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Abstract

The thesis presents the design and implementation of DC-DC' converters with improved step-
up/step-down conversion ratio and reduced voltage stress. Firstly, a high step-down buck con-
verter (HSDBuC) is proposed to produce a lower output voltage at a sufficiently higher duty
ratio compared to the conventional buck converter (CBuC). The step-down voltage conversion
ratio is modified by a series-parallel transition of two identical capacitors of a switch-capacitor
cell. The cell consists of two parallel switches and two cross-connected identical capacitors.
These identical capacitors are charged in series and discharged in parallel by producing a lower
output voltage compared to CBuC' at the same duty ratio. The modified voltage conversion ratio
reduces the ripples in inductor currents and output voltage. This proposed HSDBuC' utilizes
a dual winding coupled inductor to reduce the ripples in inductor currents and output voltage
even more. The voltage and current stresses of the semiconductor devices employed in HSDBuC
are less. The switch-capacitor cell which is utilized to modify the voltage conversion ratio of
HSDBuC is also used to modify the step-down conversion ratio of the conventional interleaved
buck converter (CIBuC). The modified voltage conversion ratio helps to reduce the voltage and
current stresses of the semiconductor devices of the proposed high step-down interleaved buck
converter (HSDIBuC). The two single inductors at the output end of the HSDIBuC' are replaced
by a dual-winding coupled inductor (DWCI) to further improve the ripples in inductor currents
and achieve a lower value of the output filter capacitor. A systematic step-by-step analysis is
performed for the different cases of operations to investigate the effect of the coupling factor
of the DWCI in the reduction of ripple and the size of the output filter capacitor of the high
step-down interleaved buck converter with a dual-winding coupled inductor (HSDIBuC-DWCI).
After modifying the step-down conversion ratio of CBuC and CIBuC using a switch-capacitor
cell, a diode-capacitor cell is utilized to enhance the voltage conversion ratio of the conventional
boost converter (CBoC) and conventional interleaved boost converters (CIBoC). The proposed
high step-up boost converter (HSUBoC) reduces the ripples in input current, inductor current
and output voltage with the help of the coupling factor of DWCI. Thereafter, the diode-capacitor
cell is used to modify the voltage conversion ratio of CIBoC. The voltage and current stresses of
the proposed high step-up interleaved boost converter (HSUIBoC) are less than the high output
voltage. All the analyses and the subsequent design procedures of the proposed HSDBuC, HS-
DIBuC, HSDIBuC-DWCI, HSUBoC and HSUIBoC' are accomplished in continuous conduction
mode (CCM). In the voltage-mode control (VMC) framework, suitable controllers for each of
these converters are designed to investigate the sensitivity to the load parameter variation and
the performance under varying reference output voltage. Finally, the proposed converters are

implemented in hardware and their performances are verified experimentally.
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Introduction

The DC-DC buck converter is extensively used due to its simple structure and cost-effectiveness
in a variety of non-isolated type applications such as voltage regqulator modules for micropro-
cessors, telecommunication, power systems, LED drivers and automotive applications. More
often, such applications need DC-DC' converter with high step-up/step-down voltage conversion
ratio. Therefore, high-performance DC-DC' converters have become emerging trends in the de-
velopment of power converters. In this chapter, a brief introduction on conventional buck and
boost converter is provided. Thereafter, a literature survey on other existing step-up/step-down
converters is presented. Motivated by the literature survey, the purpose and the contribution of
the thesis are explained. Finally, the organization of the thesis is provided at the end of this
chapter.
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1. Introduction

Conventional energy resources like coal, gas and petroleum, apart from their fast depletion,
contribute significantly to environmental degradation. Therefore, to address the drawbacks of
such energy resources, an increasing number of researchers are attracted towards the exploration
of the environment-friendly renewable energy sources such as photovoltaic, ocean and wind
power generation |1,2]. However, these non-conventional renewable energy resources suffer
from two key issues which are variability and uncertainty. These unreliable power outputs can
be remedied by a battery energy storage system (BESS). More often, the BESS is incapable of
providing the desire output voltage or current. Generally, these problems are solved by using
power converters which are capable of stepping-up/down the input voltage i.e. battery voltage

and hence act as DC counterparts of transformers.

DC-DC Converters

!

\

Conventional Buck Converter

(CBuUC)
One: Switch (S), Diode (D), Inductor (L),
Capacitor (Cy);
Narrow duty cycle for high-input to low-
output voltage conversion;
High input-voltage and output-current
stresses on active and passive elements;
High ripples in inductor current and
output voltage;
Low efficiency;

Conventional Interleaved Buck

Converter (CIBuC)
Two: Switches (S;,), Diodes (Dy,),
Inductors (L ,); One Capacitor (Cs );
Narrow duty cycle for high-input to low-
output voltage conversion;
High input-voltage stresses on active
elements;
High ripples in inductor current and
output voltage;
Low efficiency;

v

Conventional Boost Converter

(CBoC)
One: Switch (S), Diode (D), Inductor (L),
Capacitor (Ct);
Large duty cycle for low-input to high-
output voltage conversion;
High output-voltage and input-current
stresses on active and passive elements;
High ripples in inductor current and
output voltage;
Low efficiency;

Conventional Interleaved Boost

Converter (CIBoC)
Two: Switches (S;,), Diodes (Dy 5),
Inductors (L;,); One Capacitor (Cy );
Large duty cycle for high-input to low-
output voltage conversion;
High output-voltage stress on active
elements;
High ripples in inductor current and
output voltage;
Low efficiency;

Figure 1.1: Classifications of conventional DC-DC buck and boost converters

This apart, power converters also find their usage in battery chargers, voltage regulator
modules (VRMs) for microprocessors, telecommunication, power systems, light emitting diodes
(LEDs) drivers, super-capacitor energy storage systems and automotive applications [3-6] in

sectors as diverse as commercial, industrial, transportation and aeronautics. Among the power
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converters, high-efficiency and high step-up/down converters in particular, are seeing an in-
creasing demand in the aforementioned applications |7H9]. More specifically, due to intense
market competition, the requirement is driven towards designing low-cost converter with high
density for a better profit and performance.

Basically, there are two types of DC-DC converters namely, buck and boost converters. A
tree of conventional step-up/down converters is shown in Figure to understand the classi-
fications of the conventional DC converters. To convert the high DC input voltage to a lower
DC output voltage, the conventional buck converter (CBuC) is used as shown in Figure .
This converter is extensively popular due to its simple structure and cost-effectiveness in a
variety of non-isolated type aforementioned applications. For very high voltage to low voltage
applications, the CBuC needs an extremely narrow duty cycle. The semiconductor devices of
the CBuC suffer the high current and input voltage stresses. Moreover, the efficiency of the

CBuC is low and the current stresses in the passive elements are high as well.

Lo 7
o8 L sl )

S | 1T
L, 7
Vm - Cf + S—1| 1 L1
= D& R§ Vo Vol =C |+
I - D;A XD, > R §_VO
% Fet

(a)

Figure 1.2: Circuit diagram of (a) Conventional buck converter (CBuC), and (b) Conventional inter-
leaved buck converter (CIBuC)

Therefore, the CBuC can be used as an interleaving circuit configuration to reduce the
current stresses of the active and passive elements as shown in Figure Due to its sim-
ple circuit configuration and low control complexity, conventional interleaved buck converter
(CIBuC) is a current topic of research especially in the field of non-isolation applications with
low output current ripple [I0H12|. Tt should be noted though, that the active elements of
CIBuC suffer from high input voltage which increases the voltage ratings of these components.
This unwanted phenomenon gives rise to large voltage drop, high on-resistance and high cost.

Apart from these shortcomings, in spite of using two CBuCs in parallel, the CIBuC shows no
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1. Introduction

improvement in voltage conversion ratio compared to the CBuC. Hence, only a very narrow
duty cycle is permissible in the case of CIBuC for high input voltage to low output voltage
conversion [13].

Now, on the other hand, conventional boost converter (CBoC) converts the low input voltage
to a higher output voltage as shown in Figure [I.3al For low voltage to high voltage conversion,
the CBoC needs a very wide duty ratio. This wide duty ratio negatively impacts the efficiency
resulting in more power loss. Apart from that, the semiconductor devices suffer high output
voltage stress with undesirably high ripples in inductor current and output voltage. As in

CBuC, the current stresses of the active and passive elements are also high in this case.

1l
= |
I
iT
-0
AVAVAY,
<
(@]
I
i
(@)
+

1
|

Sty S2 s R§ Vo

(a)

Figure 1.3: Circuit diagram of (a) Conventional boost converter (CBoC), and (b) Conventional inter-
leaved boost converter (CIBoC)

The CBoC can be modified to operate as an interleaved boost converter combining two basic
CBoCs in parallel so that the current rating of the components in the conventional interleaved
boost converter (CIBoC) can be halved to that of the CBoC as shown in Figure [1.3b] Thus,
the manufacturing of the CIBoC is quite economical as compared to other step-up converter
topologies [14H16|. Moreover, the input and output current ripples can also be improved when
compared with those of the conventional converter [14]. However, the voltage conversion ratio
of the CIBoC is the same as the CBoC and the semiconductor devices still suffer high output
voltage stress. In the following section, merits and demerits of the existing various DC-DC high

step-up/down converters are discussed.
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1.1 Literature Survey

1.1 Literature Survey

The literature survey on existing DC-DC step-up/step-down converters is elaborated under
the following five subsections. In the first subsection, various high step-down buck converters
are reported. Thereafter, several topologies regarding interleaved buck converters (IBuC) are
discussed in the second subsection. Survey on the effect of a coupled inductor in IBuC are
presented in the third subsection. This is followed by a survey on high step-up topologies in
the fourth subsection. In the last subsection, various high step-up converters with interleaving

configurations are presented.

1.1.1 Existing step-down buck converters

For high voltage to very low voltage conversion, a type of switch-capacitor combination
is used to enhance the voltage conversion ratio of a buck module in [17] forming a cascaded
converter. Though a two-stage cascaded buck converter is a possible solution for high step-down
voltage conversion [18|, the overall efficiency decreases and the converter unit becomes bulkier.
Several attempts to design single-stage buck converter with a larger step-down ratio have been
reported. In [19], a buck converter is presented to achieve a wider conversion ratio by using a
switched capacitor network. A transformer-less high step-down DC-DC converter is introduced
in [20]. However, both the designs use a large number of active and passive components
resulting in increased overall cost and size of the converters. A resonant high step-down ratio
buck converter is designed by using a coupled inductor and one resonant energy-transferring
capacitor in |21] with a very complex topology. In addition, the effect of the coupled inductor
on ripple improvement is not discussed. A wider conversion ratio for a bidirectional buck/boost
converter is reported in [22| with a large number of active and passive components. A non-
isolated buck converter is presented in 23| to achieve a high step-down conversion ratio using
a transformer and an energy transferring capacitor; though the switches are subjected to high
input voltage stress. Another high step-down converter introduced in [24] has the demerit of a
requirement of magnetic cores and components. In addition, the voltage step-down ratio of the
converter depends on the turns ratio of a coupled inductor. A buck module with low source
current ripple is introduced in |25]. This topology uses several semiconductor devices; however,

it could not modify the conversion ratio. To get ultra-high step-down conversion ratio, the
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1. Introduction

use of a dual-winding or three winding tapped-inductor for buck module is reported in [26(-28|.
By using the coupled-inductor, the voltage conversion ratio is also modified to achieve high
step-down output voltage in [29-31]|. But, the voltage conversion ratio depends upon the turns
ratio between the inductor windings. Moreover, requirements of active and passive elements

are comparatively more in these topologies.

1.1.2 Existing step-down interleaved buck converters

In-spite of using two CBuCs, the voltage conversion ratio of CIBuC is the same as that
of the former riddled with problems such as wider duty cycle, high ripples in current, high
voltage drop, high on-resistance, high voltage and current stresses, and low efficiency. To deal
with these problems, contemporary researches have tried to modify the circuit configuration
of CIBuC and the relevant and significant attempts are discussed here. A high step-down
ratio IBuC is introduced in [32]. Though the converter achieves larger step-down ratio, a
large number of inductors are required that makes the circuit complex, bulky and costlier.
An active-clamp IBuC with high step-down conversion ratio is introduced in [33|. Since the
requirement of passive elements and active switches are more, it increases the manufacturing
cost. In [29], a coupled inductor-based IBuC with high step-down conversion ratio is introduced.
Although the voltage across the switches is reduced, the requirements of active switches are
more causing an increment in cost and conduction loss. In [34], with an integrated inductor,
a study on IBuC is carried out. The voltage conversion ratio of this IBuC is the same as that
of CIBuC. At boundary condition, a synchronous IBuC is presented in [35] to achieve high
step-down conversion ratio by using the turns ratio of a coupled inductor. The requirements of
comparatively more semiconductor devices increase the total switching losses. An IBuC with
a single-capacitor turn-off snubber is presented to reduce the switching loss in [36]. All the
components are affected by the high-current stress causing more loss. Apart from this, the
minimum voltage ratings of all the switches and the diodes of the converter are equal to the
input voltage. Moreover, this IBuC operates only when the duty ratio is less than or equal
to 0.50. An IBuC with zero current transition is introduced in [37]. The step-down ratio is
not improved in this circuit configuration and it operates only when the duty cycle is less than
0.50. For LED drive, an IBuC is presented in [38|. It operates below 0.50 duty cycle and the

voltage stresses of the semiconductor devices are equal to the input voltage. In [39], an IBuC
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with a forward converter is introduced to achieve higher step-down ratio. The conversion ratio
depends on the turns ratio of a transformer. The requirements of active and passive components
are more. An IBuC with higher step-down conversion ratio is presented in [40]. This IBuC
gains the conversion ratio by a pair of coupled inductors. The requirements of semiconductor
devices and magnetizing cores are high. Thus, it increases the cost and size. The topology is
complex. With a soft-switching technique, an IBuC is presented in [41]. The voltage conversion
ratio depends upon the turns ratio of the transformer and does not achieve a high step-down
conversion ratio. In [42], to achieve ultra-high step-down voltage conversion ratio, the tapped-
inductor buck converter is designed in dual-phase interleaving configuration. To extend the
duty cycle, series capacitors and transformers are applied in four-phase interleaving circuit
configuration in [43|. However, both the topologies require a huge number of active and passive

elements resulting in larger size and higher manufacturing cost.

1.1.3 Existing step-down interleaved buck converters with coupled

inductor

CIBuC consists of two CBuCs in parallel. Thus, an extra inductor is required in the output-
end to design CIBuC making the converter bulky. Therefore, these two output-end single in-
ductors of CIBuC can be replaced by a dual-winding coupled inductor [44-48|. Use of coupled
inductor in solving the other various issues of CIBuC is also very popular among the contem-
porary researchers which are discussed herein. To obtain a better transient response, a coupled
inductor is used for a two-phase buck module in [49]. Moreover, it shows that strong coupling is
more effective at reducing ripple if the proper magnetic topology is used. In [50|, a multiphase
buck converter with a coupled inductor is introduced. The coupled inductor improves dynamic
behaviour and reduces steady-state power loss. A multiphase synchronous buck converter us-
ing a symmetrically coupled inductor is presented in [51|. The coupled inductor introduced in
this paper improves efficiency and also reduces phase current ripple. In [52], to increase power
density and efficiency of IBuC an ultra-thin coupled inductors is presented. To improve the res-
onant period of an interleaved critical current mode (CRM) bidirectional buck/boost converter,
a coupled inductor is used in [53]. The coupled inductor also improves the soft-switching range
and energy circulation. Inductor coupling effect in interleaved multiphase DC-DC converters is

also demonstrated to avoid early inductor saturation and interference between phases in [54].
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In [55], a comprehensive analysis of two-phase interleaved buck and boost converters including
an inter-phase transformer/ coupled inductor is carried out in discontinuous conduction mode
(DCM). To reduce the resistor and core loss, a compact lateral coupled inductor is designed and
used for a two-phase IBuC module in [56]. To achieve high power density and high step-down
conversion ratio, an IBuC is designed by a three winding coupled inductor in [47]. A four-phase
inverse coupled-inductor is introduced for an interleaved bidirectional DC-DC buck-boost con-
verter to reduce low current ripple and improve efficiency in [57]. A six-phase interleaved
topology consisting of a coupled-inductor introduced in [58| utilizes variable coupling coeffi-
cient to reduce the ripple. But it does not explain the effect of the variable coupling coefficient
of the coupled inductor on the output filter capacitor. At CCM/DCM boundary mode, a zero
voltage switching mode synchronous interleaved buck converter is presented in [35]. A coupled
inductor is used to improve the conversion ratio. In [59|, the turns ratio of a coupled inductor
is used to achieve high voltage gain for a bidirectional converter. A bidirectional interleaved
DC-DC converter is introduced to achieve high power density and cancel the ripple by using
a winding cross-coupled inductor (WCCI) in |60]. But the voltage conversion of this converter
depends on the turns ratio of the WCCI. In [61], an interleaved bidirectional buck-boost con-
verter is presented to achieve zero voltage switching (ZVS) by utilizing a coupled inductor with
a variable coupling factor. But the semiconductor devices of this converter suffer high voltage
stress. This converter also does not explain the effect of the variable coupling factor on the
output filter capacitor. Four switches and a pair of coupled inductors are used to achieve high
step-up/down conversion ratio for an interleaved bidirectional converter in [62|. This topology
does not provide any analysis of the effect of the coupled inductor in improving the ripple.
Input and output inductors of an interleaved buck-boost converter are magnetically coupled to
improve current ripple, low power density, efficiency and voltage oscillation in [63].

The concept of coupled inductor is implemented successfully for the aforementioned various
IBuC topologies to improve transient response efficiency, voltage conversion ratio, the ripple
in current and power density, etc. However, there is a lack of proper work addressing any
systematic analysis of ripples in output-end inductors for an IBuC. These works also do not
provide the impact of the coupling factor of a coupled inductor for reducing the minimum

capacitance value of the output filter capacitor.

TH-2863_146102032 3



1.1 Literature Survey

1.1.4 Existing step-up boost converters

Normally, for low-input voltage to high-output voltage conversion, CBoC is extensively
used due to its simple circuit configuration, less control complexity and acceptable efficiency.
However, when a low-input to very high-output voltage conversion is required, utilization of
CBoC can be disadvantageous as it requires wider duty ratio causing more conduction loss which
renders less efficiency [64-67]. Apart from that, CBoC suffers from other issues such as high
voltage and current stresses and high ripples in inductor current and output voltage [68-72].
Several techniques are applied to extend the voltage gain and deal with these other issues of
CBoC. Some significant and relevant techniques are discussed here. Cascading of two boost
converters can be a possible solution for high step-up voltage applications [73-75|. However, it
increases the voluminosity and control complexity and deteriorates the overall efficiency of the
converter unit [76,[77]. To overcome such problematic solutions, high step-up boost converters
based on the coupled inductor can be a simpler and effective replacement [78-82|. Through
voltage doubler circuit and coupled inductor, the step-up voltage conversion ratio is enhanced
in [83,[84]. However, these topologies are complex requiring a large number of active and passive
elements. Thus, the power loss increases. Moreover, there are no ripple improvements in the
inductor current. A non-isolated DC-DC step-up converter with higher step-up conversion ratio
is presented in 85| to achieve low input current ripple using a total of two dual-winding coupled
inductors making the converter costly and bulky. To cancel the input current ripple, a boost
converter is introduced using a tapped inductor in [86]. But, the step-up ratio of this converter
is the same as that of CBoC. Apart from the use of coupled inductor, some other techniques
are also used to modify the voltage gain. Some relevant topologies are reported here. Based
on the charge pump and boost converter, a high step-up converter is introduced in [87]. It
uses two single inductors which are not coupled. Therefore, the voltage gain does not depend
upon the turns ratio. A switch-inductor based step-up converter is reported in [88| to achieve
high voltage gain employing a large number of active and passive elements. Requirements of
a total of four single inductors make the system heavy and costly. Moreover, this work does
not provide any clarity on ripple improvement. In [89], a DC-DC boost convert is designed to
cancel the input current ripple. However, this converter uses two single inductors and a large
number of semiconductor devices.

A high step-up DC-DC converter is presented in [90] [91]. Two single inductors and a diode-
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capacitor cell are used to design this converter. The higher step-up ratio helps to reduce ripples
in input and inductor current compared to that of CBoC. However, using two single inductors
increases the size and cost of the converter. Replacement of these two single inductors by a
directly coupled DWCI may further help to reduce the ripples in input current, inductor current

and output voltage.

1.1.5 Existing step-up interleaved boost converters

Recently, step-up interleaved boost converters (IBoCs) are introduced based on the volt-
age doubler and passive snubber circuit [92-94]. The design procedures and implementations
of these converters are complex and require a lot of components resulting in high switching
losses. Generally, a cascade boost converter can produce a high step-up ratio but the circuit
configuration is more complex and not cost-effective [95,96]. The circuit configuration of the
cascaded unit becomes bulky, complex and expensive, and leads to difficulty in manufacturing.
A CBoC with a voltage multiplier cell and n-stage inductor capacitor-diode cell is presented
to achieve higher step-up voltage gain [97-100]. Herein, VMC consists of diodes, capacitors
and an inductor. The use of an extra inductor will increase the size and cost. Using coupled
inductors, IBoCs produce a high step-up conversion ratio |75,101-105]. The step-up voltage
conversion ratios of these IBoCs depend on the turns ratio of the coupled inductor. However,
a large number of coupled inductors increases the cost and complexity of these step-up IBoCs.

Transformers and active clamp circuits are also used to modify the step-up conversion ratio
of IBoC [106]. Generally, higher number of magnetic cores makes the circuit bulkier and costlier.
A zero current transition IBoC is presented |107]. This converter does not improve the voltage
stress of the semiconductor devices. The topology is not cost-effective. An IBoC with one
auxiliary switch is introduced [108]. But the voltage stress of the semiconductor devices is
equal to the output voltage. An IBoC with zero current switching is presented [109]. The
requirements of magnetics and semiconductor devices to design this converter are high which
increase the size and cost. To achieve higher step voltage conversion ratio, a DC-DC converter

is introduced using switch-capacitor cell to lower voltage stresses on the capacitor [110-113].
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1.2 Motivation for the Thesis

From the above literature survey on existing various DC-DC step-up/down converters, the

followings are found.

(i) CBuCs can be made to yield very low output voltage by operating at an extremely small
duty cycle which leads to high power losses and low overall efficiency. Besides, it results
in high ripple in inductor current as well as in output voltage which are not desirable;
therefore achieving high step-down conversion ratio with lower ripple values is a problem
worth exploring. Apart from CBuC, it is also seen from the other existing high step-up
topologies that in-spite of providing high step-down voltage conversion ratio, voltage and
current stresses of the semiconductor devices are high. Moreover, the ripple in inductor

current and output voltage is also high in these existing high step-down topologies.

Therefore, a buck converter is required to be designed for - (a) a high step-down conversion
ratio, (b) reduced ripples in input current, inductor current and output voltage, and (c)

less current and voltage stresses in the semiconductor devices.

(ii) The maximum current ratings of the semiconductor devices and inductors in CIBuC are
half of CBuC. However, in CIBuC, all the active devices are affected by high input voltage,
which increases the voltage ratings of the devices. The high voltage rated devices come
with a lot of disadvantages like large voltage drop, high on-resistance and high cost. Apart
from these drawbacks, CIBuC requires a very small duty cycle when very high input to
very low output voltage conversion is sought. From the literature survey, it is seen that
there are some interleaving buck topologies which have modified step-down conversion
ratio. However, these topologies are complex and costly. In these topologies some of which
require a transformer or a coupled inductor to enhance the voltage conversion ratio, the
constituent semiconductor devices are subjected to high voltage stresses. Moreover, many
of these topologies are inoperable even over the entire duty ratio range 0 < o < 1 and

require more number of active and passive elements.

Therefore, to deal with the problem of the small-duty cycle of CIBuC in high-input to
low-output voltage applications, a high step-down duty ratio interleaved buck converter
is required to be designed so that the proposed interleaved buck converter can produce a

low-output voltage at sufficiently large duty ratio apart from rendering it operable over
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(i)

the entire duty ratio range 0 < o < 1. While fulfilling these main motives, the proposed
topology should be simpler with high efficiency and should have lower voltage stresses on

the semiconductor devices.

Although CIBuC has benefits of high power capability, modularity, and improved relia-
bility, it has few drawbacks. The interleaved converters achieve better performance by
using an extra inductor, a power switch and a diode. Since the inductor is the heaviest
and largest component in a power converter, the overall converter size becomes bulkier.
Instead of using a number of single inductors, a single coupled inductor is a preferable
solution because of its less core loss, transient improvement, and reduction of ripple in
current [32,46,48}/114,/115|. Apart from CIBuC topology, there are other reported inter-
leaving topologies which use a coupled inductor to improve ripple in inductor currents

though they are complex and employ high number of active and passive elements.

The concept of coupled inductor is implemented successfully for the aforementioned var-
ious interleaved buck topologies to improve transient response, voltage conversion ratio,
ripple in current and power density, etc. However, there is a lack of proper work in the
existing literature on the systematic analysis of ripple in output-end inductors for an in-
terleaved buck converter, nor do these works discuss the impact of the coupling factor
of a coupled inductor for reducing the minimum capacitance value of the output filter

capacitor.

Works on topologies regarding high step-up conversion may be found in abundance in the
contemporary literature. For very low voltage to high voltage applications, CBoC is not
suitable as it requires a large duty ratio causing more conduction loss affecting the overall
efficiency. High ripple in inductor current and output voltage are other disadvantages of
these converters. In case of IBoC, the current rating of the components is half of that
of CBoC though the voltage conversion ratio is the same in both the cases. However,
all these topologies expose the semiconductor devices to high output voltage stresses. It
is worth noting that even though CBoCs and CIBoCs were not so expensive in past,
recent trends show an increasing tendency in terms of both cost and complexity in these

converters capable of addressing all the above-mentioned shortcomings.

Therefore, modifying step-up conversion ratio with reduced voltage stresses on constituent
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semiconductor devices, cost, complexity, and ripples in inductor current and output volt-

age is a challenging problem in designing conventional and interleaved boost converters.

1.3 Contribution of the Thesis

Motivated by the aforementioned literature survey on the various step-up/down topolo-
gies, the DC-DC converters with improved step-up/down conversion ratio are proposed and
implemented in this thesis. While fulfilling these main objectives, the proposed converters
also demonstrate significant improvements in other features which are highlighted below under

corresponding proposed converters.

(i) A high step-down buck converter (HSDBuC): The voltage conversion ratio of CBuC

is modified by using a switch-capacitor cell to achieve the following:
e a larger step-down conversion ratio to avoid the narrow duty cycle for high voltage
to very low voltage conversion

e a step-down conversion ratio which is independent of the effect of the turns ratio of

coupled inductor or transformer
e reduced ripples in input current, inductor current and output voltage
e reduced voltage and current stresses in the semiconductor devices
e better efficiency
e two single inductors of HSDBuC are further coupled directly for lower ripple in input

current, inductor current and output voltage.

(ii) A high step-down interleaved buck converter (HSDIBuC): The voltage conversion

ratio of the CIBuC is modified by using a switch-capacitor cell to achieve the following:
e a high step-down voltage conversion ratio to produce a low-output voltage at suffi-
ciently large duty ratio
e reduced voltage and current stresses of the switches and diodes
e a range of operation below and above 0.50 duty ratio

e reduced ripples in input, inductor current and output voltage using a dual-winding

coupled inductor (DWCI)
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e Consists of CBUC, a switch-capacitor cell and a

a lower value of the output filter capacitor by using DWCI

better dynamic response

fewer components compared to the existing topologies

simpler interleaving topology compared to the existing topologies

improved efficiency.

DWCI;
o Comparatively wider duty cycle for high-input to <-- CBUC

low-output voltage conversion;

Proposed HSDBuC

DC-DC Converters

| Proposed HSUBoC

e Consists of CBoC, a diode-capacitor cell and a
i ; DWCI;
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CBoC ._‘>‘ o p y y.Y_ p
igh-output voltage conversion;
l o Less voltage stresses on active elements;
e Low ripples in inductor current and output voltage;

CiBoC « High efficiency;

o Less voltage and current stresses on active elements; l
e Low ripples in inductor current and output voltage;
o High efficiency; CIBuC
0 ]
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Proposed HSDIBuC
Consists of CIBuC and a switch-capacitor cell;
Comparatively wider duty cycle for high-input to low-
output voltage conversion;
Less voltage and current stresses on active elements;
Low ripples in inductor current and output voltage;
High efficiency;

\ /
Proposed HSDIBuC-DWCI

Consists of CIBuC, a switch-capacitor cell and a
DWClI;
Low ripples in inductor current and output voltage;
Requirement of less value of output filter capacitor;
Comparatively wider duty cycle for high-input to low-
output voltage conversion;
Less voltage and current stresses on active elements;
High efficiency;

e Consists of CIBoC and a diode-capacitor cell;
e Comparatively smaller duty cycle for low-input to

Proposed HSUIBoC

high-output voltage conversion; <--

e Less voltage stresses on active elements;
e Low ripples in inductor current and output voltage;
o High efficiency;

Figure 1.4: Flow chart of the development of proposed converters

(iii) A high step-up boost converter (HSUBoC): CBoC topology is modified by using a

diode-capacitor cell and a coupled inductor to achieve the following:

e improved voltage conversion ratio to produce a high-output voltage at comparatively

smaller duty ratio

e reduced voltage and current stresses of the semiconductor devices
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e reduced ripples in input, inductor current and output voltage by using a coupled

inductor
e improved efficiency.
(iv) A high step-up interleaved boost converter (HSUIBoC): The voltage conversion
ratio of CIBoC is modified using a diode-capacitor cell to achieve the following:
e a high step-up conversion ratio by using a cross-connected diode-capacitor cell

e a conversion ratio independent of the turns ratio of a transformer or a coupled in-

ductor

reduced ripple in input current

better efficiency

reduced voltage stresses of the semiconductor devices

e simple circuit configuration compared to the existing topologies.

A tree-diagram of DC-DC converters highlighting the contribution of the thesis is shown in
Figure[I.4l The conventional converters of Figure [I.1] are shown within the dotted rectangular

box. The contribution of the author are shown within the coloured boxes.

1.4 Organization of the Thesis

Having laid the foundation of the thesis in the introduction, a brief organization is given
below showing the glimpse of the subsequent chapters.

Chapter 2 proposes a high step-down buck converter (HSDBuC). The circuit topology of the
high step-down interleaved buck converter (HSDIBuC) along with detailed analysis is provided
in Chapter 3. Thereafter, the proposed high step-down interleaved buck converter with a
dual-winding coupled inductor (HSDIBuC-DWCI) is presented in Chapter 4. In Chapter 5,
a high step-up boost converter (HSUBoC) with a coupled inductor is proposed. After that,
the proposed high step-up boost converter with interleaving configuration, namely high step-
up interleaved boost converter (HSUIBoC) is discussed in Chapter 6. Section 7 concludes the

works and provides future scope of the thesis.
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High Step-down Buck Converter

This chapter presents a buck converter with a large step-down voltage conversion ratio, reduced
ripple in inductor current and low semiconductor voltage stress. The proposed converter pro-
duces a lower output voltage at a sufficiently higher duty ratio compared to the conventional
buck converter. The step-down voltage conversion ratio is modified by a series-parallel transi-
tion of two identical capacitors of a switch-capacitor cell. Two parallelly placed switches and
two cross-connected identical capacitors are utilized to design the cell. An extra inductor is
placed at the input side to oppose the sudden change in input current due to the series-parallel
transition of the two capacitors. Therefore, two inductors are required to design the converter.
These two inductors are coupled directly. The modified voltage conversion ratio reduces the rip-
ple i inductor currents and output voltage. Direct coupling between the two inductors helps to
further reduce the ripple in inductor currents and output voltage. The analysis of small-signal
modelling is carried out and a voltage mode PIl-controller is designed to enable the closed-loop
operation. Finally, the proposed converter is implemented in hardware and the performance of

the proposed converter is verified experimentally.
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2.1 Introduction

Conventional buck converter (CBuC) requires a very narrow duty cycle for the high-input
to very low-output voltage conversion which causes high power losses and overall low-efficiency.
Besides, it results in high ripple in inductor current as well as in output voltage which is not
desirable; therefore achieving a high step-down conversion ratio with lower ripple values is a
notable development. A high step-down buck converter (HSDBuC) with a dual winding coupled
inductor (DWCI) is proposed in this chapter. The proposed HSDBuC uses a switch-capacitor

cell to achieve a larger step-down conversion ratio as well as the following.

e a larger step-down conversion ratio to avoid the narrow duty cycle for high voltage to

very low voltage conversion;
e reduction of ripples in input current, inductor current and output voltage;
e reduction of voltage stresses in the semiconductor devices;
e improvement of efficiency;

The conversion ratio of the proposed HSDBuC is independent of the turns ratio of a coupled
inductor or a transformer. The modified step-down conversion ratio reduces the ripple in input
current and output voltage. But the use of a coupled inductor improves the ripple even more
as the coils of the coupled inductor are directly coupled.

