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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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1
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 regulator 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 

(CBuC)
 One: Switch (S), Diode (D), Inductor (L), 

Capacitor (Cf );

 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 (S1,2), Diodes (D1,2), 

Inductors (L1,2); One Capacitor (Cf );

 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;

Conventional Boost Converter 

(CBoC)
 One: Switch (S), Diode (D), Inductor (L), 

Capacitor (Cf );

 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 (S1,2), Diodes (D1,2), 

Inductors (L1,2); One Capacitor (Cf );

 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 [7–9]. 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 1.1 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 1.2a.

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.

Cfvin

rCf

R vO

+

-

L 𝑟𝐿  
S

D

(a)

Cfvin

rCf

R vO

+

-

L1 𝑟𝐿1  

𝑟𝐿2  L2

S1

S2

D1 D2

(b)

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 1.2b. 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 [10–12]. It 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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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 1.3a. 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.

Cfvin

rCf

R vO

+

-

L 𝑟𝐿  

S

D

(a)

Cfvin

rCf

R vO

+

-

L1 𝑟𝐿1  

𝑟𝐿2  L2

S1 S2

D1

D2

(b)

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 [14–16]. 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

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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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.
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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 < α ≤ 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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the entire duty ratio range 0 < α ≤ 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.

(iii) 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.

(iv) 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:

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

to very low voltage conversion

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

coupled inductor or transformer

• reduced ripples in input current, inductor current and output voltage

• reduced voltage and current stresses in the semiconductor devices

• better efficiency

• 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:

• a high step-down voltage conversion ratio to produce a low-output voltage at suffi-

ciently large duty ratio

• reduced voltage and current stresses of the switches and diodes

• a range of operation below and above 0.50 duty ratio

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

coupled inductor (DWCI)

13TH-2863_146102032



1. Introduction

• 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.

DC-DC Converters

CBuC

CIBuC

CBoC

CIBoC

Proposed HSDBuC
 Consists of CBuC, a switch-capacitor cell and a 

DWCI;

 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
 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 

DWCI;

 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;

Proposed HSUBoC
 Consists of  CBoC, a diode-capacitor cell and a 

DWCI;

 Comparatively smaller duty cycle for low-input to 

high-output voltage conversion;

 Less voltage stresses on active elements;

 Low ripples in inductor current and output voltage;

 High efficiency;

Proposed HSUIBoC
 Consists of CIBoC and a diode-capacitor cell;

 Comparatively smaller duty cycle for low-input to 

high-output voltage conversion;

 Less voltage stresses on active elements;

 Low ripples in inductor current and output voltage;

 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:

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

smaller duty ratio

• reduced voltage and current stresses of the semiconductor devices

14TH-2863_146102032



1.4 Organization of the Thesis

• reduced ripples in input, inductor current and output voltage by using a coupled

inductor

• 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:

• a high step-up conversion ratio by using a cross-connected diode-capacitor cell

• 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

• 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 1.4. The conventional converters of Figure 1.1 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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2
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 in 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 PI-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.

17TH-2863_146102032



2. High Step-down Buck Converter

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.

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

very low voltage conversion;

• reduction of ripples in input current, inductor current and output voltage;

• reduction of voltage stresses in the semiconductor devices;

• 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 2.1 combines

a dual-winding coupled inductor (DWCI) and a switch-capacitor cell operating in continuous

conduction mode (CCM). The input voltage vin is applied to the Li-winding of the coupled

inductor. The rLi is the parasitic of the Li-winding. Thereafter, a switch-capacitor cell is used

and it consists of two switches S1 and S2 placed in parallel and two cross-connected identical

capacitors C1 and C2.

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 S1 and S2

are ON, the diodeD 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 Li-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 Li-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 Li− and L represent the two

windings of the coupled inductor. Cf represents the output capacitor and rCf is the parasitic. vo

is the output voltage at output load resistance R. The rL and rLi are negligible as rL, rLi � 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 vLi and vL across the Li and L windings of the coupled

inductor respectively are as follows.

vLi = Li
diLi
dt
±MdiL

dt
(2.1)

vL = L
diL
dt
±MdiLi

dt
(2.2)

Here iLi and iL represent the currents flowing through the Li and L windings respectively.

Since the two windings of the coupled inductor have identical inductances, L = Li. The mutual

inductance, M , is defined as M = k
√
LiL where k is the coupling factor. The windings will

be directly coupled or inversely coupled depending upon whether k ∈ [0, 1] or k ∈ [0,−1]

respectively. The leakage inductance, Lr, is defined by Lr = L(1 − k2). 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 Ts, Equations (2.1) and (2.2) can be expressed as∫ Ts

0

diLi =
vLi

(1− k2)Li

∫ Ts

0

dt−
vLk
√

Li
L

(1− k2)Li

∫ Ts

0

dt (2.3)

∫ Ts

0

diL =
vL

(1− k2)L

∫ Ts

0

dt−
vLik

√
L
Li

(1− k2)L

∫ Ts

0

dt (2.4)

2.2.2 Switching modes

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

both the switches S1 and S2 turn ON and OFF simultaneously over a time period of Ts as shown
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in Figure 2.3. Here, vS1,2 represents drain to source voltage i.e. voltage stress for the switches,

whereas vD is the diode voltage stress. In the duration 0 < t < αTs, both the inductor currents,

iLi through Li-winding and iL through L-winding increase. In the next duration, αTs < t < Ts,

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

Figure 2.3: Idealized waveform of the proposed HSDBuC

2.2.2.1 ON-state (0 < t ≤ αTs) of HSDBuC

In this switching period, the S1 and S2 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 vC .

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

The voltage vLi across the Li-winding and vL across the L-winding are respectively as

follows.

vLi = Li
diLi
dt

+M
diL
dt

= vin − vC (2.5)

vL = L
diL
dt

+M
diLi
dt

= vC − vCf − rcf iCf (2.6)
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where vCf is the voltage across the output capacitor Cf and iCf is the current flowing through

Cf . The output voltage vo is as follows.

vo = vCf + rCf iCf = RiR (2.7)

where iR is the current flowing through load R. The current through the identical capacitors,

iC , is provided as

2iC(t) = iLi(t)− iL(t) (2.8)

The output load current is

iR(t) = iL(t)− iCf (t) (2.9)

The state vectors are defined as x(t) = [iLi vC iL vCf ]
T and the output vector as y(t) = vo.

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

ẋ(t) = A1x(t) + B1vin(t)

=



0
−(M + L)

LLi −M2

MRrCf
(LLi −M2)(R + rCf )

MR

(LLi −M2)(R + rCf )

1

2C
0

−1

2C
0

0
Li +M

LLi −M2

−LiRrCf
(LLi −M2)(R + rCf )

−LiR
(LLi −M2)(R + rCf )

0 0
R

Cf (R + rCf )

−1

RCf (R + rCf )


x(t) +



L

LLi −M2

0

−M
LLi −M2

0


vin(t)

(2.10)

y(t) = Z1x(t) =

[
0 0

RrCf
R + rCf

R

R + rCf

]
x(t) (2.11)

2.2.2.2 OFF-state (αTs < t ≤ Ts) 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 Li-winding. The

resultant voltage across the two capacitors becomes vC + vC = 2vC . The voltage and current

equations are as follows.

vLi = Li
diLi
dt

+M
diL
dt

= vin − 2vC (2.12)

22TH-2863_146102032



2.2 Operating Principle

vL = L
diL
dt

+M
diLi
dt

= −vCf − rCf iCf (2.13)

iC(t) = iLi(t) (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.

ẋ(t) = A2x(t) + B2vin(t)

=



0
−2L

LLi −M2

MRrCf
(LLi −M2)(R + rCf )

MR

(LLi −M2)(R + rCf )

1

C
0 0 0

0
2M

LLi −M2

−LiRrCf
(LLi −M2)(R + rCf )

−LiR
(LLi −M2)(R + rCf )

0 0
R

Cf (R + rCf )

−1

RCf (R + rCf )


x(t) +



L

LLi −M2

0

−M
LLi −M2

0


vin(t)

(2.15)

y(t) = Z2x(t) =

[
0 0

RrCf
R + rCf

R

R + rCf

]
x(t) (2.16)

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 Li-winding is expressed as follows.

(vin − vC)α + (vin − 2vC)(1− α) = 0

vC
vin

=
1

2− α
(2.17)
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In the next stage, by using Equations (2.6) and (2.13), the VSB equation of the L-winding is

written as

(vC − vo)α− vo(1− α) = 0

vo = αvC (2.18)

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

converter is derived as
vo
vin

=
α

2− α
(2.19)

The voltage conversion ratio of CBuC is vo/vin = α. 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 = Li, the ripple currents in L and Li windings of the coupled inductor are

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

2.3.1 Ripple current in Li-winding

During the interval (0 < t < αTs), the instantaneous inductor current iLi(αTs) is derived

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

iLi(αTs) =
(1− α)Tsαvin

(2− α)(1 + k)Li
+ iLi(0) (2.20)

In the subsequent interval (αTs < t < Ts), the instantaneous current iLi(Ts) is determined by

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

iLi(Ts) = iLi(αTs)−
(1− α)Tsαvin

(2− α)(1 + k)Li
(2.21)

Therefore, the ripple current of Li-winding is

∆iLi = iLi(αTs)− iLi(0) =
(1− α)αTs

(2− α)(1 + k)Li
vin =

(1− α)Ts
(1 + k)Li

vo (2.22)
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2.3.2 Ripple current in L-winding

In the duration (0 < t < αTs), the instantaneous current iL(αTs) is determined by substi-

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

iL(αTs) =
(1− α)Tsαvin

(2− α)(1 + k)L
+ iL(0) (2.23)

In the next switching period (αTs < t < Ts), by substituting Equations (2.12) and (2.13) into

(2.4), the instantaneous current iL(Ts) is derived as

iL(Ts) = iL(αTs)−
(1− α)Tsαvin

(2− α)(1 + k)L
(2.24)

Therefore, the ripple in inductor current of L-winding is

∆iL = iL(αTs)− iL(0) =
(1− α)αTs

(2− α)(1 + k)L
vin =

(1− α)Ts
(1 + k)L

vo (2.25)

2.4 Ripple in Input Current

The duty ratio and ripple in input current of CBuC are considered as αb and ∆ib. The

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

∆ib =
(1− αb)Ts

L
vo (2.26)

The input ripple current (∆iin) of the proposed HSDBuC is

∆iin = ∆iLi =
(1− α)Ts
(1 + k)Li

vo (2.27)

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

ratios is expressed as

α =
2αb

1 + αb
(2.28)
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2. High Step-down Buck Converter

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

between ∆ib and ∆iin is as follows.

