 4 - S1 and S2 OFF (t3 − t4)

This mode is same as Mode-2. From the state space model, ig(t) and
vo(t) are assigned respectively as Cmode4mR1 and Cmode4mR2, also the
matrices are termed as A4, B4 and C4.
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