The chapter is organized as follows. Section 2.2 explains the operation principle. Ripple
currents in inductor branches and input current are discussed in Sections 2.3 and 2.4 respec-
tively. Section 2.5 discusses the minimum inductance value of the coupled inductor. The output
voltage ripple and CCM/DCM boundary load conditions are determined in Sections 2.6 and 2.7
respectively. The voltage and current stresses are provided in Section 2.8. Section 2.9 discusses
power losses and efficiency. Small-signal modelling and control scheme are described in Sections
2.10 and 2.11 respectively. Section 2.12 presents the simulation work. Experimental set-up and

results are provided in Section 2.13. Finally, Section 2.14 gives a brief summary of the chapter.
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2.2 Operating Principle

The proposed high step-down buck converter (HSDBuC), shown in Figure combines
a dual-winding coupled inductor (DWCI) and a switch-capacitor cell operating in continuous
conduction mode (CCM). The input voltage v;, is applied to the L;-winding of the coupled
inductor. The ry, is the parasitic of the L;-winding. Thereafter, a switch-capacitor cell is used
and it consists of two switches S; and S5 placed in parallel and two cross-connected identical

capacitors C and Cs.

|
1+

Figure 2.1: The proposed DC-DC high step-down buck converter (HSDBuC) with DWCI

The diode D is placed parallel to the switch-capacitor cell followed by the L-winding of the
coupled inductor. Both the switches turn ON and OFF simultaneously. When both S; and S,
are ON, the diode D is in reverse bias. Therefore, the two identical capacitors are parallel to each
other and discharge their energy to the load side. When the switches are OFF simultaneously,
the diode D is in forward bias because of which the two identical capacitors charge in series with
the L;-winding. Thus, the proposed converter produces lower output voltage at a sufficiently
large duty cycle compared to the conventional buck converter. The modified conversion ratio
helps to reduce ripple in input current, inductor current and in output voltage. To oppose the
sudden change in the input current due to the series-parallel transition of the two identical
capacitors, the L;-winding is placed at the input side. Therefore, two inductors are required to
design the proposed converter. These two inductors are coupled directly to reduce the ripple
in input current, inductor current and in output voltage. The L;— and L represent the two
windings of the coupled inductor. C represents the output capacitor and r¢, is the parasitic. v,

is the output voltage at output load resistance R. The r;, and r, are negligible as r,r;, < R.
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2.2.1 Generalized equations of coupled inductor

The schematic diagram of the directly-coupled dual-winding coupled inductor (DWCI) is
shown in Figure 2.2 Two U/C-type cores are magnetically coupled.

Figure 2.2: Schematic representation of the dual-winding coupled inductor (DWCI)

The generalized inductive voltages vy, and vy, across the L; and L windings of the coupled
inductor respectively are as follows.

di L; di L

v, = Lt £ M= (2.1)
dZL d

Y e N Vg0 2.2

VLT i (22)

Here iy, and i, represent the currents flowing through the L; and L windings respectively.
Since the two windings of the coupled inductor have identical inductances, L = L;. The mutual
inductance, M, is defined as M = k+/L;L where k is the coupling factor. The windings will
be directly coupled or inversely coupled depending upon whether & € [0,1] or k£ € [0, —1]
respectively. The leakage inductance, L, is defined by L, = L(1 — k?). The two inductor
branches are coupled directly to reduce the ripple in current and output voltage for the proposed
converter. Therefore, over a time period of Ti, Equations (2.1) and can be expressed as

T, s vam/ Ty
/ dzL:(L/ dt— — VLI / dt (2.3)
0

1-k2)L,; 1—-k2)L;

Ts Ts v, k,/ Ts
/ diL:(U—L/ dt — / dt (2.4)
0

1— k)L 1—k)L

2.2.2 Switching modes

The converter, whose duty ratio is denoted by «, has one ON-state and one OFF-state, as

both the switches S; and Sy turn ON and OFF simultaneously over a time period of T as shown
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in Figure Here, vg, , represents drain to source voltage i.e. voltage stress for the switches,
whereas vp is the diode voltage stress. In the duration 0 < ¢ < a7, both the inductor currents,
i1, through L;-winding and 7, through L-winding increase. In the next duration, a7, <t < Tj,

both the inductor currents decrease. The switching operations are described below.

VgS]ﬂ (1 - a)TS
|4 - > ~
gs >
21— C{TS—I—
vsli >/
A
Up >/
i} >/
v, 4 -
I, T/\/\
>
vy, >/

Figure 2.3: Idealized waveform of the proposed HSDBuC

2.2.2.1 ON-state (0 <t < aTs) of HSDBuC

In this switching period, the S; and S, are simultaneously ON as shown in Figure[2.4] The
diode D is in reverse bias. Therefore, the two identical capacitors are parallel to each other

and the voltage across the capacitors is ve.

7 4Cf

Figure 2.4: The circuit configuration of HSDBuC in ON-state

The voltage vy, across the L;-winding and vy across the L-winding are respectively as

follows.
dig, dig,
Y o — 2.
(M Lz dt +M dt Vin (e} ( 5)
di dig, .
v = Ld_tL + M dil = Vo — Vg, = Tejlcy (2.6)
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where vc, is the voltage across the output capacitor C'y and i¢, is the current flowing through

Cy. The output voltage v, is as follows.

Vo = Vg + chicf = Rigp (27)

where i is the current flowing through load R. The current through the identical capacitors,
ic, is provided as

ic(t) = ir,(t) —ir(t) (2.8)

The output load current is

ip(t) = i(t) —ic,(t) (2.9)

The state vectors are defined as x(t) = [iz, ve i ve,]" and the output vector as y(t) = v,.

The state-space representation of the ON-state is as follows.

(1) = Arx(t) + Byvm(t)

r 0 —(M—|—L) MRT‘Cf MR i - I -
LLi—M? (LL;,— M?)(R+r¢,) (LLi—M?)(R+rc,) i
! 0 ! 0
20 20 0
= 0 Lz + M —LiRTCf _LzR X(t) + -M Um(t)
LL,— M? (LL;— M®)(R+ro,) (LL;— M?)(R+rc,) LL, — M?
0 0 L —1 0
Cf(R y ch) ROf(R + ch) i
(2.10)
R’/’C R
t) =Z.x(t)= |0 0 ! t 2.11
y(t) = Zax(t) el oeel K10 211)

2.2.2.2 OFF-state (a7 <t <T,) of HSDBuC

In this subsequent interval, both the switches are OFF and the diode D is in forward bias
as shown in Figure 2.5 Therefore, these identical capacitors are in series with L;-winding. The
resultant voltage across the two capacitors becomes ve + vo = 2ve. The voltage and current

equations are as follows.

dir, di
v, = Liﬂ e

dt di 21]0 (212)

= Vin —
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2.2 Operating Principle

dt + dt = —Ucf - ch’icf (213)

ic(t) = iL, (1) (2.14)

Figure 2.5: The circuit configuration of HSDBuC in OFF-state

The output voltage and load current are given in Equations (2.7) and (2.9)) respectively.

The state-space representation of the OFF-state is as follows.

x(t) = Aax(t) + Bavjy, (1)

3 oL MRro, MR T -
LL,— M? (LL;— M?)(R+rc,) (LL;— M?)(R+r1c,) L =P
1
= 0 0 0 0
=, 2™ —LRre, _L:R X+ |y | vl
LL; — M?> (LL; — M?%)(R+r¢,) (LL;— M?)(R+r¢,) LL; — M?
R 1
0 0 = 0
Cf(R-i-ch) RCf(R+TCf) i ]
(2.15)
Rr R
y(t) = Zox(t) = [0 0 < x(t) (2.16)

R+ch R+ch

2.2.3 Voltage conversion ratio

At ideal case, by using Equations (2.5 and (2.12)), the volt-second balance (VSB) equation

of the L;-winding is expressed as follows.

(Vin — vo)a + (Vin — 2ve)(1 —a) =0
(el 1

= 2.17
Vin 2 — « ( )
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2. High Step-down Buck Converter

In the next stage, by using Equations (2.6) and (2.13)), the VSB equation of the L-winding is

written as

(ve — Vo) — v,(1 —a) =0

Vo = Qo (2.18)

Therefore, from Equations (2.17) and ({2.18]), the voltage conversion ratio of the proposed

converter is derived as
Vo o

2 = (2.19)

Vin 2—

The voltage conversion ratio of CBuC is v,/v;, = a. Therefore, the proposed HSDBuC produces

less output voltage at the same duty ratio as compared to CBuC.

2.3 Ripple Current in Inductor Branches

By considering L. = L;, the ripple currents in L and L; windings of the coupled inductor are

determined. The effect of coupling factor & on ripple reduction is analysed.

2.3.1 Ripple current in L;,~-winding

During the interval (0 < t < oT%), the instantaneous inductor current iy, (aTy) is derived

by substituting Equations (2.5)) and ({2.6|) into (2.3)) as follows.

, (I = a)Tav, .
i, (aTy) = 2otk +ir,(0) (2.20)

In the subsequent interval (a7 < t < T}), the instantaneous current iy, (7s) is determined by

substituting Equations (2.12)) and (2.13)) into (2.3)) as follows.

(1 — a)Tsavy,

L, (Ts) =ip, (aTy) — 2.21
ZLz( ) ZLz(a ) (2 _ Oé)(l + k)[/@ ( )
Therefore, the ripple current of L;-winding is
1— T, 1 —a)T;
Aip, = ip (oTy) — in, (0) = — L=l - Q=o)L (2.22)

l 2—a)(1+ k)L,
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2.4 Ripple in Input Current

2.3.2 Ripple current in L-winding

In the duration (0 < ¢t < oT}), the instantaneous current iy (aTy) is determined by substi-

tuting Equations ([2.5)) and (2.6 into (2.4) as follows.

(1 — a)Tsavy,

ioly) = AT WL

+i(0) (2.23)

In the next switching period (a7 < t < Ty), by substituting Equations (2.12)) and (2.13) into
(2.4), the instantaneous current i, (7}) is derived as

(1 — a)Tsavy,

(1) = ip(aTy) — 2.24
ZL( ) ZL(a ) (2 - a)(l + k)L ( )
Therefore, the ripple in inductor current of L-winding is
1— T, 1— )T,
iy, = ig(ay) — i (0) = ==L (=T, (2.25)

T 2-a)A+KL " (1+k)L

2.4 Ripple in Input Current

The duty ratio and ripple in input current of CBuC are considered as a; and Ai,. The

input ripple current of CBuC is as follows [116].

1— )T
iy = L= )5 (2.26)
L
The input ripple current (Ai;,) of the proposed HSDBuC is
, ] (1 —a)T;
Aty = ANip, = ———1, 2.27
? L, (1 + k’)Lz v ( )

While both converters have the same input and output voltages, the relation between two duty

ratios is expressed as

20&(,
= 2.28
=T (2.28)
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2. High Step-down Buck Converter

Considering that both the converters have the same inductance value (L = L;), the relation

between A, and Ai;, is as follows.

AT 1-—
i ___ (1=a) (2.29)
Ay (1+k)(1— )
Substituting the Equations (2.28)) into (2.29)), the following relation is obtained.
AT 1
lin _ where k € [0, 1] (2.30)

Ay, (T+k)(1+ )

Therefore, from the Equation (2.30)), it can be said that the proposed HSDBuC has less input
ripple current than the CBuC. The use of coupled inductor causes further ripple improvement

in input current as shown in Equation ([2.30)).

2.5 Minimum Inductance Value of Coupled Inductor

The average input current 4,, is determined by using Equation (2.22)) as follows.
AiLi - (1 — O[)T'S

'in = = o 2.31
! 2 21+ k)L; (2:51)

The output current i, is the same as the load current ig. Now, at lossless condition v;,2;, = v,

the input current can be written by using Equation (2.19) as

.in = .o 2.32
7 ) 5 ( )

Therefore, by equating Equations (2.31)) and ([2.32)), for a given load R, we get

_ Vo _ 2L;a(1 + k)
A e (2.33)

Thus, the minimum inductance value can be written as

2-a)(1-a)T,R

min{Li} = 2a(1 + k)

(2.34)

Both the windings of the coupled inductor are considered to have equal inductance value (L; =

L).
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2.6 Ripple in Output Voltage

In every cycle Ty, the output filter capacitor stores charge and the maximum increment,

(AQ), of the charge is calculated as follows.

LA AT,
2 8

(2.35)

Therefore, the peak to peak ripple voltage, Av,, in the proposed converter is given by

AQ (1— Oé)TS2OéUZ'n
Ava = e = 2.36
Y Of 8(1 + l{?)<2 — Oé)LOf ( 3 )

The output ripple voltage of the CBuC is Av, = AC—? = (1;52?204%1. In Figure , the ripple
Aiy, of the proposed HSDBuC for different values of coupling factor k is compared with that of
CBuC for the same input voltage. It is observed from the figure that the proposed HSDBuC has
less ripple than CBuC in the entire range of a. As expected, the ripple decreases with increase

in coupling factor. If the proposed converter utilizes two independent inductors instead of a

coupled inductor, i.e. k = 0, the proposed HSDBuC still offers less ripple than CBuC.

0.6
/"-— - --~.~'\
0.5F
7 N,
/<\ l/ \\
04 e S AN
; - ~o 3
403 ! .’ A
. lI . Y
< / e ’ MY
= / ., Y
> 0.2r ';' ',' - N
0 ;o ----- Conventional \‘\
0.1 ,/' 7 = = =The proposed with k= 0 \\ 1
IRy e proposed with &= 0.
i The proposed with £= 0.5 \
0 Za | e The proposed with £ = 0.8
0 0.2 0.4 0.6 0.8 1

Duty Ratio «

Figure 2.6: Plot of ripple in iy, versus duty ratio « at different values of k for equal v,

2.7 CCM/DCM Boundary Load Condition

In this section, the load value at the boundary between the continuous conduction mode
(CCM) and discontinuous conduction mode (DCM) is derived. The average input current (1;,)

is the same as the current through the L;—winding and calculated by using Equations ([2.20))
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2. High Step-down Buck Converter

and (2.21) as

iLi (O> + /iLi (aTS)+ iLi (aTS) + iLi (TS)

(1 -a)Tv, | .

At the boundary condition (i, (0) = ir,(Ts) = 0),

- (1—a)v,

T 2L+ KL, (238)

The average input current can be expressed by I;, = 5%-4,. Therefore, by substituting I;, =

321, into Equation (22.38), the boundary load Rpp is derived as

_ & _ 2(1 aF k‘)LlfSO!
Rip = W 0—a)2—a) (2.39)

The plot of normalized boundary load Rpp/(2(1 + k)L;fs) as a function of duty ratio « for the

proposed buck converter is shown in Figure 2.7

—_
=

N o0

DCM

N

Rpp/(2(1 + k)Lify)

CCM

<
o

0.2 0.4 0.6 0.8 1
Duty Ratio ()

Figure 2.7: Plot of normalized load resistance of HSDBuC at CCM/DCM boundary

2.8 Voltage and Current Stresses

By neglecting the ripple in capacitor voltages, the voltage stresses of the switches and diode
are determined. The switching voltage stresses vg, and vg, respectively of the switches S; and

S, are provided as follows.

(2.40)

TH-2863_146102032 28



2.8 Voltage and Current Stresses

The diode voltage stress vp is as follows.

(2.41)

The stresses of the switches and diode due to the current flow is determined by neglecting
the ripple in inductor current. The approximation of the maximum switching current and diode

current are carried out as

' ‘ 1o, for 0 <t < aTy
g, =15, = (2.42)
0, for o, <t <Tj

0, for 0<t<aT,
ip = (2.43)
1., for o, <t <Tj

where i, is the output load current. By using Equation (2.25)), the maximum current stresses

of the switches (/g and the diode current stress (Ip, . ) are determined as follows.

max )

) Air, . (1 — a)Tsavy,
T =7 =4, + — =i, + 2.44
Sma(t Dmaw 7 2 Z 2(1 k)(2 ) [ ( )

Is,. . and Ig, _ are the root mean square (rms) currents flowing through the switches S; and

S, respectively and are as follows.

o
[Slrms = [SQTms = T/ 2%1 dt = ZO\/a (245)
s JO

The rms current Ip . flowing through the diode is

1 [T
Ip, . = = / i2dt = ig/1 — (2.46)
s JO

The average current, Ip, flowing through the diode is

1 [
Ip = ,/—/ indt = iy(1— a) (2.47)
Ts Jo
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2. High Step-down Buck Converter

In Table 2.1], the ripple currents and output ripple voltage of the proposed HSDBuC are

compared with CBuC for the same input and output voltages.

P,

-2
Ton — 271DS(0n)04Z0 = 27ﬁDS(on)Oé

B,

= (2.48)

Table 2.1: Comparison of ripple between the proposed HSDBuC and CBuC

Parameter CBuC Compare | Proposed HSDBuC
Uy - o
— e
Vin 2 —«
Ai (1 — a)Tsavg, - (1 = a)Tsavg,
L ECE
Aiy (1 — ) Tsauy, - (1 — ) Tsawy,
L (1+k)(2—a)L
1 — )T, 1 — )T 2aw;
Al (1 — )T awyy, - (1 — )Ty,
8LOf 8(1 aF k’)(2 — Oz)LCf
Vin
S zn >
U v o
> Vin
v Vin
e 2—«
, (1 — o) Tsavy, , (1 — a)Tsavy,
I max o - a7 > o
s Ry Y AR - )L
7 , (1 — a)Tsavg, - - (1 — a)Tsavg,
maxr (23 L e 1o
P 2L 21+ k)2 —a)L

2.9 Analysis of Power Losses and Efficiency

The power loss in the proposed HSDBuC is mainly due to the semiconductor devices and

the resistances of inductors. The loss analysis is carried out by assuming all the capacitors are
ideal. The output power, P,, can be written as P, = v,i, = i2R. The switching conduction loss
due to ON-state resistance, 7pg(on), of the switches S; and S, is determined by using Equation
(2.45)) as follows. Assuming that the output capacitance, Cy, of the switches S; and S5 is linear,

the switching loss Py, is expressed as

28 32
fC;UCPO

o

Py = 2f,Cv2 = (2.49)
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2.9 Analysis of Power Losses and Efficiency

By using Equation (2.46|), the conduction loss due to diode conduction resistance rp is

P = rp(l—a)i = rp(1 — @% (2.50)

The bias loss, P,,, due to forward bias voltage, vy, of the diode D is calculated by using

Equation (12.47)) P
Py, =va(l — )i, = vpa(l — )= (2.51)

Vfd
o

The losses due to the inductive resistances 77, and r; of the L and L;-windings respectively
are as follows.

Q o P
P, 2i2 =, 2_¢ 2.52
Li TLZ(2_05) Z0 TLZ(Z—OZ) R ( )
P,
P, =rpii= L (2.53)

Therefore, the total power loss, P, is calculated as

PLoss:Pr(Dn)+Psw+PrD+Pvfd+PTLi+PTL (254)

Thus, the efficiency, n, is derived as follows by using Equations ([2.48])—([2.54)).

1 1

n= — 2.55
Lo (Pross/Fo) 14 2ostom  20s00VG | rp(ca) 4 vpall=e) | 704 (o y2 1 1t 2
100 ‘ ‘ ‘ ‘ 100
595+
=
290 1
=]
]
8
85|
S
80 ‘ ‘ ‘ | 80 ‘ : ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 2 4 6 8 10
Duty Ratio («) Load R ()

(a) (b)

Figure 2.8: Theoretical efficiency of HSDBuC due to change of (a) «, and (b) Load R

The theoretical efficiencies of the proposed HSDBuC due to the variation of duty ratio («)
and load resistance (R) are shown in Figures and respectively.
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2. High Step-down Buck Converter

2.10 Small Signal Modelling

In this section, followed by average state-space and steady-state analysis, power-stage trans-

fer functions are determined to enable the closed-loop control systems.
2.10.1 Average state-space matrices

The general average state-space equations are written as follows.

(1) = ApyX(t) + Bayvin(t) (2.56)

Y(t) = Zavx(1) (2.57)

The average state matrices of Equations (2.56)) and (2.57)) are as follows.

Aav = (Al — Az)Oé + A2

i 0 allL— M) —2L M Rre, M Rre, ]
LL; — M? (LLi—Mz)(R—H’Cf) (LLi—M2)(R+rcf)
2—« —
50 0 20 !
|, 2Mtoa(Li-M) —LiRre, —L;Rre, (2.58)
LL; — M? (LLi—M2)(R—|—7“Of) (LLl-—MQ)(R+rcf)
0 0 R —1
Cf(R-f-TCf) RCf(R+TCf>
L -M 4
B., = (Bs 2)a + Ba [LLi — 0 IL 2 O} (2.59)
RTC R
— _ =100 f .
Zav (Zl Zz)Ck —|— Zz |: R + T’Cf R + ch:| (2 60)

Now, considering a perturbation, 0;,(t), in the steady state input voltage, V;,, the input voltage
is expressed by vy, (t) = Vi, + 0;,(t). This perturbation in vy, affects the steady-state values
of inductor currents and capacitor voltages. If the instantaneous state vector x(¢) and output
Vo(t) are x(t) = X + x(t) and vo(t) = Vo + V,(t), respectively, the state-space equation with

the perturbation can be written as follows.
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2.10 Small Signal Modelling

X + X(t) = Aay(X + X(t)) 4+ Bay(Vin + 0in(t)) (2.61)

Vo + 9(t) = Zaw (X + %(1)) (2.62)

This perturbation also affects the nominal duty cycle o that becomes «(t) + &(t). Substituting
it into Equations ([2.58]) to (2.60)), the average state-space matrices are expressed as follows.

Anw = (A1 — Ag)(a(t) + a(t)) + As (2.63)
B.v = (B1 — B2)(a(t) + &(t)) + Bo (2.64)
2y = (Zl - Z2)(a(t) + &(t)) +Z (265)

2.10.2 Steady-state analysis

Under ideal condition, the parasitics 71, rr, and 7¢, are neglected as rr,rr,,rc, << R and

the steady-state values of the state variables are

oV V; aVin Vi 1"

X = |I;, 1 = _Aav_lBav in —
U1, Vo I, Ve, | Y = | R@=a) 2—a 2R(2-0a) 2—a

(2.66)

2.10.3 Power-stage transfer function

The input-to-output voltage transfer function, G4(s), can be determined by using Equations
(2.56)) to (2.60) as follows.

@ 3 2
_ —MNn3S® — Ngs” +n1S + No
Gyg(s) = = Ziav(sI — Ayy) 'Byy =
g( ) V; ( ) b484+b383+b252+b18+b0

(2.67)

The coefficients of the denominator of the G,4(s) and Gya(s) are provided in Table 2.2] The

MRrc MR
numerators of the G,,(s) are ng = ! , Mg = ;
g (LL; — M?)(R + ¢, ) (LL; = M?)(R +r¢,)Cy
2 — MR 2 —
ny = ( a)a i ng = o )R Since the coefficients of

2(LL; —MQ)(R+rcf)C” 2(LL; —MQ)(R—i-rcf)CCf'
the numerator are negative, there is a zero on the right-half of the s-plane. Therefore, G,4(s)

becomes non-minimum phase in nature. The Figure 2.9 shows the responses of the transfer
function of G,,(s) for different values of a. The G,,(s) is tested with a step-signal of amplitude
equal to v;, = 20 V. The undershoot in the responses of the proposed HSDBuC validates the

non-minimum phase behaviour. The responses of G4(s) of the proposed HSDBuC are com-
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2. High Step-down Buck Converter

pared with G,4(s) of CBuC [117] which is not a non-minimum phase system and its response

has no undershoot.

J—
[}

758y 080V 124V

v

—
<

—Gyy(s) at @ =0.35

Amplitude (V)
W

0 — Gyy(s) at @ = 0.45 1
The proposed —Gy(s) at o« = 0.55
5 ‘ ‘ ‘
- ‘ v
L
=10 v ]
£ —Gyls) at @ =0.35
E‘ 5 —Gy(s) at a = 0.45
< 0 Conventional —Gygls) at a = 0.55
0 0.005 0.01 0.015 0.02
Time (s)

Figure 2.9: Step response of transfer function Gy4(s) for the uncompensated proposed HSDBuC and
CBuC at different « values

Table 2.2: The Coefficients of transfer functions Gug(s) and Gya(s) of HSDBuC

Coefficient Expression

(Lz — M)ch’f‘/in

s (LL; — M) (2 — a)(R+ 1)
(C(M = Li)(a = 2)R+ Cra((M — Li)a = 2M)rg,)Vin
2 (LL; — M?)(2 — 2)2CC(R+ 1)
a ((CfRTCf — L; + ]\4)0&2 - (4CfR7”Cf + 2M)Oé i 4CfRTCf>Vm
(LL; — M?)(2 — a)?CCy(R +r¢,)
RV,
a
0 (LL; — M%)CCy(R +rc,)
by 1
b 1 I LiRch
’ CiR(R+r¢,)  (LL,— M?)(R+7¢,)
b, L (Li+ L —2M)a® + 4(M — L)a+4L)Cy (R +r¢,) + 2LiCR
2 (LL; — M2>CCf(R+TCf>
b l(LZ + L—-2M + CfRch)CY2 + 4(M —L— CfRTCf)CY + 4L + CfR’f‘Cf
! 2 (LL; — M2)CCy(R + rc,)
. 1 (o —2)?R
0 2(LL; — M2)CCy(R + rc,)
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2.11 Control Scheme

By using Equations (2.56|) to (2.66)), the voltage to duty ratio transfer function G,.(s) is

derived as

= 5el5) g (5T~ Au) U[(Ar — A9)X + (By — Ba)Vi] + (71— Zo)X (2.68)

By using Equation (2.68]), the following voltage to duty ratio transfer function is derived.

a333 + a232 + a8 + ag

p— 2.
b484 + b383 + b282 =+ b18 + b() ( 69)

ENE)

The coefficients of G,q(s) in terms of RLC-parameters are provided in Table 2.2 By substi-
tuting the parameter values provided in Table , the coefficients of G, (s) are determined.
The coefficients of numerator are az = 9.7559 x 103, ay = 1.2267 x 10%, a; = 1.5731 x 102,
ap = 2.3890 x 10'6. The coefficient of denominator are by = 1, by = 2141, by = 1.459 x 10%,
by = 1.832x 10, by = 1.529x 10'°. The bode diagram of G, (s) is provided in Figure[2.10] The
gain margin and the phase margin of the transfer function are -15 dB and —150°, respectively.
A PI controller is designed in the voltage mode framework to make the closed loop system

stable and is described in the next section.

50

=501

Magnitude (dB)

_Gv(x(s)
—Go(8) * Gyals)

Phasc (deg)

=]

-180 - . .
10° 10° 10* 10
Frequency (rad/s)

Figure 2.10: Bode diagrams of Gya(s) with and without PI controller

2.11 Control Scheme

The block diagram representation of the closed loop system of the proposed HSDBuC is
shown in Figure[2.11} In the voltage mode control (VMC) framework a PI controller is designed
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2. High Step-down Buck Converter

and defined as

Go(s) = K, + —* (2.70)

Table 2.3: Circuit parameters of HSDBuC considered for CCM operation

Variable Definition Value
Vin Input voltage 20V
L, Inductance of L;-winding 180 pH
L Inductance of L-winding 180 puH
TL, =TL Parasitics of coupled-inductor  0.07 2
k Coupling factor 0.5
Ci=0C,=C Identical capacitors 100 pF
rey, =T, ESR of C; = 0, 0.32 QF
Cy Output capacitor 330 uF
re; ESR of Cf 0.22 QF
R Load resistance 5 Q
fs Switching frequency 50 kHz
Vfd Diode forward voltage 039V
T'DS(on) MOSFET on-resistance 0.040 ©
C, MOSFET output-capacitance 295 pF
D Diode Resistance 0.078 Q2

The coefficients of the controller G.(s) are K, = 0.001205 and K; = 25. The Figure
shows the bode diagram of the uncompensated, G,,(s), and compensated plant (G.(s)Gpa(5)).

Bresr(s) K, Proposed B, (s)
—> K, +— > Converter >
T = Goa(5)

Figure 2.11: Block diagram representation of closed-loop system

\

The gain and phase margin of the compensated plant are 11.8 dB and 89.8° respectively. The
closed-loop zeros are z; = —1.37 x 10%, 2z = —2.07 x 10%, 23 = 24 = 6.00 x 10% +41.33 x 10*.
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The closed-loop poles are s; = —3.86 x 102, s5 = s3 = —425.19 +41.153 x 10%, 54 = s5 =
—458.05 4 13.38 x 103. All the closed-loop poles are on left half of the s-plane. Therefore, the

closed loop system is stable.

2.12 Simulation results

The MATLAB-Simscape platform is used to carry out the simulation work for the proposed
HSDBuC using the parameters given in Table 23] At a = 0.40 and Vj;, = 20 V, the steady-
state output voltages of the proposed HSDBuC and CBuC are 4.9 V and 7.9 V respectively
as shown in Figure 2.12] The simulation result of the proposed HSDBuC validates the step-
down conversion ratio given in Equation . Thus, the proposed HSDBuC produces a lower

output voltage at the same duty cycle. Both the converters have a 0.1 V steady-state error.

20
—70,=20V
| —70,=79V at « =040
. 5 —0,=4.9 V at a = 040
2
& Conventional Buck U, =79V
s10r 1
S |
>
| f
Proposed Buck U, =49 V
0 L L 1
0 0.005 0.01 0.015 0.02

Time (s)

Figure 2.12: Response of the proposed HSDBuC and CBuC at a = 0.40

210 4 11‘
& sl 125V Vs, | a=0.40
T ¥ ¥ ‘
9.47 9.48 9.49 9.50 9.51
%107
I f
a5 Up 125V
= 0 & “‘

9.47 9.48 9.49 9.50 9.51
Time (s) %10

Figure 2.13: Voltage stresses of switches and diodes for a = 0.40
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2. High Step-down Buck Converter

The Figure shows the voltage stress vg, = vg, = v /(2 — @) = 12.5 V and the diode
stress vp = 12.5 V at a = 0.40. Therefore, it can be said that the stresses of the semiconductor
devices are less than v;, i.e. 20 V. The effects of voltage conversion ratio and coupling factor
on ripple reduction in 77, and v, are shown in Figures. and respectively. The CBuC
and the proposed HSDBuC are simulated in equal input-output voltage condition. Therefore,
for a = 0.40, the required duty ratio for CBuC is o, = /(2 — ) = 0.25. The Ai; and Av,
of the CBuC are 424.8 mA and 89.5 mV respectively. The Aij, of the proposed HSDBuC with
k =0 is 339.5 mA and it is 226.3 mA when k = 0.5. The Awv, of the proposed HSDBuC with
k=0is 71.6 mV and it is 47.8 mV when k£ = 0.5.

I === A, conventional =<=<=Ai, k=0 ®e®e® Ai, k=075

0.6 — T T T T T
29.84 29.86 29.88 29.90 29.92 29.94

Time (ms)
Figure 2.14: Ripple in inductor current i; for CBuC and proposed HSDBuC with k£ = 0 and
k= 0.5.

|—AV0' Conventional = == AV, k=0 eeo\), k=0.5

4.70
4.68
4.66
E; 4.647

4.62

4.60-

4.581— : : : : :
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Figure 2.15: Ripple in output voltage v, for CBuC and proposed HSDBuC with k¥ =0 and k& = 0.5
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2.13 Experimental setup and results

The schematic circuit diagram of the closed-loop control systems of the proposed HSDBuC

is shown in Figure [2.16]
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[ ] r‘v‘v‘v
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= Ro22oz | 50§ 50
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g
s TI1
[ LiRFP250NPBF
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1 8 1/P1
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250003 Lol —_I
? D9 | Arduino A0
UNO
2 GND GND
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irz
; 8 1500
Z T L]
—/ 3 | FOD3180 1 £ g
25003 4] > T |033uF Voot
N
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Figure 2.16: Schematic circuit of the closed-loop system of the proposed HSDBuC

To validate the mathematical expressions and simulation results, the proposed HSDBuC is
designed by the parameters given in Table [2.3] and the setup is shown in Figure 2.17al The
switches S7 and S are implemented by power MOSFETs IRFP250NPBF and the diode D is
implemented by NTST30100SG/NFK03TS30100SG. Two gate driver optocoupler ICs FOD3180
are used. The capacitors used here are electrolytic.

The coupled inductor is designed by two U/C type ferrite core as shown in Figure .
The flux density B, of the ferrite core is 0.3 Tesla. Both the windings are identical having
a maximum current rating (/,;) of 8 A. The magnetic cross-section area (A.) of the core is

[118].

LIy
BmﬂI A€

A, = 2.4 cm?. The turns number (N) can be determined by the equation N =

Therefore, the turns number are calculated as N = 20.
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2. High Step-down Buck Converter

Coupled

.~ Inductor

Figure 2.17: Experimental setup (a) The proposed HSDBuC with DWCI, and (b) Dual winding
coupled inductor (DWCI)

2.13.1 Ripple improvement

Initially, two single inductors i.e. coupling factor £ = 0 are used to test the proposed
converter. For a@ = 0.40, Aiy, in L; and Aiy in L are 400 mA as observed in Figures
and respectively. The ON-state duration of i; and 77, is defined by AT = oT; =
0.4 x (1/50000) = 8 pus.