∆iin
∆ib

=
(1− α)

(1 + k)(1− αb)
(2.29)

Substituting the Equations (2.28) into (2.29), the following relation is obtained.

∆iin
∆ib

=
1

(1 + k)(1 + αb)
where k ∈ [0, 1] (2.30)

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 iin is determined by using Equation (2.22) as follows.

iin =
∆iLi

2
=

(1− α)Ts
2(1 + k)Li

vo (2.31)

The output current io is the same as the load current iR. Now, at lossless condition viniin = voio,

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

iin = io
α

2− α
(2.32)

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

R =
vo
io

=
2Liα(1 + k)

(2− α)(1− α)Ts
(2.33)

Thus, the minimum inductance value can be written as

min {Li} =
(2− α)(1− α)TsR

2α(1 + k)
(2.34)

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

L).

26TH-2863_146102032



2.6 Ripple in Output Voltage

2.6 Ripple in Output Voltage

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

(∆Q), of the charge is calculated as follows.

∆Q =
Ts
2

∆iL
2

2
=

∆iLTs
8

(2.35)

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

∆vo =
∆Q

Cf
=

(1− α)Ts
2αvin

8(1 + k)(2− α)LCf
(2.36)

The output ripple voltage of the CBuC is ∆vo = ∆Q
Cf

= (1−α)Ts2

8LCf
αvin. In Figure 2.6, the ripple

∆iL 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 α. 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.

Figure 2.6: Plot of ripple in iL versus duty ratio α at different values of k for equal vin

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 (Iin)

is the same as the current through the Li−winding and calculated by using Equations (2.20)
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and (2.21) as

Iin =
iLi(0) + iLi(αTs)+

2
α +

iLi(αTs) + iLi(Ts)

2
(1− α)

=
(1− α)Tsvo
2(1 + k)Li

+ iLi(0) (2.37)

At the boundary condition (iLi(0) = iLi(Ts) = 0),

Iin =
(1− α)vo

2(1 + k)Lifs
(2.38)

The average input current can be expressed by Iin = α
2−αio. Therefore, by substituting Iin =

α
2−αio into Equation (2.38), the boundary load RLB is derived as

RLB =
vo
io

=
2(1 + k)Lifsα

(1− α)(2− α)
(2.39)

The plot of normalized boundary load RLB/(2(1 + k)Lifs) as a function of duty ratio α for the

proposed buck converter is shown in Figure 2.7.

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 vS1 and vS2 respectively of the switches S1 and

S2 are provided as follows.

vS = vS1 = vS2 = vC =
vin

2− α
(2.40)
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The diode voltage stress vD is as follows.

vD = vC =
vin

2− α
(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

iS1 = iS2 =

io, for 0 < t ≤ αTs

0, for αTs < t ≤ Ts

(2.42)

iD =

0, for 0 < t ≤ αTs

io, for αTs < t ≤ Ts

(2.43)

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

of the switches (ISmax) and the diode current stress (IDmax) are determined as follows.

ISmax = IDmax = io +
∆iL

2
= io +

(1− α)Tsαvin
2(1 + k)(2− α)L

(2.44)

IS1rms and IS2rms are the root mean square (rms) currents flowing through the switches S1 and

S2 respectively and are as follows.

IS1rms = IS2rms =

√
1

Ts

∫ Ts

0

i2S1
dt = io

√
α (2.45)

The rms current IDrms flowing through the diode is

IDrms =

√
1

Ts

∫ Ts

0

i2Ddt = io
√

1− α (2.46)

The average current, ID, flowing through the diode is

ID =

√
1

Ts

∫ Ts

0

iDdt = io(1− α) (2.47)
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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.

Pron = 2rDS(on)αi
2
o = 2rDS(on)α

Po
R

(2.48)

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

Parameter CBuC Compare Proposed HSDBuC

vo
vin

α >
α

2− α

∆iin
(1− α)Tsαvin

L
>

(1− α)Tsαvin
(1 + k)(2− α)Li

∆iL
(1− α)Tsαvin

L
>

(1− α)Tsαvin
(1 + k)(2− α)L

∆vo
(1− α)Ts

2αvin
8LCf

>
(1− α)Ts

2αvin
8(1 + k)(2− α)LCf

vs vin >
vin

2− α
vD vin >

vin
2− α

ISmax io +
(1− α)Tsαvin

2L
> io +

(1− α)Tsαvin
2(1 + k)(2− α)L

IDmax io +
(1− α)Tsαvin

2L
> io +

(1− α)Tsαvin
2(1 + k)(2− α)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, Po, can be written as Po = voio = i2oR. The switching conduction loss

due to ON-state resistance, rDS(on), of the switches S1 and S2 is determined by using Equation

(2.45) as follows. Assuming that the output capacitance, Cs, of the switches S1 and S2 is linear,

the switching loss Psw is expressed as

Psw = 2fsCsv
2
C =

2fsCsv
2
C

v2
o

Po (2.49)
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By using Equation (2.46), the conduction loss due to diode conduction resistance rD is

PrD = rD(1− α)i2o = rD(1− α)
Po
R

(2.50)

The bias loss, PvD , due to forward bias voltage, vd, of the diode D is calculated by using
Equation (2.47)

Pvfd = vd(1− α)io = vfd(1− α)
Po
vo

(2.51)

The losses due to the inductive resistances rLi and rL of the L and Li-windings respectively
are as follows.

PrLi = rLi(
α

2− α
)2i2o = rLi(

α

2− α
)2Po
R

(2.52)

PrL = rLi
2
o = rL

Po
R

(2.53)

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

PLoss = Pr(on) + Psw + PrD + Pvfd + PrLi + PrL (2.54)

Thus, the efficiency, η, is derived as follows by using Equations (2.48)−(2.54).

η =
1

1 + (PLoss/Po)
=

1

1 +
2rDS(on)α

R
+

2fsCoV 2
C

v2o
+ rD(1−α)

R
+

vfd(1−α)

vo
+

rLi
R

( α
2−α)2 + rL

R

(2.55)

(a) (b)

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

The theoretical efficiencies of the proposed HSDBuC due to the variation of duty ratio (α)

and load resistance (R) are shown in Figures 2.8a and 2.8b respectively.
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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.

ẋ(t) = Aavx(t) + Bavvin(t) (2.56)

y(t) = Zavx(t) (2.57)

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

Aav = (A1 −A2)α + A2

=



0
α(L−M)− 2L

LLi −M2

MRrCf
(LLi −M2)(R + rCf )

MRrCf
(LLi −M2)(R + rCf )

2− α
2C

0
−α
2C

0

0
2M + α(Li −M)

LLi −M2

−LiRrCf
(LLi −M2)(R + rCf )

−LiRrCf
(LLi −M2)(R + rCf )

0 0
R

Cf (R + rCf )

−1

RCf (R + rCf )


(2.58)

Bav = (B1 −B2)α + B2 =

[
L

LLi −M2
0

−M
LLi −M2

0

]T
(2.59)

Zav = (Z1 − Z2)α + Z2 =

[
0 0

RrCf
R + rCf

R

R + rCf

]
(2.60)

Now, considering a perturbation, v̂in(t), in the steady state input voltage, Vin, the input voltage

is expressed by vin(t) = Vin + v̂in(t). This perturbation in vin affects the steady-state values

of inductor currents and capacitor voltages. If the instantaneous state vector x(t) and output

vo(t) are x(t) = X + x̂(t) and vo(t) = Vo + v̂o(t), respectively, the state-space equation with

the perturbation can be written as follows.
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Ẋ + ˙̂x(t) = Aav(X + x̂(t)) + Bav(Vin + v̂in(t)) (2.61)

Vo + v̂o(t) = Zav(X + x̂(t)) (2.62)

This perturbation also affects the nominal duty cycle α that becomes α(t) + α̂(t). Substituting

it into Equations (2.58) to (2.60), the average state-space matrices are expressed as follows.

Aav = (A1 −A2)(α(t) + α̂(t)) + A2 (2.63)

Bav = (B1 −B2)(α(t) + α̂(t)) + B2 (2.64)

Zav = (Z1 − Z2)(α(t) + α̂(t)) + Z2 (2.65)

2.10.2 Steady-state analysis

Under ideal condition, the parasitics rL, rLi and rCf are neglected as rL, rLi , rCf << R and

the steady-state values of the state variables are

X = [ILi VC IL VCf ]
T = −Aav

−1BavVin =

[
α2Vin

R(2− α)2

Vin
2− α

αVin
2R(2− α)

αVin
2− α

]T
(2.66)

2.10.3 Power-stage transfer function

The input-to-output voltage transfer function, Gvg(s), can be determined by using Equations

(2.56) to (2.60) as follows.

Gvg(s) =
v̂o(s)

v̂in(s)
= Zav(sI−Aav)−1Bav =

−n3s
3 − n2s

2 + n1s+ n0

b4s4 + b3s3 + b2s2 + b1s+ b0

(2.67)

The coefficients of the denominator of the Gvg(s) and Gvα(s) are provided in Table 2.2. The

numerators of the Gvg(s) are n3 =
MRrCf

(LLi −M2)(R + rCf )
, n2 =

MR

(LLi −M2)(R + rCf )Cf
,

n1 =
(2− α)αMRrCf

2(LLi −M2)(R + rCf )C
, n0 =

α(2− α)R

2(LLi −M2)(R + rCf )CCf
. Since the coefficients of

the numerator are negative, there is a zero on the right-half of the s-plane. Therefore, Gvg(s)

becomes non-minimum phase in nature. The Figure 2.9 shows the responses of the transfer

function of Gvg(s) for different values of α. The Gvg(s) is tested with a step-signal of amplitude

equal to vin = 20 V. The undershoot in the responses of the proposed HSDBuC validates the

non-minimum phase behaviour. The responses of Gvg(s) of the proposed HSDBuC are com-
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pared with Gvg(s) of CBuC [117] which is not a non-minimum phase system and its response

has no undershoot.