T 0.0 Ve h S D 100 Vop T FnmSuOmR .
Mein 2 125 k Sus/div Main 2125 k Sus/div
Tl= s 12 Ripple=400 mA
AT = oT k=0 Inductoricurrent of L (500 mA/div)
=8us 950 mA 1150 mA
Inductor current of L; (500 mA/div) (S, \ll [ L
W T30 mA ™
12 8200 Ripple=400 mA
AT 8.050us k=0
Tl = > T2
S(Gate to Source Voltage) AT = o, Ves
g =8us I
(a) (b)

Figure 2.18: Ripple in inductor current for o« = 0.40 and k£ =0 (a) iz, and (b) iL,

Next, a dual-winding coupled inductor with coupling factor £ = 0.5 is used to test the
proposed HSDBuC. The ripple in input current i.e. ripple current in L;-winding is Aiy, = 300
mA at @ = 0.40 as shown in Figure [2.19a] and the ripple current in L-winding is Ai;, = 300
mA as shown in Figure [2.19b] Therefore, the proposed HSDBuC with DWCI has better ripple
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2.13 Experimental setup and results

reduction performance.

[ 10.0 Vgt "D 10,0 Vgt

T1 T2 Mein 2125 k bus/div Main =125 K Sus/div
AT = of. ipple=300
AT = aT; Rlpplgzo 5 mA Inductor ofi L-winding (500 mA/div)
=8us i : 950 mA 1100 mA
Inductor cugrent of L; -winding (500 mA/div) = ¥ i ’ﬁ%ﬁﬂfﬁﬁ%
800 mA
2at s | ‘]’ 1400 mA
J’_ £ i e = — -k - = — e T1 0.650us Ripple:300 mA
T2 8.700us EaE
100 mA i 4T 805008 =05
By ' T1 > T2
Vs AT = aTg Vs
=8us f
I \ 1 \
%/ & %g Lﬁ/
(a) (b)

Figure 2.19: Ripple in inductor current for o = 0.40 and k = 0.5 (a) iz, and (b) ir,

The voltage stresses of switches and diode are v, = vp = 12.5 V as shown in Figure [2.20a]
for @« = 0.40. The inductive voltages vy, and vy are shown in Figure The Figures
resemble the idealized waveform provided in Figure

s/dv Mein = 125 k Sus/div
V. (20 V/div)

VL (20 V/div)

ﬁmf‘&ﬁmml

Vs, Vs
(10 V/div)

40 % Duty ratio

40% Switching pulse

(a) (b)

Figure 2.20: Experimental results for o = 0.40 and k = 0.5 (a) vs, and (b) vr, vz,

The output voltage of the proposed converter v, = 5 V at a = 0.40 is provided in Figure
2.21al The ripple in output voltage is measured to be 50 mV. In Figure the steady-state
output voltages for different values of o are shown. These results validate the voltage conversion

ratio derived in Equation (2.19)) and follow the simulated steady-state response shown in Figure
2.9]
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2. High Step-down Buck Converter

D 00 T > 50.0 VavE

Wein : 125 k 200us/div Main 2 125 K 50us/div
it 5 Mean(G1) Lo v |
Input Voltage (10 V/div) Duty ratio=40% S L R P T T ¥R OSSO Y YA O O T PR 0 S AW Y G W P PO PR 0
v, =20 V [ R R s S ] =
——— e mmmm— LR E TS S BB E LS SR
Mean(G1) 5.40910 v |

1 Do bt b bt b bt b bt b bt b b b b b bt b bbb g bt b b b )
S e
Output Voltage = 5.41 V (5 V/div), Duty Ratio = 45 % |

= Output Voltage =5 V (5 V/div)

Mean(G1) T20158 v |
i |

Output Voltage = 7.20 V (5 V/div), Duty Ratio = 55 %
= Input Voltage ¢ 20.25 V (50 V/div) Mean(C1) 225%Y |

(a) (b)

Figure 2.21: Output voltages of the proposed HSDBuC (a) v, = 5 V for « = 0.40 and k = 0.5, and
(b) Steady-state v, values for different values of «

The experimental results of efficiency versus duty ratio and load, R, for the proposed con-

verter with the coupled inductor are shown in Figures [2.22a] and [2.220] respectively. The exper-

imental efficiencies are compared with the efficiencies of the conventional buck. A maximum

efficiency of 93.5% is achieved at output power P, = 11.50 W and a = 0.55%.

100 ‘ ‘ ‘ ‘ ‘ 95

90
—Proposed

""" Conventional

—The Proposed
""" Conventinal

oo
W

T

& s

...........
---------

---------

o]
je)

",
s,
e,
s,

80 g™

~
W

Efficiency n %
&
Efficiency n %

.
.....
,
-,

&
~1
je)

Ui =20V, R=522Q § 0, =20V, a=055
70 ‘ ‘ ‘ ‘ ‘ ‘ | |

035 040 045 050 055 0.60 0.65 4 6 g 10
Duty Ratio « Load R (Q2)

(a) (b)
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Figure 2.22: Plots of experimental efficiency versus the variation in (a) «, and (b) Load R for CBuC
and proposed HSDBuC

2.13.2 Closed-loop performance

In Figure [2.23a] output reference voltage Vess is increased from 5 V to 9 V and then
decreased from 9 V to 7 V. The output does not show any peak overshoot and the output

voltage follows the reference change. The change of iy due to reference change is shown in
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2.13 Experimental setup and results

Figure and it also follows the reference change. The ripple in iy is Aip, = 250 mA.

T > 10.0 Vv X" D 5.00 Vo d

Wain 125 k 1s/div | Main = 1.5 1s/div |

1.7 A

Output Voltage (5 V/div) i

nductor current of L-winding (500 mA/div)|!

Vet v

5V Veff =7V

v T

L reff

T
Input Voltage = 20 V (10 V/div)

__7 Output Voltage (5 V/div) Vin=20V

R =5.33 Ohm

(a) (b)

Figure 2.23: Experimental results for reference voltage change on (a) v,, and (b) i,

50% load change is carried out to investigate the sensitivity to load parameter variation.
Despite 50% load change the output voltage follows V,.¢s as shown in Figure . The change
of input current i.e. iy, is shown and it is observed that i, reaches 0.25 A to 0.5 A when
the load is changed from 5 € to 2.5 €). iy, comes back to the previous state when the load

is increased from 2.5 € to 5 Q. The ripples in i;, and 4, are Aig, = 275 mA Ai, = 50 mA

respectively.
SO0 > 500mA, i 20 T 5.00 Vagiv "
Mein 2 1.25 W 1s/div Mein = 1.25 W 1s/div
275
1 !
50 % Load change (5 Ohm to 2.5 Ohm) ; Load Current ( 1 A/div) PF=F—
0.5A 3
| | aa
1A 1A
e e e e e

Inductor current of L i -winding (500 mA/div) 1

e =
*J Output voltage 5 V (5 V/div) :
Output Voltage =5 V (5 V/div)

(a) (b)

50 % Load Change (5 Ohm to 2.5 Ohm)

Figure 2.24: Experimental results of (a) ir,, and (b) Load current for 50 % load change

The load current due to 50% load change is shown in Figure [2.24b, Output load current
increases from 1 A to 2 A when the load is reduced from 5 € to 2.5 2 and decreases from 2 A

to 1 A when the load is increased from 2.5 €2 to 5 ).
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2. High Step-down Buck Converter

Table 2.4: Comparisons among the existing converters and the proposed HSDBuC

Topology | (21 \ [22] \ [23] | 37 | 138] | [119] | [120] | proposed

Voltage Gain Y @ @ (1= a)a 200 « o? o? @

Vin a+ﬂ(1+&) 14+n—na n+1l-—-o 2 -«
na Ly -

VS man Vin Vin Vin Vin | Vin Vin vo + /VOVin 3 ina
No of switches 3 3 4 2 2 4 4 2
No of diodes 0 1 0 2 2 0 0 1

No of inductors 2 windings 2 windings | 2 windings 3 2 2 2 2 windings

No of capacitors 2 3 2 1 3 1 3 3

A comparison of the proposed HSDBuC with reported step-down topologies is shown in
Table[2.40 Apart from the step-down ratios of the converters reported in [21], [22] and [23], the
coupled inductor does not help in improving the ripple in current and output voltage in these
topologies. These converters use more number of switches. The voltage conversion ratio of the
converter presented in [21] depends upon the ratio of leakage inductance L, to magnetizing
inductance L,,. The step-down conversion ratio of the converters presented in [37, 38| is less

than the proposed converter. A comparison plot for voltage conversion ratio is shown in Figure

by considering n = 1.

1 —Proposed, Ref. [22] ' ‘ . 40 —— The proposed
0.8 — Refs. [119, 120] - — Ref. [13]
.8 | —Conventional.Ref. [88] 20| — Refs. [21-23], [37. 38,119
N 0f = R i s
g g et 1] 7
50 =20
S04} :
S %
Z 10
0.2 =
-
0 ‘ ‘ ' ‘ 0 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Duty Ratio («) Duty Ratio «
(a) (b)

Figure 2.25: Comparison plots based on the theoretical expressions of (a) Voltage gain, and (b) Voltage
stress against the duty ratio «, for the proposed HSDBuC, CBuC and reported buck converters

A comparison of voltage stress is shown in Figure [2.25b, The switches of these converters
suffer high input voltage stress. Whereas, the proposed converter has voltage stress less than
the input voltage v;, and it is possible to use switches with a lower voltage rating to implement

the proposed HSDBuC. In addition, the proposed HSDBuC utilizes fewer active components
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2.14 Summary

compared to the converters reported in [37,38/119,|120]. The proposed HSDBuC is less bulky

as it utilizes a dual-winding coupled inductor.

2.14 Summary

In this chapter, a transformerless buck converter with large voltage step-down ratio is de-
signed where the conversion ratio is independent of the turns ratio of the dual-winding coupled
inductor. By comparing the proposed HSDBuC with CBuC, it is seen that the former produces
less output voltage than the latter under the same condition. Hence, the proposed HSDBuC is
suitable for applications requiring large step-down ratio while avoiding a narrow duty cycle to
get a lower output voltage. Moreover, in case of the proposed topology, the coupled inductor
reduces the ripples in inductor currents and in output voltage. It is also found that the voltage
stresses of the semiconductor devices are less than the input voltage in this topology which has
shown a maximum experimental efficiency of 93.5%. Small-signal modelling of the proposed
HSDBuC with coupled inductor is carried out and a voltage mode Pl-controller is designed to
investigate the closed-loop performance. Closed-loop experiment shows a stable performance
of the converter without any overshoot under a step-change in reference voltage and 50% load

change.
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High Step-down Interleaved Buck

Converter

A two-phase interleaved buck converter providing high step-down conversion ratio is proposed
in this chapter. The proposed high step-down interleaved buck converter (HSDIBuC) uses a
switch-capacitor cell to achieve high step-down conversion ratio compared to the conventional
interleaved buck converter (CIBuC). The cell consists of two parallel switches and two cross-
connected identical capacitors. These identical capacitors are charged in series and discharged
in parallel by producing lower output voltage compared to the CIBuC at the same duty ratio.
The proposed HSDIBuC' provides less voltage and current stresses. The operation principle is
described, and the ripple and the average current through the inductors are determined in contin-
uous conduction mode (CCM). The boundary load condition is also determined. By explaining
the charging and discharging of the two identical capacitors of the cell, the capacitance value
is determined. The losses and the efficiency are analyzed, and 96.33 % efficiency is achieved.

Finally, the proposed HSDIBuC' is implemented and experimental results are provided.
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3. High Step-down Interleaved Buck Converter

3.1 Introduction

In the previous chapter, to deal with the problem of very narrow duty cycle for high-input to
low-output voltage conversion, the conversion ratio of the conventional buck converter (CBuC)
has been improved using a switch-capacitor cell. Therefore, to overcome the similar problem
in the conventional interleaved buck converter (CIBuC), the voltage conversion ratio can be
modified using the same switch-capacitor cell. In this chapter, a high step-down conversion ratio
interleaved buck converter (HSDIBuC) with the switch-capacitor cell is proposed to achieve
higher step-down conversion ratio compared to CIBuC. The modified step-down ratio helps to
achieve less ripples in inductor currents. The conversion ratio of the HSDIBuC does not depend
upon the turns ratio of a transformer or a coupled inductor. The proposed HSDIBuC operates
below and above 0.50 duty ratio. While fulfilling this main motive, the proposed HSDIBuC
also shows less voltage and current stresses in the semiconductor devices reducing the voltage
and current ratings of the active elements. In addition, the HSDIBuC topology is simpler and
requires less components. Efficiency of the HSDIBuC is also high.

The chapter is organized as follows. The principle of operation is explained in Section 3.2. In
Section 3.3, the voltage conversion ratio is derived. The average and the ripple currents through
the inductors are analysed in Section 3.4. The boundary condition between CCM and DCM is
determined in Section 3.5. In Section 3.6, the input ripple current is analysed. The capacitors
are designed in Section 3.7. In Section 3.8, the voltage and the current stresses are provided.
The power losses and the efficiency are illustrated in Section 3.9. The parameter values are
selected in Section 3.10. Section 3.11 describes the simulation results. The experimental results
are provided in Section 3.12. Finally a brief summary on the HSDIBuC is provided in Section
3.13.

3.2 Principle of Operation

Figure|3.1|shows the proposed HSDIBuC with a switch-capacitor cell operating in continuous
conduction mode (CCM). The input voltage v;, is followed by an inductor L; with parasitic
rr,. Two parallel switches S; and S of the cell are connected by two cross-connected identical
capacitors 7 and C,. The parasitics of C; and C5 are r¢, and r¢, respectively. These two

switches operate simultaneously. When S; and S5 do not conduct, the two identical capacitors
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3.2 Principle of Operation

charge in series, and when S; and S, conduct, the capacitors discharge in parallel.

Li TLL’ Sl Ll L

in——

Figure 3.1: The proposed high step-down interleaved buck converter (HSDIBuC)

This series-parallel transition in the circuit configuration causes sudden change in the input
current. To prevent this, L; is placed in the input side. S; is followed by a diode D; and an
inductor L; with parasitic rp. The switch S3 operates in 180° phase shift with respect to the
switches 57 and S;. S5 is followed by a diode D and an inductor L, with parasitic r;. The
capacitor C'y with parasitic r¢, is the output filter capacitor. v, is the output voltage at the
load resistance R.

Depending upon the range of duty ratio «, the switching modes of the proposed HSDIBuC
are discussed. In order to illustrate the switching operations, capacitors ¢, = Cy = C and
inductors Ly = Ly = L are considered. The parasitics rp,,r¢,, 7y, 7 and rc, are negligible
as (o, roy, Toy TL, rcf) << R. In steady state analysis, all the semiconductor devices are

considered ideal. The value of C} is considered large enough to keep the v, constant.

3.2.1 Switching modes when « € (0, 0.5]

When the duty ratio « belongs to (0,0.5], all the three switches are OFF for two specific
time durations of time period T as shown in Figure[3.2] The four switching modes of this case

are described below.

3.2.1.1 Mode-I (0 <t < ¢Ty)

In this mode of operation, S; and S5 conduct and S5 does not conduct as shown in Figure
3.3 The diode D; is in reverse bias and D, is in forward bias. Therefore, the two identical

capacitors are in parallel and the voltage across the identical capacitor (C') becomes ve. The
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3. High Step-down Interleaved Buck Converter

currents ir,(t) and ir, () respectively through L, and L, increase as shown in Figure The

current ir,(t) through Ly decreases during this mode as shown in Figure.

0.5T—> %+ aT; ! b
i, | i, |
iLl A ¥ 1 E : N :.
iLz ' ' | :
' : T —
. " | | .
V ' |
L 1
! : ! >t
4 i : E
sz : T
— R

i T, @7 T ©3Ts @,

Figure 3.2: Idealized waveform of the proposed HSDIBuC when « € (0, 0.5]

Li . Sl - leljh lL_1>
[ L] . ) LS — —
e e T
+ +C +C L [ lC/j +
Vin _:F_ - - r D1 ¢ Dz Cf -~ R §VO
S, -

Figure 3.3: Mode-I operation of HSDIBuC

vr,, vr, and v, are voltages across the inductors L;, L; and L, respectively and are expressed

as follows.
dig,
vp, = L cll? = Vjp — VC (3.1)
di
v, = Ly czl? = Vo — Uy (3.2)
di
vp, = Lo df = —v, (3.3)
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3.2 Principle of Operation

The current ic(t) through the identical capacitors (C') is derived as follows.

2ic(t) = ir,(t) —ir, (t) (3.4)

The current ig(t) through the load R is determined as follows.

ir(t) = iL, (t) +ir,(t) —ic, (1) (3.5)

where i, (t) is the current flowing through the capacitor Cy. The voltage, ve,, across the
capacitor Cf is

Ucf = Vy = R1R<t> (36)

The voltage, vg,, across the S5 becomes the voltage across the identical capacitor and is ex-
pressed by
Vg, = Vo (3.7)

The voltage, vp,, across the D is

3.2.1.2 Mode-II (SplTs <t< (pgTS)

During this switching period, S; and S; do not conduct. Therefore, the two identical
capacitors are in series through diode D; as shown in Figure[3.4] The resultant voltage across

the capacitors becomes vc + ve = 2vc. S3 does not conduct and the current ic, (t) free-wheels

through the diode Ds.

Figure 3.4: Mode-II operation of HSDIBuC
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3. High Step-down Interleaved Buck Converter

The voltage and current equations are as follows.

dir,(t
Vp, = Lz Zig; ) = VUin — 2’UC (39)
VL, = VL, = —U, (3.10)
io(t) = ir. (1) (3.11)

The equations of load current ig(t) and the output capacitor voltage ve, are the same as

Equations (3.5) and (3.6]) respectively. The equations of voltages vg,, vs, and vg, across the
S1, So and S5 respectively are the same as Equation (3.7)).

3.2.1.3 Mode-III (o7, < t < ¢3T})

In this mode, S; and S5 remain in non-conducting mode. Now, S3 conducts and D is in
reverse bias as shown in Figure . The voltage, vy, across L; is the same as Equation ((3.9)).
The equations of ig(t) and vg, are the same as Equations (3.5) and (3.6) respectively.

L; Ly i,
YN o < YL —
iLi N _3, — _>
\// ‘ L, | in
+ ¢ le:ﬂ +
Vin I ¢ Dy ‘Dz Cr —~ R §Vo

Figure 3.5: Mode-III operation of HSDIBuC

The voltages across Ly and L, are as follows:

VL, = —, (3.12)

VL, = Vo — U, (3.13)

The current, ic(t), through the identical capacitors is

ic(t) = i, (1) — iz, (1) (3.14)
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3.2 Principle of Operation

The equations of vg, and vg, are the same as Equation (3.7). The voltage vp, across Dy is
Up, = V¢ (3.15)

3.2.1.4 Mode-1V (g03T5 <t < Q04T5)

In this duration, all the three switches are OFF. The voltage and current equations are the

same as Mode-II operation when a € (0, 0.5].

3.2.2 Switching modes when « € (0.5, 1)

When « belongs to (0.5,1), for two specific time durations, all the three switches conduct
as shown in Figure . This case has also four switching intervals as in the case of a € (0, 0.5],

and are discussed below.

A4¢— TS < —_
s, l—— (XTS—>| (1= I_—:

T o5, —

s [ fra-onof .y

i
i ! .
Y . L, i >l
i
i
|
! i
1 1 !
| 1 '
1 1 !
1 1 !

@1Ts 2T 3T ®4Ts

Figure 3.6: Idealized waveform of the proposed HSDIBuC when « € (0.5,1)

3.2.2.1 Mode-1 (0 < t < ¢ T})

During this switching interval, all the three switches conduct and the diodes D; and D, are

in reverse bias as shown in Figure 3.7l The currents i, (t), ir,(t) and iz, (¢) increase in this

interval as shown in Figure 3.6 The voltage and current equations are as follows.
VL, = VL, = Vo — U, (3.16)

2ic(t) = ir,(t) — ir, (t) — L, (¢) (3.17)
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3. High Step-down Interleaved Buck Converter

Li Sl Ll iLl
YN ° . —_—
_— C— S
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. - TG d
Vin — C C q D1 DZ Cf —~ R §vo
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Figure 3.7: Mode-1 operation of HSDIBuC

The equation of vy, is the same as Equation (3.1). The equations of iz(t) and v¢, are the
same as Equations (3.5) and (3.6 respectively. The equations of vp, and vp, are the same as

Equation (3.15)).
3.2.2.2 Mode-2 (p1Ts <t < poTy)

In this switching interval, S; and Sy conduct and S35 does not conduct. During this interval,
the switching operation is similar to Mode-I operation while o € (0, 0.5].
3.2.2.3 Mode-3 (w15 <t < p3T5)

During this interval, all the three switches conduct as shown in Figure [3.7 and the switching
operation is as Mode-1 while o € (0.5, 1).
3.2.2.4 Mode-4 (p3Ts <t < p4Ty)

In this switching interval, S; and S5 do not conduct but S3 conducts. The switching

operation of this mode is similar to Mode-III while « € (0, 0.5].

3.3 Voltage Conversion Ratio

As the conversion ratio is the same for the conditions a € (0,0.5] and o € (0.5,1), the
analysis is done when for a € (0,0.5] only. By using the principle of inductor voltage second
balance (VSB), the DC conversion ratio of the proposed converter is derived. The VSB equation

of L; is as follows.

LPITS <P2Ts SOBTS <P4Ts
/ ULidt—{—/ ULidt—F / ULidt—{—/ ULidt =0 (318)
0 p1Ts @2Ts w3Ts
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3.4 Average and Ripple Currents in Inductors

By solving Equation (3.18]), it is found that v;, = (2 — a)ve. Now, the VSB equation of L is

‘PITS <P2Ts SOSTS (P4Ts
/ Ulet+/ Ulet+/ Ulet—i—/ Ulet:O (319)
0 ¢ @ ®

1 Ts 2 Ts 3 TS

given by

Equation (3.19)) yields v, = ave. Thus, from Equations (3.18)) and (3.19)), the voltage conversion
ratio of the proposed HSDIBuC is determined as

Vo «
\/é — —
Vin 2 —«

(3.20)

Thus, the proposed HSDIBuC has the higher step-down conversion ratio compared to the
CIBuC which has M = « [121].

3.4 Average and Ripple Currents in Inductors

The currents through L;, Ly and L; are expressed as fOTS dip, (t) = [y~ Fxdt, [ dig,(t) =

fOTS %dt and fOTS di, = fo ° vLL; dt. The average inductor current and the ripple are determined

for the following two cases.

3.4.1 Casel, a € (0,0.5]

In the switching interval 0 < ¢ < T, as shown in Figure 3.2 the instantaneous values

ir, (p1Ts), ip,(p1Ts) and iy, (p17Ts) are determined as

, IR , 1-a)T, .

ZLl(SOITs) = L_l/ Ulet+ZL1(O) = %UO—FZ[&(O) (321)
0

. | 1 p1Ts ' OzTS
ir,(17Ts) = 17,(0) + —/ vp,dt =ir,(0) — U (3.22)

' 1 p1Ts . 1—a Ts .
i, (01 Ts) = f/ v, dt +i7,(0) = %vo +ir,(0) (3.23)

i Jo i

where ir,(0), iz, (0) and ir,(0) are the initial inductor currents at ¢t = 0. In the next switching

interval p1Ts < t < oT, the instantaneous values ir, (poT%), ir,(w2Ts) and ip,(p2Ts) are
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3. High Step-down Interleaved Buck Converter

derived as follows.

1 p2Ts
iLl (QOZTS) = iL1 (501Ts) + L_ / Ulet
1 @lTs

05-—a)T,  0.57,
v, =
Ly L

=i, (1 Ts) — Vo +ir, (0)

1 SOQTS
iLz (902Ts) - iLz (QplTs) + —/ ULth
Tac)s

lTs
. (0.5 — )Ty ] 0.57,
= T)— ——v, = 0) — .
i, (0175) i Vo = i1,(0) I v
1 SDQTS
Z’Li<902T8) i iLi<901T8> + f/ ULidt
i J 1Ty
. 0.5 —a)T} 0.57 )
=iz, (1 Ts) = ( I ) Vo = —7— +ir,(0)

(3.24)

(3.25)

(3.26)

In the following interval poTs < t < 3Ty, the instantaneous values iy, (p375s), ir,(p3Ts) and

ir,(psTs) are as follows.

1 w3Ts
iLl (903T5) = iLl (‘PQTS) 4= —/ Ulet

Ll 902Ts
: Ty 0.5 —a)T, )
=L (QOQTS) - L1 Vo = ( Ll ) Vo + L, (0)
1 ‘103Ts
iLZ(ngTS) = Z.L2(902775) + L_2/ . ULth
P2ls
. 1—a)T} 0.5 —a)T, .
= i, (¢2T5) + %Uo = (L—)vo +ir,(0)
2 2
i . 1 p3Ts
i, (p3Ts) = ir, (p2T5) + f/ v, dt
( 9021—‘3
. ol 0.5 —a)T; )
=i, (p2Ts) — T Vo = ( T ) v, +1r,(0)

(3.27)

(3.28)

(3.29)
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3.4 Average and Ripple Currents in Inductors

During the subsequent interval 37 < t < 4Ty, the instantaneous values i, (p47T%), ir,(psTs)

and i (¢4Ts) are as follows.

1 S04Ts
Z'L1 <§04TS> = iLl (903Ts) + L_/ Ulet
1 503T5
(0.5 — )T,

Tt = i (0) (3.30)

- iLl (303T5) -

1 paTs
iL2(904TS> = Z.L2 (SDSTS) + _/ ULgdt
L2 w3Ts

(0.5 — )Ty

P iz,(0) (3.31)

> iLz <¢3TS) -

) 1 ©aTs
iLf (904T8) = zLi(903T8) T f / ULidt
( <P3Ts

= ip, (@3T}) — %vo — i, (0) (3.32)

The average inductor current I, through the inductors L; and L, is equal as these inductors

are identical. By using Equations (3.21)—(3.32)), I, is derived as follows.

. iLl (0) + Z'L1 (QOITS) Z'L1 (SplTS) + iLl (QOQTS)

IL _ > o+ 5 (05 F— Oé)
4 iLl (@2T3> —;— iL1 (903Ts)a + iLl (¢3Ts) ;_ 7:L1 (904TS) (05 _ a)
(1 —a)T; .
¢ ) 3.33
Yy, 2(0) o

Similarly, the average current I, through the L; is expressed as

1— )T .
[Li = %’Uo +ir, (O) (334)

As the inductors Ly and Ly are identical (L; = Ly = L), the ripple in inductor current, Aiy, is

determined as follows.
(1 — )T (1 — a)aTsvy,

Ay ="—7—%=""5_ I

(3.35)
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3. High Step-down Interleaved Buck Converter

The ripple in inductor current, Aiy,, of L; is derived as

(1 —a)T; (1 = a)aTsvy,

Aip, = L=
*Ls L, 2—-a)l

(3.36)

3.4.2 Casell, a € (0.5,1)

In this case of operation, the expressions of average inductor currents [; and I, are the

same as in Equations (3.33) and (3.34)) respectively. The ripple currents Aij, and Aiy, are also
the same as in Equations (3.35)) and (3.36)) respectively.

3.5 Boundary Load between CCM and DCM

3.5.1 Casel, a € (0,0.5]

At the boundary condition (ir,(0) = ir,(v4Ts) = 0), Equation (3.34) becomes I, =

(1—a)Ts

57— Uo- The inductor current Ir, is the same as the input current [;,. Therefore, it is

defined by I, = i, = ;’712'0 = ﬁio. Therefore, the boundary load (Rp,) equation for L; is

derived as follows.
Vo 2LZOé
Rp = = 3.37
B o (1—a)2— )T, (3:37)

where Ipp is the output boundary load current. By calculating the boundary load Rp, from
Equation (3.37)), the minimum inductance value required for the two identical inductors at the

output is determined. From Equation 1} Iy, is expressed as I}, = %vo at the boundary

condition iy, (0) = i, (psTs) = 0. At the load Rp,, the boundary current Ipp due to the
inductor currents Iy, and Iy, is derived as
) 1 — )T}
top = Ip, + 1, =21, = uUo

L
Uy L
Rp = — 3.38
P ios . (1= a)T, (3.38)

Therefore, from Equation (3.38]), the minimum inductance value for the boundary load (Rp,)
is derived as follows.

min{L = Ly = Ly} = R, (1 — )T, (3.39)
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3.6 Ripple in Input Current

3.5.2 Casell, a € (0.5,1)

The expression of the boundary load Rp, is the same as Equation (3.37) and minimum
inductance value (Ly = Ly = L) for the load (Rp,) is the same as Equation ({3.39).

3.6 Ripple in Input Current

Let us consider that the duty ratio and ripple in input current of CIBuC are ap and Ai,
respectively. For the proposed HSDIBuC, duty ratio and input ripple are denoted by « and Ai

respectively. The ripple in input current of CIBuC is as follows.

(1 — Oéb)TS

Aiy, = 7

Vo (3.40)

The ripple in input current of the proposed HSDIBuC is as follows.

Ai = %v (3.41)

Considering L = L;, from Equations (3.40) and (3.41)), the relation between AI, and AT is

derived as follows.
A (1-a)
= 42
Aib (1 - Oéb) (3 )

While both converter has equal input and output voltages, the relation between two duty ratios
is
2&5

= 3.43
- (3.43)
Now substituting Equations (3.43) into (3.42)), the following relation is obtained.
Ai 1
=" 3.44
Alb (1 + ab) ( )

Equation (3.44)) shows that the proposed HSDIBuC has less ripple in input current than that
in CIBuC.

3.7 Design of Identical Capacitors (C; = Cy = C)

The idealized waveform of charging and discharging of identical capacitors is shown in Figure

.8l During the time interval ty < t < t3, the switches S; and Sy do not conduct. During this
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3. High Step-down Interleaved Buck Converter

entire interval, the two identical capacitors C; and C' are charged in series by the input voltage

Uin, and the resultant voltage becomes (ve + ve = 2v¢).

— R L
: Ts

s, e (1 — )Ty >« oT; >

tO tl t2 ts t4

Figure 3.8: Charging and discharging of identical capacitors (C; = Cy = C) in ideal case

In the time interval t3 < t < t4, S; and S, conduct. In this duration, the identical capacitors
are in parallel (ve, = ve, = vo) to each other and discharge their energies to the load side.
Therefore, when S; and Sy both conduct, the power released by these two capacitors is equal

to the load power, and the energy equation is defined as follows.

1 102
§C(U%max - Ué’mm) :§EQTS
C(UC’maa: + UCmin)(UCmax - UCmin) UQ
oT R ( )
The average voltage of v is approximated as
UCmaz T VCmin Vo
pu— == — 3-46
2 ve o ( )
The peak-to-peak ripple voltage of identical capacitors is defined by
A'UC' = VUCmaz — UVCmin (347)

By substituting Equations (3.46|) and (3.47)) into (3.45)), the minimum capacitance value re-

quired for identical capacitors is derived as

T, v,

Cmin =
QAUC R

(3.48)
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3.8 Voltage and Current Stresses

3.8 Voltage and Current Stresses

To simplify the analysis of voltage stress, the capacitive ripple voltages are neglected. vg,,
vg, and vg, are the voltage stresses of the switches S;, Ss and Ss respectively. The maximum

voltage stresses of the switches are defined as follows.

Vin

Vs, = Vs, = VUsy = Vo = (349)

2—«

Equation (3.49)) shows that the proposed HSDIBuC can be implemented using switches with
lower input voltage rating and higher ON resistance rpg(on). vp, and vp, are the diode voltage

stresses of diodes D; and D, respectively. The maximum voltage stresses vp, and vp, are

defined by

Uin

(3.50)

’UD1:’UD2:'UC:2_a

To simplify the current stress analysis, the inductor ripple currents are neglected. The inductors
Ly and L, are carrying half of the output current as they are interleaved. Therefore, when

a € (0,0.5], the switching current ig, can be approximated as

o, for 0 <t < oiTy

g = (3.51)
0, for oiTs <t < p,T5

Is,.. .. Is,. . and Ig, . denote the root mean square (rms) currents of the switches Sy, Sy and

Ss respectively. By using Equation (3.51)), the rms current through the switch S; is determined

[1 % B0/
1 =\|= 2 dp=— 3.52
Slrms TS /0 7’51 2 ( )

The expression of the I, . and Ig,, . is the same as Equation (3.52). When « € (0,0.5], the

as follows.

diode current ip, through the diode D; is approximated as

0, for 0 <t < T
ip, = (3.53)

e, for ¢, <t < 4T
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3. High Step-down Interleaved Buck Converter

By using Equation (3.53)), the rms current Ip,, . through diode D, is derived as follows.

Dirms —

IS ion/ (1 — a)
7 /0 i3, dt = ——5 (3.54)

The expression of rms current Ip, _ through the diode D, is the same as given in Equation
(3.54). By using Equation (3.53)), the average diode current Ip, through D is calculated as

io(1 — )

I
Ip, = = ATy 3.55
Dl TS /0‘ ZDI 2 ( )

The average current Ip, through the diode D5 is given in Equation . The voltage and cur-
rent stresses of the proposed HSDIBuC are compared among the existing interleaved topologies
in Table[3.1] In Table[B.I], the switch S; of proposed HSDIBuC works in the same configuration
as switch Sy of the CIBuC and existing topologies.

Table 3.1: Comparisons of voltage and current stresses among the existing and the proposed IBuCs

Items CIBuC Compare Proposed HSDIBuC Compare Existing [122]
Voltage gain « > e > &
2—« 2
Vin Vin
Voltage stress vg, , vs, Vin > B > 3
Voltage stress vg, Vin » QUW < K
-«
Voltage stress vp,, vp Vin > Jin > g
1 2 2 —« 2
RMS current stress Ig,., . o /> < lova =3 lov/ax
. 2V 2 2 2
o (07 o o
Average current stress Ip, 5(1 = 5) > 5(1 —a) = 5(1 —a)
Average current stress Ip, Z—O(l — g) > Z—o(l —a) < Lo
2 2 2 2
. . (1 — a)aTsvin (1— a)aTsvin (1 — a)aTsvin
Ripple Ai A S > A g U STy < = ¥)xLsVin
ppie 2L L G =o)L L

3.9 Power Losses and Efficiency Analysis

The conduction losses are calculated by the resistances of semiconductor devices and par-
asitics of the inductors by assuming all the capacitors to be ideal [84]. Let us assume that all

the three switches have equal ON-state resistance rpgn). Therefore, by using Equation (3.52)),
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3.9 Power Losses and Efficiency Analysis

the conduction losses (P, ) due to the three switches are determined as follows [117].

TDS(on)

3ila
PrDS("'") = TDS(OTL) (Iglv‘ms + ]§2rms _I_ IéBTms) = TDS(OTL)T (356)

Assuming the transistor output capacitance Cp to be linear, the switching loss is analyzed |116].
During the transistor turn-off transition the drain to source voltage rises from nearly zero to

vo = Vin/(2 — ). Therefore, the turn-off transition switching power loss is derived as

1 C()U%

Pturn—off - 5 T

(3.57)

During the turn-on transition, the drain-to-source voltage falls from v to nearly zero. There-
fore, the turn-on switching power loss is determined as follows.

1 Co’l}é
Purn—on = 3.58
! 2 T, (3:58)

By using Equations (3.57) and (3.58), the total switching losses for the three switches are

expressed as follows.

CoU% . COUE
T, 2T,

PS - 3(Pturnfoff + Pturnfon) =3 (359)

It is assumed that the diode conduction resistance rp is equal for D, and D,. By using Equation

(3.54)), the conduction loss P, due to rp is calculated as

2(1 - a)

5 (3.60)

— 2 2 —
PTD - TD (IDlrms + ]DZrms) _ TD

The forward bias voltage of the diodes D; and D, is denoted by vs4. By using Equation ((3.55)),

the power losses associated with the diodes are determined as

Pvfd = de (‘[Dl + -[Dg) == deig(l — CY) (361)

The input current of the proposed HSDIBuC at lossless condition is i, = 5*-4,. Therefore,

the loss FP,,, due to equivalent series resistance ry, of L, is derived as

2
P, =rpid =1y, ( “ @) (3.62)

22—«
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3. High Step-down Interleaved Buck Converter

If the rms currents of L, and L, are approximated by I, .= I, .= %0, the losses due to r,

of Ly and L, are

2'2
P, = T’LEO (3.63)
By using Equations (3.56|) to (3.63]), the total loss equation is provided as
PLoss = PTDS(on) + PS + PTD + Pvfd + PTLi + PT‘L (364>

The output power is denoted by Pp. From Equation (3.64), the efficiency 7 is determined as

follows.

I 1
= P —|—OP e TDS(on) 30 3CoR rp(1—a) vra(1—a) rr,a2 . (365)
() Loss 1+ 1R + 2T, + R I o + —a)’R + =

Ui

3.10 Selection of Parameters

To design HSDIBuC in CCM, v;, = 20 V, maximum v, = 12 V., iomaz = 6 A, iomin = 0.5
A and f; = 50 kHz are specified. The range of duty ratio is considered as 0.2 < a < 0.75.
To calculate the capacitance value of the identical capacitors, the ripple voltage is defined by
Ave = ve X 1% = (v,/a) x 1%. The maximum and minimum values of the output power are
Ponar = Vo X Iomaz = 72 W and P,in = Vo X tomin = 6 W respectively. The minimum and
maximum load resistances are calculated as Riue = Vo /lomin = 24 Q and Roin = Vo/lomaz = 2
Q) respectively.

From Equation , it is seen that C,,;, is inversely proportional to the load resistance
R and directly proportional to «. If the output voltage v, is 12 V, the required duty ratio is
a = 0.75. Therefore, at R,,.. = 24 €2, the minimum capacitance value of identical capacitors
is Cin = 17.57 pF. From Equation , the requirement of inductance for L; is derived
at Rp, = Rpin = 2 Q and ;= 0.20. Thus, the value of Lj,:, = 144 pH. Substituting
Rp, = Ryin = 2 Q and ap, = 0.2 in Equation , the minimum inductance value is
determined as L,uin = Limin = Lomin = 32 pH. For the robust performance, the values of the

parameters are taken higher than the minimum values as given in Table [3.2]
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3.11 Simulation Results

Table 3.2: Parameter values of HSDIBuC considered for CCM operation

Parameters Value
Input Voltage (v;,) 20 V
Switching Frequency (f5) 50 kHz
Inductance (L = Ly = Ls) 180 pH
Inductive Resistance (rr) 0.07 Q2
Identical capacitance (C' = C} = Cy) 220 pF
Resistances of C and Cy (¢, = r¢,) 0.32 Q
Input-side Inductance (L;) 180 puH
Output capacitance (Cf) 330 uF
ESR of output capacitor (r¢;) 0.22 Q
MOSFET drain to source on-resistance (rpg(on)) 0.075 €2
MOSFET output capacitance (Cp) 315 pF
Diode forward voltage (vp = vp, = vp,) 0.39 V
Diode resistance (rp = rp, = rp,) 0.078 Q

3.11 Simulation Results

The simulation is carried out by using the MATLAB-Simscape tool. The value of the
parameters are given in Table|3.2| Figure shows the output voltage v, = 4.9 V at R = 3.33
Q and v, = 85 V at R = 5 Q respectively for a = 0.40 and o = 0.60. Figure [3.10] shows
the phase shifted currents iz, and ¢z, for « = 0.40 and R = 3.33 ). i, and i, are provided
at ideal condition, i.e. all the parasitics are negligible. In Figure [3.11} capacitive voltage
(ve = vin/(2 — a) = 12.5 V) is shown at « = 0.40. Figure validates the voltage stress
equation of the switches provided in Equation . In Figure , simulation result of diode
voltage stress is provided. vp, and vp, validate Equation (3.50) at o = 0.40. Figures and
.15 respectively show the variation of efficiency with respect to the load change and duty ratio
() change. From these analyses, it is seen that the efficiency of HSDIBuC is high.
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20
— Yo =85V at a = 0.60
—VYin = 20V
157 —Vp =49V at a = 0.40 ]
z
(&)
&0
Z 10 1
S
5 B
0 . . . . .
0 0.005 0.01 0.015 0.02 0.025 0.03
Time (s)

Figure 3.9: Simulation result of the output volt-
age of the proposed HSDIBuC
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Figure 3.10: Simulation result of two phase

shifted currents ¢z, and iz, at o = 0.40
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Figure 3.11: Simulation result of v at o = 0.40
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Figure 3.12: Simulation result of voltage stress of
switches at o = 0.40
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Figure 3.13: Simulation result of voltage stresses
of diodes at o = 0.40
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Figure 3.14: Efficiency of HSDIBuC due to

change of load resistance R.
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Figure 3.15: Efficiency of HSDIBC due to change of duty ratio «

3.12 Experimental Setup and Results

To verify the proposed HSDIBuC, an experiment is carried out as shown in Figure by

using the parameters given in Table 3.2 The switches S;, Ss and S5 are implemented by MOS-
FET IRFP250NPBF. The Schottky diodes D; and D, are implemented by NTST30100SG/

NFKO03TS30100SG. The results are provided for the following two cases.

S1.23=IRFP250NPBF
D1,,=NFKO03T$30100SG

Figure 3.16: Experimental setup of the proposed HSDIBuC

3.12.1 Case I, a € (0,0.5]
The two-phase shifted switching pulses for @ = 0.40 are shown in Figure In this

experiment, the load resistance R = 3.33 €2 is considered. The experimental current waveforms
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3. High Step-down Interleaved Buck Converter

of iy, iz, and iy, are shown respectively in Figures [3.17D] [3.18a] and [3.18b] The phase shifted

waveforms of ¢z, and iy, are shown with respect to the switching pulse for Ss.

D 100 Vw® > 2.00 Ve

Switching pulse
forSjand S,

Switching pulse
for S3

(a)

D 70 VX [0

e < 125

Current of L; (500 mA/div)

00 mA

200 mA
Switching pulse for S 3

e .

(b)

Figure 3.17: Experimental waveform for a = 0.40 (a) Two-phase switching pulses, and (b) iz,

(D 100 Ve ' INSOOMAR

Mo = 125 k. Sus/div

Current of L 1 (500 mA/div)
950 mA

550 mA

Switching pulse for S5

Ll R

(a)

[CEREZ ]

Current of L, (500 mA/div)

950 mA

550 mA

Switching Pulse for S 3

B

Sus/div

(b)

Figure 3.18: Experimental result of inductor current for o = 0.40 (a) iz, , and (b) i,.

Figure shows the capacitive voltage v

Main 2 1B K Sus/div |

Ve=12.5 V (2 V/div)

Duty ratio=40%
Switching pulse for S3
. um— I — bt
;: i

(a)

12.5 V at a = 0.40. This result satisfies
Equation (3.18]). In Figure [3.19b} the capacitive current is provided.

Mo s T

550 mA (500 mA/div)

{ | /

-500 mA
Switching pulse for S3

I

r
—

(b)

Figure 3.19: Experimental results for the two identical capacitors for a = 0.40 (a) ve = 12.5 V, and

(b) ic
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The experimental validation of voltage stresses of switches is shown in Figures and
3.20b, and the results are consistent with Equation (3.49)).

@ 1.00 Vaiodt
[ Mo 2 125 K Sus/div | Wein 2 125 K Sus/div |
‘ j Vg,= 125V (10 V/div) 3
i%”‘"**w—"ﬂ} = sl i ‘;"lsi’m:,ww )
I b, [ i | bt 4
| nsv 4t | i | I | i i {
(10 V/div_)‘ll_n ) ‘ 1 | | | |
Switching pulse for S3
! - e ——— o
Switching pulse for S3 | pyum
:
(a) (b)
Figure 3.20: Experimental switch voltage stresses for @ = 0.40 (a) vg, = vg, = 12.5 V, and (b)
v, = 120V

The diode voltage stresses are given in Figure and the results verify Equation (3.50)).
These experimental results verify that the voltage stresses of the switches and the diodes are

less than the v;, =20 V.

‘ P ey sttty
R ¥ \ Vpe 125 VT
f 125V 1 10V/div |

i s st siis ] (TR v e e
| e P i

‘ |
By et e —————

i FT-\,.\ Vo125V phemmmm jm
= 12¢V 110 V/div
3 k

Figure 3.21: Experimental diode voltage stresses vp, = vp, = 12.5 V for a = 0.40

At R = 3.33 Q and o = 0.40, the output load current (i, = 1500 mA) is shown in Figure
[3:22a] The output voltage v, =5 V at a = 0.40 duty ratio is seen in Figure [3.22b] Therefore,
the output power becomes Pp = 5 x 1.50 = 7.5 W. The measured experimental steady state
value of 7;, is 390 mA. Therefore, the input power is P;,, = 20 x 0.39 = 7.8 W. The efficiency is
calculated as n = Po/P;, = 96.15%. The experimental result of efficiency due to load change
is shown in Figure The load is varied up to 7.5 €2 as it is the boundary load in this case.
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D 100 V" SO 700 Vv
W 3 125 K bus/div M @ 125 K 200us/div |
Output load Current =1500 mA (500 mA/div)
J, H Output Voltage=5 V (5 V/div)
Il

Switching pulse for S 5 Input Voltage=20 V (10V/div)
1 |
‘ { ‘ ‘ Mean(C1) 5.02270 V Mean(C2) 20.0592 V
et} b e |

(a) (b)
Figure 3.22: Experimental results for a = 0.40 (a) i, = 1.5 A, and (b) v, =5V

3.12.2 Case II, a € (0.5, 1)

In this experiment, the load resistance R = 5 §2 is considered and the duty ratio is o = 0.60.

The experimental current waveforms of iy, i, and iy, are shown respectively in Figures |3.23]

[3.24a] and [3.24b| The phase shifted waveforms of 77, and iy, are shown with respect to the

switching pulse for Sj.

Moin = 1.25 k. Sus/div |

Current of L; (500 mA/div)

[ 1.00 Vi
; ‘ 1000 mA }
5 550 mA |

Switching pulse for S3

i

Figure 3.23: Experimental result of inductor current iy, for a = 0.60

T Vs R

L0 T
Vo T ¥ Sus/dv o 125 ¢ Sus/dv

Current of L; (500 mA/div) Current of L,(500 mA/div)
1000 mA 1100 mA
- W&ﬁﬁ\%
Switching pulse for S3 Switching pulse for S3

(a) (b)

Figure 3.24: Experimental results for « = 0.60 (a) i1, and (b) iz,
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3.12 Experimental Setup and Results

The output voltage v, = 8.5 V at @ = 0.60 is shown in Figure [3.25] The experimental

result of efficiency versus load change and duty ratio are shown in Figures [3.26a] and [3.26b]

respectively. The efficiency is measured to be n = Py /P, = 14.45/15 = 96.33%.

e+ 125 K

Input Vohage\l:’ 20V (20V/div)

100us/div

Output Voltage=8.5 V (5V/div)

Figure 3.25: Experimental output voltage v, = 8.5 V for a = 0.60.

O
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Vin=20 V,R=5Q

0.60 0.80

=-Vo=8.5V, u=0.60

Efficiency (1) %
O O O
W

Efficiency (n) %

=Vo=3V, a=040

O
w
[}

0.20

0.40
Duty Ratio (o)

O
S

0 5 10 15 20 (b)
Load R (Q0)

(a)

Figure 3.26: Experimental efficiency results of HSDIBuC due to change of (a) Load (R), and (b) Duty
ratio («)

The comparisons among the different topologies are provided in Table [3.3] The n depicts
turns ratio of the transformers and coupled inductors. To achieve higher step-down ratio,
the proposed HSDIBuC does not require any transformer or coupled inductor [35| [41]. The
proposed HSDIBuC has higher step-down conversion ratio than the existing interleaved buck
topologies [37]- [35], [41]. An interleaved buck converter (IBuC) with higher step-down con-
version ratio is reported in [40]. This IBuC achieves the conversion ratio by a pair of coupled
inductors. This coupled inductor is modeled by an ideal transformer. The requirements of
semiconductor devices and magnetizing cores are high. Though the IBuCs presented in [32]

and [40] have higher step-down conversion ratio, the requirement of inductors is very high.
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3. High Step-down Interleaved Buck Converter

Thus, it increases the cost and bulkiness. The IBuCs introduced in [37] and [38] operate only
when the duty ratio is below 0.5. The proposed HSDIBuC operates in the range of 0 < o < 1.

Table 3.3: Comparisons among the existing and the proposed IBuCs

IBuC IBuC IBuC IBuC IBuC IBuC The
Topology Introduced  Introduced Introduced Introduced Introduced Introduced Proposed
in [37] in [38] in [35] in [32] in [41] in [40] HSDIBuC
M = vo/vin 2a @ & « 20 o b
n—na+ao 41—« n 2(1+mn) 2—«
Quantities of switches 2 2 4 4 2 4 3
Quantities of diodes 2 2 4 4 3 2 2
Quantities of inductors 3 2 2 (4 windings) 5 1 4 3
Quantities of capacitors 1 3 5 5 3 4 3
Quantities of transformers 0 0 0 0 2 1 0

3.13 Summary

A DC-DC IBuC with improved step-down ratio namely HSDIBuC is proposed in this chap-
ter. The proposed HSDIBuC has a simple circuit configuration and can produce low output
voltage at sufficiently higher duty ratio by using a switch-capacitor cell. In input side, an in-
ductor is placed to oppose the sudden change in the input current. The proposed HSDIBuC
operates in the range of 0 < a < 1. The expressions for the high step-down conversion ratio,
the ripple and the average current through the inductors are derived. The boundary load con-
dition between CCM and DCM is determined. The semiconductor devices suffer less voltage
stress. An efficiency of 96.33% has been achieved at o = 0.60. Experimental results validate
the proposed HSDIBuC. Small-signal modeling and the enabling of closed-loop control systems
of the proposed HSDIBuC are extended in the next chapter.
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High Step-down Interleaved Buck
Converter with Dual-winding Coupled

Inductor

This chapter proposes a dual-winding coupled inductor (DWCI) based high step-down interleaved
buck converter (HSDIBuC) to reduce the ripples in inductor currents and to achieve lower
value of the output filter capacitor. The proposed HSDIBuC-DWCI achieves a high step-down
conversion ratio by using a switch-capacitor cell. In CCM, the systematic analysis of ripple
currents in the windings of DWCI show the reduction of ripple in inductor current compared
to the existing IBuCs. Further, the coupling factor of the DWCI reduces the minimum required
value of the output filter capacitor. The operating principle of the proposed HSDIBuC-DWCI
is analysed. Furthermore, the small-signal modelling is carried out. In the VMC framework, a
Pl-controller is designed to investigate the closed-loop performances. The proposed HSDIBuC-

DWCI is implemented and experimental results are provided.
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

4.1 Introduction

In the previous chapter, a two-phase high-efficiency high step-down interleaved buck con-
verter (HSDIBuC) with an improved step-down conversion ratio is presented using a switch-
capacitor cell to avoid the problem of narrow duty cycle in CIBuC when a high-input to
low-output voltage conversion is employed. The HSDIBuC as discussed previously also fulfills
the objective of less voltage and current stresses for the semiconductor devices and less ripples
in the inductor currents. However, the proposed HDIBuC uses two single inductors at the
output-end and one single inductor. To reduce the size and weight, the two single inductors at
the output-end can be replaced by a dual-winding coupled inductor (DWCI) whose units share
magnetic core thus reducing the core size. The major technical performance benefit yielded
by the DWCI is the further improvement of the ripples in inductor currents. Therefore, in
this chapter, the two single inductors at the output-end of HSDIBuC are replaced by a DWCI
utilizing all the advantages of HSDIBuC explained in previous chapter . The proposed high
step-down interleaved buck converter with a dual-winding coupled inductor (HSDIBuC-DWCI)
achieves less ripple in the inductor current without affecting the conversion ratio of HSDIBuC.
Further, the analysis of the effect of the coupling factor on reducing the minimum capacitance
value of the output filter capacitor is given.

The operation principle of the proposed HSDIBuC-DWCI is discussed in Section 4.2. In
Section 4.3, a systematic analysis of the ripple current in DWCI for different cases is carried
out. The effect of the coupling factor on the CCM/DCM boundary load is also developed. The
minimum requirement of the crossly connected identical capacitors is carried out in Section 4.4.
The equation for the minimum requirement of output filter capacitor value is derived in Section
4.5. Comparisons among the conventional and existing IBuCs are also discussed and necessary
mathematical expressions are provided. The stresses of the semiconductor devices are provided
in Section 4.6. The average state-space matrices and small-signal modelling analysis of the
proposed IBuC with the DWCI are carried out respectively in Sections 4.7 and 4.8. A voltage
mode PI controller is designed for the proposed IBC with DWCI in Section 4.9. To validate the
claims, simulation and experimental results are provided in Section 4.10 and 4.11 respectively.

Finally, in Section 4.12, summary of the chapter is provided.
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4.2 Principle of Operation

4.2 Principle of Operation

A HSDIBuC is designed to improve the step-down conversion ratio operating in continuous
conduction mode (CCM) as shown in Figure [3.1] This converter needs a total of three single
inductors. Two single inductors are required at the output-end as shown in Figure |3.1. These

two single inductors are replaced by a single dual-winding coupled inductor (DWCI) as shown

in Figure [4.1]

Ll rLl’ S Ll L
Y\, p ® Y\
L F (]S Thvne 4,
T 3 f [ )
rcl + TCZ LZ rL
+ - - 7, +
+ /2 pa PaN Cr
Vin__r— C1 CZ FD1 D2 S R §‘/b
L Cf —= -
V152 T

Figure 4.1: High step-down buck converter with a dual-winding coupled inductor (HSDIBuC-DWCI)

The input voltage v;, is followed by an single inductor L; with parasitic r;,. Two identical
capacitors C; and C respectively with parasitics r¢, and r¢, are cross-connected with the two
switches S7 and S;. The L; is placed at the front side to oppose the sudden change of input
current due to the series-parallel transition of these two identical capacitors. The diode D; is
followed by the L; —winding of the coupled inductor. The switch S5 is followed by a diode D,
and Lo — winding of the coupled inductor. ry, is the parasitic of the L; and L, windings. The
two windings L; and Ly are operating with 180° phase shift in CCM. 'y with parasitic r¢, is

the output capacitor to the output v, where R defines the output load resistance.

4.2.1 Dual-winding coupled inductor (DWCI)

The schematic diagram of DWCI is shown in Figure The voltages across the L; and Lo

windings are denoted by vy, and vy,. The generalized equation of the coupled inductor is

diy diy

B IR Y g 41

UL = dt (4.1)
diy diy

— [, e oS 4.2

Ve = 27 dt (4.2)

where iy, and i, are inductor currents. The mutual inductance M is defined as M = k+/L; Lo.
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

L, @ Il L
+ ( D +
i, &L LR Y,
- ( > -

) ®

Figure 4.2: Schematic diagram of dual-winding coupled inductor (DWCI)

For inductors to be direct coupled, coupling coefficient k£ € [0,1] and for inductors to
be inverse coupled, k € [0,—1]. The 180° phase shifting of inductor currents causes i;, =

—ir,. Therefore, when the inductors are directly coupled, the inductive voltage becomes vy, =

(Ly — M )diljgl and when the inductors are inversely coupled, the inductive voltage becomes

=(Li+M )d“1 The (L; — M) shows small inductance value with a bulky or larger size

of the coupled inductor. Whereas, the (L; + M) gives larger inductance value with the smaller
size of the coupled inductor. Therefore, to reduce the bulkiness of the converter and to reduce
the ripple in inductor current, the inductors are coupled inversely in a 180° phase-shifting
condition. The two windings of the coupled inductor are considered to be equal (L; = Ly = L).
The i;, and iy, represent the currents flowing through L; and L, windings respectively. By

using Equations (4.1)) and (4.2)), the iy, and iy, over a time period T can be written as follows.

T L, T, vL2k:,/ Ts
/ dlez(— / dt + ———— / dt (4.3)
0

1— k?)L (1— k?)L

T oL, T, Ule:, [ 52 T
/ diy, = —/ dt + —— / dt (4.4)
0 ( )La Jo

(1 —k?)Ly

4.2.2 Switching modes when « € (0,0.5]

The idealized waveform is shown in Figure when the duty ratio o belongs to (0,0.5]. At
this case, there are four switching intervals over the time period T,. The switching operations
are described below. During the interval (0 < ¢t < ¢17%), inductor current iy, through the L,
increases and inductor current iy, through the inductor L, decreases. The currents ¢y, and iy,
are out of phase. In the next interval (o7 < t < poT5), all the three switches are OFF and
both the inductor currents decrease. The currents iy, and 7, are in the same phase. In the
subsequent interval (poTy < t < p3Ts), S1 and Sy are still OFF but the S5 is ON. Therefore,

the iy, increases and ¢y, decreases.
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Vre, o~ i >t
Ve
f
I ! : E —
v, I_/\L/N
: : . —> ¢

(piTS (leTs (P_;, Ts (P4.‘TS

Figure 4.3: Idealized waveform of the proposed HSDIBuC-DWCI when « € (0,0.5]

The i, and iy, are out of phase. In the next interval (p3Ts < t < p,T%), the nature of iy,

and iy, is similar to that in the interval (p1Ts < t < oT5).

4.2.2.1 Interval (0 <t < pT})

In this duration, S7 and S, are simultaneously ON and S3 is OFF as shown in Figure
4.4l The diodes D; and D, become reverse and forward bias respectively. Therefore, the two
identical capacitors become parallel and the voltage across these capacitor becomes ve. The

inductive voltages vy,, vz, and vy, across the L;, L; and Lo are expressed as follows.

VL, = Ui — Vo (4.5)
diy diy,
N i C R Vel R 4.6
Vin = 17 aw e’ (4.6)
di di
vn, = Lo ;;2 - M% = —v, (4.7)
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

LL S o vl
T, L] L S Tane— | —

N

Figure 4.4: Schematic diagram of interval (0 < t < ¢175)

The current i¢(t) through the two capacitors (C) is given by
2ic(t) = g, (£) — iz (1) (45)
The current ig(t) through the load R is determined as
ip(t) = i, (t) + i, (t) —ic, (t) (4.9)

where ic,(t) is the current flowing through the capacitor Cy. The voltage, vg,, across the
capacitor C is given by
’Ucf = Vo = RZR('LL) (410)

Let us define the state vector x(t) = [ir, v¢ iz, ir, ve,])" and the output vector y(t) = vo. The

state space equation in this duration (0 < t < ¢, T5) is provided by

_—T’L, —1 7 -, _
. 0 0 0 1
L, L, =
1 -1
Y= 0 — 0 0
20 20 0
LQ —’T’LLQ —MT’L —(L2 + M)
= 0
TiLy— M2 LnLy— M2 LyLy— M2 LyLy—ar2 | X0+ |0 o)
0 M —MT‘L _TLLl _<Ll + M) 0
LiLy — M? LiLy— M? LiLy— M? L{Ly— M?
0 0 1 1 -1 0
i Cy Cy RCy | -
(4.11)
y(t) = Zix(t) = [0 000 1] x(t) (4.12)
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4.2 Principle of Operation

4.2.2.2 Interval (pT <t < @oT%)

During this interval, S7, Ss and S5 are OFF. Both the diodes are in forward bias as repre-

sented in Figure [4.5]
Ly

L; i
® 1
-m * N —
Iy, L YNe— | —
L, 'lel LR
lc +
£

D, GRS

Figure 4.5: Schematic diagram of interval (p1Ts <t < ¢oT5)

The two identical capacitors are in series through the diode D; and resultant voltage becomes

2ve. The voltages across the inductors are provided below.

VL; = Vin — 2U¢ (4.13)
di di
vp, = L1 dil — d_;z = —, (4.14)
di dir,
Vi, = L2 dItQ — d_lt/ = —Vo (415)
The current through the capacitors is
ic(t) = ir,(t) (4.16)

The equations of load current ig(¢) and the output capacitor voltage vc, are the same as
Equations (4.9)) and (4.10) respectively. The state-space equation is expressed by

X(t) = A2X(t) + Bzvin(t)
-2 -

[—TL, 0 0 0 _i_
L; L; I
l 0 0 0 0
¢ 0
—rrL —Mr —(Ly+ M
N ’ ’ L1L2L— j\ﬁ LiLy — ?\42 L1<L22 i_ Mz x(t)+ | o | vn(t)  (4.17)
0 0 —Mry, —rr Ly _(Ll + M) .
LiLy — M? LiLy— M? Ly1Ly— M?
1 1 -1
G o e 0]
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

y(t) =Zax(t) = [0 0 0 0 1]x()

4.2.2.3 Interval (o275 <t < p3T5)

(4.18)

In this duration, S; and Sy are OFF and S; is ON as shown in Figure 1.6} The diode D, is

in the reversed bias and D, is in the forward bias. The inductive voltage equations are provided

as follows.

The current, ic(t), through the capacitors is

ic(t) =i, (t) —iL,(t)

VL, = Uin — 200
di di

oy = Lat = Mg
diy, diy,
- L 2 _ M 1
Vi = ~ 2 dt

(4.19)

(4.20)

(4.21)

(4.22)

The equations of load current igr(t) and the output capacitor voltage vc, are the same as

Equations (4.9) and (4.10) respectively.

_fé#\ Sl LM
I TS T

Figure 4.6: Schematic diagram of interval (poTs < t < 3T5)

In this duration, the state-space equation is expressed by

-_TLi

e

—2

0 0 0
L;
-1
0 0 — 0
C
M Lo —Mry, —(LQ + M)
LiLy— M?  ILile=M?* [ 1. M2 [,L,— M?
L1 —M’f‘L —TLLl —(L1 + M)
LiLy— M? LiLy—M? LLy— M2 LiLy— M2
0 1 1 -1
C Cy RC;

o p|+~

(4.23)
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y(t) =Zsx(t)=10 0 0 0 1} x(t) (4.24)

4.2.2.4 Interval (3T, <t < p,T%)

In this duration, the circuit configuration is the same as the Figure 4.5 and the operation

is similar to that in the interval (175 < t < poTy).

4.2.3 Switching modes when « € (0.5,1)

The idealized waveform is shown in Figure when a € (0.5,1). In the intervals (0 <
t < ¢p1Ty) and (poTy < t < @3T%), all the switches are ON and the inductor currents ir,
and 47, increase. The iy, and 47, are in phase during these two intervals. In the intervals

(p1Ts <t < @oTy) and (p3Ts <t < p4Ty), iy, and i7, are out of phase.

4« Ts

S, <+ —>
s, [—— O(TS—’l (1 - )T l:t

«—+ 0.57, —»!

S3 (1 - a)TS E

lL1

Figure 4.7: Idealized waveform of the proposed HSDIBuC-DWCI when « € (0.5, 1)

4.2.3.1 Interval (0 <t < pT})

In this interval all the three switches conduct and both the diodes are in reverse bias as

shown in Figure [£.8] The voltages across the inductors are as follows.

VL, = Vip — UC (4.25)
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

dig, dig,

v, = Ly dtl - M dt2 = U — Uy (4.26)
dig, dig,

v, = Lo dt2 - M dtl = Vo — Uy (4.27)

The current through the two identical capacitors is given by

QZC(t) = iLi (t) - iLl (t) - Z-L2 (t> (428>

- 101 r)z Cf;:Rﬁvo

Figure 4.8: Schematic diagram of interval (o175 < t < @oT5)

The equations of load current ig(t) and the output capacitor voltage vc, are the same as

Equations (4.9)) and (4.10)) respectively. The state-space equation is provided as follows.

[—7TrL. —1 .
(3 O 0 O _ _
L; L, Li
1 —1 i
- 0 — 0 0
20 2C 0
L2+M —TLLQ —MTL —(L2—|—M)
B ) .
Tile— M2 LiLy—M? Lily— M2 LD, 02| T |0]|va(t) (429
0 L1+M —MT‘L —TLLl —(Ll—f-M) 0
LiLy— M2 LiLy— M2 LiLy— M2 LLy— M?2
1 1 1 0
0 0 — x L
L Of Of RCf ] -7
y(t) = Zax(t) = [0 000 1] x(t) (4.30)

4.2.3.2 Interval (1T, <t < poT5)

During this interval, S; and S; are ON simultaneously, and S3; is OFF. The operation

principle is the same as the interval (0 < t < ¢Ts) operation while a € (0,0.5]. The state-
space equations are the same as provided in Equations (4.11)) and (4.12)).
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4.3 Ripple Current in DWCI

4.2.3.3 Interval (poT; <t < @3T%)

In this switching interval, all the three switches are ON and the operation principle is the

same as in the interval (0 < ¢t < ¢1T5) while a € (0.5,1). The state-space equations are the

same as provided in Equations (4.29) and (4.30]).
4.2.3.4 Interval (p3T; <t < @4T%)

During this interval S; and S, are OFF, and S3 is ON. The switching operation is the same

as in the interval (poTs < t < @37T%) while o € (0,0.5]. The state-space equations are the same

as provided in Equations (4.23)) and (4.24)).

4.2.4 Voltage conversion ratio

The voltage second balance (VSB) equation of the input end inductor L; is determined by
using Equations (4.5)), (4.13)) and (4.19)) as

Vin

= 4.31
ve 2 -« ( )

The VSB equation of L; is derived by using Equations (4.6)), (4.14) and (4.20) as
Uy = Vo (4.32)
By using the Equations (4.31]) and (4.32]), the volfage conversion ratio is determined as( )
28 4.33

Vin 2 — «

Therefore, Equation (4.33]) shows that the mutual inductance does not affect the conversion

ratio of the proposed HSDIBuC discussed in chapter 3.

4.3 Ripple Current in DWCI

The ripples in the currents through the DWCI are determined for the following two cases.

4.3.1 Casel, a € (0,0.5]
In the switching interval (0 < ¢ < p1T5), substituting Equations (4.6) and (4.7)) into Equa-
tion (4.3]), the instantaneous current iy, (p17s) is determined as follows.