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

Table 2.2: The Coefficients of transfer functions Gvg(s) and Gvα(s) of HSDBuC

Coefficient Expression

a3

(Li −M)RrCfVin

(LLi −M2)(2− α)(R + rCf )

a2

(C(M − Li)(α− 2)R + Cfα((M − Li)α− 2M)rCf )Vin

(LLi −M2)(2− α)2CCf (R + rCf )

a1

((CfRrCf − Li +M)α2 − (4CfRrCf + 2M)α + 4CfRrCf )Vin

(LLi −M2)(2− α)2CCf (R + rCf )

a0
RVin

(LLi −M2)CCf (R + rCf )

b4 1

b3
1

CfR(R + rCf )
+

LiRrCf
(LLi −M2)(R + rCf )

b2
1
2

((Li + L− 2M)α2 + 4(M − L)α + 4L)Cf (R + rCf ) + 2LiCR

(LLi −M2)CCf (R + rCf )

b1
1

2

(Li + L− 2M + CfRrCf )α
2 + 4(M − L− CfRrCf )α + 4L+ CfRrCf

(LLi −M2)CCf (R + rCf )

b0
1

2

(α− 2)2R

(LLi −M2)CCf (R + rCf )
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By using Equations (2.56) to (2.66), the voltage to duty ratio transfer function Gvα(s) is

derived as

Gvα(s) =
v̂o(s)

α̂(s)
= Zav(sI−Aav)−1[(A1 −A2)X + (B1 −B2)Vin] + (Z1 − Z2)X (2.68)

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

Gvα(s) =
a3s

3 + a2s
2 + a1s+ a0

b4s4 + b3s3 + b2s2 + b1s+ b0

(2.69)

The coefficients of Gvα(s) in terms of RLC-parameters are provided in Table 2.2. By substi-

tuting the parameter values provided in Table 2.3, the coefficients of Gvα(s) are determined.

The coefficients of numerator are a3 = 9.7559 × 103, a2 = 1.2267 × 108, a1 = 1.5731 × 1012,

a0 = 2.3890 × 1016. The coefficient of denominator are b4 = 1, b3 = 2141, b2 = 1.459 × 108,

b1 = 1.832×1011, b0 = 1.529×1015. The bode diagram of Gvα(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.

Figure 2.10: Bode diagrams of Gvα(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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and defined as

Gc(s) = Kp +
Ki

s
(2.70)

Table 2.3: Circuit parameters of HSDBuC considered for CCM operation

Variable Definition Value

vin Input voltage 20 V

Li Inductance of Li-winding 180 µH

L Inductance of L-winding 180 µH

rLi = rL Parasitics of coupled-inductor 0.07 Ω

k Coupling factor 0.5

C1 = C2 = C Identical capacitors 100 µF

rC1 = rC2 ESR of C1 = C2 0.32 ΩF

Cf Output capacitor 330 µF

rCf ESR of Cf 0.22 ΩF

R Load resistance 5 Ω

fs Switching frequency 50 kHz

vfd Diode forward voltage 0.39 V

rDS(on) MOSFET on-resistance 0.040 Ω

Cs MOSFET output-capacitance 295 pF

rD Diode Resistance 0.078 Ω

The coefficients of the controller Gc(s) are Kp = 0.001205 and Ki = 25. The Figure 2.10

shows the bode diagram of the uncompensated, Gvα(s), and compensated plant (Gc(s)Gvα(s)).

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 z1 = −1.37 × 104, z2 = −2.07 × 104, z3 = z4 = 6.00 × 102 ± i1.33 × 104.
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The closed-loop poles are s1 = −3.86 × 102, s2 = s3 = −425.19 ± i1.153 × 104, s4 = s5 =

−458.05± i3.38× 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 2.3. At α = 0.40 and Vin = 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 (2.19). 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.

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

Figure 2.13: Voltage stresses of switches and diodes for α = 0.40
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The Figure 2.13 shows the voltage stress vS1 = vS2 = vin/(2 − α) = 12.5 V and the diode

stress vD = 12.5 V at α = 0.40. Therefore, it can be said that the stresses of the semiconductor

devices are less than vin i.e. 20 V. The effects of voltage conversion ratio and coupling factor

on ripple reduction in iL and vo are shown in Figures. 2.14 and 2.15 respectively. The CBuC

and the proposed HSDBuC are simulated in equal input-output voltage condition. Therefore,

for α = 0.40, the required duty ratio for CBuC is αb = α/(2 − α) = 0.25. The ∆iL and ∆vo

of the CBuC are 424.8 mA and 89.5 mV respectively. The ∆iL of the proposed HSDBuC with

k = 0 is 339.5 mA and it is 226.3 mA when k = 0.5. The ∆vo of the proposed HSDBuC with

k = 0 is 71.6 mV and it is 47.8 mV when k = 0.5.

Figure 2.14: Ripple in inductor current iL for CBuC and proposed HSDBuC with k = 0 and
k = 0.5.

Figure 2.15: Ripple in output voltage vo 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.

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 2.17a. The

switches S1 and S2 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 2.17b.

The flux density Bmax of the ferrite core is 0.3 Tesla. Both the windings are identical having

a maximum current rating (Ipk) of 8 A. The magnetic cross-section area (Ae) of the core is

Ae = 2.4 cm2. The turns number (N) can be determined by the equation N =
LIpk

BmaxAe
[118].

Therefore, the turns number are calculated as N = 20.
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(a)

(b)

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 k = 0 are used to test the proposed

converter. For α = 0.40, ∆iLi in Li and ∆iL in L are 400 mA as observed in Figures 2.18a

and 2.18b respectively. The ON-state duration of iL and iLi is defined by ∆T = αTs =

0.4× (1/50000) = 8 µs.

(a) (b)

Figure 2.18: Ripple in inductor current for α = 0.40 and k = 0 (a) iLi , and (b) iL

Next, a dual-winding coupled inductor with coupling factor k = 0.5 is used to test the

proposed HSDBuC. The ripple in input current i.e. ripple current in Li-winding is ∆iLi = 300

mA at α = 0.40 as shown in Figure 2.19a and the ripple current in L-winding is ∆iL = 300

mA as shown in Figure 2.19b. Therefore, the proposed HSDBuC with DWCI has better ripple

40TH-2863_146102032



2.13 Experimental setup and results

reduction performance.

(a) (b)

Figure 2.19: Ripple in inductor current for α = 0.40 and k = 0.5 (a) iLi , and (b) iL

The voltage stresses of switches and diode are vs = vD = 12.5 V as shown in Figure 2.20a

for α = 0.40. The inductive voltages vLi and vL are shown in Figure 2.20b. The Figures

2.19a-2.20b resemble the idealized waveform provided in Figure 2.3.

(a) (b)

Figure 2.20: Experimental results for α = 0.40 and k = 0.5 (a) vs, and (b) vL, vLi

The output voltage of the proposed converter vo = 5 V at α = 0.40 is provided in Figure

2.21a. The ripple in output voltage is measured to be 50 mV. In Figure 2.21b, the steady-state

output voltages for different values of α 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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(a) (b)

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

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 2.22b 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 Po = 11.50 W and α = 0.55%.

(a) (b)

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

2.13.2 Closed-loop performance

In Figure 2.23a, output reference voltage Vreff 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 iL due to reference change is shown in
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Figure 2.23b and it also follows the reference change. The ripple in iL is ∆iL = 250 mA.

(a) (b)

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

50% load change is carried out to investigate the sensitivity to load parameter variation.

Despite 50% load change the output voltage follows Vreff as shown in Figure 2.24. The change

of input current i.e. iLi is shown and it is observed that iLi reaches 0.25 A to 0.5 A when

the load is changed from 5 Ω to 2.5 Ω. iLi comes back to the previous state when the load

is increased from 2.5 Ω to 5 Ω. The ripples in iLi and io are ∆iLi = 275 mA ∆io = 50 mA

respectively.

(a) (b)

Figure 2.24: Experimental results of (a) iLi , 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 Ω to 2.5 Ω and decreases from 2 A

to 1 A when the load is increased from 2.5 Ω to 5 Ω.
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Table 2.4: Comparisons among the existing converters and the proposed HSDBuC

Topology [21] [22] [23] [37] [38] [119] [120] proposed

Voltage Gain
vo

vin

α

α+
n1

n2
(1 +

Lr

Ln
)

α

1 + n− nα
(1− α)α

n+ 1− α
2α α α2 α2 α

2− α

vSmax vin vin vin vin vin vin vO +
√
vOvin

vin

2− α
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 2.4. 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 Lr to magnetizing

inductance Lm. 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

2.25a by considering n = 1.

(a) (b)

Figure 2.25: Comparison plots based on the theoretical expressions of (a) Voltage gain, and (b) Voltage
stress against the duty ratio α, 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 vin 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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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 PI-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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3
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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3.1 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 vin is followed by an inductor Li with parasitic

rLi . Two parallel switches S1 and S2 of the cell are connected by two cross-connected identical

capacitors C1 and C2. The parasitics of C1 and C2 are rC1 and rC2 respectively. These two

switches operate simultaneously. When S1 and S2 do not conduct, the two identical capacitors
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charge in series, and when S1 and S2 conduct, the capacitors discharge in parallel.

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, Li is placed in the input side. S1 is followed by a diode D1 and an

inductor L1 with parasitic rL. The switch S3 operates in 180◦ phase shift with respect to the

switches S1 and S2. S3 is followed by a diode D2 and an inductor L2 with parasitic rL. The

capacitor Cf with parasitic rCf is the output filter capacitor. vo is the output voltage at the

load resistance R.

Depending upon the range of duty ratio α, the switching modes of the proposed HSDIBuC

are discussed. In order to illustrate the switching operations, capacitors C1 = C2 = C and

inductors L1 = L2 = L are considered. The parasitics rLi ,rC1 , rC2 , rL and rCf are negligible

as (rLi , rC1 , rC2 , rL, rCf ) << R. In steady state analysis, all the semiconductor devices are

considered ideal. The value of Cf is considered large enough to keep the vo constant.

3.2.1 Switching modes when α ∈ (0, 0.5]

When the duty ratio α belongs to (0, 0.5], all the three switches are OFF for two specific

time durations of time period Ts as shown in Figure 3.2. The four switching modes of this case

are described below.

3.2.1.1 Mode-I (0 < t ≤ ϕ1Ts)

In this mode of operation, S1 and S2 conduct and S3 does not conduct as shown in Figure

3.3. The diode D1 is in reverse bias and D2 is in forward bias. Therefore, the two identical

capacitors are in parallel and the voltage across the identical capacitor (C) becomes vC . The
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currents iLi(t) and iL1(t) respectively through Li and L1 increase as shown in Figure 3.2. The

current iL2(t) through L2 decreases during this mode as shown in Figure. 3.2.

Figure 3.2: Idealized waveform of the proposed HSDIBuC when α ∈ (0, 0.5]

Figure 3.3: Mode-I operation of HSDIBuC

vLi , vL1 and vL2 are voltages across the inductors Li, L1 and L2 respectively and are expressed

as follows.

vLi = Li
diLi
dt

= vin − vC (3.1)

vL1 = L1
diL1

dt
= vC − vo (3.2)

vL2 = L2
diL2

dt
= −vo (3.3)
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The current iC(t) through the identical capacitors (C) is derived as follows.