(1 —a—ka)Ty,
(1—Kk%)L,y

iL1 (901Ts> - + iL1 (0) (434)

TH-2863_146102032 23



4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

To determine the instantaneous current iy, (¢17%) in this duration, Equations (4.6 and (4.7))
are substituted into Equation (4.4) and is given by

(k — ka — a)T,v,
(1—Kk%)Ly

i, (1 Ts) = +i1,(0) (4.35)

In the subsequent interval (o175 < t < poT%), the instantaneous current iy, (¢27%) is determined
by substituting Equations (4.14) and (4.15) into (4.3))

—(1+k)(0.5 — a)v,Ts
(1-Kk2%)L,

) ; 0.5Tv, .
in, (2Ts) = + i, (01 Ts) = ( + i, (0) (4.36)

1+ k)L

In this interval, by substituting Equations (4.14]) and (4.15) into Equation (4.4) the instanta-

neous current i, (p27%) is calculated.

—(14£)(0.5 — a)v,Ts
(1 —k?)L,

0.5Tv,
(1+Fk)L,

iL2<902TS) = + iLQ (QplTS) = iL2 (0) - (437>

In the next interval (poTs < t < 3T), the instantaneous current iz, (p37%) is determined by

substituting Equations (4.20)) and (4.21)) into (4.3)).

(k — ka — a)Tsv,
1 — k)L,

—(og — Z))ZT +iz, (0) (4.38)

i, (p3T5) = + i, (02T5) =

The instantaneous current iy, (¢37%) is the interval (g7 < t < p37%) is derived by substituting

Equations (4.20) and (4.21) into Equation (4.4]) as

(1—-a—ka)Tsw,
(1 — k2)Lo

% +iz,(0) (4.39)

Z.L2 (()03Ts) = + iLQ (902T5> =

In the subsequent interval (¢3Ts < t < p4T5), the instantaneous current iy, (p475) is derived as

(0.5 — a)v,Ts

o =i (4.40)

iLl (904T8) = iLl (903TS> -

In this interval, the instantaneous current iy, (47%) is determined as follows.

(0.5 — a)v,Ts

o = i (441)

iLZ (904T8) = Z'L2<903TS> -
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4.3 Ripple Current in DWCI

The average inductor current, I, flowing through the L; and L, windings of the coupled

inductor is equal. Therefore, I} is determined as follows.

iLl (0) + Z'L1 (901T8> iL1 (901T8> + iLl (QOQTS)

IL _ 5 o+ 5 (05 — CY)
n iLl <g02T3> —;— ’iLl (SD?)TS)O./ + iLl (903Ts) ;— Z.L1 <¢4TS) (05 o Oé)
(1 —a—ka)Ty .
_ ] 0 4.42
20— i)L, Vo + iz, (0) ( )

The ripple in inductor windings L; and L, is as follows when « € (0, 0.5].

. (=a—ka)T, (1—-a—ka)avy
Aip, = Aip, = =)L Uy = 0= k)2 = o)LL /. (4.43)

4.3.2 CaseII, a € (0.5,1)

In this case of operation, the expressions of the instantaneous inductor currents as shown

in Figure [4.7] are provided in Table. [£.1]

Table 4.1: Instantaneous currents of L; and Ly when a € (0.5,1)

Instants Instantaneous Current

i, (1 7T5) G Z?ia—_k;)i)ﬂ% +ir,(0)
inlafy) Sl
i) S i, 0
i) T i 0)

iz, (¢3T5) ot z(;f)}ii);@)ﬂvo + iz, (0)
inpit) e DET IR o)
i, (paTy) ir,(0)

ir,(paTy) ir,(0)
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

From the instantaneous values provided in Table [A.1], the average inductor current in this

case is derived as follows.

(ka+a—k)(1 —a)Tsv,
20{(1 - ]{Zz)Ll

I, = + iz, (0) (4.44)

The current ripple in the L; and L, windings are

(ka4 a—k)(1 — a)vy,

Aip, = Aig, = 4.45
T e T T )1 — k2) Ly f, (4.45)
4.3.3 Ripple current in inductor L;
The average current, I, through the inductor L; is as follows.
1—a)T,v, .
I (Z—L)Z +ir,(0) (4.46)
The ripple in iy, is determined as follows by using Equation (4.5)).
. . . 1— )T, 1 — a)aT,w;y,
iy, = ir, (1 T) = iz, (0) = L2 lote _ (1 —0) (4.47)

The ripple in input current is equal to the ripple in L; inductor.
4.3.4 Minimum inductance value of DWCI

Minimum inductance value of DWCI is calculated for the following two cases.

4.3.4.1 Casel, a € (0,0.5]

At the boundary condition, the input current can be written as follows by using Equation

[@.46).
(1 —a)T,v,

o i) (4.48)

lin =

At ideal lossless condition the relation between i;, and output current 7, is expressed as follows

by using Equation (4.33)).

fin = 5o (4.49)
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4.4 Minimum Capacitance Value of (C} = Cy = C)

Therefore, by using Equations (4.48) and (4.49), the boundary load Rp, is derived as

Vo 2C(LZ
Rp, = —> = 4.50
B o 1—a)2 - )T, (4.50)

where ipp is the boundary load current. At the boundary condition derived in Equations (4.50)),

output boundary load current ¢pp is obtained as

1—o—ka)T,
v
(1—k)L; °°

iop = 21, = (4.51)

At this ipp, the boundary load becomes

Vo (]_ - KQ)Ll
Rp = = 4.52
P o (1—a— ka)T, (452)

Therefore, minimum inductance value is derived as follows from Equation (4.52)).

—a—ka)l,Rpg (1 —a—ka)Rp
(1-k2) (A=)

min{L; = Ly} = u (4.53)

4.3.4.2 Casell, a € (0.5,1)

Similarly the analysis is carried out as described above and this case the minimum require-

ment of inductance value is determined as

(ka+a—k)(1—a)Rp

man {Ll == LQ} = &(1 — kz)fs

(4.54)

4.4 Minimum Capacitance Value of (C) = Cy = ()

The idealized waveforms of current through the identical capacitor ic and the voltage across
the identical capacitor ve are shown in Figure In the duration (0 < t < ¢T5), the
capacitors become parallel to each other and the voltage across the capacitor becomes vo as
shown in Figure [£.4 During this switching mode, the identical capacitors discharge energy to
the load. In the remaining entire duration (¢17s < t < T}), the two capacitors are charged in

series by v;, and the resultant voltage across the two identical capacitors become ve+vo = 2v¢.
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor
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Figure 4.9: Idealized waveform of the capacitive current and voltage of the identical capacitors

The ripple voltage can be expressed by Ave and it is defined by Ave =ve,. —ve. . . The

max man

average capacitive voltage is approximated by using Equation (4.32) as follows.

Ve +vo . Uo
max min — - 4'55
2 ve « ( )

Now, in the duration (0 < ¢t < ¢75), the power released by these two identical capacitors is

equal to the power delivered to the load. Therefore, the energy equation is written as follows.

C(Ucmam + ,Uomin)(vcmux — UCmin) —
oT,

(4.56)

=] IS

Substituting, Ave = ve,,,. — ve,,.. and Equation (4.55)) into Equation (4.56)), the minimum

min

capacitance value for the identical capacitors is determined as

o*T,v,

Cmin =
QA’UcR

(4.57)

4.5 Minimum Capacitance value of Cy

Minimum capacitance value of C is calculated for the following two cases.
4.5.1 Case I, a € (0,0.5]

The output filter capacitor is required to be designed so that the impedance of the capacitive
branch is less than the load resistance R. The DC components of the two inductor currents
(i, and ir,) pass through the load (R) and the AC component passes through the capacitor

(C¢). As the ripple in load current (ig = i,) is much less, it is neglected. Therefore, the current
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4.5 Minimum Capacitance value of Cy

passing through the output filter capacitor (C) is approximately equal to the resultant AC
component of the two inductor currents. The idealized waveforms of the capacitive current ic,,
AC component of the voltage across the r¢;,, (vrcf), and AC component of output voltage, 0,
are depicted as shown in Figure when o € (0,0.5]. Therefore, ic, is determined by the

following equation.

Atotal inductor currentt (A[Ll n AILz)
1 =
cr At 2 2

(4.58)

From Equation (4.42)), the average ripple current (Al;, = Al,, = Alp,) is determined as
Al = %vo. In the interval (0 < ¢t < ¢;Ts) as shown in Figure , ic, is determined

by substituting Equations (4.58)), (4.34]) and into Equation (4.35)) as follows.

iz, (1 Ts) = i, (0)] = [i2,(0) —iL, (01 T5)]

Zcf: golTS—O t—AIL
(1—-2a—2ka+kv,, (1—a—ka)y,
= L= 4.59
Ty (1 =)L, 21— k)L J, (4.59)

The Ure, 18 determined by using Equation 1} as

B (1 = 2a = 2ka + k)v,re, (1 —a— ka)vre,
Yoy = T ol (1 — K2)LS, 2(1 — k2)Lf.

(4.60)

The capacitive voltage ve, consists of DC component Vg, and AC component v, i.e. vg, =
Vo, + ve,. In the output voltage, v, contributes the ripple. Therefore, the v., is derived as

follows by using Equation (4.59)).

1 [
Ve, = C_f/o ic, (t)dt + ve, (0)

(=20 =2ka+ kv, t*  (1-a—ka),
 CraTs(1—K2)Lf, 2 Cp2(1 —k2)Lf,

t + v, (0) (4.61)

The Ure, and v, provide the AC component in the output voltage (0, = Urg, +veo f). Therefore,

AC component of the v, can be written as follows by using Equations (4.60)) and (4.61]).

. (1 —2a —2ka + k)vore, (1 —a—ka)vre,
Y T AT (1 — RS, T 21— R)LS,
(1 —2a —2ka+ kv, > (1 —a—ka)v,
v t+ v, (0 4,62
Crali (0 —i9Lf, 2 Cp—iLy, e (4.62)
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

To calculate the minimum capacitance value, the derivative of ¢, in Equation (4.62) with
respect to time (dd,/dt) is set to zero and the minimum capacitance value (Cy, .. ..., ) occurs

at ¢, = 0 as follows.

(1 — Omaz — kamaw)amax

| _ 4.
Cfmm(on—Off) 2(1 — 20tmae) (1 + k’)TCffs o

In the subsequent interval (175 < t < 9Ts) as shown in Figure by substituting

Equations (4.36]), (4.37) and into Equation (4.58) the ic; is derived as follows.

[iLl (902TS) — Z.Ll (SplTS)] + [iL2 (@QTS) — iL2<§01TS)]

I, = t — o, ATl
' 0.5 — )T, (t=als)+ Al
 2(L+ku(t —ady) (1 —a—ka)v, (4.64)
Ts(1 — k)L fs (1 —Ek2)Lf; ’
By using Equation 1) Ure, is derived as follows.
—2(1 4+ k)v,(t — aT; 1—a—ka)v,
y A ( Wo(t — aT)re; N (1 —a—ka)v,re, (4.65)
! To(1 — k2)Lfs (1 —k2)Lf,
In this duration, the v., is determined as follows.
i
Ve, :C_f o ic, (t)dt + ve, (o)
—(1+ k) 9 20+ k)aTy 1—a—ka Vo
= £+ + t
CfTs(l _ kz)LfS Ts 2 Cf(l F— k:Q)Lfs
(1+k)a*T? (1 —a—ka)aT, (4.66)

-~ C/T.(1—k3)Lf,  2C;(1—k2)Lf,

The AC component of the output voltage v, is the sum of the Ure, and v,, 1.e 0, = Ure,, + Vg, -

By setting the dv,/dt to zero, the maximum value of v, occurs at t,,,, = aTs. Therefore, the

minimum capacitance (Cy, . .., ) value is derived as follows.
(1 — Qmin — ka’mzn)

o = 4.67

Jmin(of f—of f) 4(1 + k)rC’ffs ( )

In the next duration (w27 < t < ¢37Ts), the minimum capacitance value (Cy, , ) is the
same as given in Equation (4.63)). Similarly, the minimum capacitance value (Cy, .. ) is given
by Equation (4.67) in the interval (375 <t < o T%).
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4.5 Minimum Capacitance value of Cy

The peak-to-peak ripple voltage (V;) does not depend upon the V¢,. The V, is determined

only by the ripple voltage across the ESR (equivalent series resistance) r¢ o it

Cf Z Cfmzn = max {Cfmin(onfoff)’ Cfmin(offfoff)}

— max { (1 — Qnaz — kama:c)amaz (]- — Qmiin — kamm) }
N 2(1 = 20mae) L+ k)re, fs' 4L+ K)re, fo

(4.68)

The extreme values of a,,;, and Qe are given as ay,;, = 0 and a;,., < 0.5 respectively. Thus,

the condition provided in Equation (4.68) is satisfied at the value of « if

1

> Do .
Cf = Cfmzn 4(1 + k,),rcffs

(4.69)

4.5.2 Case II, o € (0.5,1)

The analysis to determine the capacitance value is carried out in the similar manner as
described in Case I. The minimum capacitance values Cy, . ~and Cy . - respectively

in the intervals (0 < t < ¢1T%) and (¢17s < t < poT5) are provided as follows.

(kamaw + Omax — k)

o = 4.70
fmzn(on—on) 4(1 + k>rC’f fs ( )
(kamin + Qi — k)(l _ amin)
. = 4.71
Cfnnn(on—off) 2(20{777/”1 _ 1)(1 _|_ k)rcffs ( 7 )
The output voltage ripple V.. can be calculated only by the r¢, if
Cf Z Cfmzn = max {Cfmin(on—on)7 Cfmin(on—off)}

— max { (kamax + Oz k)7 (kamzn + Qpin k)( amm) } (472)

4(1 + k)TC’ffs 2(205mzn - 1)<1 + k)rCffs

In the worst situation, the values of a,,;, and «,,,, are provided as au,;, > 0.5 and au,e, = 1

respectively. Thus, the condition provided in Equation (4.72)) is satisfied at the value of « if

1

Cr>Cf = =——0
P A K)o, f

(4.73)

Remarks: When the o = 0.5, the peak to peak ripple output voltage (V,) can be calculated
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

by the ripple voltage across the r¢, if Cy > %. Now, when the a = 0.5, the average ripple
f S

current in the Ly and Ly windings is Al = 57955+ (1[1}%3; e

4.5.3 Selection of parameters

The load resistance is considered as R = 5 ). The value of the coupling factor is £ = 0.5.
At Rg, = R =5 Q and o = 0.4, the minimum inductance value is calculated as L = Ly =
Ly, = 53.33 puH by using Equation (4.53). When two single inductors are used instead of
the dual winding coupled inductor, i.e. £ = 0, the minimum inductance value is 60 pH. At
the values of ro, = 0.22 Q, f, = 50 kHz, @ = 0.4 and k = 0.5, the C} is calculated as
Cy > max {24.24,6.06 }uF = 24.24 pF by the condition provided in Equation . At the
same condition when k becomes zero (k = 0), the value of the C} is calculated as C; >
max {54.54, 13.6 }uF = 54.54 pF. Therefore, it can be said that the values of the Ly, L, and C
can be reduced by the coupling factor k. The parameter values are adopted from HSDIBuC [123]
and provided in Table[£.2] The two output-end single inductors are replaced by a dual winding

coupled inductor.

Table 4.2: Parameter values of HSDIBuC-DWCI considered for CCM operation

Parameters Value
Input voltage (v;,) 20V
Switching frequency (fs) 50 kHz
Inductance (L = Ly = L) 180 uH
Coupling factor (k) 0.5
Inductive resistance () 0.07 Q

Identical capacitance (C'= Cy = Cy) 220 pF
Resistances of Cy and Cy (r¢, =7r¢,) 0.32 Q

Input-side inductance (L;) 180 pH
Output capacitance (C) 330 pF
Load resistance (R) 5Q

ESR of output capacitor (rc¢,) 0.22 Q
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4.5 Minimum Capacitance value of Cy

Table 4.3: Comparisons among the existing and the proposed IBuCs.

Items CIBuC Compare The HSDIBuC Compare The HSDIBuC-DWCI
Voltage Gain (U—O) e > < = &
Vin 2 -« 2 -«
. . (1 — a)awy, (1 — a)avy, (1—a— ka)ovy,
A =A —_— > — > —
tLy tLy |ae(0,0.5] Lfs (2—a)Lfs (1—k2)(2—a)Lfs
. . (1 — a)avy, (1 — a)avy, (ka+a—k)(1 — a)vin,
A =A T — > — >
i1 = A0tz lag o L 2 - a)Lfs @-a)(1 - F)L1/s
. (1-a)Rp (1-a)RB (1—-—a—ka)Rp
min{la = Lo} locos g : B g -
. _ (1-a)RB (1-a)RB (ka+a—k)(1—a)Rp
min{ln =12} lacony > T/ > i~ K27,
C | (1 - amaz)amam _ (1 —= amaz)amax S (1 — Qmaz — kamaz)amam
Fmin(on—off) «€(0,0.5] 2(1 — Q(Xmam)TCf fs 2(1 — QOCmaz)"’Cf fs 2(1 - 2OC'maz)(l + k)?"cf fs
C ‘ (1 - amin) _ (1 - amin) > (1 — Qmin — kamzn)
Fmin(off—osf)lac(0,0.5] arc, fs drc, fs A1+ kyre, fs
C l (1 - amin)amin _ (1 - amin)amin > (kamzn + Qmin — k)(l - amin)
Fminon=of)1a€051)  22amim — re, fa 2(20min — Do fs 2(20min — V(1 +k)re, fs
C | Omazx _ Umazx A (kamam + Omaz — k)
fmin(on—on)lag(0.5,1) arc, fs 4ro, fs A1+ k)re, fs

4.5.4 Comparisons among the existing and the proposed HSDIBuC-
DWCI

The comparison among the existing and the proposed HSDIBuC-DWCI is shown in Table
. In Figure , the change of ripple in inductor current (Ai;, = Aiy, = Aiy,) is shown with
respect to a and it is seen that HSDIBuC introduced in Chapter 3 has less ripple than CIBuC in
the entire range of a € (0,1). But, for a certain range of a, the proposed HSDIBuC-DWCI has
less ripple (Air) compared to the HSDIBuC described in Chapter 3. The curve of ripple Aip
with £ = 0 and A7, with £ = 0.5 intersect at two points. In this region, Ai; of the proposed
HSDIBuC-DWCI is less than CIBuC and HSDIBuC introduced in Chapter 3. Therefore, it is
necessary to find out the best operating range of a. In Equation , the v;,, L and f, are
positive constants. Therefore, to get the lower intersection point when o € (0,0.5], the Aij,
provided in chapter 3 and Equation are equal and, written as

(1-a)avy, (1 —a—ka)avy,

2-a)lfs  (1-k)(2-a)Lf,

(4.74)
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Figure 4.10: Ripple current Ai; due to change of «

Since, @ > 0 and «a can never be equal to 2, therefore, solving the Equation (4.74)), the

following intersection point is obtained.

o =

1+k,ask:7é0 (4.75)

Now, it is required to find out the higher value of intersection point when e € (0.5, 1). Therefore,

by equating the Aiy provided in Equations (3.35) and (4.45)), the upper limit of « is found as

1
= 4.
« 1+k,a5k7é0 (4.76)

Therefore, the ripple of the proposed converter is less than the CIBuC and HSDIBuC when
ae (5, %)

The change in ripple in inductor currents due to change in coupling factor is shown in Figure
. When « € (0,0.5], from Equation , the operating range of coupling factor is derived
as k € (0, 7%=]. To get the minimum ripple for any provided «, the maximum coupling factor k

is determined by equating the derivative of Aiy with respect to k (dAi/dk) to zero. Therefore,
when « € (0,0.5], by doing the derivative of the Equation (4.43)), k is determined as

k= +4/( )22 —1 (4.77)
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Figure 4.11: Ripple in inductor currents Ai;, due to change of k

As k % 1, the k becomes k = =2 — /(1=2)2 — 1. Now, when a € (0.5, 1), the maximum k

value to get the minimum ripple for any provided « is derived from Equation (4.45)) as follows.

)2 =1 (4.78)

As k # 1, the k becomes k = -2 — , /(+%-)2 — 1. The operating range of k for this case of

-« -«

operation is k € (0, =2].
4.6 Stresses of the Semiconductor Devices

Maximum voltage and current stresses are determined as follows.

4.6.1 Maximum voltage stress

The voltage stresses of the switches S1, Sy and S5 are denoted by vg,, vs, and vg, respectively.
The maximum voltage stresses are approximated by neglecting the capacitive ripple voltages

as follows.

Uin, Vo
vSmaz = Usl = USQ = USg = UC - 2 — = E (479)

The maximum diode voltage stresses vp, and vp, of the diodes Dy and D, respectively are as

follows.

Vin Vo
UDmaz = VD, = Up, = Vo = 29— == E (480)

It is seen that the voltage stresses are equal to that in HSDIBuC. Therefore, compared to

CIBuC, semiconductor devices of lower voltage rating can be used to design the proposed
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

converter.

4.6.2 Maximum current stress

The maximum current stresses of the switches Sy, Sy and Ss are defined by Ig,, ., Is,. ..

and [g, . respectively. Ip, . represents the maximum current flowing through the diodes D,

and Dsy. The currents flowing through the windings of DWCI are half of the output current.

Therefore, the switch current stresses can be approximated as follows.

ISmaw‘ae(O,O.ﬂ - ID'ma:L' = ‘[Slmaz = ISQmaz o ‘[S3maz
(1 —a—ka)av,

2(1 = K*)(2 — ) L f

ig ANip i,

2 Y

7 ‘ _ _i_o (ka+a—k)(1 — a)vy,
Smatlae(0.51) — “Pmes =9 T 90 ) (1 — k2) Ly f,

4.7 Average State-space Matrices

The general average state space equation is as follows.

X(t) = AayX(t) + Bayvin(t)

Y (t) = Zayx(t)

The average state space matrices are as follows when « € (0, 0.5].

Aav = (Al + A3)Oé + A2(1 — 20[)

[ =T, o —2 T
I I 0 0 0
2 —« — —a
20 0 2¢ I ’
_ 0 (Lg + M)a —TLLQ —MTL —(LQ + M)
o LiLy—M? LiLy—M? LiLy— M? L{Ly— M?
0 (L1 + M)« —Mr;, —rp Ly —(Ly + M)
LiLy—M? LiLy—M? L{Ly— M? L{Ly— M?
0 0 1 1 —1
I Cy Cr RCy

(4.81)

(4.82)

(4.83)

(4.84)

(4.85)
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1 T
Bav = (Bl + B3)0z + B2(1 - 20() = |:f 000 O:| (486)

Zay = (Zy + Zg)a + Za(1 —2a) = [0 00 0 1] (4.87)

4.8 Small Signal Modelling

Consider that the feedback control circuit is disabled and a perturbation v;,(t) appears in
the steady state input voltage V;,,. So the input voltage can be expressed as v;,(t) = Vi, +0;, ().
It will cause a change (perturbation) in the steady state values of the inductor currents and
capacitor voltages. Thus the instantaneous state-space variable vector x(¢) and output v, (?)
become x(t) = X+%X(t) and vo(t) = Vo+V,(t). After addition of perturbation, the state space

equation becomes

X + %X(t) = Aav(X + X(t)) 4+ Bay(Vin + 0in(t)) (4.88)

Vo + ¥0(t) = Zay (X + (1)) (4.80)

4.8.1 Steady-state analysis
Steady-state values of the state variables are denoted by Ir,, Ve, Ir,, Ir,, Ve, The steady-
state equation is provided by

X =[Ip, Vo Ip, I, Ve,]" = —Aay 'Bay Vi, (4.90)

In ideal case the parasitics 77, and 7, are neglected as rp,r;, << R. Therefore the steady-state

T
values of the state variables are X = [Ir, Vo I, Iy, ch]T = [2;‘2‘221/’;‘)2 Q‘iﬁ 2}5‘(‘;fa) 215(‘2/’%) ;“Y’;}

4.8.2 Open loop transfer function

By substituting Equations (4.85), (4.86)) and (4.87)) into Equations (4.88)) and (4.89)) and
doing the Laplace transformation of Equations (4.88)) and (4.89), the voltage to duty ratio

transfer function, Gy, (s), is derived by neglecting the steady-state and nonlinear parts, and
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

considering v;, = 0.
= w :Zav(SI — Aav)_l[(Al + Ag - 2A2)X

+ (B1 + Bs — 2B2)V;,, | + (Z1 + Z3 — 2Z5)X (4.91)

The required parameter values to design the HSDIBuC-DWCI are provided in Table 1.2} By
using the value of these parameters and Equations (3.62)), the following control power stage
transfer function G, (s) is developed.

azs® + ass? + a1 + ag
$% + byst + b3s3 + bys? + bys + by

Gua(s) = (4.92)

The coefficient of Equations are provided as ag = 8.4011 x 108, ay = 4.8423 x 10,
a; = 4.32 x 1013, ag = 2.2585 x 10'¢, by = 1.948 x 103, by = 8.0692 x 107, by = 3.2057 x 107,
by = 8.5838 x 10'2, by = 1.4692 x 10'®. The step response of the uncompensated power stage
transfer function (G,q(s)) is shown in Figure [4.12al The rise time (¢,) and settling time (¢;)
are 0.000175 s and 0.0555 s respectively. The bode diagram of the transfer function G,,(s) is
shown in Figure [£.12b] A pair of complex zero lies right-half of the s-plane. Thus, the open

loop system is a non-minimum phase system and the phase margin is 3.85°.

Bode Diagram
T

40
20 /\
T
@
o
2
al0
£
< 360
270
5 D 180
k=2
% 90 -
g Of
0 90 -
0 0.02 0.04 0.06 0.08 -
Time (seconds) -180 ;
10! 10 10° 10* 10°
(a) Frequency (rad/s)

(b)

Figure 4.12: Time and frequency domain responses of Gy (s) (a) Step response, and (b) Bode diagram
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4.9 Control Scheme

4.9 Control Scheme

In voltage mode control (VMC) framework, to improve the transient behaviour and to enable
the feedback control circuit, a proportional integral (PI) controller is designed using frequency
domain method. The block diagram representation of the closed loop system is shown in Figure

4.13l The controller is defined as
K

Gols) =K, + ? (4.93)

where K, and K; are proportional and integral constants respectively and the values are K, =

0.001205 and K; = 40 respectively.

S1
Sy ~
Proposed Vo (S )
HSDIBuC-DWCI >
o
Controller [JU1] | 180 S3
PI Phase-
shifting

Figure 4.13: Block diagram representation of the closed-loop control system

4.10 Simulation Results

By using MATLAB-Simscape tools, the simulation is carried out. The results of the ripple,
Aip, in iy, and iy, are shown in Figure At o = 0.40 and k£ = 0.50, the ripple is calculated
to be Air = 296.29 mA by using Equation . At the same o and k values, the simulation
provides Ai;, = 295.9 mA closed to the calculated value of 296.29 mA. When k = 0, i.e. two
single inductors are used, the ripple Ai;, is 333.33 mA for o = 0.40. Thus, DWCI improves
the ripple in inductor current. At o = 0.55, the simulation provides Ai;, = 297.7 mA and
Aij, = 380.3 mA for the coupling factor k = 0.5 and k = 0 respectively. In Figure [£.15] the
open loop transient response of the output voltage v, is shown. The maximum peak overshoot
(M,) and settling time (¢,) of the HSDIBuC-DWCI are M, = 15.87 % and t, = 0.00195 s
respectively. When the coupling factor k£ = 0, i.e. for HSDIBuC, the M, and ¢, are 30.82% and
0.00345 s respectively. It clearly shows that the DWCI improves the transient behaviour of the
proposed HSDIBuC.
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Figure 4.14: Simulations results for inductor current ripple Aiy, of ir, and iz, of (a) HSDIBuC at
= 0.40, (b) HSDIBuC-DWCI at a = 0.40, (c) HSDIBuC at o = 0.55, (d) HSDIBuC-DWCI at
a = 0.59.
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Figure 4.15: Open-loop transient response of output voltages for a = 0.40 of HSDIBuC-DWCI with
k = 0.5, and HSDIBuC.

4.11 Experimental Setup and Results

The schematic diagram of the closed-loop control systems of HSDIBuC-DWCI is shown in
Figure [£.16] The switches S; and Sy are turned ON and OFF simultaneously as described
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in Section 4.2. Two 180° phase-shifted pulses are generated. One of the pulses is used to
control S1 and S2 simultaneously, each driven through a MOSFET gate driver optocoupler,
viz. FOD3180. The other pulse drives S3 through another FOD3180.

1OOM iREp2sonpsF 160 utt
N A
S, lL.LS L { o
g
: IRFP250NPBF M6
2200 5= ,e ST 150 “‘H [ e
L+ T 220 uF == g 3 *
' 330 uF== 50 50
} r;'% NTS['30100SG | | NTST30100SG 55—[43 kQ -
S
f(IRFPZMNPBﬁ#
.
Source
8 \k yei D9 A0
7 1602 H
FOD3180 _55 g ([ GND Arglx\zlgm
2300 0.33 uF ) GND
I

DC Isolated
Source

Q{\m

FOD3180

ol

23010

=

Vref

230

Figure 4.16: Schematic circuit diagram of the closed-loop control systems of HSDIBuC-DWCI

Cotipled Ingductor/
H,L“ij‘_‘i‘fi . mLI bl

Figure 4.17: Experimental setup of the HSDIBuC-DWCI

The experimental setup is shown in Figure The parameter values used to design
the proposed HSDIBuC-DWCI are provided in Table The switches S7, S, and S3 are
implemented by n-channel MOSFETs IRF250NPBF. The diodes D; and D, are implemented

TH-2863_146102032 101



4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

by NTST30100SG/ NFK03TS30100SG. As shown in Figure DWCT is designed by using
U/C-type ferrite core. The gap between the two cores is 0.1 mm. The maximum current rating
of the coupled inductor is 8 A. The magnetic cross-section area of the core is 2.4 cm?. There
are 20 number of turns in each primary (/V,) and secondary (IV;) winding. The turns ratio is
defined by (N,)/(Ns) = 1.

The experiment is carried out in two stages. In the first stage, the ripple A, in iz, and iy, is
checked. In the second stage, the closed-loop part is enabled and the closed-loop performance is
tested with the PI controller. The PI controller is implemented by Arduino Uno microcontroller

board. HAMEG HZO50 AC/DC current probe is used to capture the current waveforms.

Figure 4.18: Dual-winding coupled inductor (DWCI)

4.11.1 Ripple improvement

In this stage of experiment, closed loop part is disabled and the proposed HSDIBuC is tested
with DWCI at the output side. The input side inductor L; is not affected by the coupling factor

of DWCI and its current waveform is shown in Figure [4.19

| 5001/ 2

Mom: .25 W Sus/div

Current of L, (500 mA/div)

Switching pulse for S

e e

Figure 4.19: iy, through L;— inductor for o = 0.40

The currents through the L; and L, windings of DWCI are shown in Figures and
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respectively. When the duty ratio is 0.40, the ripple in iy, and iz, is Aip =350 mA for
k = 0.5. The experimental ripple value is close to the theoretical and simulated values. The
waveforms are plotted with respect to the switching pulse for Sy and the phase shift between

ripple waveforms of ¢7,, and iy, is evident.

I - 5000/ = I - 50007

Main : 1.25 M Sus/div Mein 2 1.25 W Sus/div
Current of L; -winding (500 mA/div) Current of L,-winding (500 mA/div)
Ripple=350 mA Ripple=350 mA

650 mA

300 mA

Switching pulse for Sy

Switching pulse for Sy

() (b)

Figure 4.20: Experimental results for & = 0.40 and k& = 0.5 (a) iz, and (b) ir,.

When the « is 0.55, the ripple in L, winding is 350 mA as shown in Figure £.21] The
percentage of errors of Ai; between simulation and experimental results are 18.28 % and 17.5

% respectively for a = 0.40 and o = 0.55.

" KD 5.00 V'

Moin 2 1.25 W 5us/div

Current of L,-windings (500 mA/div)
Ripple=350 mA

750 mA

Duty(C1) 55.08

Figure 4.21: iy, through Lo—Winding for a = 0.55

The output voltage v, and ripple in output voltage are 7.58 V and 0.32 V for a = 0.55 and
k = 0.5 as shown in Figure [4.22a] When DWCI is replaced by two single inductors i.e. k =0,
the ripple in output voltage is 0.4 V as shown in Figure Thus, the coupled inductor

reduces the ripple in v, deducing that the value of output filter capacitor can be lower.
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1k=05 <k=0 |

(a) (b)

Figure 4.22: Waveform of output voltage for a = 0.55 (a) v, = 7.58 V with 0.32 V ripple when
k=0.5, (b) v, ="7.61 V with 0.40 V ripple when k =0

The current flowing through the two identical capacitors is shown in Figure for a =
0.40. The voltage across the capacitors ve is shown in Figure 4.23b| It shows that vo = 12.5
V satisfies Equation (4.31]) for o = 0.40.

L0 i S | LN ey — BT . s/
Currents through C; = C, Ve :12‘5}: (5 Vidiv)
500 mA ‘
,V *—‘&a\;m\\«% fz"\\\_a w‘\w !ﬁ’ :\‘_:__‘
[ \ | =
bomad =500 MA  Sevmarmrensed Mt Switching pulse for S5
Switching pulse for S5 ‘
R4 o e
1 1
(a) (b)

Figure 4.23: Experimental results of identical capacitors (C; = C3) for o = 0.40 (a) i., and (b) vc

4.11.2 Stresses of switches and diodes

The voltage stresses of S, Ss and Sy are shown in Figure[4.24a]and Figure[4.24b]|respectively.
The voltages stresses of the switches satisfy Equation and which gives vg = v, /(2— ) =
12.50 V for a@ = 0.40. The diode voltage stress vp = v, /(2 — ) = 12.50 V for a = 0.40 is
shown in Figure It is evident that the semiconductor devices suffer the voltage stress less

than the input voltage v;, = 20 V.
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Figure 4.24: Voltage stress for a = 0.40 (a) vg, = vg, = 12.5V, (b) vg, =12.5V

D _10.0 Vg
Moin = 125 k Sus/div

Voltage stress VD1=12_5 V (10 V/div)
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s L—Q + L@Q L:m-

Voltage stress VD2=12.5 V (10 V /div)

)

T
125V
¥
Figure 4.25: Voltage stress vp, = vp, = 12.5 V for a = 0.40.

The experimental results of efficiency due to changes of duty ratio and load are shown in
Figures [£.26a] and [£.26b] respectively. The comparisons of experimental results of HSDIBuC

and HSDIBuC-DWCI are shown in Table 4.4 Efficiency of 96.4% is achieved at a = 0.55,
Vi, =20 Vand R =5 Q.

L 97 2 97
£ 96 T E % 71
> 05 / 2 05 /
g o4 / g 94 '
2 03 i 93
c‘u‘j 0 0.2 04 0.6 0.8 54| 0 5 10 15
Duty Ratio () LoadR(Q)
(a) (b)

Figure 4.26: Experimental efficiency plots due to (a) Duty ratio change, and (b) Load R change
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Table 4.4: Comparison of experimental results of HSDIBuC and HSDIBuC-DWCI

Ttems The proposed HSDIBuC | The proposed HSDIBuC-DWCI
Efficiency 7| _, - 96.2% 96.4%
Ripple Aig| o . 400 mA 350 mA

4.11.3 Closed loop performance

In this stage, feedback part is enabled and closed loop performance is investigated. The

designed PI controller makes the closed loop system stable. The change of input current iy,

due to change in output voltage reference (v,.r) viz.

5, 7and 9V is shown in Figure

Hom: 1.5 0

Vief =9V

Current of L; (1 A/div)

Vief =5V
- Output voltage (5 V/div)

Vief =7V

Figure 4.27: Change of iz, due to change in output voltage reference

Mom s 1.25 W

Output current (1 A/div)

sz 50 % Load Change (5 Ohm to 2.5 Ohm)

f Vief =5 V (5 V/div)

1s/dv

Figure 4.28: Output voltage and current waveforms for 50 % load change

It is seen that the there is no overshoot in the output voltage and the rise time ¢, is 0.05 s.

The output voltage follows the v,.r change. Now to check the sensitivity to the load parameter
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variation, 50% output load (R) change is carried out as shown in Figure m During the load
resistance change from 5 €2 to 2.5 € and 2.5 €2 to 5 €2, the output voltage v, follows the v,y = 5
V.

4.12 Summary

A two-phase dc-de HSDIBuC with a dual-winding coupled inductor (DWCI) is proposed
to improve the ripple in current through the branches of DWCI. Two C/U cores are used to
design the DWCI and are coupled inversely to improve the ripple. The coupling effect on the
reduction of the minimum value of the output filter capacitor is derived and it shows that the
coupling factor helps to reduce the capacitance value. The range of coupling factor for given
conditions of duty ratio and ripple is developed. Simulations results are provided to validate
the claims. Further, the effect of DWCI is shown to improve the transient behaviour of the
proposed converter. At o = 0.40 and o = 0.55%, experimental results are provided in an
open-loop to observe the performance of the DWCI. The DWCI improves ripple and does not
affect the steady-state output voltage. A voltage mode PI controller is designed to enable the

closed-loop systems and experimental closed-loop results are provided.
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High Step-up Boost Converter

In this chapter, a high step-up conversion ratio DC-DC' boost converter with improved rip-
ple is proposed using a diode capacitor cell and a dual-winding directly coupled coupled-inductor
operating in continuous conduction mode (CCM). The proposed converter achieves step-up con-
version ratio larger than the conventional boost converter by using a diode-capacitor cell. The
cell consists of two cross-connected identical capacitors and two diodes placed in parallel. An
ductor is required at the output-end to oppose the sudden change in load current due to series-
parallel configuration of the two identical capacitors of the cell. Thus, the converter requires
two inductors to implement the converter. These two inductors are replaced by a dual-winding
directly-coupled coupled-inductor. This modification in the circuit improves the ripples in input
current, inductor current and output voltage without affecting the conversion ratio. Apart from
that, the reduction of size of magnetic core also reduces the cost and bulkiness of the proposed

converter.

TH-2863_146102032 109
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5.1 Introduction

In chapters 2, 3 and 4, the voltage conversion ratio of the conventional buck converter
(CBuC) and conventional interleaved buck converter (CIBuC) are modified using a switch-
capacitor cell to avoid the narrow duty cycle when a high-input to low-output voltage conver-
sion is required. Similarly, when low-input to high-output voltage conversion is desired, the
conventional boost converter (CBoC) needs a wide duty ratio causing more conduction loss
which affects the overall efficiency of the converter. Moreover, the voltage stresses of the semi-
conductor devices of CBoC is equal to the high-output voltage causing increased voltage ratings
of the active elements. These issues can be solved by enhancing the voltage conversion ratio of
the CBoC using a diode-capacitor cell [90,91]. The construction of the diode-capacitor cell is
very similar to the switch-capacitor cell. In the diode-capacitor cell, the two diodes are placed
in parallel and two identical capacitors are cross-connected. The high step-up gain of CBoC is
achieved by the series-parallel transition of two identical capacitors. Due to these series-parallel
transitions, a sudden directional change in output current-flow takes place. To prevent this sud-
den change, an extra inductor is required at the output end. Therefore, the high step-up boost
converter (HSUBoC) requires two single inductors. These, two single inductors can be replaced
by a directly-coupled dual-winding coupled inductor (DWCI) to further reduce the ripple in
input current, inductor current and output voltage. Hence, in this chapter, a ripple improved
HSUBoC with DWCI is proposed and the advantages are discussed with detailed analysis.

The chapter is organized as follows. In Section 5.2, the circuit configuration of the proposed
HSUBoC with DWCI is explained. The reduction of ripple in the inductor currents is discussed
in Section 5.3. In Section 5.4, the reduction of ripple in input current is determined. The
reduction of output voltage ripple is analysed in Section 5.5. The voltage and current stresses
analyses are provided in Section 5.6. In Section 5.7, power losses and efficiency are discussed.
Small-signal modelling of HSUBoC with DWCI is provided in Section 5.8. Section 5.9 provides
the simulation results. The experimental results are presented in Section 5.10. Finally, Section

5.11 summarises the chapter.
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5.2 Circuit Configuration of Proposed Converter

Figure [5.1] shows circuit configuration of the proposed improved-ripple HSUBoC using a
directly coupled DWCI operating in continuous conduction mode (CCM). The input voltage
Vi 18 connected with the L-winding of the coupled inductor followed by a switch S. rp is the
parasitic of L-winding. Two identical capacitors C; and Cy are placed in cross with diodes
D, and D, in parallel. When the switch S does not conduct, the two capacitors are charged
in parallel by the energy stored in the L-winding. When the switch S conducts, these two
identical capacitors become in series through S. The Lg-winding of the coupled inductor is
mounted to oppose the sudden change in output current caused by the series-parallel transition
of the two capacitors. rp and 1, are the parasitics of L-windings and L ;-windings respectively.
Followed by L-winding, a capacitor C'y with parasitic r¢, is placed at the output end. v, is the
output voltage at load resistance R. The parasitics rz, 7., 70, << R, thus, these are negligible.

(1 = Cy = C and L = Ly are considered for further analysis.

Figure 5.1: The proposed high step-up boost converter (HSUBoC) with dual-winding coupled inductor
(DWCI)

5.2.1 Coupled inductor

The magnetic structure of the coupled inductor which is used to develop the converter is

shown in Figure

- W W

Figure 5.2: Magnetic structure of dual-winding coupled inductor (DWCI)
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The generalized equation of the coupled inductor is

dig, dig,
=L—+ ML 5.1
LT dt (5:.1)
diL dZL

where iy, and ir, are currents through L and L; windings respectively. vy and v, are the
voltages across L and Ly windings respectively. The mutual inductance M is defined as M =
ky/LL;. For inductor to be direct coupled, the coupling factor k& € [0,1], and to be inverse
coupled, k € [0, —1]. To improve the ripple, a directly coupled dual-windings coupled-inductor
is used. Therefore, Equations and can be written as follows.

T, T, vy, k:,/ Ts
/ di, — (”—L/ dt — — / dt (5.3)
0

1—k2)L 1-k)L

. - i vpky/ 5 T
/0 iy (1 — &)Ly /0 « (1 —k*)Ly /0 i (54)

5.2.2 Switching modes

There are basic two switching states in one time period T as shown in Figure [5.3] « is

denoted by duty ratio. The switching operations are described below.
I 3 TS
S aTy (1 — Q)Ts

Figure 5.3: Idealized waveform of the proposed improved-ripple converter HSUBoC with DWCI
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5.2.2.1 ON-state (0 <t < aT;) of HSUBoC

In this duration the switch S is ON and the diodes D; and D, are in reversed biased as
shown in Figure [5.4, The two identical capacitors are in series. Thus, the resultant voltage
becomes v + vo = 2v¢, where ve is the voltage across the identical capacitors C'. The voltage

across the output capacitor is vg,. The voltage equations of inductors are as follows.

VL = L% + W = Vin (55)
dig, di
vp, = Ly—2 Md_tL = 2uc — vg, (5.6)

Figure 5.4: ON-state circuit configuration of HSUBoC with DWCI

The current ¢ through the two identical capacitors is

. dvc .
c = OE = —ZLf (57)
The load current ig is determined by
iR =1L, — ic; (5.8)
dv
where ic, is the current flowing through the Cy and is defined by ic, = Cf%. The output
voltage equation is given by
Vo = Ucf = RZR (59)

Let us define the state vector x(t) = [ir vc iz, ve,]” and the output vector as y(t) = v,. The

state-space representation of the ON-state is as follows.
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x(t) = A1x(t) + B1vi,(t)
I —2M M 7

y()) = Zux(t) = [0 0 0 1]x(t)

5.2.2.2 OFF-state (oT; <t < T;) of HSUBoC

0 —— 0 — i ]
LL; — M? LL; — M? Ly
1 LL; — M?
0 0 = 0 0
0 v 0 — —_—
LL; — M? LL; — M? LL; — M?
1 —1 0
0 0 S — i i
i C;  RCy

(5.10)

(5.11)

During this interval, switch S is in OFF-state. D; and D, are in foreword biased. Thus,

the two identical capacitors are in parallel as shown in Figure [5.5

iLf

[—

\
e Ly Dy { -
L iL [ i Jllc lel lg .

+
Yin —_ér— S C Jﬁ_ﬂ“ TC ¢ ;— R g\{)
[ 12

Figure 5.5: OFF-state circuit configuration of HSUBoC with DWCI

The voltage and current equations are derived as follows.

diy  dip,

_ L LA e N
VL at "M Tvm e
diL dZL
vy = Lyt Mgr = ve — e
d
2i¢ = iy, — iy, where i¢ = C%

(5.12)

(5.13)

(5.14)

The equations for load current (iz) and output voltage v, are the same as Equations (5.8) and
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(5.9) respectively. The state-space representation of the OFF-state is as follows.

(1) = Aax(t) + Bavim(t)

i —(M + Lf) M 7 ) ]
LL;— M? LL; — M? Ly
1 —1 LLf — M?
R 0 _ - 0
2C 2C 0
- L+ M [ xO+ |y | ew(®) (5.15)
I~ ) IL, P IL, M2
1 -1 0
0 0 AN i |
i C;  RCj
y(t) = Z2x(t) = [0 00 1} x(t) (5.16)

5.2.3 Voltage conversion ratio

By using the voltage second balance (VSB) equation, the steady-state voltage conversion

ratio is determined. By using Equations ((5.5) and (5.12]), the VSB equation of inductor L is

OéTS Ts
/ vrdt + / vdt =0
0 aTys

(Yo 1
- 5.17
Vin 11—« ( )
The VSB equation of Ly is derived by using Equations (5.6 and (5.13)) as follows.
OcTS Ts
/ ULfdt+/ ULfdt:()
0 aTy
Vo
Y —1ta (5.18)
e

Therefore, from Equations (5.17) and (5.18]), the voltage conversion ratio is determined as

Uy 1+«
—° _ 5.19
Vin 11—« ( )

From Equation (5.19), it is seen that the mutual inductance of DWCI does not affect the

steady-state step-up voltage conversion ratio.
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5.3 Ripple in Inductor Current

The ripple in current through the the windings of DWCI is analyzed here in this section.
Firstly, ripple current in L winding is analyzed followed by that in L winding.

5.3.1 Ripple current in L-winding

ON-state (0 < t < oT}) : During the switching interval (0 < t < oTy), the instantaneous
inductor current iz, (aT}) can be derived by using Equation (5.3)).

/aTs VA vy, /aTs 'ULfk‘1 e /

. . oT
ir(aTy) —ip(0) = m(vm — k;(2v(; — UO))
in(aTy) = ﬁ—Z;L +1i(0) (5.20)

OFF-state (a7, <t < Tj) : In the next switching interval (a7 < t < T}), the instantaneous

current iy (7s) through the L-winding is given by

T, o 0 vak;\/7

e e

in(T)) = ip(aTh) = %((vm — w0 — E(ve — v))
v (ﬁ—z)”L +ir(aT)) (5.21)

Therefore, the ripple in inductor current of the L-winding is

aTsvin

Aip, =i (aTs) —ig(0) = m

(5.22)

aTsvin

In the existing converter, the ripple in inductor L is Ai; = [90]. Therefore, it is seen

that DWCI helps to reduce ripple in inductor current.
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5.3.2 Ripple current in L;-winding

ON-state (0 < t < aTy) : In this duration (0 < t < aTy), the instantaneous inductor

current iz (aT) is determined by using Equation (5.4)) as follows.

aTs((2ue — v,) — kviy)

ir,(aTy) = 0B +ir,(0)
- iy 0

In the next interval (a7, <t < Tj), the instantaneous inductor current iy, (75) is derived

(1 —a)Ts(ve — Yoy — k(vin — vc))

iLf(Ts) = iLf(OéTS) - (1 — kQ)Lf == ZLf(O) (524)
Therefore, the ripple current of L j-winding is as follows.
. . . aoTsvin
Aig, =ir,(aTs) —ir,(0) = m (5.25)

5.4 Ripple in Input Current

Let us consider that the duty ratio and ripple in input current of the CBoC are «a, and Ai,

respectively. a and Ai;, are respectively the duty ratio and the ripple in input current of the

cTs n . .
proposed HSUBoC. The ripple in input current in CBoC is Ai, = = LU [124]. The ripple in
Ts in "
input current in the proposed HSUBoC is Ai;, = ﬁ. The relation between these two
input currents is
Aiin 0%
= 5.26
Ai.  (1+k)a. (5:26)
o 1 .
The voltage conversion ratio of CBoC is A ﬁ It is seen that the two converters have
Vin — Qg
equal output voltage when o and «, are related as follows.
Qe
- 5.27
=y (5.27)
Substituting Equations (5.27)) into ([5.26]), the following relation is developed.
JAVI 1
lin _ <1 where k € {0,1} (5.28)

ANie  (1+k)(2—-a)
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5. High Step-up Boost Converter

Therefore, the Equation ((5.28]) depicts that the use of directly-coupled DWCI can reduce the

input current ripple more.

5.5 Output Voltage Ripple

The equation output voltage ripple Awv, is provided as follows [90)].

T, T,
1 [*% Aig 1 0% Adg Aip,
Avy = — Ltdt + = L — L)dt 5.29
! Cr Jo T N Cy Jo 2 (1 — a)t) (529)
. . . OéTsUin ' c . . .

By substituting Air, = —<1 T h)L into Equation (5.29)), the output voltage ripple is determined

f

as follows.
1 (1-a),ely

Auv, (1 = 2Jva (5.30)

" 8C; (1+k)(1+a)L;

Therefore, output voltage ripple can be reduced using a DWCI. The summarized analytical

development is shown in Table [5.1] and compared to the existing and CBoC.

Table 5.1: Comparison of the proposed HSUBoC with existing and CBoC

Items  Proposed HSUBoC Existing [90] [91] CBoC
1+« ‘ 14+« ‘ 1 '
Vo 1_avzn l_av'm l—OtUln
Ai oTsv;p o svin adsvin
i st Sl sbin
i (1+k)L L L
Aij odsvn alsvin alsviy,
! (1+k)Ly Ly Ly
Vo Vo o
s 14+« 1+« ©
A 1 (1—a)v,aly? 1 (1-a)v,al,? vooTy
v
° 8C;(1+k)(1+a)Ly 8C; (1+a)Ly RC;

By varying the duty ratio «, the improvement of current ripple A, in the L-winding is

provided in Figure[5.6] It clearly shows that the ripple current in the proposed HSUBoC is less

than the conventional and existing boost converters. It also shows that the ripple reduces as

the coupling factor increases.
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1.2 ‘ ‘
— Conventional, [90], [91]
1}—k=0.5
—k=0.7
4
< 0.6
g
= 0.4}
0.2t
O L L L L
0 0.2 0.4 0.6 0.8 1

Duty Ratio («)

Figure 5.6: Plot of ripple current Aiy, versus duty ratio a

5.6 Voltage and Current Stresses

The voltage stresses of the semiconductor devices are expressed by neglecting the capacitive
ripple voltages. The voltage stress, vg, of the switch S and voltage stress, vp, of the diodes D,

and Dy are as follows.
Vo
1+«

(5.31)

Therefore, below the output voltage rated semiconductor devices with low ON-state switching
resistance can be used to implement the converter. The switching current i¢g through S is

approximated as follows.

(1+_62i0, for 0 <t < aT,
is = (5.32)
0, for o1y <t < T,

By using Equation (5.32)), the root mean square (rms) current, Ig, ., through S is determined

as

Srms

1 [t 1 '
=\ / 2y — Yo+ o (5.33)
s JO

l—«

The diode currents ¢p, through D, and ip, through D, are approximated as follows.

0, for 0 <t < T,
ip, = (5.34)

%, for oTy, <t <T,
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5. High Step-up Boost Converter

0, for 0 <t<aT;
ip, = (5.35)

i, for oT, <t <T,
By using Equation (5.34)), the rms current I, and average current Ip, are determined as

follows.

B (14 a)i,
Dlrms = _/ ZDldt m (536)

1 Ts
‘[Dl = T/O iDldt == (1 -+ Oé)io (537)

By using Equation ((5.35]), the rms current Ip, . and average current Ip, are derived as follows

respectively.

107"
IDyems = 7/0 i, dt = ip\/(1 — @) (5.38)

i
ID2 = T/ ’iD2dt = (]_ . Oj)io (539)
s JO

5.7 Power Losses and Efficiency

Conduction losses are analyzed by the resistances of the semiconductor devices and the

inductors. By using Equation (5.33), the power loss (P,

DS

) due to the ON-state switching

resistance rpgn) is calculated as follows.

a(l i Oz)zigTDS(on)
Pros = =1 _op

(5.40)

The diode conduction resistance of diodes D; and D, are denoted by rp. By using Equations

(5.36) and (5.38)), the total conduction loss P, of the diodes is determined as follows.

(1+ a?)i2
11—« "D

2

P, =rp(}p,  + IL%MS) =2 (5.41)

By using Equations (5.37) and (5.39)), the power loss (P,,,) due to diode forward bias voltage
vgq is derived as

Py, =vp(Ip, + Ip,) = 2vp4i, (5.42)
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The inductor current iy through L-winding is expressed as iy = ;, = (%f_ac)j)" The inductor
current iy, through Lg-winding is approximated as iy, = 4,. Due to the inductive parasitics

(r =rL,), the total power loss (P, ) due to the inductors are as follows.

2i2(1 + a?)
1_af (5.43)

P’I‘L =TL
By using Equations ((5.40)) to (5.43)), the total loss (Pr.ss) is determined as follows.
PLoss = PT’DS + P’/‘D + Pvfd i PTL (544)

The output power is denoted by Py. From Equation ([5.44)), the efficiency 7 is determined as

PO 1
= PO + PL = ) 21"Ds(0n)a(1+a)2 2(1+a2)rp 54 2(1+a2)ry, (545)
0SS + (1—a)2R + (lfa)R + VO + —(1704)2R

n

The simulation of efficiency curve of HSUBoC with improved ripple against duty ratio change

is shown in Figure

100 Lv \ ; ‘
1 = :.\~\\
80F N .
I \\
ISN v N
—_ N
£ 60f —R=300 v
\ \
§> —--R=2092 \ ‘\‘
5 - -R=10Q vy
‘S 40 URRY
H v
= VA
AR\
20 v
\ ‘\
R\
\\
0 L L L L ~
0 0.2 04 0.6 0.8 1

Duty ratio (o) %

Figure 5.7: Simulation result of efficiency due to variation of «

5.8 Small-signal Modelling

In this section, following the average state-space equations and steady-state analysis, trans-

fer function is determined to enable the closed-loop control systems.
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5. High Step-up Boost Converter

5.8.1 Average state-space equation

The general average state-space equations are written as follows.
X(t) = Aavx(t) + Bayvin(t) (5.46)

y(t) = Zayx(t) (5.47)

The average state matrices of the Equations ((5.46)) and (5.47)) are as follows.

Aav = (Al — Az)CY + A2

, le-DL-Ma+) M
LL; — M? LL; — M?
1— (1
g 0 —(d+a) 0
|20 2C (5.48)
N o (—aM+(1+a)l , —Ly '
LL; — M2 LL; — M?
1 -1
0 0 — B
i Cy RCy
Ly —M 1
B.. = (B - B B, = 4
(B1 = Bs)a+ B, [LLf—MQOLLf—M2 O] (5.49)
Zow = (Zo — Zo)a + Zo = [0 00 1} (5.50)

Now, considering a perturbation v;,(t) in the steady state input voltage V;,, the input voltage
becomes vy, (t) = Vi +0:,(t). This perturbation in vy, affects the steady-state values of inductor
currents and capacitor voltages. Therefore, the instantaneous state vector x(¢) and output v, (t)
become x(t) = X+%(t) and vo(t) = Vo+V,(t). The state-space equation with the perturbation

can be written as follows.

X + X(t) = Aay(X + X(t)) 4+ Bay(Vin + 0in(t)) (5.51)

Vo +9o(t) = Zaw (X + %(t)) (5.52)
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5.8.2 Steady-state analysis
At ideal case, the steady-state values of the state variables are determined as follows.
1+a)Vie Vie (Q+a)Vi (1+a)Vin]"
(1-a))R 1—a (1-a)R 1—-«
(5.53)

X = [ILz Ve I VCf]T = _AavilBav‘/in =

5.8.3 Open-loop transfer function
By using the Equations ((5.46|) to (5.47)), the voltage to duty ratio transfer function G,u($)

(5.54)

is derived as follows.
Aw) (AL — A2)X + (By — Ba)Vin] + (Z1 — Z2)X

By using the Equation (5.54)), the following voltage to duty ratio transfer function is derived.
2
_ ag8” + ais + ap (5'55)
b484 = b383 = b282 == bIS F b()

ENE)
The coefficients of G () are provided in terms of RLC-parameters in Table . By using the

parameter value provided in Table the G, is determined as follows.
(5.56)

1.6033 x 108s% — 1.4888 x 1015 + 5.6684 x 105
s* 4+ 10183 + 7.447 x 107s% 4 5.255 x 109s + 1.389¢14

Guoa(s) =
The gain and phase margin of the uncompensated plant G,,(s) are -29.7 dB and 4.92°. There-

fore, the closed-loop systems is unstable and a suitable controller will be required.

5.8.4 Control scheme
A PI controller is designed to check the closed loop performance [116]. The expression of

the PI controller is as follows.
K;
(5.57)

where K, and K; are the proportional and integral constants. The parameters of the controller

are K, = 1.5559 x 107 and K; = 0.6617.
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5. High Step-up Boost Converter

Table 5.2: The coefficients of transfer function G ($)

Coefficient Expression

(L — M)V,
Cy(LL; = M?)(1 - )
—(L=M)a+ L+ M)1+a)V,

as

“ Ci(LL; — M?)(a — 1)2RC
. ~Vin((@ = 1)L2+ (1 — )M — Ly(a+ 1)) L+ M(2M + (o — 1)Ly))
0 204C(LL; — M?2)?

by 1

1

b oF

b (QQ(L—M)—FL—FM)CJC—FLJCC

2 (LL; — M2)CCy

; (L=M)a? +L+M

! RC;(LL; — M?)C

b (1 —a)M?+ (L — Ly)(a+ )M + LLy(ar — 1)) (a — 1)

2C;C(LL; — M?)?

Block diagram representation of the closed-loop control system is shown in Figure The

transfer function of compensated system is calculated as follows.

Dref(5) K, Proposed B, (,i)
— K, +— Converter >
T J Gya ()

Figure 5.8: Block diagram representation of the closed-loop control systems

2495s% +1.038 x 108s? — 1.032 x 10's + 3.751 x 10'°

com - Gc G ==
Gleomp(s) (5)G(5) = 5 01s% 7 7.447 x 1075% + 5.255 x 10952 - 1.389 x 1015

(5.58)

The phase and gain margin of the compensated system (Geomy(s)) are 89.9° and 8.71 dB.
As, both the gain and phase margins of the compensated system are positive, the closed-
loop system will be stable. The closed loop zeros are z; = 2o = 0.0464 x 10* 4 40.5928 x 104,
25 = —4.2528 x 10*. The closed loop poles are s; = —27, 55 = 53 = —0.0143x 103448.5180 x 103,
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s4 = 55 = —0.0227 x 103 £41.3829 x 103. It is also seen that all the closed loop poles are in left

half of the s-plane. Therefore, this also validates the closed-loop system stability.

Magnitude (dB)

Phase (deg)

100

o

— ]’H”_(S)

— J'r‘r»np(s)

180
0
180 | ——
-360 - :
102 10° 10* 10°

Frequency (rad/s)

5.9 Simulation Results

108

Figure 5.9: Bode plot of uncompensated and compensated systems

The simulation is carried out in the MATLAB-Simscape platform by using the parameters

given in Table

Table 5.3: Parameter values of HSUBoC considered for CCM operation

Parameters Values
Power (Po) 18.14 W
Input Voltage vy, 10V
Switching Frequency fs 50 kHz
Inductance L 180 uH
Inductance L¢ 180 puH
Coupling factor k 0.5
Capacitor C1 = Co = C 220 pF
Output Capacitor Cy 330 uF
Load Resistance R 30 Q
Diode forward voltage (vp) 0.39 V
MOSFET drain to source on-resistance (rps,,) 0.075 Q
Duty Ratio o 0.40
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5. High Step-up Boost Converter

At first, steady-state results i.e. open-loop simulation results will be discussed and there-

after, to investigate the closed-performances, closed-loop simulation will be carried out.

5.9.1 Open-loop performance

Figure shows the ripple in inductor current for « = 0.40. When the coupling factor
k = 0, i.e. uncoupled inductors, the ripple currents through the inductors L and Ly are
Aig, = Aig, = 0.45 A as shown in Figure @ After replacing these two single inductors by a
DWCI with coupling factor k£ = 0.5, the ripple currents through L —winding and L —winding
become Aig = Aig, = 0.3 A as shown in Figure The inductance values of the single
inductors L and Ly are equal to L — winding and Ly — winding of DWCI respectively. In
Figure [5.10D] the output voltage ripple is shown. With the single inductors, the output voltage
ripple is Av, =97.3 mV. By using the DWCI the output voltage ripple Awv, is reduced into 64.9
mV as shown in Figure [5.10b, The steady state value of the output voltage v, = 22.415 V is
not affected by the coupling factor.

< 2f 94 Inductor L' 22 46 Fa ' ' ‘
= (Single) 22.4642 W Output voltage
;‘515 155 A A, =045 A S 22440 %=22.415 V
00385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 v§o22-42 /A N JF Sy y
< 2F 1.924 A : " L-winding’ ‘ 15 224t
= W\/ > 238k AVp =97.3 mV
51 1624 A Al 703A : 223669V
0 0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0. 0385 0. 0385 0.0420 0.0420 0.042 0.0420 0.0420 0.0420 0.0420 0.0420
~ 1p : : :
<oal 9% A Inductor Ly 22.46 22,4477V Output Voltage =05 |
=0. (Single) $22.44 V% =22415V
806 0.51 AL, =045 A <
< : A 9242F o ey e e e ol e o > = - o
0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 4
2 1. , 5 22 AVp=64.9 mV
~0.8F 0.9 A Lf Wlndlng i > 22.38F 22.3669 V
£0.60 06 A, Al =03 A . . . . . : ‘ . .
< 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0385 0.0420 0.0420 0.042 0.0420 0.0420 0.0420 0.0420 0.0420
Time (s) Time (s)
() (b)

Figure 5.10: Ripples in (a) Inductor currents, and (b) Output voltage for o = 0.40

5.9.2 Closed-loop performance

Figure shows the simulation results of the closed-loop systems due to reference voltage
Urer change. The v,.5 is set to be 26 V, 18 V and 22 V. From the results, it can be seen that

the output voltage (v,) and inductor currents (i and iz, ) follow the reference. To investigate
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the sensitivity to load parameter variation, 50% load change is carried out as shown in Figure
At 0.2 s, the load is changed from 30 €2 to 15 €2. Therefore, the output load current
increases from 0.733 A to 1.46 A. At 0.4 s, the load is again 30 €2, therefore the load current
decreases from 1.46 A to 0.733 A.

a| ! |

=< —
ol -
= 0 ‘ | 50 % Load Change | . |
0 0.2 04 06 08 1 12 1.4 0 0.1 0.2 0.3 0.4 0.5 0.6
3 . T T T T
<2/ foa1s7A ‘ <1 146 A
=1l | 17477 A s A
= 1.1694 A 0.733 A 50 % Load Change 0.733 A
0 : : : ‘ . : 0 ‘ ‘ ' ‘ :
0 0.2 04 06 08 1 1.2 1.4 0 0.1 0.2 0.3 0.4 0.5 0.6
2 T T T T T T — I T T | T
= 201 T
< 0.8661 A E/
el 0.6001 A 0R A v ZTM )
=
e | | | | | | O Il Il 1 Il 1
0
0 02 04 06 08 1 12 1.4 0 0.1 0.2 _ 0.3 0.4 0.5 0.6
Time (s) Time (s)
(a) (b)

Figure 5.11: Simulation results for (a) Reference change, and (b) 50 % load change

5.10 Experimental Setup and Results

Only open-loop steady-state experiment is done. The proposed HSUBoC is tested in two
stages. At first, the converter is tested with two single inductors and later those two single
inductors have been replaced by the directly-coupled DWCI. The experimental set-up with two

single indcutors is shown in Figure [5.12]

Figure 5.12: Experimental setup of the converter (HSUBoC) with single inductors
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5. High Step-up Boost Converter

For the real-time validation, the proposed HSUBoC with improved-ripple is designed with

the parameters given in Table The switch S is implemented by MOSFET IRFP250NPBF.
The diodes D; and D5 are implemented by NTST30100SG.

T 500> I > 500 i

Wein 2 925 & 10us/div Man 2125 k 10us/div

Ripple current of Lg= 450 mA
Current of L¢ (500 mA/div)

Current of L (500 mA/div)
Ripple current of L=450 mA

1000 mA \l/

Switching pulse for S ‘ !
| | ‘ | Switching pylse for S -
. L L L L | .

N R TR AR

(a) (b)

Figure 5.13: Experimental result of inductor currents for v = 0.40 and k = 0 (a) i, and (b) if,

The ripple current Aiy in inductor L is 0.45 A for a = 0.40 as shown in Figure and
the ripple current Aiz . in inductor Ly is 0.45 A for a = 0.40 as shown in Figure .

Subsequently, the two single inductors are replaced by a DWCI as shown in Figure [5.14]
The experimental schematic diagram of the proposed HSUBoC is shown in Figure [5.15

Figure 5.14: Experimental setup of the converter (HSUBoC) with DWCI

The DWCI is designed by using U-type core [125]. The ripple current in L — winding
of the coupled inductor is Aiy, = 0.3 A as shown in Figure [5.16a The ripple current in
Lj—winding of the coupled inductor is Aiy, = 0.3 A as shown in Figure Thus, these
experimental results of ripple improvement validate the Equations and . With
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more tight coupling factor, the ripple can be reduced more.

112
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Figure 5.15: Schematic diagram of the experimental setup of the converter (HSUBoC) with DWCI

m 2 2020902 SRy T 2.00 Vgt
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Figure 5.16: Experimental result of inductor currents (a)iz, and (b)ir, for « =0.40 and k£ = 0.5
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Figure 5.17: Experimental result of voltage stresses (a) vg, and (b) vp for o = 0.40
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5. High Step-up Boost Converter

The diode and switch voltage stresses are vg = 16.4 V and vp = 16.4 V, respectively shown
in Figure and in Figure [5.17b, The output voltage is shown in Figure |5.18, The steady-
state value of the output voltage is 22.7 V and the output ripple voltage is Av, = 70 mV. The

experimental waveform of efficiency for duty ratio change is shown in Figure [5.19. Maximum

94.15% efficiency is achieved at o = 0.30.