2iC(t) = iLi(t)− iL1(t) (3.4)

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

iR(t) = iL1(t) + iL2(t)− iCf (t) (3.5)

where iCf (t) is the current flowing through the capacitor Cf . The voltage, vCf , across the

capacitor Cf is

vCf = vo = RiR(t) (3.6)

The voltage, vS3 , across the S3 becomes the voltage across the identical capacitor and is ex-

pressed by

vS3 = vC (3.7)

The voltage, vD1 , across the D1 is

vD1 = vC (3.8)

3.2.1.2 Mode-II (ϕ1Ts < t ≤ ϕ2Ts)

During this switching period, S1 and S2 do not conduct. Therefore, the two identical

capacitors are in series through diode D1 as shown in Figure 3.4. The resultant voltage across

the capacitors becomes vC + vC = 2vC . S3 does not conduct and the current iCf (t) free-wheels

through the diode D2.

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.

vLi = Li
diLi(t)

dt
= vin − 2vC (3.9)

vL1 = vL2 = −vo (3.10)

iC(t) = iLi(t) (3.11)

The equations of load current iR(t) and the output capacitor voltage vCf are the same as

Equations (3.5) and (3.6) respectively. The equations of voltages vS1 , vS2 and vS3 across the

S1, S2 and S3 respectively are the same as Equation (3.7).

3.2.1.3 Mode-III (ϕ2Ts < t ≤ ϕ3Ts)

In this mode, S1 and S2 remain in non-conducting mode. Now, S3 conducts and D2 is in

reverse bias as shown in Figure 3.5. The voltage, vLi , across Li is the same as Equation (3.9).

The equations of iR(t) and vCf are the same as Equations (3.5) and (3.6) respectively.

Figure 3.5: Mode-III operation of HSDIBuC

The voltages across L1 and L2 are as follows:

vL1 = −vo (3.12)

vL2 = vC − vo (3.13)

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

iC(t) = iLi(t)− iL2(t) (3.14)
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The equations of vS1 and vS2 are the same as Equation (3.7). The voltage vD2 across D2 is

vD2 = vC (3.15)

3.2.1.4 Mode-IV (ϕ3Ts < t ≤ ϕ4Ts)

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

same as Mode-II operation when α ∈ (0, 0.5].

3.2.2 Switching modes when α ∈ (0.5, 1)

When α belongs to (0.5, 1), for two specific time durations, all the three switches conduct

as shown in Figure 3.6. This case has also four switching intervals as in the case of α ∈ (0, 0.5],

and are discussed below.

Figure 3.6: Idealized waveform of the proposed HSDIBuC when α ∈ (0.5, 1)

3.2.2.1 Mode-1 (0 < t ≤ ϕ1Ts)

During this switching interval, all the three switches conduct and the diodes D1 and D2 are

in reverse bias as shown in Figure 3.7. The currents iLi(t), iL1(t) and iL2(t) increase in this

interval as shown in Figure 3.6. The voltage and current equations are as follows.

vL1 = vL2 = vC − vo (3.16)

2iC(t) = iLi(t)− iL1(t)− iL2(t) (3.17)
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Figure 3.7: Mode-1 operation of HSDIBuC

The equation of vLi is the same as Equation (3.1). The equations of iR(t) and vCf are the

same as Equations (3.5) and (3.6) respectively. The equations of vD1 and vD2 are the same as

Equation (3.15).

3.2.2.2 Mode-2 (ϕ1Ts < t ≤ ϕ2Ts)

In this switching interval, S1 and S2 conduct and S3 does not conduct. During this interval,

the switching operation is similar to Mode-I operation while α ∈ (0, 0.5].

3.2.2.3 Mode-3 (ϕ2Ts < t ≤ ϕ3Ts)

During this interval, all the three switches conduct as shown in Figure 3.7 and the switching

operation is as Mode-1 while α ∈ (0.5, 1).

3.2.2.4 Mode-4 (ϕ3Ts < t ≤ ϕ4Ts)

In this switching interval, S1 and S2 do not conduct but S3 conducts. The switching

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

3.3 Voltage Conversion Ratio

As the conversion ratio is the same for the conditions α ∈ (0, 0.5] and α ∈ (0.5, 1), the

analysis is done when for α ∈ (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 Li is as follows.∫ ϕ1Ts

0

vLidt+

∫ ϕ2Ts

ϕ1Ts

vLidt+

∫ ϕ3Ts

ϕ2Ts

vLidt+

∫ ϕ4Ts

ϕ3Ts

vLidt = 0 (3.18)
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By solving Equation (3.18), it is found that vin = (2− α)vC . Now, the VSB equation of L1 is

given by ∫ ϕ1Ts

0

vL1dt+

∫ ϕ2Ts

ϕ1Ts

vL1dt+

∫ ϕ3Ts

ϕ2Ts

vL1dt+

∫ ϕ4Ts

ϕ3Ts

vL1dt = 0 (3.19)

Equation (3.19) yields vo = αvC . Thus, from Equations (3.18) and (3.19), the voltage conversion

ratio of the proposed HSDIBuC is determined as

M =
vo
vin

=
α

2− α
(3.20)

Thus, the proposed HSDIBuC has the higher step-down conversion ratio compared to the

CIBuC which has M = α [121].

3.4 Average and Ripple Currents in Inductors

The currents through L1, L2 and Li are expressed as
∫ Ts

0
diL1(t) =

∫ Ts
0

vL1

L1
dt,
∫ Ts

0
diL2(t) =∫ Ts

0

vL2

L2
dt and

∫ Ts
0
diLi =

∫ Ts
0

vLi
Li
dt. The average inductor current and the ripple are determined

for the following two cases.

3.4.1 Case I, α ∈ (0, 0.5]

In the switching interval 0 < t ≤ ϕ1Ts, as shown in Figure 3.2, the instantaneous values

iL1(ϕ1Ts), iL2(ϕ1Ts) and iLi(ϕ1Ts) are determined as

iL1(ϕ1Ts) =
1

L1

∫ ϕ1Ts

0

vL1dt+ iL1(0) =
(1− α)Ts

L1

vo + iL1(0) (3.21)

iL2(ϕ1Ts) = iL2(0) +
1

L2

∫ ϕ1Ts

0

vL2dt = iL2(0)− αTs
L2

vo (3.22)

iLi(ϕ1Ts) =
1

Li

∫ ϕ1Ts

0

vLidt+ iLi(0) =
(1− α)Ts

Li
vo + iLi(0) (3.23)

where iLi(0), iL1(0) and iL2(0) are the initial inductor currents at t = 0. In the next switching

interval ϕ1Ts < t ≤ ϕ2Ts, the instantaneous values iL1(ϕ2Ts), iL2(ϕ2Ts) and iLi(ϕ2Ts) are
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derived as follows.

iL1(ϕ2Ts) = iL1(ϕ1Ts) +
1

L1

∫ ϕ2Ts

ϕ1Ts

vL1dt

= iL1(ϕ1Ts)−
(0.5− α)Ts

L1

vo =
0.5Ts
L1

vo + iL1(0) (3.24)

iL2(ϕ2Ts) = iL2(ϕ1Ts) +
1

L2

∫ ϕ2Ts

ϕ1Ts

vL2dt

= iL2(ϕ1Ts)−
(0.5− α)Ts

L2

vo = iL2(0)− 0.5Ts
L2

vo (3.25)

iLi(ϕ2Ts) = iLi(ϕ1Ts) +
1

Li

∫ ϕ2Ts

ϕ1Ts

vLidt

= iLi(ϕ1Ts)−
(0.5− α)Ts

Li
vo =

0.5Ts
Li

vo + iLi(0) (3.26)

In the following interval ϕ2Ts < t ≤ ϕ3Ts, the instantaneous values iL1(ϕ3Ts), iL2(ϕ3Ts) and

iLi(ϕ3Ts) are as follows.

iL1(ϕ3Ts) = iL1(ϕ2Ts) +
1

L1

∫ ϕ3Ts

ϕ2Ts

vL1dt

= iL1(ϕ2Ts)−
αTs
L1

vo =
(0.5− α)Ts

L1

vo + iL1(0) (3.27)

iL2(ϕ3Ts) = iL2(ϕ2Ts) +
1

L2

∫ ϕ3Ts

ϕ2Ts

vL2dt

= iL2(ϕ2Ts) +
(1− α)Ts

L2

vo =
(0.5− α)Ts

L2

vo + iL2(0) (3.28)

iLi(ϕ3Ts) = iLi(ϕ2Ts) +
1

Li

∫ ϕ3Ts

ϕ2Ts

vLidt

= iLi(ϕ2Ts)−
αTs
Li

vo =
(0.5− α)Ts

Li
vo + iLi(0) (3.29)
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During the subsequent interval ϕ3Ts < t ≤ ϕ4Ts, the instantaneous values iL1(ϕ4Ts), iL2(ϕ4Ts)

and iLf (ϕ4Ts) are as follows.

iL1(ϕ4Ts) = iL1(ϕ3Ts) +
1

L1

∫ ϕ4Ts

ϕ3Ts

vL1dt

= iL1(ϕ3Ts)−
(0.5− α)Ts

L1

vo = iL1(0) (3.30)

iL2(ϕ4Ts) = iL2(ϕ3Ts) +
1

L2

∫ ϕ4Ts

ϕ3Ts

vL2dt

= iL2(ϕ3Ts)−
(0.5− α)Ts

L2

vo = iL2(0) (3.31)

iLf (ϕ4Ts) = iLi(ϕ3Ts) +
1

Li

∫ ϕ4Ts

ϕ3Ts

vLidt

= iLi(ϕ3Ts)−
(0.5− α)Ts

Li
vo = iLi(0) (3.32)

The average inductor current IL through the inductors L1 and L2 is equal as these inductors

are identical. By using Equations (3.21)−(3.32), IL is derived as follows.

IL =
iL1(0) + iL1(ϕ1Ts)

2
α +

iL1(ϕ1Ts) + iL1(ϕ2Ts)

2
(0.5− α)

+
iL1(ϕ2Ts) + iL1(ϕ3Ts)

2
α +

iL1(ϕ3Ts) + iL1(ϕ4Ts)

2
(0.5− α)

=
(1− α)Ts

2L1

vo + iL1(0) (3.33)

Similarly, the average current ILi through the Li is expressed as

ILi =
(1− α)Ts

2Li
vo + iLi(0) (3.34)

As the inductors L1 and L2 are identical (L1 = L2 = L), the ripple in inductor current, ∆iL, is

determined as follows.