T (0.0 V-

Noim = 125 10us/div

Output Voltage=22.7 V (10 V/div)

Input Voltage=10 V (10 V/div)

B S

Figure 5.18: Experimental result of output voltage v, for a = 0.40

R 94
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88
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80

0 0.20 0.40 0.60 0.80
Duty Ratio (o)

Figure 5.19: Plot of efficiency versus duty ratio («)

5.11 Summary

A HSUBoC with DWCI having a larger step-up conversion ratio and improved-ripple is
presented in this chapter. The role of the DWCI is to reduce ripples in inductor current,
input current and output voltage. It also reduces the size of magnetic cores as both the
windings of the coupled inductor share cores. Thus, it reduces the cost and bulk of the system.
The mutual inductance does not affect the steady-state value of the output voltage. The
experimental results are provided to verify the physical realizability of the proposed converter.
An experimental efficiency of 94.58% has been achieved. Followed by small-signal modelling

analysis, a closed-loop control is enabled and simulated closed-loop results are provided.
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High Step-up Interleaved Boost Converter

The chapter presents a two-phase interleaved boost converter (IBoC) providing higher step-up
conversion ratio compared to CIBoC. The circuit consists of a cross-connected diode-capacitor
cell which provides the extra boost up. The two identical capacitors of the cell are charged
i parallel and discharged in series providing high voltage gain at considerably low duty ratio.
Switching operations, ripple and average currents through inductors are analysed in continuous
conduction mode (CCM). Ripple in input current is also improved. The voltage stress across
the semiconductor devices is less in the proposed converter. Also, boundary load condition is
derived. Small-signal modelling is carried out and a control circuit is enabled in the voltage mode
control framework. Power losses are analysed and 96.53 % efficiency is achieved. Finally, the

proposed converter is designed and implemented, and experimental results are provided.
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6. High Step-up Interleaved Boost Converter

6.1 Introduction

In the previous chapter, the voltage conversion ratio of the conventional boost converter
(CBoC) is enhanced utilizing a diode-capacitor cell to overcome the problem of a wide duty
ratio when a very low-input to high-output voltage conversion is required. The same technique
can be applied for the conventional interleaved boost converter (CIBoC) as the step-up voltage
conversion ratio is the same as CBoC. Therefore, in this chapter, the diode-capacitor cell is used
to modify the conversion ratio of CIBoC. The proposed high step-up interleaved boost converter
(HSUIBoC) achieves a modified voltage gain, less voltage stresses in the active elements, and
less ripple in input and inductor currents compared to CIBoC. From the efficiency analysis it
is also seen that the efficiency of the proposed HSUIBoC is higher as well.

This chapter is organized as follows. Section 6.2 discusses the operation principle of the
proposed HSUIBoC in the continuous conduction mode (CCM) framework. In Section 6.3, the
voltage conversion ratio is determined. The inductor average and ripple currents are analysed
in Section 6.4. Section 6.5 explains the boundary load condition between CCM and DCM.
The analysis of ripple in input current is provided in Section 6.6. In Section 6.7, the design
of identical capacitors is explained. The design of the output filter capacitor is provided in
Section 6.8. Voltage and current stress are explained in Section 6.9. Section 6.10 discusses
about the selection of parameters value. The small-signal modelling and the closed-loop control
are provided in Section 6.11 and 6.12 respectively. The simulation result is provided in Section
6.13. The experimental results on the performance of the proposed converter are discussed in

Section 6.14. Section 6.15 provides brief summary on the chapter.

6.2 Operation Principle

Figure[6.1]shows the circuit configuration of the proposed two-phase high step-up interleaved
boost converter (HSUIBoC). Followed by input voltage v;,, two identical inductors L; and Lo
with parasitic r;, are connected to the switches S7 and Ss respectively. Two identical capacitors
C7 and Cy are connected in cross through two parallel diodes D; and Dy with S;. When S
does not conduct, the two capacitors are charged in parallel by the L;. When the S; conducts,
the capacitors are connected in series through the S; and they provide the stored energy to the

output part. The switch S5 is followed by a diode D3 and connected to output side inductor
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6.2 Operation Principle

L. The Ly is used to oppose the sudden change in output current when those two identical
capacitors switch from a parallel connection to a series configuration. The inductor Ly is
followed by an output capacitor C'y with parasitic r¢,. R is the load resistance at output v,.

Parasitics r7, and r¢, are negligible as r,7¢c, << R.

Ll T'L Dl L
N AN NI
N TN A

Cr +

+ —

Vin—— -ni i ¢ \/G, R é‘é
Sl 52 -

Figure 6.1: Proposed high step-up interleaved boost converter (HSUIBoC)

6.2.1 Switching operations

The proposed HSUIBoC operates in four basic switching modes depending upon the value
of the duty ratio o. When the duty ratio « is in the interval o € (0,0.5], both the switches are
OFF for two specific durations of the time period T as shown in Figure [6.2a]

A,

<

T, .
51 fe oT, > fe—— (1 — )T, —br—
. —>

4—

0.5T—>« oT, >

Sz i

v Uy

Figure 6.2: Idealized waveform of the proposed HSUIBoC when (a) a € (0,0.5], and (b) o € (0.5,1)
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6. High Step-up Interleaved Boost Converter

During these intervals, inductor currents ¢;,, and 77, through L; and L, respectively decrease.
In other condition, while o € (0.5, 1), both the switches are ON for two particular durations
as shown in Figure [6.2b] During these periods, iy, and iy, increase. In the both idealized
waveforms, it is shown that the inductor currents iy, and i, are in 180° phase shift. The
current iz, is through the inductor L. All the four basic switching modes of operation are

described by assuming C; = Cy = C.
6.2.1.1 Mode-I

During this mode of operation, switch S; conducts and S, does not conduct as shown in
Figure[6.3] This causes D; and Dj to be in reverse bias and Dj in forward bias. Therefore, two
identical capacitors, C, are in series through S; and the resultant capacitive voltage becomes
vo + vo = 2ve. The switching operation of Mode-I occurs during 0 < t < ¢ T for the case
of a € (0,0.5] as shown in Figure and the same switching operation occurs for the case of
a € (0.5,1) during 1T, < t < T as shown in Figure [6.2b]

Figure 6.3: Mode-I operation while Sy = ON and Sy = OFF

The equations of voltages vr,, v, and vy, ; across Ly, Ly and Ly are expressed as

dir, (t .
vp, = I th( ) = Vi — TLIL, (6.1)
dig, (t .
v, = LQ%() = Vip — Vo — TLiL, (6.2)
dig,(t)
vp, = Ly dft = 2u¢ — v, (6.3)

The current through the identical capacitors, i¢(t), and load current, ig(t), are described by

io(t) = iL,() — i, (1 (6.4)

in(t) = ir, (1) — ic, (1 (6.5)
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6.2 Operation Principle

where ic,(t) is the current flowing through the output capacitor Cy. The voltage, ve,, across
Cf is
Ucf = Vy = R1R<t> (66)

The voltage, vg,, across the switch Sy is given by
Vs, = Uiy — VL, = Vo (6.7)
The voltages vp, and vp, across Dy and D, respectively are as follows.
Up, = Up, = Vg (6.8)

The state vectors are defined by x(t) = [ir, iz, vc iz, ve,]” and the output vector vo(t). The

state space equation of this mode of operation is expressed

N
g oo o
Ly 17
=i, —]_ _1
0 - 4 00 !
o L o g ' 6.9
9 L
o o0 = o = 0
Ly Ly
0 0 0 L L
L Cf RCfJ
Volt) = Zax(t) = [0 00 0 1|x() (6.10)

6.2.1.2 Mode-1I1

In this mode both the switches are OFF and all the three diodes are in forward bias as
shown in Figure [6.4] Therefore, the two identical capacitors C' are parallel to each other.
This switching operation takes place during o175 < t < T and p3Ts < t < @ T only if
a € (0,0.5] as shown in Figure . The inductive voltage equation of Ly is as Equation (6.2)).
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6. High Step-up Interleaved Boost Converter

The inductive voltage equations of L; and Ly are as follows.

Ur, = Uip — Vc — TLiL1 (6.11)

VAN
e T l = lic ’ lic e | e
+ + + le l +
Vipn ——  C L ¢ T RS%
51[ s, ”\ 5
2.

Figure 6.4: Mode-II operation while S1 = OFF and Sy = OFF

VL, = V¢ — Vo (6.12)

The output load current and voltage equations are the same as Equations (6.5) and

respectively. The i¢(t) can be defined as follows.

g (t) = iz, (1) + iz (t) — iz, () (6.13)

The voltage, vg,, across the switch S; is as follows.

Vs, = Vin — VL, = Uo (6.14)

The voltage vg, is the same as given in Equation (6.7]). The state space equation of this mode

of operation is expressed as follows

(1) = Aax(t) + Bavm(t)

[ —Ty, —1

L_1 0 L_1 0 0 _i_
Ty —1 L1
U L 1
1 1 ~1 Lo
1 -1
0 0 — 0 — 0
Ly Ly
o o o0 — 2 L0 ]
i Cy RCy|
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6.2 Operation Principle

Vo(t) = Zax(t) = [0 00 0 1]x(t) (6.16)

6.2.1.3 Mode-III

During this switching mode, the switch S; does not conduct and the switch S, conducts.
Therefore, the diodes Dy and D, are in forward bias but Dj is in reverse bias as shown in Figure
6.5, Thus, the two identical capacitors C' are parallel to each other. When « € (0,0.5], the
Mode-III takes place during T < t < 3T as shown in Figure and when o € (0.5,1),

the same mode occurs during @375 <t < 4T as shown in Figure [6.2b]

Ly LU D
L 1
Mg — L
M sea u V- N
L, 17, l icﬂ: Ds ic\+ llLfJ IR .
+ 1C C Cr
Vin — lL - - — RSV
" S, SZJ* GT <
" o,

Figure 6.5: Mode — II1 operation while S; = OFF and Sy = ON

The voltage across L; and Ly are as in Equations (6.11)) and (6.12)) respectively. The vy, is
UL2 = VUin — TLiL2 (617)

The output load current and voltage are as provided in Equations (6.5)) and respectively.
The ic(t) is expressed by

2ig(t) = ir, (t) —ir, (1) (6.18)
The voltage vg, is the same as given in Equation (6.14)) and the voltage, vp,, across the Dj is
as follows. (6.19)

’UD3 = V¢

The state space equation of this mode of operation is given by
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6. High Step-up Interleaved Boost Converter

x(t) = Asx(t) + Bav,(t)

6.2.1.4 Mode-IV

, 1
Ly
Ly
Lo
0 0
,
Ly
0 0

0 0
0 0
—1
— 0
2C
0 —1
Ly
1 —1
Cy  RCy

(6.20)

(6.21)

In this mode, both the switches conduct and all the three diodes are in reverse bias as shown

in Figure [6.6l The two identical capacitors C' are in series through switch S;. This mode of

operation occurs during 0 < ¢t < 1Ty and @oTs < t < 3T only if @ € (0.5,1) as shown in

Figure [6.2D]
Nk oy
—W\
T 7l b
+ N g
Vi i, ||iw]| € N\ ¢f
S1| 52

Figure 6.6: Mode-IV operation while S; = ON and So = ON

The voltages across Li, Lo and Ly are as derived in Equations (6.1, (6.17) and (6.3))

respectively. The capacitor current ic(t) is given by

ic(t) = —ip,(t)

(6.22)

The output load current and voltage are as in Equations (6.5]) and respectively. The state

TH-2863_146102032
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6.3 Voltage conversion ratio

space equation of this mode of operation is given by

. i
e 0 0 0 0 -1
I 1
— L
L 1
0 — 0 0 0
Lo 1
. -1 Lo
x(t) = Agx(t) + Bavn(t) =1 0 0 0 Yol 0 | x(t)+ . vin(t)  (6.23)
0 o 2 o =
Ly Ly 0
1 —1 0
0 0 0 — — L
i Cr RCy]
Vo(l) = Zyx(t) = [0 000 1} x(t) (6.24)

6.3 Voltage conversion ratio

The voltage conversion ratio is determined when (0 < a < 0.5). The conversion ratio is the
same for the conditions a € (0,0.5] and a € (0.5,1). By using principle of inductor voltage
second balance (VSB), the DC conversion ratio of the proposed converter can be derived. The

VSB equation of Ly is as follows.

SOlTs (P2Ts <P3Ts <P4Ts
</ (% +/ Vp, +/ Vr, ‘f‘/ ULl) dt =0 (625)
0 ©01Ts p2Ts w3Ts

By solving Equation (6.25)), it is found that v;,, = (1 — a)ve. Now, the VSB equation of Ly is

QOITs <P2Ts <P3Ts €04Ts
(/ UL, +/ UL, +/ VL, +/ va) dt =0 (6.26)
0 01T p2Ts »3Ts

The Equation (6.26)) yields to v, = (1 + a)ve. Thus, from Equations (6.25) and (6.26)), the

voltage conversion ratio of the proposed HSUIBoC is determined as follows.
v, l1+a

M=—
Vin 11—«

(6.27)

Thus, the proposed HSUIBoC has higher conversion ratio than the CIBoC (M =1/(1 —«)) as
provided in [126]. The change of voltage gain of the proposed HSUIBoC with respect to « is
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6. High Step-up Interleaved Boost Converter

shown in Figure [6.7]

---CIBoC
§ | —The proposed HSUIBoC

0 0.2 0.4 0.6 0.8 1
Duty ratio («)

Figure 6.7: Voltage gain (M) versus duty ratio («)

6.4 Average and Ripple Currents in Inductor

To determine inductor average and ripple current, the currents through L;, L, and L;

are expressed as fOTS dig, (t) = [, Frdt, [;" die,(t) = [y F2dt and fOTS dip,, = fOTS ULL—ffdt

respectively.

6.4.1 Casel, a € (0,0.5]

In the interval 0 < ¢t < T}, shown in Figure , the ir, (¢17%), iz,(p17%s) and ip, (17T5)

are derived by neglecting the parasitics of inductors.

01T 1 p1Ts
/ d’iLl (t) — —/ ’Ulet
0 Ly Jy

. 1 .
i, (1Ts) = L—lel(SOlTs —0) +ir,(0) =

ol

Ly

Vin + iz, (0) (6.28)

1 1
in, (1 Ts) = ir,(0) + L—ULQ(WlTs 0) = i£,(0) + L—("Um —vo)aT,
2 2
1 V; o?T
0 — (v, o T, =15,(0) — i in 6.29
ir,(0) + L2(U 1 _a)a ir,(0) LQ(]_—OZ)U (6.29)
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6.4 Average and Ripple Currents in Inductor

. . 1 .
in; (p1Ts) = L—fULf(SOlTs —0) +1i.,(0) = L_f(2UC —v,)aTs +ir,(0)
1 Vin (1+ a)vip T,
= — — T, 0) = —vn 0 6.30
Lf< ]_—O[ 1—(]{ ) +ZLf() Lfv +ZLf() ( )

where i, (0), ir,(0) and iz, (0) are the initial inductor current at ¢ = 0.
Next switching interval 1Ty < t < @oT,: By using Equation (6.11)), the instantaneous

current iy, (p2T%) is determined as follows.

‘PQTS 1 SOZTS
/ diLl (t) = —/ Ulet
p1Ts Ll p17Ts

: 4 1
i, (poTs) = ip, (1 Ts) + L_(Um —ve) (2 — 1) T,
1

q 1 Vin
= ir, (1 Ts) + 7 (vin — )(0.5 — )T,

L1 11—«
0.5aT} ,
- Nalarie 6.31
Ll(l—a)v +ir,(0) (6.31)

The instantaneous current iy, (¢27%) is derived by using Equation (6.2]) as

SDQTS 1 SOQTS
/ dZLQ(t) = —/ ULth
p1Ts L2 1T

. . 1
10, (02T5) = 10, (0175) + +(Vin — ve) (02 — 01)Ts

Lo
: 1 Vin
= ir, (p175) + L—2(Um 1o Oé)(05 —a)T;
0.5aT,
= i1,(0) = 7= Vin 6.32

By using Equation (§6.12), instantaneous current i, (p27%) is determined as follows.

/@sz 1 p2Ts
diL (t) = —/ Vr, dt
‘PITS ! Lf SolTs !

. . 1
ir, (p2Ts) =iz, (e1T5) + —(ve — vo) (92 — 1) T

Ly
, L, v (14 a)uy,
=i, (1 Ts) + L—f(1 o T 1, 05T
aT; , (0.5 — a)aTs 0.5aT; ,
= in — " Vn = 77— Un 0 6.33
L, e O -y e T gy e T (639
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6. High Step-up Interleaved Boost Converter

In the subsequent duration @7 < t < 375, the instantaneous iy, (p37%) is determined as

p3Ts 1 p3Ts
/ diLl (t) = —/ Ulet
p2Ts Ll p2Ts

) . 1
in, (03T) = ip, (02T5s) + —(Vin — ve) (3 — ©2) T

Ly
1 v;
=1 Ts 7 \Uin — = Ts
i, (p2Ts) + T (v 1 _a)a
0.5a7T; T, (0.5 — a)aTs _
La—ayn T - v = A=) Vit in0) (6:34)

By using Equation (6.17)), The instantaneous i, (p37Ts) is derived as follows.

03T 1 3T
/ d’L'L2 (t) = — / ’UL2dt
2T L2 p2Ts

. J 1
i, (03Ts) =i, (w2T%) + L—Um(ws — 2)T;
2

_ 0.5a7 a7 (0.5 — a)aTs ,
_ _ E o oo, 6.3
ir,(0) L2(1—a)v + 7, v La—a) Vin +11,(0) (6.35)

The instant iy, (¢37%) is derived by using Equation (6.12)) as follows.

/wsTs 1 03T
diL (t) = —/ vr, dt
2T ! Lf 2T !

) ) 1
i, (psTs) = ig, (aTs) + —(ve — vo) (93 — 2) Ty

Ly
: I v (14 a)ug
_ T) 4+ — - T,
R Sy L
0.5aT; T, (0.5 — a)aTy ‘
_ o ip (0) — — 2t U ajeds 0) (6.36
Loyt - g vn =g vt (636

In the following interval psT, < t < @ T, the instantaneous currents are iy, (p4T%),

in,(04Ty) and ip (p4Ty). Using Equation (6.11)), the ir, (04T5) is derived as

04T 1 04Ts
/ diLl (t) = — / Ulet
SDSTS L]- 4P3Ts

) ) 1
in, (0aTs) = ip, (3T5s) + —(Vin — ve) (93 — ©a) T

Ly
: 1 Vin
= ZLl (903Ts) + L_l(vzn - 1 — a)(05 - O{)TS
(0.5 — a)aTs _ (0.5 — a)aTs _
- in V) = =7 Vin = L, 6.37
Li—a) Vin + 11, (0) L1 —a) v ir,(0) (6.37)
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6.4 Average and Ripple Currents in Inductor

By using Equation (6.2)), the iz, (p47Ts) is determined as follows.
04T 1 04T
/ dZLQ(t) = —/ ’ULth
3T L2 3T

in,(0aTs) = i, (03Ts) + —(Vin — vo) (03 — ©4)T

= ir, (p3T5) + L—(vm -
2
0.5 — T .

Lo(1—a) Ui = i1, (0) (6.38)

The i, (¢4Ts) is derived by using Equation (6.12) as follows.

/Lp4Ts 1 4T
diL (t) = —/ Vr, dt
QOSTS \ Lf SDSTS !

. ) 1
i (paTy) = ip,(wsTs) + L—f(UC — Vo) (03 — a) T
, 1 v, (14 @)vip
:ZLf(ngTs)—i-L—f(l_a— 1—a )(05—0[)TS

(0.5 — a)aTs (0.5 — )Ty

S L-a Oy

Vin = i1,,(0) (6.39)

Now, the average currents (1) of L; and Lo are equal and it is determined in terms of iy, as
follows.

. . T, . T 4 T
I B (71 (O) +;L1 (901 )Oz + tLy (901 ) —5 'Ly (902 )(05 N Oé)
, T 4 T, 1 (03T + g (04T

n ir, (o2 )‘5%(%03 )a+ ir, (3 );r@L (04T5)

(1 — a)aTs .
= mvo +ir, (O) (640)

(0.5 —a)

In a similar fashion, the average current I, of Ly is derived as

= Mvo + iz, (0) (6.41)

Moving to the analysis for Case II: « € (0.5, 1), the expressions of average inductor currents I,
and Iy, are the same as Equations (6.40) and (6.41)) and are not repeated herein for brevity.

The ripple in inductor current, Aiy, of the two identical inductors is as follows.

. ) , ol ol, (1 — «
Aty = By = Mgy = =770 = 77 El n ai

Vo (6.42)
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6. High Step-up Interleaved Boost Converter

The ripple in output end inductor, Aiy,, is expressed as

, aT; aTs (1 —a)
Aip, = in = o 6.43
'Ly Lf v Lf (1 + Oé)v ( )

6.4.2 CaseIl, a € (0.5,1)

The expressions of average inductor currents I7, and I, are the same as given in Equations

(6.40) and (6.41)) respectively. The expressions of Aiy, and Aiy, are the same as provided in
Equations (6.42)) and (6.43) respectively.

6.5 CCM/DCM Boundary Load Condition

In Case I: a € (0,0.5], at boundary condition between CCM and DCM, iy, (0) =iz, (psTs) =

0, and the average inductor current [, is

(1 —a)aTy
I = — 2%, 6.44
L= oL+ a) (6.44)

In the proposed HSUIBoC, the steady-state input current is given by

(1 —)aTs

in = 1 I;, =2 = ————w,
7 L, T 11, L L1(1+a)v

(6.45)

In ideal condition, the relation between output boundary current ipp and input current i;,

of the proposed HSUIBoC is QZ—i = z’o—; = }J_“—a Hence, the output boundary current, ippg, is
derived as
l1—a 1 — a)’ad,
iOB in = ( ) (% (646)

T lta™T Lilt+a)2
Therefore, from Equation (6.46)) the boundary load, R, between CCM and DCM is calculated

as follows.
U, Li(1+«)?
Rn = = 6.47
P iop (1 —a)2aT, (6.47)

The minimum requirement of inductance value for a given load R is determined by

Rp(1 — a)?aT,
(1+a)?
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6.6 Ripple in Input Current

Now, the average inductor current Iz, of Ly is equal to the output current i, as the ripple current
passes through the output filter capacitor C'y. Therefore, at boundary condition (ir,(0) = 0),
Equation (6.41)) can be written as follows.
. Vo (1 _ a)aTS
I — ZO —_ = —Uo 649
Ly Ry 2Li(1+a) (6.49)
Therefore, for a given load R, the minimum requirement of inductance value is derived as

follows.
(1—a)aTsRp

min{L} = 2(1+ «)

(6.50)

Case II, a € (0.5,1): Similarly, it can be shown that Rp is the same as given in Equation
(6.47) and the minimum requirements of inductance value (L = Ly = Ly) and L; for a given
load R are the same as provided in Equations ([6.48)) and (6.50)) respectively.

6.6 Ripple in Input Current

The duty ratio and the ripple in input current of CIBoC are denoted by a. and Ai.. The

ripple in input current of CIBoC is Ai, = O‘T% The ripple in input current of the proposed
HSUIBoC is Ai;, = O‘TS% The relation between the two input currents yields % == It

is seen that the two converters have the same output voltage when o and «. are related as

follows.
aC

(6.51)

o =
2 —

Therefore, the relation of ripple in input current between the CIBoC and proposed HSUIBoC

is as follows.
Kim ~ 1
Ai.  2-—a.

<1 (6.52)

From the above relation, it is seen that the proposed HSUIBoC converter reduces ripple in

input current for the CIBoC.

6.7 Design of Identical Capacitors (C) = Cy = C)

When the switch S; conducts, the two identical capacitors (C7; = Cy = C') are connected

in series and the superimposed capacitor voltage is fed to the output load. Therefore, when S
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6. High Step-up Interleaved Boost Converter

conducts the power released by these two identical capacitors is equal to the load power and

the energy equation is defined by follows.

1C v?
——(2u¢)? = 2T,
29l =%
C(UC’max + UC’min)<UCmam - UCmin) 02
C 2 2 ) = =2 6.53
(UCmax vam) Ts R ( )
The peak-to-peak ripple of capacitive voltage v¢ is defined by
AUC = VUCmaz — UCmin (654)

VCOmazx +vain)

The average voltage of ve is approximated by ( 2 = v¢ and hence,

Vo
1+«

VOmaz T VOmin = 2UC =2 (655)

Therefore, by using Equations (/6.53])-(6.55)), the minimum requirement of capacitance value of
identical capacitors is derived as follows.

(14 )T,

Comin = 29AV: R

(6.56)

6.8 Design of Output Filter Capacitor (Cj)

The maximum peak-to-peak value of the AC (alternating current) component of the voltage

across the capacitor Cy is as follows.

AQ .0y v,aT,
Vv — = = 6.57
G T 0, o RC; (6.57)

where AQ is the charge decrease during the interval (0 < t < ¢17) while a € (0,0.5] and
(0 < t < ¢3T,) while a € (0.5,1). The requirement of C; can be calculated by assuming
V. = Vg,,, where V, is the output voltage ripple (OVR). Hence, the minimum requirement of

output capacitor is expressed by

Uomamamast
Clmin = R oV (6.58)
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6.9 Voltage and Current Stresses

The effect of equivalent series resistance (ESR) on OVR is required to analyse [127]. Therefore,
the peak-to-peak voltage Vi.py, across the ESR r¢, is determined as follows.

, aTy (1 —«)
Vietop = 10, Alp, =10, ——210, 6.59
fpp Cy=Ly Cy Lf (1—}-04) ( )

The accurate ripple equation V, = chpp + Vieppp cannot be used as the re, 18 unknown [117].
With C already designed by Equation , the expression (r¢, = Vg, /i,) shall be evaluated
to get maximum ESR value [14]. Therefore, in this way, the accurate OVR can be calculated.
Moreover, considering the hold-up time (¢j014—vp), Output capacitor value can be decided and

it is as follows [14], [117].

Z.o X thold—up io 1
;> — 6.60
7= 001l xv, 0.0l xv,0.1% f, (6.60)

6.9 Voltage and Current Stresses

The capacitor ripple voltage is neglected to simplify the analysis of the voltage stress of
the semiconductor devices of the proposed converter. The maximum voltage stresses on the

switches are derived as
Vo
1+«

Vs = Vg, = Vg, = V¢ (661)

Equation (6.61)) explains that below the output voltage rated switches can be used to design

the converter. The maximum voltage stresses on the diodes Dy, Dy and D3 are as follows.

Vo
1+«

(6.62)

Up = Up, = VUp, = Upy = V¢ =

The inductor ripple current is ignored to simplify the current stress analysis. The dc current
flowing through the inductor is half of the input current. The rms (root mean square) currents

flowing through the switches are derived as

1[5 io(1+ a)y/a
Lo —Ie —Te =t [T g lUtava 6.63
Srms S1rms Sarms TS \/0 7/Sl,2 2(1 _ O{) ( )
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6. High Step-up Interleaved Boost Converter

The rms currents of diodes D;, D3 and D, are as follows.

io(1+ )

1 [,
Ipe. = Ipu. = Ipg... = | / iyt = 5 ===
Dyms Dirms D3rms 0 Dus 2 (1 - a)

T (6.64)

[D2rms = io (1 - Oé) (665>

The features of the proposed HSUIBoC is compared with CIBoC in Table [6.1]

Table 6.1: Comparison between HSUIBoC and CIBoC

Items CIBoC Comparison Proposed HSUIBoC
1 1
Voltage Gain < ks
(1 - 7, (1<)
. 1—a)als als (1 —a
Rippl t A —_— >
1ipple curren 1r, 7 Vo I (1 T a) Vo
. (1 — a)aT: aTs (1 —«)
Ripple voltage Vi..rpp rCy TSUO > rCy Lfs (14 ) L
. Rp(1 — a)?aT.
mln{L =Li= L2} RB(l = a)2aTs > %
Vo
Volt t >
oltage stress vg Vo i
Voltage stress vp Vo > Yo
14+«
] io(1
Current stress Ig,., . tov/r < gllvie
. 2(1 — @) 2(1 — o)
i io<1 + O‘)
Current stress [ — < ~———
O a/i-a) 2/(1—a)

6.10 Power Losses and Efficiency Analysis

By assuming all the capacitors are ideal, conduction losses are analyzed by resistances of
semiconductor devices and parasitic of inductors [84], [128]. The conduction losses due to both

switches are defined by

i2(1+ o)«

d 2(1 — «a)?

DS (on) = TDS(O’VZ) (Iglrms + Ié%"ms) = TDS(on) (666>

To analyse the switching loss, the transistor output capacitance C,, is assumed to be linear.
During the turn-off period of the transistor, the drain to source voltage of the transistor rises
from nearly zero to ve = v,/(1 + «). Therefore, the switching losses for the two switches are

as follows.
2 2
CosvVer Cosvs

Pg =2 =
5 TS T5(1+&)2

(6.67)
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The resistance rp, of the Dy and rp, of D3 are equal as rp = rp, = rp,. The losses due to

these resistances are determined as

) 2
_ 2 2 . Zo(l + Oé)
PTDI,S - 7aDlIDlrms + TDSIDgrmg 7/’D 2<1 . Oé) (668)
The loss due to the resistance rp, of D is calculated as
PTDQ TDQIDQqu = TDQ o (1 - a) (669)

The average currents through the diodes D; and D3 are derived as

T.
: (1
[y :_/ ip, ,dt = ;O‘> (6.70)

The forward voltages vq, of Dy, vyq4, of Dy and vyq, of D5 are equal (v = Vg, = Vfdy = Vyay)-

The power losses associated with the forward voltages v¢q, and vsq, are determined as follows.

io(1+a i(1+a ,
Pvfdm = de1¥ + Uf@% = Vsqio(1 + @) (6.71)

The average current through the diode D5 is derived as follows.

Ts
= —/ ip,dt = i,(1 — @) (6.72)

Therefore, the power loss associated with the forward voltage vsq, of D; is

P,

Vfda

= deio(l - Oé) (673)

The rms current flowing through the two identical inductors (L; = Lg) is expressed as follows.

io(1+ )
— O[)

ILl'rms - ILQrms - (674)

The conduction losses due to the resistance r; of both the inductor L, and L are as follows.

(6.75)
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6. High Step-up Interleaved Boost Converter

By using Equations (6.66[)-(6.69)), (6.71), (6.73) and (6.75)), the overall loss in the proposed
HSUIBoC is determined as

PLoss = PTDS(on) + PS + Prfdlﬁ + Pde2 + Pvfdl,s + Pvfdz + PTL (676)

Therefore, the efficiency of HSUIBoC is expressed as

1 1
= 1+ Pross (14+)2((rps(on)—TD)a+7rD+7L) 2CH R 20pq |, TDyy/(1—a) (6'77>
Po L+ 2(1—a)2R T Ts(1+a)2 J=. R
6.11 Selection of Parameters
To calculate the minimum requirement of parameters, input voltage v, = 10 V and a

maximum output current 7, = 1 A are taken into consideration. The specification of the output
voltage ripple is V,./ Vo = 1%. To calculate the identical capacitance value the capacitive ripple
voltage is determined by AVe = ve X 1%= [v,/(1 + @)] x 1%. The load resistance has been
varied from 20 €2 to 120 2. The duty ratio is chosen in the range of 20 % to 80 %.

From Equation , it is seen that the values of L; and Ls are inversely proportional to the
duty ratio (o) and directly proportional to the load resistance (R). Therefore, at Ry,q. = 120
and duty ratio ay,;, = 20 %, the inductances of Ly and Ly are 213.33 pH. From Equation (6.56]),
it is seen that the capacitance values of the identical capacitors are directly proportional to o and
inversely proportional to R. Hence, at a4, = 80 % and R,,,;,, = 20 €2, the minimum capacitance
values of the identical capacitors are 129.6 uF. By using Equation , at maximum 7, = 1
A and maximum output voltage v, = 90 V at ®q, = 80 %, the minimum value of C is 222.22
pFE. Specially, the values of L;, Ly and Ly are also provided for both the following cases in
CCM.

Case I, a € (0,0.5]: At 0.40 duty ratio, the output voltage v, is 23.3 V. The load resistance
R = 30 € is considered. By using Equation , the minimum requirement of inductance
L = Ly = L, is determined as 44.08 pH. The minimum requirement of the inductance value of
Ly is calculated as 51.42 pH by using Equation (6.50)).

Case 1, o € (0.5,1): At this case, to get the output voltage v, = 40 V, the required duty
ratio is 0.60 and load resistance R = 60 €2 is considered. The minimum inductance value of

L =1Ly = Ly=45 uH is determined by Equation (6.48)).
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6.12 Small Signal Modelling Analysis

For the robust performances of the proposed converter, the values of the inductors and the
capacitors are chosen to be higher than the minimum values as given in Table By using

Equation (6.50)), the minimum requirement of L; = 90 pH is calculated.

Table 6.2: Parameter values of HSUIBoC considered for CCM operation

Parameters Value
Input Voltage (v;,) 10V
Switching frequency (f) 50 kHz
Inductance (L = Ly = Ly) 180 pH
Inductive resistance (rp) 0.07 Q
Identical capacitance (C' = C; = Cy) 220 pF
Output-end inductance (L) 180 pH
Output capacitance (Cf) 330 puF
ESR of output capacitor (r¢,) 0.22 Q
MOSFET drain-to-source on-resistance (rpsen)) 0.075 2
MOSFET output capacitance (Cy;) 315 pF
Diode forward voltage (vsq) 0.39 V
Diode resistance (rp = rp, = p, = rp,) 0.078 Q

6.12 Small Signal Modelling Analysis

The state-space equation of this mode of operation is given by
X(t) = Aavx(t) + BayVin(t) (6.78)

Vo(t) = Zayx(t) (6.79)

where A,v, Bav and Z,, are state average matrices. The average matrices are determined at
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6. High Step-up Interleaved Boost Converter

the switching operation « € (0,0.5] as follows.

Aaw = Aja+ As(05 —a) + Asa+ Ax(0.5 — ) (6.80)
o . _
L—TIL 0 O‘Ll 0 0
_ 1
0 L—ZL 0 O‘L2 0
T e (6.51)
1 1
0 0 Zfo‘ 0 i
1 1
r R e
B, = (B; + B — 2By)a + By = By = [i L oo or (6.82)
L, Ly
(6.83)

Doow = (Zy + Zg — 2Zo)a+ Zo =Zy = [0 000 1

By using the state-space small signal modelling analysis procedure provided in [117], and Equa-

tions (6.80)), (6.82)) and (|6.83)), the voltage to duty ratio power stage transfer function is derived

as

' ’Uo<3) L ZaV(SI . Aav)_l(Al + A3 _ 2A2)X (684)

where X is the steady part and defined by X = —A,, 'BayVin. By using the parameters

provided in Table and Equation (6.84]), the following power stage transfer function is deter-

mined.
Gon(5) 2.7925 x 108s% + 1.3945 x 10Ms? 4+ 1.1265 x 10'%s + 4.3761 x 108
valS) =
8% 4+ 878.7885% + 5.393 x 107s3 +4.079 x 101952 +2.127 x 10Ms + 7.974 x 1016
(6.85)

The bode diagram of the uncompensated plant G (s) is shown in Figure[6.8] The phase margin
of Gya(s) is 1.29° and the gain margin is infinity. All the poles and zeros are in the left-half of
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6.13 Closed-loop Control System

s-plane. In the following section, a voltage mode single-integral-lead controller is designed.

50
m 0r
=2
<
2 -50r
§ Compensated
=-100 Uncompensated
7158
=
g -90
@
@
£ -180
o
-270

10" 10? 10°

104

10°

Frequency (rad/s)

10°

Figure 6.8: Bode diagram of uncompensated power stage transfer function (Gyq(s)) as provided in
Equation (6.85) and compensated power stage transfer function (Geomp(s)) as provided in Equation

(6.87)

6.13 Closed-loop Control System

To investigate the closed loop performance, a suitable controller is required. To enable to

the controller circuit and to check the closed loop performance, a compensator is designed based

on the voltage to duty ratio transfer function G,.(s). The block diagram representation of the

closed loop control circuit is shown in Figure [6.9 Bode design tool is used to design a Type-II

based (single-integral-lead) controller for the interleaved boost converter [116].

Urer(s)
6e(s)

a(s)

Gya(s)
of
Proposed
HSUIBoC

U (5)

Figure 6.9: Block diagram representation of closed-loop control systems

The k—factor based transfer function of the compensator is as follows.

B(1+4 =)
o(8) = — 2 6.86
V= o) (6.56)
where ¢ = /222, The parameters of the controller are w,. = 12086.46, w,. = 375.793 and

Wze
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6. High Step-up Interleaved Boost Converter

B = 51.309. Therefore, the transfer function of compensated plant is calculated as follows.

ass* + ass® + ass® + ars + ag
ST + bgsS + bss® + byst + bgs3 + bys? + by s

Geomp(5) = Gc(8)Grals) = (6.87)

The coefficients of the Geomp(s) are provided as ay = 1.433 x 10'%) a3 = 1.254 x 10", ay =
5.807 x 107, a; = 4.417 x 10, aqp = 8.438 x 10?2, bg = 1.297 x 10*, b5 = 6.456 x 107,
by = 6.927 x 1011, by = 7.058 x 10, by = 2.651 x 10'®, b; = 9.637 x 10%°.

The phase and gain margins of the compensated plant (Geomp(s)) are 43.3° and 10.3 dB.
As, both the gain and phase margins of the compensated plant are positive, the closed-loop
system will be stable. The closed loop zeros are z; = 2z = —5.5245 x 10! £ i6.3477 x 103,
23 = —3.8888 x 10%, 2, = —3.7579 x 10%. The closed loop poles are s; = —71.6752, sy =
—1.2176 x 10%, s3 = —3.8888 x 10%, s4 = s5 = —4.0333 x 10 £ i7.0532 x 103, s¢ = s7 =
—1.2399 x 10% 442.2320 x 103. It is also seen that all the closed loop poles are in left half of

the s-plane. Therefore, it also validates the closed-loop system stability.

6.14 Simulation Results

In the MATLAB-Simscape platform, a simulation is carried out by using the parameters
given in Table [6.2] The simulation performance is investigated in two stages, viz. open loop

and closed loop.

60
— — Vo= "55.5V at a=0.70
=40t — Vp=23Vat «=0.40
o — V=10V
8
220t
0 0.005 0.01 0.015 0.02
Time (s)

Figure 6.10: Simulation result of output voltage of the proposed HSUIBoC

6.14.1 Open-loop performance

At duty ratio 0.40 and 0.70, the output voltages are 23.3 V and 55.5 V respectively as shown
in Figure |6.10, The results satisfy the conversion ratio developed in Equation (6.27)). At 0.40
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6.14 Simulation Results

duty ratio, the simulation result of the voltage stress of the switches S; and S5 is shown in
Figure The result validates Equation (6.61)). At 0.40 duty ratio, the simulation result of
the voltage stress of the diodes Dy, Dy and Dj is shown in Figure [6.11D] and the result validates

Equation (6.62]).

20 T \ T ‘ ‘ T . : 20
S i S o
<ol | =<
A0 v 66y L1010y, v, 166V 16.6 V

| ! !

0.0788 0.0788 0.0788 0.0789 0.0789 0.0789 0.0789 0.0789 0.1059  0.1059  0.1059 0.1059 0.1059 0.1059  0.1059

20 20
5 S f
107 Vs, =16.6 V 18107 V), =16.6 V
. L o 0 3 L
0.0788 0.0788 0.0788 0.0789 0.0789 0.0789 0.0789 0.0789 0.1059  0.1059  0.1059 _0.1059 0.1059  0.1059 0.1059
Time (s) Time (s)
(a) (b)

Figure 6.11: Simulation results for « = 0.40 showing (a) Switch voltage stress vg = 16.6, and (b)
Diode voltage stress vp = 16.6 V

The variation of efficiency with respect to the load resistance is shown in Figure by
using Equation (6.77)). The change of efficiency due to the increment of duty ratio («) is shown

in Figure |6.12b| also by using Equation (6.77)).

100 T T : : 100 i
=.s.
\‘\
80| N
95 = N
£ = 2
> > 60 b
2 90 = —R=30 Q b
5 2 --=R=60 Q v
& e 0 - -R=80 Q 3
= ss) = \
‘ —a =040 20 ?‘
—a =0.60
80 ‘ 0 ‘ \ \ |
0 20 40 60 80 100 0 0.2 0.4 ) 0.6 0.8 1
Load R (ohm) Duty Ratio («)
(a) (b)

Figure 6.12: Simulation results of efficiency due to (a) Change of R, and (b) Change of «

6.14.2 Closed-loop performance

The closed-loop simulation model of the proposed HSUIBoC is shown in Figure [6.13] The

load parameter uncertainties and reference input voltage variation are checked. Figure
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6. High Step-up Interleaved Boost Converter

shows the output voltage along with the corresponding output current of the proposed HSUIBoC

due to reference voltage change.

Vin=10 V 5

L1

e

T

Data Type Conversion

Con\.'ertL

Figure 6.13: Diagram of the Matlab closed-loop model simulation

Gain B

T ey FITT by
L2 D1
i D3 i
Cc1 = cz2 - Cf
R JER T R
S1 S2 T

Controller

s+375.793

s2+12086.465

Repeating
Sequence

The output voltage follows the reference voltages 24 V, 18 V and 21 V. It can be seen that

the output voltage does not have overshoot during the change of v,.;. Figure [6.14b|shows the

change of currents through the inductors due to reference change.

I,)A: 0.7 A
0.1 0.2 0.3 0.4
| v,.e“: 18V
oo b v - ¥ -
~ Vypef =24V Upef =21V
0.1 . 0.2 0.3 0.4
Time (s)
(a)

ir, (A)
O = N W

i, (A)

O—=NW O~ N W

ir, (A)

0 0.1 0.2 0.4

0 0.1 0.2 0.4

0 0.1 Tigi% ) 0.4
(b)

Figure 6.14: Simulation results of reference change (a) Output voltage and current, and (b) Currents
through the inductors

To check the load parameter uncertainties, 50 % load change takes place at ¢ = 0.14 s and

t = 0.26 s as shown in Figure |6.15al The output voltage follows the reference in spite of load
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change. The currents through the inductors due to load change are shown in Figure

2 . — 10 ,
1595 Ay 1.Gp5 2 A
= - Z 5[ 0.9072A
=1 1.503 A LT, , ‘ .
s A 0 0.1 0.2 0.3 0.4
0.777 A | , 10 ' ' '
0 =
0 0.1 0.2 0.3 04 = 5| 0.9072 A 1.8144 A
30 L3902V | = : ‘ :
S20 0 A ™99 54 V ] 0 0.1 0.2 0.3 0.4
ol 2333V ' | =10 : ——
- 0 50 % Load change at t=0.14 s and t=0.26s| 5 f) . 0'71776 A |
0 0.1 02 0.3 04 0 0.1 0.2 0.3 0.4
Time (s) Time (s)
(a) (b)

Figure 6.15: Simulation results due to 50 % load change (a) Output voltage, and (b) Currents through
the inductors

6.15 Experimental Setup and Results

The schematic diagram of open-loop HSUIBoC is shown in Figure [6.16] The experimental
setup of the proposed HSUIBC is shown in Figure [6.17]

v 180 uH NTST301005G
| 180 uH ) . rrn
180 uH
IRFP250NPBF IREPZSOjPBF TST30100SG " s
— 2 + +
Ve R~ ] - = 330yF == gvo
"= s s | 220k 220 uF -
NTST301005G
11 1 <

DC Isolated DC Isolated
Source Source

1 8
; - Il
2100 21001 2

«

Figure 6.16: Open-loop schematic diagram of the proposed HSUIBoC
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6. High Step-up Interleaved Boost Converter

The proposed HSUIBoC is implemented in CCM by using the parameters given in Table
[6.2l The switches S; and Sy are implemented by the MOSFET IRFP250NPBF. FOD3180
MOSFET gate driver ICs are used for the switches. The diodes Dy, Dy and D3 are implemented
by NFKO03TS30100SG (equivalent to NTST30100SG and NTSB30100S-1G).

D: 8 S1,52=IRFP250NPBF
Proposed prototype IBC ¥ D1,D2,D3=NFK03TS30100SG

Figure 6.17: Experimental set-up of the proposed HSUIBoC

These diodes have considerably low forward voltage vsq = 0.39 V at a forward current of 5
A. The porpoised converter can be used for PV cell or LED driver circuit. Here, only open-loop
experimental results are provided. The experimental implementation of closed-loop control will

be conducted in future. The open-loop results are provided for the following two cases.
6.15.1 Case I, a € (0,0.5]

In this case, the experiment is performed with duty ratio . of 0.40 and load resistance R of
30 €2. The two phase-shifted switching pulses are shown in Figure [6.18al The waveform of the
input current is shown in Figure [6.18b]

@ 1.00 Vv S 200 Vo ¥ KRGODMAGUSIN
Moin 125 Sus/div | Mo = 1.5 K Sus/div |
Switching pulse for 8¢ | 1900 mA
; T : 1700 mA
 Input current (500 mA/div) 3
s f |
Switching pulse for So | §5esast
e & Switching pulse for S, |
I | ——
It
e e ] e |
(a) (b)

Figure 6.18: Experimental waveforms of (a) Two-phase switching pulses, and (b) Input current 4;, for
a=0.40
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The phase shifted currents iz, and iz, are shown in Figure|6.19al The current ip,, is provided
in Figure

D 5.00 Vo kD 500mAsivz |
T — 1250 mA " 15k Sus/dv | o 1B K Sus/dy |

Mean(62)

972 .767TmA Mean(C2) 776.926mA

Current of L¢(500 mA/div)

750 mA

Current of L5 (500 mA/div) 1000 mA

1 100 InA Mean(C1) 843.434mA

Switching pulse for Sy

T B l .
_ Current of L 1 (500 mA/div) | i _——L*__— |
= } = L |

(a) (b)

Figure 6.19: Experimental results of inductor currents (a) ir,, ir,, and (b) ir,, for a = 0.40

The waveforms of voltage stresses of the switches S; and Sy are shown in Figure [6.20a] and

Figure [6.20b| respectively. The voltage stress satisfies Equation (|6.61)).

D 4.00 Vasiv [CEXIRZT™ ]

Hein : 1.75 K Sus/dv | Moin = 1.25 & Sus/div |

Voltage stress of S;=16.6 V (20V/div) Voltage stress of $,=16.6 V (20 V/div)

Switching pulse for Sy Switching pulse for Sy
(a) (b)

Figure 6.20: Experimental result of voltage stresses (a) vg,, and (b) vg, for o = 0.40

The diode voltage stresses vp,, vp, and vp, are shown in Figures [6.21a] [6.210] and [6.224]
respectively. The diode voltage stress satisfies Equation . The voltage across the identical
capacitors is vo = v;, /(1 — &) = 16.6 V as shown in Figure . The output load current i,
is provided in Figure From Figure [6.23D] it is seen that the output voltage v, = 23 V at
0.40 duty ratio satisfies the conversion ratio as derived in Equation .
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D 00 " 100 Vi
Mein = 125 K Sus/div Mein 2 125 K Sus/div

Voltage stress of D;=16.6 V (10 v/div) Voltage stress of Dy=16.6 V (10 V/div)

i,mfﬁm ’1.;,

R e a——— P e omeyaproemsesd Y 'ﬁ B
Switching pulse for So S
N T V N
;Q e e = e ] =

(a) (b)

Figure 6.21: Experimental result of voltage stresses (a) vp,, and (b) vp, for a = 0.40

" 0.0 Vi

i
Mo = 125 & Sus/div Main =125 K 5us/div

Voltage stress of D3=16.6 V (10/div) Voltage across the identical capacitors Vo=16.6 V (10 V/div)

- .1 oy

Switching pufe for S Switching pulse for S,(40% duty ratio)
] ; L IFRESESS, Jusssy :— L e

e - Et——
= Fiis—— e -

(a) (b)

Figure 6.22: Experimental results of (a) vp,, and (b) vc for o = 0.40

[CEXZE— R~ 100 U
Mein : 1.25 K Sus/div Main 2 125 k 100us/div

Input Voltage=10 V (10 V/div)
Output Current =750 mA (500 mA/div)

Ve e

Output Voltage = 23.3 V (20 V/div)
Switching pulse for S,

(a) (b)

Figure 6.23: Experimental results of (a) Output current i, = 750 mA, and (b) Output voltage
v, = 23.3 V for « = 0.40
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6.15 Experimental Setup and Results

6.15.2 Case I, a € (0.5,1)

In this case, the load resistance, R, is considered 60 €2 and duty ratio is 0.60. The two phase-

shifted inductor currents ¢z, and 7y, with respect to the switching pulse for S, are provided in

Figures [6.24a] and [6.24D] respectively.

> 5.00 Vo8

KD 5.00 Vvt

Mon = 1.5 k Sus/div |

Mean(C2) 1.22683 8 |

Current of L 1 (1 A/div)

Mon = 1.5 k Sus/div |

Mean(C2) 138757 4|

Current of L2 (1 A/div)

300 mA 1000 mA

Switching pulse for S, N Swicthing }:Else for Sy j

IN ; A ‘ e ;

: g v : Ik 3 v ' v ' 3
(a) (b)

Figure 6.24: Experimental result of inductor current (a) iz, and (b) iz, for a = 0.60

The current iy, is shown in Fig. The desired output voltage v, =40 V at 0.60 duty
ratio is shown in Fig. |6.25b| It also satisfies the conversion ratio provided in Equation (6.27)).

Main = 1.75 k Sus/div |
Mean(C2) 662.00mA |

Current of Le(1 A/div)

l 1000 mA
8 200 mA

I~ (0.0 Vo

Mol 2 125 k 50us/div

Input Voltage=10 V (10 V/div)

Output Voltage =40 V (20 V/div)

Switching pulse for Sy j L
(a) (b)

Figure 6.25: Experimental results of (a) Inductor current ir,,, and (b) v, =40 V for a = 0.60

In the first stage, by varying the load R and keeping o« = 0.40 and v;,, = 10 V constant, the

efficiency of the proposed converter is checked and the experimental data are provided in Table

[6.3al In the second stage, the experimental results of the efficiency are provided by varying

the load R and fixing the o = 0.60 and v;, = 10 V and the experimental data are provided in
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6. High Step-up Interleaved Boost Converter

Table [6.3a] The efficiency curves with respect to load change are shown in Figure [6.26a]
By varying « and keeping R constant, the efficiency is checked and experimental data are

provided in Table [6.3b] The efficiency curve with respect to duty ratio change is shown in
Figure [6.26Db|

Table 6.3: Experimental results of HSUIBoC

(a) With load parameter R (€2) variation (b) With variation of duty ratio
e R @A) w ™) W@ 1% E_a  in(A) v (V) (&) 71(%)
0.40 20 3.010 21.68 1.250  90.03 30 020 0.773 1450 0495  92.85
040 30 1780 2232 0735  92.16 30 025 0.952  16.00 0552  92.77
040 40 1.350 2258  0.565  94.50 30 030 1.180 17.80  0.615  92.77
040 50 1.080 22.82 0441  93.18 30 035 1460 19.89  0.688  93.72
040 60 0.925 2297  0.375  93.12 30 040 1850 2230  0.777  93.66
040 70 0.812  23.07  0.327  92.90 30 045 2320  25.00 0.856  92.94
040 80 0700 2314 0280  92.56 30 050 2990 2827  0.965  91.23
0.60 30 5.00 3700  1.182  87.00 60 0.20 0.373  14.95  0.237  94.99
0.60 40 3.85 3792 0935  92.09 60 0.25 0477 16.63 0273  95.17
0.60 50 3.02 3857  0.750  95.78 60 030 0585 1827  0.308  96.19
0.60 60 2.65 3897 0.643 9455 60 0.35 0.747  20.67  0.347  96.01
0.60 70 2.30 30.14 0560  95.29 60 040 0927 2313  0.385  96.06
0.60 80 2.01 3044 0492  96.53 60 045 1.170 26.05 0.431  95.96

60 0.50 1.487 29.72 0.473 94.53

100 .98
95 g0 ,,__/*’_"_\
5'94

Fao T oy—d() 9 0
==-Vin=10 V, a=40 % 5 97 =Vin=10 V R=30

Efficiency (n)?
©
=

~-Vin=10 V. a=60 % & . ]
85 90 =Vin=10 V. R=60
0 20 40 60 80 100 0 20 40 o0
Load R () Duty Ratio o(%0)
(a) (b)

Figure 6.26: Plots of experimental efficiency versus (a) Load R, and (b) «

Together Tables and show the comparison among the existing IBoCs and the con-
verter proposed in this chapter. The IBoC presented in [14] operates for a < 0.5. The IBoCs
presented in [92] and [129] operate for « > 0.5. But the proposed HSUIBoC operates for
0 < a < 1. As shown in Tables [6.4] and [6.5] the constant n is the turns ratio in the existing
converters [92], [101], [106]. It is observed that the voltage conversion ratio of the existing
HSUIBoC depends on either the turns ratio of a coupled inductor or a transformer. But the
proposed HSUIBoC can achieve the voltage gain without a coupled inductor or a transformer.

The requirements of the passive and active components in existing converters are high. The
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voltage conversion ratio of the converter presented in [106] is

(ffg). Therefore, at n = 2 and
a = 0.60, the voltage gain is 10. The voltage gain of the proposed IBC is grater than the
IBCs presented [129], [130]. With equal number winding i.e. N=1, the IBoC behaves as a
conventional IBoC [101]. The proposed HSUIBoC has better efficiency. The requirements of
semiconductor devices and passive components are less than the existing converters given in
Table. and . The converter presented in [131], works for a > 0.5. A high step-up inter-
leaved converter is introduced by utilizing two coupled inductors in [132|. The voltage gain of
this converter is v, /vy, = (2n +4)/(1 — «). Therefore, at the same duty cycle and input volt-
age, the output voltage will be more compared to the proposed one. But the number of active
and passive elements is comparatively larger. Another high step-up converter with interleaved

technique is introduced in [133]. The voltage conversion ratio is v,/v;, = (2(n +1))/(1 — ).

Herein, the requirement of the total passive and active components are more.

Table 6.4: Part-1: Comparison among the existing high step-up converters and the proposed HSUI-

BoC.
IBoC IBoC 1BoC IBoC 1BoC
Topology introduced introduced introduced introduced introduced
in [14] in [92] in |101] in [106] in [129]
1 2 n 24n 1
It i —_—
Voltage Gain 1— % T 1-a l-a 1—a
Vg Not provided L Yo Yo Not provided
2 2+n
1 2
vp Not provided Vo — N, Vo(2 — =) Yo Not provided
7 2+ n
Switches 3 2 2 2 2
Diodes 2 4 2 4 4
1 coupled 3 single 2 coupled 2 single 3 single
Inductors
(2 windings)1 single (6 windings)1 single
Capacitors 1 3 4 3 3
Transformers 0 1 0 1 0
a Range a<0.5 a> 0.5 O<axl O<axl a>0.5
Efficiency 95.12% 95.8% 92.7% 94.65% 84.5%
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6. High Step-up Interleaved Boost Converter

Table 6.5: Part-2: Comparison among the existing high step-up converters and the proposed HSUIBoC

IBoC IBoC 1BoC 1BoC The
Topology introduced introduced introduced introduced proposed
in [130] in [131] in [132] in [133] IBoC
) 1 1+n 2n 44 2(n+1) 1+«
It —_
Voltage Gain 11—« 1l—a l—« 11—« 11—«
) (1+2n)Vp Vo Vo Vo
Not ded - —
Us OF Provice 11n on 4 2(n+ 1) 1+a
1
vD Not provided Not provided M o0 Yo
n+ 2 n+1 14+«
Switches 4 4 2 2 2
Diodes 0 0 4 4 3
1 coupled 1 coupled 2 2 3 single
Inductors
2 single (3 windings), 2 single | (4 windings) | (4 windings)
Capacitors 1 3 4 4 3
Transformers 0 0 0 0 0
a Range 0<ax<l a>0.5 O<axl 0<a<l |0<axl
Efficiency 97.5% Not Provided 95% 96% 96.53%
10 + — The proposed HSUIBoC 1
— Refs. [101], [133] — The HSUIBoC
— Ref. [106] — CIBoC, Ref. [101]
= 8 —Ret[133] 08} — Ret Hg%
o ol - — Ref. [133]
) 2206
= ="
Qo
> 0.4}
2 L
0.2¢
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Duty Ratio o Duty Ratio («)
(a) (b)

Figure 6.27: Comparison with existing topologies in terms of (a) Voltage gain, and (b) Voltage stress.

A graphical comparisons of voltage gain and voltage stress among the existing and proposed
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converter are shown in Figures [6.27a] and [6.275] respectively as the operation range for these

topologies is 0 < o < 1. Figure [6.27b| shows the voltage stress as a function of vg/v,.

100 : : ‘ - 100
95+ 95|
X 90t § 90 |
5 85 r ;m 85 L
Q — € propose oC = _
tH — Ref. [106] & 7 Ref. [106] |
BHO75) = V. 10
700 V=10V ] 70 a= 045
R=300Q
65 : : ‘ . 65 s ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 20 40 60 80 100
Duty Ratio () Load R (£2)
(a) (b)

Figure 6.28: Efficiency comparison with existing topologies for (a) Duty ratio change, and (b) Load
change.

A comparisons of efficiency between the proposed converter and Ref. [106| are carried out

for duty ratio and load change as shown in Figures [6.28a] and [6.28D] respectively.

6.16 Summary

This chapter presents the operating principle, circuit parameter analysis and mathematical
expressions of an [BoC proposed to achieve a high step-up conversion ratio. The proposed
HSUIBoC circuit is capable of producing higher output voltage compared to CIBoC at the
same duty cycle. As the on-time duty ratio is smaller, the conduction loss also reduces. The
expressions for high step-up conversion ratio, ripple and average currents in inductors, mini-
mum requirement of identical capacitors, minimum requirement of output filter capacitor and
boundary load condition between CCM and DCM are derived. Small-signal modelling followed
by design of a voltage mode k-factor-based controller is accomplished. Simulation results of
the closed-loop control systems are provided. The hardware implementation of the proposed
converter is successfully carried out. Power loss is analysed and 96.53% efficiency is achieved.
The components required in the proposed converter are compared with existing converters to

examine the cost-effectiveness of the former.
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Conclusions and Future Work

Substantial work has been published on the development of high step-up/step-down DC-DC
converters. However, in this thesis work, the author has made an effort on some different
approaches to design high step-up/down converters which have some advantages over the ones
in the existing literature. Therefore, in this thesis, five novel DC-DC' converters viz. HSDBuC,
HSDIBuC, HSDIBuC-DWCI, HSUBoC, HSUIBoC have been designed. This chapter reflects
the overall contributions and provides the conclusion of the thesis. Finally, a vision on the

future scope of this thesis is suggested to carry the work forward.
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7.1 Conclusions

The thesis presents the design and implementation of DC-DC converters with improved
step-up/step-down conversion ratio. A switch-capacitor cell has been used to modify the step-
down voltage conversion ratio of CBuC and CIBuC, whereas the step-up conversion ratios of
CBoC and CIBoC have been improved using a diode-capacitor cell. In this thesis, a total of
five converters namely HSDBuC, HSDIBuC, HSDIBuC-DWCI, HSUBoC and HSUIBoC have
been proposed in chapters 2, 3, 4, 5 and 6 respectively.

HSDBuC independent of the turns ratio of transformer or coupled inductor has been pro-
posed in chapter 2. The proposed HSDBuC achieves less output voltage at the same duty cycle
compared to CBuC using a switch-capacitor cell. Hence, the proposed HSDBuC is suitable for
applications requiring large step-down ratio while avoiding a narrow duty cycle to obtain a
lower output voltage. The modified conversion ratio reduces the current and voltage stresses
of the semiconductor devices. Thus, active elements with less voltage and current ratings can
be used to implement HSDBuC. Apart from this, the modified conversion ratio of HSDBuC
helps to achieve less ripple in input current, inductor current and output voltage. Further, the
two inductors of HSDBuC are replaced by a directly-coupled DWCI helping in the reduction of
ripples in input current, inductor current as well as output voltage. Maximum efficiency 93.5%
has been achieved experimentally. The closed-loop experiment shows a stable performance of
the converter without any overshoot under a step-change in reference voltage and 50% load
change.

As CIBuC suffers from the same problem of narrow duty cycle like CBuC when a very high-
input to low-output voltage conversion is required, the voltage conversion ratio of the former
has been improved using the switch-capacitor cell. HSDIBuC introduced in chapter 3 has a
simple circuit configuration and can produce a low-output voltage at a sufficiently higher duty
ratio. The ripples in input current, inductor current and output voltage have been reduced
by the newly developed conversion ratio. Active elements with comparatively lower voltage
and current ratings can be used as these ratings have been reduced by the newly developed
conversion ratio. HSDIBuC operates in the range of 0 < o < 1 achieving maximum efficiency
of 96.33% at a = 0.60. Finally, HSDIBoC has been designed and experimental results have
been provided to validate the claims.

A total of three inductors are required to design HSDIBuC in which two single inductors
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have been placed in the output-end resulting in larger size and weight. Therefore, these two
single inductors have been replaced by a DWCI reducing the volume of HSDIBuC as the
windings of DWCI share the cores as presented in chapter 4. The addition of DWCI not
only reduces the converter size and weight but also it provides a few advantageous technical
features such as reduction of ripples in the inductor currents through the windings of DWCI
without affecting the step-down voltage conversion ratio. In addition, the coupling effect on the
reduction of the minimum value of the output filter capacitor has been derived through step-by-
step analysis which shows that the coupling factor is capable of reducing the capacitance value.
At a = 0.40 and a = 0.55, experimental results have been provided in an open-loop to validate
the performance of DWCI. It is also observed from experimental as well as simulation results
that DWCI does not affect the steady-state output voltage. A voltage mode PI controller has
been designed to enable the closed-loop system.

After modifying the voltage conversion ratio of CBuC and CIBuC using a switch-capacitor
cell, the voltage conversion ratio of CBoC has been improved using a diode-capacitor cell in
chapter 5. Two single inductors of the proposed HSUBoC have been replaced by a DWCI to
reduce the ripples in inductor current and output voltage. It is seen that the voltage conversion
ratio of HSUBoC is independent of the turns ratio of DWCI. DWCI also reduces the size
of magnetic cores as both the windings of DWCI share cores. The voltage stresses of the
semiconductor devices are less than the output voltage. The experimental results are provided
to see the physical realizability of the proposed HSUBoC. A maximum efficiency of 94.58% has
been achieved experimentally for HSUBoC.

In chapter 6, the diode-capacitor cell which has been used to improve the step-up con-
version ratio of HSUBoC, is also utilized to improve the step-up voltage conversion ratio of a
CIBoC. Thus, the proposed HSUIBoC is capable of producing higher output voltage compared
to CIBoC at the same duty cycle reducing the conduction losses as the on-time duty ratio is
less. The ripples in input current, inductor current and output voltage have been reduced. The
voltage stress of the active elements are less compared to the conventional and ones in existing
topologies. Open-loop experimental results of these quantities have been provided to validate
the claims. Followed by small-signal modelling, a voltage mode k-factor-based controller has
been designed and the simulated results on the closed-loop performances have been given. A

maximum efficiency of 96.53% is achieved experimentally.
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Table 7.1: Summary of work done and scope for future work

Converters | Features Advantages Scope for future work
e Made of e High step-down ratio e DCM operation
e A CBoC e Less ripples in e Soft-switching
e A switch-capacitor cell e Input and indcutor currents
HSDBuC e A DWCI e Qutput voltage
e Designed in CCM e Active elements:
e Hard-switching e Less voltage stress
e Operating range: 0 < a <1 e Less current stress
e High efficiency (14 = 93.5%)
e Made of e High step-down ratio e DCM operation
e A CIBoC e Less ripples in e Soft-switching
e A switch-capacitor cell e Input and inductor currents | ¢ Output voltage ripple
HSDIBUC e Designed in CCM e Active elements:
e Hard-switching e Less voltage stress
e Operating range: 0 < a < 1 e Less current stress
e High efficiency (ma: = 96.33%)
e Made of e Less ripples in e DCM operation
e A HSDIBuC e In currents of DWCI e Soft-switching
o DWCI e Output voltage
HSDIBuC- | ¢ Designed in CCM e Lower capacitance
DWCI e Hard-switching e Active elements:
e Operating range: 0 < a <1 e Less current stress
e Made of e High step-up ratio e DCM operation
e A CBoC e Less ripples in DWCI e C(losed-loop experiment
e A diode-capacitor cell e Less output ripple voltage e Soft-switching
HSUBoC ¢ DWCI e Less voltage stress
e Designed in CCM e High Efficiency (1. = 94.58%)
e Hard-switching
e Operating range: 0 < a <1
e Made of e High step-up ratio e Use of DWCI
e A CIBoC e Less ripples in DWCI e (losed-loop experiment
e A diode-capacitor cell e Less output ripple voltage e DCM operation
e Designed in CCM e Less voltage stress e Soft-switching
HSUIBoC

e Hard-switching

e Operating range: 0 < a <1

High efficiency (94 = 96.53%)
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7.2 Suggestions for Future Work

(i) In this work, the proposed HSDBuC, HSDIBuC, HSDIBuC-DWCI, HSUBoC and HSUI-
BoC DC-DC converters in the continuous conduction mode (CCM), have been designed.
Therefore, designing of these converters in discontinuous conduction mode (DCM) remains

to be an important research work.

(ii) The proposed converters may be implemented with soft switching techniques to reduce

switching loss and switch stress.

(iii) Chapter 5 presented closed-loop performance of HSUBoC in simulation. The work may

be extended to verify the results experimentally.

(iv) A high step-up interleaved boost converter (HSUIBoC) has been presented in chapter 6.
The work can be extended by employing DWCI to reduce ripple in HSUIBoC and by

conducting experiment to test realizability and close loop performance.
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