∆iL =
(1− α)Ts

L
vo =

(1− α)αTsvin
(2− α)L

(3.35)
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The ripple in inductor current, ∆iLi , of Li is derived as

∆iLi =
(1− α)Ts

Li
vo =

(1− α)αTsvin
(2− α)L

(3.36)

3.4.2 Case II, α ∈ (0.5, 1)

In this case of operation, the expressions of average inductor currents IL and ILi are the

same as in Equations (3.33) and (3.34) respectively. The ripple currents ∆iL and ∆iLi are also

the same as in Equations (3.35) and (3.36) respectively.

3.5 Boundary Load between CCM and DCM

3.5.1 Case I, α ∈ (0, 0.5]

At the boundary condition (iLi(0) = iLi(ϕ4Ts) = 0), Equation (3.34) becomes ILi =

(1−α)Ts
2Li

vo. The inductor current ILi is the same as the input current Iin. Therefore, it is

defined by ILi = iin = vo
vin
io = α

(2−α)
io. Therefore, the boundary load (RBi) equation for Li is

derived as follows.

RBi =
vo
iOB

=
2Liα

(1− α)(2− α)Ts
(3.37)

where IOB is the output boundary load current. By calculating the boundary load RBi from

Equation (3.37), the minimum inductance value required for the two identical inductors at the

output is determined. From Equation (3.33), IL is expressed as IL = (1−α)Ts
2L

vo at the boundary

condition iL1(0) = iL1(ϕ4Ts) = 0. At the load RBi , the boundary current IOB due to the

inductor currents IL1 and IL2 is derived as

iOB = IL1 + IL2 = 2IL =
(1− α)Ts

L
vo

RBi =
vo
iOB

=
L

(1− α)Ts
(3.38)

Therefore, from Equation (3.38), the minimum inductance value for the boundary load (RBi)

is derived as follows.

min {L = L1 = L2} = RBi(1− α)Ts (3.39)
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3.5.2 Case II, α ∈ (0.5, 1)

The expression of the boundary load RBi is the same as Equation (3.37) and minimum

inductance value (L1 = L2 = L) for the load (RBi) 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 αb and ∆ib

respectively. For the proposed HSDIBuC, duty ratio and input ripple are denoted by α and ∆i

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

∆ib =
(1− αb)Ts

L
vo (3.40)

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

∆i =
(1− α)Ts

Li
vo (3.41)

Considering L = Li, from Equations (3.40) and (3.41), the relation between ∆Ib and ∆I is

derived as follows.
∆i

∆ib
=

(1− α)

(1− αb)
(3.42)

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

is

α =
2αb

1 + αb
(3.43)

Now substituting Equations (3.43) into (3.42), the following relation is obtained.

∆i

∆ib
=

1

(1 + αb)
(3.44)

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

in CIBuC.

3.7 Design of Identical Capacitors (C1 = C2 = C)

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

3.8. During the time interval t0 < t ≤ t3, the switches S1 and S2 do not conduct. During this
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entire interval, the two identical capacitors C1 and C2 are charged in series by the input voltage

vin, and the resultant voltage becomes (vC + vC = 2vC).

Figure 3.8: Charging and discharging of identical capacitors (C1 = C2 = C) in ideal case

In the time interval t3 < t ≤ t4, S1 and S2 conduct. In this duration, the identical capacitors

are in parallel (vC1 = vC2 = vC) to each other and discharge their energies to the load side.

Therefore, when S1 and S2 both conduct, the power released by these two capacitors is equal

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

1

2
C(v2

Cmax − v2
Cmin) =

1

2

v2
o

R
αTs

=⇒ C(vCmax + vCmin)(vCmax − vCmin)

αTs
=
v2
o

R
(3.45)

The average voltage of vC is approximated as

vCmax + vCmin
2

= vC =
vo
α

(3.46)

The peak-to-peak ripple voltage of identical capacitors is defined by

∆vC = vCmax − vCmin (3.47)

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

quired for identical capacitors is derived as

Cmin =
α2Ts
2∆vC

vo
R

(3.48)
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3.8 Voltage and Current Stresses

To simplify the analysis of voltage stress, the capacitive ripple voltages are neglected. vS1 ,

vS2 and vS3 are the voltage stresses of the switches S1, S2 and S3 respectively. The maximum

voltage stresses of the switches are defined as follows.

vS1 = vS2 = vS3 = vC =
vin

2− α
(3.49)

Equation (3.49) shows that the proposed HSDIBuC can be implemented using switches with

lower input voltage rating and higher ON resistance rDS(on). vD1 and vD2 are the diode voltage

stresses of diodes D1 and D2 respectively. The maximum voltage stresses vD1 and vD2 are

defined by

vD1 = vD2 = vC =
vin

2− α
(3.50)

To simplify the current stress analysis, the inductor ripple currents are neglected. The inductors

L1 and L2 are carrying half of the output current as they are interleaved. Therefore, when

α ∈ (0, 0.5], the switching current iS1 can be approximated as

iS1 =


io
2
, for 0 < t ≤ ϕ1Ts

0, for ϕ1Ts < t ≤ ϕ4Ts

(3.51)

IS1rms , IS2rms and IS3rms denote the root mean square (rms) currents of the switches S1, S2 and

S3 respectively. By using Equation (3.51), the rms current through the switch S1 is determined

as follows.

IS1rms =

√
1

Ts

∫ Ts

0

i2S1
dt =

io
√
α

2
(3.52)

The expression of the IS2rms and IS3rms is the same as Equation (3.52). When α ∈ (0, 0.5], the

diode current iD1 through the diode D1 is approximated as

iD1 =

0, for 0 < t ≤ ϕ1Ts

io
2
, for ϕ1Ts < t ≤ ϕ4Ts

(3.53)
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3. High Step-down Interleaved Buck Converter

By using Equation (3.53), the rms current ID1rms through diode D1 is derived as follows.

ID1rms =

√
1

Ts

∫ Ts

0

i2D1
dt =

io
√

(1− α)

2
(3.54)

The expression of rms current ID2rms through the diode D2 is the same as given in Equation

(3.54). By using Equation (3.53), the average diode current ID1 through D1 is calculated as

ID1 =
1

Ts

∫ Ts

0

iD1dt =
io(1− α)

2
(3.55)

The average current ID2 through the diode D2 is given in Equation (3.55). The voltage and cur-

rent stresses of the proposed HSDIBuC are compared among the existing interleaved topologies

in Table 3.1. In Table 3.1, the switch S3 of proposed HSDIBuC works in the same configuration

as switch S2 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 α >
α

2− α
>

α

2

Voltage stress vS1 , vS2 vin >
vin

2− α
>

vin

2

Voltage stress vS3
vin >

vin

2− α
< vin

Voltage stress vD1
, vD2

vin >
vin

2− α
>

vin

2

RMS current stress ISrms

io

2

√
α

2
<

io
√
α

2
=

io
√
α

2

Average current stress ID1

io

2
(1−

α

2
) >

io

2
(1− α) =

io

2
(1− α)

Average current stress ID2

io

2
(1−

α

2
) >

io

2
(1− α) <

io

2

Ripple ∆iL
(1− α)αTsvin

L
>

(1− α)αTsvin

(2− α)L
<

(1− α)αTsvin

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 rDS(on). Therefore, by using Equation (3.52),
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the conduction losses (PrDS(on)) due to the three switches are determined as follows [117].

PrDS(on) = rDS(on)

(
I2
S1rms

+ I2
S2rms

+ I2
S3rms

)
= rDS(on)

3i2oα

4
(3.56)

Assuming the transistor output capacitance CO 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

vC = vin/(2− α). Therefore, the turn-off transition switching power loss is derived as

Pturn−off =
1

2

COv
2
C

Ts
(3.57)

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

Pturn−on =
1

2

COv
2
C

Ts
(3.58)

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

expressed as follows.

PS = 3(Pturn−off + Pturn−on) = 3
COv

2
C

Ts
= 3

COv
2
o

α2Ts
(3.59)

It is assumed that the diode conduction resistance rD is equal forD1 andD2. By using Equation

(3.54), the conduction loss PrD due to rD is calculated as

PrD = rD
(
I2
D1rms

+ I2
D2rms

)
= rD

i2o(1− α)

2
(3.60)

The forward bias voltage of the diodes D1 and D2 is denoted by vfd. By using Equation (3.55),

the power losses associated with the diodes are determined as

Pvfd = vfd (ID1 + ID2) = vfdio(1− α) (3.61)

The input current of the proposed HSDIBuC at lossless condition is iin = α
2−αio. Therefore,

the loss PrLi due to equivalent series resistance rLi of Li is derived as

PrLi = rLii
2
in = rLi

(
α

2− α
io

)2

(3.62)
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3. High Step-down Interleaved Buck Converter

If the rms currents of L1 and L2 are approximated by IL1rms = IL2rms = io
2
, the losses due to rL

of L1 and L2 are

PrL = rL
i2o
2

(3.63)

By using Equations (3.56) to (3.63), the total loss equation is provided as

PLoss = PrDS(on) + PS + PrD + Pvfd + PrLi + PrL (3.64)

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

follows.

η =
PO

PO + PLoss
=

1

1 +
rDS(on)3α

4R
+ 3COR

α2Ts
+ rD(1−α)

2R
+

vfd(1−α)

vo
+

rLiα
2

(2−α)2R
+ rL

2R

(3.65)

3.10 Selection of Parameters

To design HSDIBuC in CCM, vin = 20 V, maximum vo = 12 V, iomax = 6 A, iomin = 0.5

A and fs = 50 kHz are specified. The range of duty ratio is considered as 0.2 ≤ α ≤ 0.75.

To calculate the capacitance value of the identical capacitors, the ripple voltage is defined by

∆vC = vC × 1% = (vo/α)× 1%. The maximum and minimum values of the output power are

Pomax = vo × Iomax = 72 W and Pomin = vo × iomin = 6 W respectively. The minimum and

maximum load resistances are calculated as Rmax = vo/iomin = 24 Ω and Rmin = vo/iomax = 2

Ω respectively.

From Equation (3.48), it is seen that Cmin is inversely proportional to the load resistance

R and directly proportional to α. If the output voltage vo is 12 V, the required duty ratio is

α = 0.75. Therefore, at Rmax = 24 Ω, the minimum capacitance value of identical capacitors

is Cmin = 17.57 µF. From Equation (3.37), the requirement of inductance for Li is derived

at RBi = Rmin = 2 Ω and αmin = 0.20. Thus, the value of Limin = 144 µH. Substituting

RBi = Rmin = 2 Ω and αmin = 0.2 in Equation (3.39), the minimum inductance value is

determined as Lmin = L1min = L2min = 32 µH. 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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Table 3.2: Parameter values of HSDIBuC considered for CCM operation

Parameters Value

Input Voltage (vin) 20 V

Switching Frequency (fs) 50 kHz

Inductance (L = L1 = L2) 180 µH

Inductive Resistance (rL) 0.07 Ω

Identical capacitance (C = C1 = C2) 220 µF

Resistances of C1 and C2 (rC1 = rC2) 0.32 Ω

Input-side Inductance (Li) 180 µH

Output capacitance (Cf ) 330 µF

ESR of output capacitor (rCf ) 0.22 Ω

MOSFET drain to source on-resistance (rDS(on)) 0.075 Ω

MOSFET output capacitance (CO) 315 pF

Diode forward voltage (vD = vD1 = vD2) 0.39 V

Diode resistance (rD = rD1 = rD2) 0.078 Ω

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 3.9 shows the output voltage vo = 4.9 V at R = 3.33

Ω and vo = 8.5 V at R = 5 Ω respectively for α = 0.40 and α = 0.60. Figure 3.10 shows

the phase shifted currents iL1 and iL2 for α = 0.40 and R = 3.33 Ω. iL1 and iL2 are provided

at ideal condition, i.e. all the parasitics are negligible. In Figure 3.11, capacitive voltage

(vC = vin/(2 − α) = 12.5 V) is shown at α = 0.40. Figure 3.12 validates the voltage stress

equation of the switches provided in Equation (3.49). In Figure 3.13, simulation result of diode

voltage stress is provided. vD1 and vD2 validate Equation (3.50) at α = 0.40. Figures 3.14 and

3.15 respectively show the variation of efficiency with respect to the load change and duty ratio

(α) change. From these analyses, it is seen that the efficiency of HSDIBuC is high.
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3. High Step-down Interleaved Buck Converter

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

Figure 3.10: Simulation result of two phase
shifted currents iL1 and iL2 at α = 0.40

Figure 3.11: Simulation result of vC at α = 0.40

Figure 3.12: Simulation result of voltage stress of
switches at α = 0.40

Figure 3.13: Simulation result of voltage stresses
of diodes at α = 0.40

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 α

3.12 Experimental Setup and Results

To verify the proposed HSDIBuC, an experiment is carried out as shown in Figure 3.16 by

using the parameters given in Table 3.2. The switches S1, S2 and S3 are implemented by MOS-

FET IRFP250NPBF. The Schottky diodes D1 and D2 are implemented by NTST30100SG/

NFK03TS30100SG. The results are provided for the following two cases.

Figure 3.16: Experimental setup of the proposed HSDIBuC

3.12.1 Case I, α ∈ (0, 0.5]

The two-phase shifted switching pulses for α = 0.40 are shown in Figure 3.17a. In this

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

of iLi , iL1 and iL2 are shown respectively in Figures 3.17b, 3.18a and 3.18b. The phase shifted

waveforms of iL1 and iL2 are shown with respect to the switching pulse for S3.

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

(a) (b)

Figure 3.18: Experimental result of inductor current for α = 0.40 (a) iL1 , and (b) iL2 .

Figure 3.19a shows the capacitive voltage vC = 12.5 V at α = 0.40. This result satisfies

Equation (3.18). In Figure 3.19b, the capacitive current is provided.

(a) (b)
Figure 3.19: Experimental results for the two identical capacitors for α = 0.40 (a) vC = 12.5 V, and
(b) iC
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The experimental validation of voltage stresses of switches is shown in Figures 3.20a and

3.20b, and the results are consistent with Equation (3.49).

(a) (b)
Figure 3.20: Experimental switch voltage stresses for α = 0.40 (a) vS1 = vS2 = 12.5 V, and (b)
vS3 = 12.5 V

The diode voltage stresses are given in Figure 3.21 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 vin = 20 V.

Figure 3.21: Experimental diode voltage stresses vD1 = vD2 = 12.5 V for α = 0.40

At R = 3.33 Ω and α = 0.40, the output load current (io = 1500 mA) is shown in Figure

3.22a. The output voltage vo = 5 V at α = 0.40 duty ratio is seen in Figure 3.22b. Therefore,

the output power becomes PO = 5 × 1.50 = 7.5 W. The measured experimental steady state

value of iin is 390 mA. Therefore, the input power is Pin = 20× 0.39 = 7.8 W. The efficiency is

calculated as η = PO/Pin = 96.15%. The experimental result of efficiency due to load change

is shown in Figure 3.26a. The load is varied up to 7.5 Ω as it is the boundary load in this case.
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(a) (b)
Figure 3.22: Experimental results for α = 0.40 (a) io = 1.5 A, and (b) vo = 5 V

3.12.2 Case II, α ∈ (0.5, 1)

In this experiment, the load resistance R = 5 Ω is considered and the duty ratio is α = 0.60.

The experimental current waveforms of iLi , iL1 and iL2 are shown respectively in Figures 3.23,

3.24a and 3.24b. The phase shifted waveforms of iL1 and iL2 are shown with respect to the

switching pulse for S3.

Figure 3.23: Experimental result of inductor current iLi for α = 0.60

(a) (b)
Figure 3.24: Experimental results for α = 0.60 (a) iL1 , and (b) iL2
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The output voltage vo = 8.5 V at α = 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 η = PO/Pin = 14.45/15 = 96.33%.

Figure 3.25: Experimental output voltage vo = 8.5 V for α = 0.60.

(a)

(b)

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

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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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 < α ≤ 1.

Table 3.3: Comparisons among the existing and the proposed IBuCs

Topology

IBuC IBuC IBuC IBuC IBuC IBuC The

Introduced Introduced Introduced Introduced Introduced Introduced Proposed

in [37] in [38] in [35] in [32] in [41] in [40] HSDIBuC

M = vo/vin 2α α
α

n− nα+ α

α

4− α
2α

n

α

2(1 + n)

α

2− α

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 < α ≤ 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 α = 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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4
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

PI-controller is designed to investigate the closed-loop performances. The proposed HSDIBuC-

DWCI is implemented and experimental results are provided.
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4.1 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

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.

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

The input voltage vin is followed by an single inductor Li with parasitic rLi . Two identical

capacitors C1 and C2 respectively with parasitics rC1 and rC2 are cross-connected with the two

switches S1 and S2. The Li 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 D1 is

followed by the L1−winding of the coupled inductor. The switch S3 is followed by a diode D2

and L2 − winding of the coupled inductor. rL is the parasitic of the L1 and L2 windings. The

two windings L1 and L2 are operating with 180o phase shift in CCM. Cf with parasitic rCf is

the output capacitor to the output vo where R defines the output load resistance.

4.2.1 Dual-winding coupled inductor (DWCI)

The schematic diagram of DWCI is shown in Figure 4.2. The voltages across the L1 and L2

windings are denoted by vL1 and vL2 . The generalized equation of the coupled inductor is

vL1 = L1
diL1

dt
±MdiL2

dt
(4.1)

vL2 = L2
diL2

dt
±MdiL1

dt
(4.2)

where iL1 and iL2 are inductor currents. The mutual inductance M is defined as M = k
√
L1L2.
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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 iL1 =

−iL2 . Therefore, when the inductors are directly coupled, the inductive voltage becomes vL1 =

(L1 − M)
diL1

dt
and when the inductors are inversely coupled, the inductive voltage becomes

vL1 = (L1 + M)
diL1

dt
. The (L1 −M) shows small inductance value with a bulky or larger size

of the coupled inductor. Whereas, the (L1 +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 (L1 = L2 = L).

The iL1 and iL2 represent the currents flowing through L1 and L2 windings respectively. By

using Equations (4.1) and (4.2), the iL1 and iL2 over a time period Ts can be written as follows.

∫ Ts

0

diL1 =
vL1

(1− k2)L1

∫ Ts

0

dt+
vL2k

√
L1

L2

(1− k2)L1

∫ Ts

0

dt (4.3)

∫ Ts

0

diL2 =
vL2

(1− k2)L2

∫ Ts

0

dt+
vL1k

√
L2

L1

(1− k2)L2

∫ Ts

0

dt (4.4)

4.2.2 Switching modes when α ∈ (0, 0.5]

The idealized waveform is shown in Figure 4.3 when the duty ratio α belongs to (0, 0.5]. At

this case, there are four switching intervals over the time period Ts. The switching operations

are described below. During the interval (0 < t ≤ ϕ1Ts), inductor current iL1 through the L1

increases and inductor current iL2 through the inductor L2 decreases. The currents iL1 and iL2

are out of phase. In the next interval (ϕ1Ts < t ≤ ϕ2Ts), all the three switches are OFF and

both the inductor currents decrease. The currents iL1 and iL2 are in the same phase. In the

subsequent interval (ϕ2Ts < t ≤ ϕ3Ts), S1 and S2 are still OFF but the S3 is ON. Therefore,

the iL2 increases and iL1 decreases.
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Figure 4.3: Idealized waveform of the proposed HSDIBuC-DWCI when α ∈ (0, 0.5]

The iL1 and iL2 are out of phase. In the next interval (ϕ3Ts < t ≤ ϕ4Ts), the nature of iL1

and iL2 is similar to that in the interval (ϕ1Ts < t ≤ ϕ2Ts).

4.2.2.1 Interval (0 < t ≤ ϕ1Ts)

In this duration, S1 and S2 are simultaneously ON and S3 is OFF as shown in Figure

4.4. The diodes D1 and D2 become reverse and forward bias respectively. Therefore, the two

identical capacitors become parallel and the voltage across these capacitor becomes vC . The

inductive voltages vLi , vL1 and vL2 across the Li, L1 and L2 are expressed as follows.

vLi = vin − vC (4.5)

vL1 = L1
diL1

dt
−MdiL2

dt
= vC − vo (4.6)

vL2 = L2
diL2

dt
−MdiL1

dt
= −vo (4.7)
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

Figure 4.4: Schematic diagram of interval (0 < t ≤ ϕ1Ts)

The current iC(t) through the two capacitors (C) is given by

2iC(t) = iLi(t)− iL1(t) (4.8)

The current iR(t) through the load R is determined as

iR(t) = iL1(t) + iL2(t)− iCf (t) (4.9)

where iCf (t) is the current flowing through the capacitor Cf . The voltage, vCf , across the

capacitor Cf is given by

vCf = vo = RiR(t) (4.10)

Let us define the state vector x(t) = [iLi vC iL1 iL2 vCf ]
T and the output vector y(t) = vo. The

state space equation in this duration (0 < t ≤ ϕ1Ts) is provided by

ẋ(t) = A1x(t) + B1vin(t)

=



−rLi
Li

−1

Li
0 0 0

1

2C
0

−1

2C
0 0

0
L2

L1L2 −M2

−rLL2

L1L2 −M2

−MrL
L1L2 −M2

−(L2 +M)

L1L2 −M2

0
M

L1L2 −M2

−MrL
L1L2 −M2

−rLL1

L1L2 −M2

−(L1 +M)

L1L2 −M2

0 0
1

Cf

1

Cf

−1

RCf



x(t) +



1

Li

0

0

0

0


vin(t)

(4.11)

y(t) = Z1x(t) =
[
0 0 0 0 1

]
x(t) (4.12)
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4.2 Principle of Operation

4.2.2.2 Interval (ϕ1Ts < t ≤ ϕ2Ts)

During this interval, S1, S2 and S3 are OFF. Both the diodes are in forward bias as repre-

sented in Figure 4.5.

Figure 4.5: Schematic diagram of interval (ϕ1Ts < t ≤ ϕ2Ts)

The two identical capacitors are in series through the diodeD1 and resultant voltage becomes

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

vLi = vin − 2vC (4.13)

vL1 = L1
diL1

dt
−MdiL2

dt
= −vo (4.14)

vL2 = L2
diL2

dt
−MdiL1

dt
= −vo (4.15)

The current through the capacitors is

iC(t) = iLi(t) (4.16)

The equations of load current iR(t) and the output capacitor voltage vCf are the same as
Equations (4.9) and (4.10) respectively. The state-space equation is expressed by

ẋ(t) = A2x(t) + B2vin(t)

=



−rLi
Li

−2

Li
0 0 0

1

C
0 0 0 0

0 0
−rLL2

L1L2 −M2

−MrL
L1L2 −M2

−(L2 +M)

L1L2 −M2

0 0
−MrL

L1L2 −M2

−rLL1

L1L2 −M2

−(L1 +M)

L1L2 −M2

0 0
1

Cf

1

Cf

−1

RCf


x(t) +



1

Li

0

0

0

0


vin(t) (4.17)
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

y(t) = Z2x(t) =
[
0 0 0 0 1

]
x(t) (4.18)

4.2.2.3 Interval (ϕ2Ts < t ≤ ϕ3Ts)

In this duration, S1 and S2 are OFF and S3 is ON as shown in Figure 4.6. The diode D1 is

in the reversed bias and D2 is in the forward bias. The inductive voltage equations are provided

as follows.
vLi = vin − 2vC (4.19)

vL1 = L1
diL1

dt
−MdiL2

dt
= −vo (4.20)

vL2 = L2
diL2

dt
−MdiL1

dt
= vC − vo (4.21)

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

iC(t) = iLi(t)− iL2(t) (4.22)

The equations of load current iR(t) and the output capacitor voltage vCf are the same as
Equations (4.9) and (4.10) respectively.

Figure 4.6: Schematic diagram of interval (ϕ2Ts < t ≤ ϕ3Ts)

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

ẋ(t) = A3x(t) + B3vin(t)

=



−rLi
Li

−2

Li
0 0 0

1

C
0 0

−1

C
0

0
M

L1L2 −M2
−rLL2

L1L2−M2

−MrL
L1L2 −M2

−(L2 +M)

L1L2 −M2

0
L1

L1L2 −M2

−MrL
L1L2 −M2

−rLL1

L1L2 −M2

−(L1 +M)

L1L2 −M2

0 0
1

Cf

1

Cf

−1

RCf


+



1

Li

0

0

0

0


vin(t) (4.23)
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4.2 Principle of Operation

y(t) = Z3x(t) =
[
0 0 0 0 1

]
x(t) (4.24)

4.2.2.4 Interval (ϕ3Ts < t ≤ ϕ4Ts)

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

is similar to that in the interval (ϕ1Ts < t ≤ ϕ2Ts).

4.2.3 Switching modes when α ∈ (0.5, 1)

The idealized waveform is shown in Figure 4.7 when α ∈ (0.5, 1). In the intervals (0 <

t ≤ ϕ1Ts) and (ϕ2Ts < t ≤ ϕ3Ts), all the switches are ON and the inductor currents iL1

and iL2 increase. The iL1 and iL2 are in phase during these two intervals. In the intervals

(ϕ1Ts < t ≤ ϕ2Ts) and (ϕ3Ts < t ≤ ϕ4Ts), iL1 and iL2 are out of phase.

t

t

)

)

t

t

t

t

t

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

4.2.3.1 Interval (0 < t ≤ ϕ1Ts)

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

shown in Figure 4.8. The voltages across the inductors are as follows.

vLi = vin − vC (4.25)
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

vL1 = L1
diL1

dt
−MdiL2

dt
= vC − vo (4.26)

vL2 = L2
diL2

dt
−MdiL1

dt
= vC − vo (4.27)

The current through the two identical capacitors is given by

2iC(t) = iLi(t)− iL1(t)− iL2(t) (4.28)

Figure 4.8: Schematic diagram of interval (ϕ1Ts < t ≤ ϕ2Ts)

The equations of load current iR(t) and the output capacitor voltage vCf are the same as

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

ẋ(t) = A4x(t) + B4vin(t)

=



−rLi
Li

−1

Li
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2C
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0
L2 +M

L1L2 −M2

−rLL2

L1L2 −M2

−MrL
L1L2 −M2

−(L2 +M)

L1L2 −M2

0
L1 +M

L1L2 −M2

−MrL
L1L2 −M2

−rLL1

L1L2 −M2

−(L1 +M)

L1L2 −M2

0 0
1

Cf

1

Cf

−1

RCf


+



1

Li

0

0

0

0


vin(t) (4.29)

y(t) = Z4x(t) =
[
0 0 0 0 1

]
x(t) (4.30)

4.2.3.2 Interval (ϕ1Ts < t ≤ ϕ2Ts)

During this interval, S1 and S2 are ON simultaneously, and S3 is OFF. The operation

principle is the same as the interval (0 < t ≤ ϕ1Ts) operation while α ∈ (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 (ϕ2Ts < t ≤ ϕ3Ts)

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

same as in the interval (0 < t ≤ ϕ1Ts) while α ∈ (0.5, 1). The state-space equations are the

same as provided in Equations (4.29) and (4.30).

4.2.3.4 Interval (ϕ3Ts < t ≤ ϕ4Ts)

During this interval S1 and S2 are OFF, and S3 is ON. The switching operation is the same

as in the interval (ϕ2Ts < t ≤ ϕ3Ts) while α ∈ (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 Li is determined by

using Equations (4.5), (4.13) and (4.19) as

vC =
vin

2− α
(4.31)

The VSB equation of L1 is derived by using Equations (4.6), (4.14) and (4.20) as

vo = vCα (4.32)

By using the Equations (4.31) and (4.32), the voltage conversion ratio is determined asvo
vin

=
α

2− α
(4.33)

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 Case I, α ∈ (0, 0.5]

In the switching interval (0 < t ≤ ϕ1Ts), substituting Equations (4.6) and (4.7) into Equa-

tion (4.3), the instantaneous current iL1(ϕ1Ts) is determined as follows.

iL1(ϕ1Ts) =
(1− α− kα)Tsvo

(1− k2)L1

+ iL1(0) (4.34)
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

To determine the instantaneous current iL2(ϕ1Ts) in this duration, Equations (4.6) and (4.7)

are substituted into Equation (4.4) and is given by

iL2(ϕ1Ts) =
(k − kα− α)Tsvo

(1− k2)L2

+ iL2(0) (4.35)

In the subsequent interval (ϕ1Ts < t ≤ ϕ2Ts), the instantaneous current iL1(ϕ2Ts) is determined

by substituting Equations (4.14) and (4.15) into (4.3)

iL1(ϕ2Ts) =
−(1 + k)(0.5− α)voTS

(1− k2)L1

+ iL1(ϕ1Ts) =
0.5Tsvo

(1 + k)L1

+ iL1(0) (4.36)

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

neous current iL2(ϕ2Ts) is calculated.

iL2(ϕ2Ts) =
−(1 + k)(0.5− α)voTS

(1− k2)L2

+ iL2(ϕ1Ts) = iL2(0)− 0.5Tsvo
(1 + k)L2

(4.37)

In the next interval (ϕ2Ts < t ≤ ϕ3Ts), the instantaneous current iL1(ϕ3Ts) is determined by

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

iL1(ϕ3Ts) =
(k − kα− α)Tsvo

(1− k2)L1

+ iL1(ϕ2Ts) =
(0.5− α)voTs

(1− k)L1

+ iL1(0) (4.38)

The instantaneous current iL2(ϕ3Ts) is the interval (ϕ2Ts < t ≤ ϕ3Ts) is derived by substituting

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

iL2(ϕ3Ts) =
(1− α− kα)Tsvo

(1− k2)L2

+ iL2(ϕ2Ts) =
(0.5− α)voTs

(1− k)L2

+ iL2(0) (4.39)

In the subsequent interval (ϕ3Ts < t ≤ ϕ4Ts), the instantaneous current iL1(ϕ4Ts) is derived as

iL1(ϕ4Ts) = iL1(ϕ3Ts)−
(0.5− α)voTs

(1− k)L1

= iL1(0) (4.40)

In this interval, the instantaneous current iL2(ϕ4Ts) is determined as follows.

iL2(ϕ4Ts) = iL2(ϕ3Ts)−
(0.5− α)voTs

(1− k)L2

= iL2(0) (4.41)
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The average inductor current, IL, flowing through the L1 and L2 windings of the coupled

inductor is equal. Therefore, IL is determined as follows.

IL =
iL1(0) + iL1(ϕ1Ts)

2
α +

iL1(ϕ1Ts) + iL1(ϕ2Ts)

2
(0.5− α)

+
iL1(ϕ2Ts) + iL1(ϕ3Ts)

2
α +

iL1(ϕ3Ts) + iL1(ϕ4Ts)

2
(0.5− α)

=
(1− α− kα)Ts

2(1− k2)L1

vo + iL1(0) (4.42)

The ripple in inductor windings L1 and L2 is as follows when α ∈ (0, 0.5].

∆iL1 = ∆iL2 =
(1− α− kα)Ts

(1− k2)L1

vo =
(1− α− kα)αvin

(1− k2)(2− α)L1fs
(4.43)

4.3.2 Case II, α ∈ (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. 4.1.

Table 4.1: Instantaneous currents of L1 and L2 when α ∈ (0.5, 1)

Instants Instantaneous Current

iL1(ϕ1Ts)
(1− α)(α− 0.5)Tsvo

α(1− k)L1

+ iL1(0)

iL2(ϕ1Ts)
(1− α)(α− 0.5)Tsvo

α(1− k)L2

+ iL2(0)

iL1(ϕ2Ts)
0.5(1− α)voTs
α(1 + k)L1

+ iL1(0)

iL2(ϕ2Ts)
−0.5(1− α)voTs
α(1 + k)L2

+ iL2(0)

iL1(ϕ3Ts)
(kα + α− k)(1− α)Tsvo

α(1− k2)L1

+ iL1(0)

iL2(ϕ3Ts)
(kα + α− 1)(1− α)Tsvo

α(1− k2)L2

+ iL2(0)

iL1(ϕ4Ts) iL1(0)

iL2(ϕ4Ts) iL2(0)
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4. High Step-down Interleaved Buck Converter with Dual-winding Coupled Inductor

From the instantaneous values provided in Table 4.1, the average inductor current in this

case is derived as follows.

IL =
(kα + α− k)(1− α)Tsvo

2α(1− k2)L1

+ iL1(0) (4.44)

The current ripple in the L1 and L2 windings are

∆iL1 = ∆iL2 =
(kα + α− k)(1− α)vin

(2− α)(1− k2)L1fs
(4.45)

4.3.3 Ripple current in inductor Li

The average current, ILi , through the inductor Li is as follows.

ILi =
(1− α)Tsvo

2Li
+ iLi(0) (4.46)

The ripple in iLi is determined as follows by using Equation (4.5).

∆iLi = iL1(ϕ1Ts)− iL1(0) =
(1− α)Tsvo

Li
=

(1− α)αTsvin
(2− α)Li

(4.47)

The ripple in input current is equal to the ripple in Li 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 Case I, α ∈ (0, 0.5]

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

(4.46).

iin =
(1− α)Tsvo

2Li
+ iLi(0) (4.48)

At ideal lossless condition the relation between iin and output current io is expressed as follows

by using Equation (4.33).

iin =
α

2− α
io (4.49)
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Therefore, by using Equations (4.48) and (4.49), the boundary load RBi is derived as

RBi =
vo
iOB

=
2αLi

(1− α)(2− α)Ts
(4.50)

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

output boundary load current iOB is obtained as

iOB = 2IL =
(1− α− kα)Ts

(1− k2)L1

vo (4.51)

At this iOB, the boundary load becomes

RB =
vo
iOB

=
(1−K2)L1

(1− α− kα)Ts
(4.52)

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

min {L1 = L2} =
(1− α− kα)TsRB

(1− k2)
=

(1− α− kα)RB

(1− k2)fs
(4.53)

4.3.4.2 Case II, α ∈ (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

min {L1 = L2} =
(kα + α− k)(1− α)RB

α(1− k2)fs
(4.54)

4.4 Minimum Capacitance Value of (C1 = C2 = C)

The idealized waveforms of current through the identical capacitor iC and the voltage across

the identical capacitor vC are shown in Figure 4.9. In the duration (0 < t ≤ ϕ1Ts), the

capacitors become parallel to each other and the voltage across the capacitor becomes vC as

shown in Figure 4.4. During this switching mode, the identical capacitors discharge energy to

the load. In the remaining entire duration (ϕ1Ts < t ≤ Ts), the two capacitors are charged in

series by vin and the resultant voltage across the two identical capacitors become vC+vC = 2vC .
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𝑆1 
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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 ∆vC and it is defined by ∆vC = vCmax − vCmin . The

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

vCmax + vCmin
2

= vC =
vo
α

(4.55)

Now, in the duration (0 < t ≤ ϕ1Ts), 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(vCmax + vCmin)(vCmax − vCmin)

αTs
=
v2
o

R
(4.56)

Substituting, ∆vC = vCmax − vCmin and Equation (4.55) into Equation (4.56), the minimum

capacitance value for the identical capacitors is determined as

Cmin =
α2Tsvo
2∆vCR

(4.57)

4.5 Minimum Capacitance value of Cf

Minimum capacitance value of Cf is calculated for the following two cases.

4.5.1 Case I, α ∈ (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

(iL1 and iL2) pass through the load (R) and the AC component passes through the capacitor

(Cf ). As the ripple in load current (iR = io) is much less, it is neglected. Therefore, the current
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4.5 Minimum Capacitance value of Cf

passing through the output filter capacitor (Cf ) is approximately equal to the resultant AC

component of the two inductor currents. The idealized waveforms of the capacitive current iCf ,

AC component of the voltage across the rCf , (vrCf ), and AC component of output voltage, v̂o,

are depicted as shown in Figure 4.3 when α ∈ (0, 0.5]. Therefore, iCf is determined by the

following equation.

iCf =
∆total inductor current

∆t
t± (

∆IL1

2
+

∆IL2

2
) (4.58)

From Equation (4.42), the average ripple current (∆IL = ∆IL1 = ∆IL2) is determined as

∆IL = (1−α−kα)Ts
2(1−k2)L

vo. In the interval (0 < t ≤ ϕ1Ts) as shown in Figure 4.3, iCf is determined

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

iCf =
[iL1(ϕ1Ts)− iL1(0)]− [iL2(0)− iL2(ϕ1Ts)]

ϕ1Ts − 0
t−∆IL

=
(1− 2α− 2kα + k)vo

αTs(1− k2)Lfs
t− (1− α− kα)vo

2(1− k2)Lfs
(4.59)

The vrCf is determined by using Equation (4.59) as

vrCf =
(1− 2α− 2kα + k)vorCf

αTs(1− k2)Lfs
t−

(1− α− kα)vorCf
2(1− k2)Lfs

(4.60)

The capacitive voltage vCf consists of DC component VCf and AC component vcf , i.e. vCf =

VCf + vcf . In the output voltage, vcf contributes the ripple. Therefore, the vcf is derived as

follows by using Equation (4.59).

vcf =
1

Cf

∫ t

0

iCf (t)dt+ vcf (0)

=
(1− 2α− 2kα + k)vo
CfαTs(1− k2)Lfs

t2

2
− (1− α− kα)vo
Cf2(1− k2)Lfs

t+ vcf (0) (4.61)

The vrCf and vcf provide the AC component in the output voltage (v̂o = vrCf +vCf ). Therefore,

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

v̂o =
(1− 2α− 2kα + k)vorCf

αTs(1− k2)Lfs
t−

(1− α− kα)vorCf
2(1− k2)Lfs

+
(1− 2α− 2kα + k)vo
CfαTs(1− k2)Lfs

t2

2
− (1− α− kα)vo
Cf2(1− k2)Lfs

t+ vcf (0) (4.62)
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To calculate the minimum capacitance value, the derivative of v̂o in Equation (4.62) with

respect to time (dv̂o/dt) is set to zero and the minimum capacitance value (Cfmin(on−off)) occurs

at tmin = 0 as follows.

Cfmin(on−off) =
(1− αmax − kαmax)αmax
2(1− 2αmax)(1 + k)rCffs

(4.63)

In the subsequent interval (ϕ1Ts < t ≤ ϕ2Ts) as shown in Figure 4.3, by substituting

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

iCf =
[iL1(ϕ2Ts)− iL1(ϕ1Ts)] + [iL2(ϕ2Ts)− iL2(ϕ1Ts)]

(0.5− α)Ts
(t− αTs) + ∆IL

=
−2(1 + k)vo(t− αTs)

Ts(1− k2)Lfs
+

(1− α− kα)vo
(1− k2)Lfs

(4.64)

By using Equation (4.64), vrCf is derived as follows.

vrCf =
−2(1 + k)vo(t− αTs)rCf

Ts(1− k2)Lfs
+

(1− α− kα)vorCf
(1− k2)Lfs

(4.65)

In this duration, the vcf is determined as follows.

vcf =
1

Cf

∫ t

αTs

iCf (t)dt+ vcf (αTs)

=
−(1 + k)

CfTs(1− k2)Lfs
t2 +

(
2(1 + k)αTs

Ts
+

1− α− kα
2

)(
vo

Cf (1− k2)Lfs

)
t

− (1 + k)α2T 2
s

CfTs(1− k2)Lfs
− (1− α− kα)αTs

2Cf (1− k2)Lfs
(4.66)

The AC component of the output voltage v̂o is the sum of the vrCf and vcf , i.e v̂o = vrCf + vcf .

By setting the dvo/dt to zero, the maximum value of v̂o occurs at tmax = αTs. Therefore, the

minimum capacitance (Cfmin(off−off)) value is derived as follows.

Cfmin(off−off) =
(1− αmin − kαmin)

4(1 + k)rCffs
(4.67)

In the next duration (ϕ2Ts < t ≤ ϕ3Ts), the minimum capacitance value (Cfmin) is the

same as given in Equation (4.63). Similarly, the minimum capacitance value (Cfmin) is given

by Equation (4.67) in the interval (ϕ3Ts < t ≤ ϕ4Ts).
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4.5 Minimum Capacitance value of Cf

The peak-to-peak ripple voltage (Vr) does not depend upon the VCf . The Vr is determined

only by the ripple voltage across the ESR (equivalent series resistance) rCf if

Cf ≥ Cfmin = max
{
Cfmin(on−off) , Cfmin(off−off)

}
= max

{
(1− αmax − kαmax)αmax
2(1− 2αmax)(1 + k)rCffs

,
(1− αmin − kαmin)

4(1 + k)rCffs

}
(4.68)

The extreme values of αmin and αmax are given as αmin = 0 and αmax < 0.5 respectively. Thus,

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

Cf ≥ Cfmin =
1

4(1 + k)rCffs
(4.69)

4.5.2 Case II, α ∈ (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 Cfmin(on−on) and Cfmin(on−off) respectively

in the intervals (0 < t ≤ ϕ1Ts) and (ϕ1Ts < t ≤ ϕ2Ts) are provided as follows.

Cfmin(on−on) =
(kαmax + αmax − k)

4(1 + k)rCffs
(4.70)

Cfmin(on−off) =
(kαmin + αmin − k)(1− αmin)

2(2αmin − 1)(1 + k)rCffs
(4.71)

The output voltage ripple Vr can be calculated only by the rCf if

Cf ≥ Cfmin = max
{
Cfmin(on−on) , Cfmin(on−off)

}
= max

{
(kαmax + αmax − k)

4(1 + k)rCffs
,
(kαmin + αmin − k)(1− αmin)

2(2αmin − 1)(1 + k)rCffs

}
(4.72)

In the worst situation, the values of αmin and αmax are provided as αmin > 0.5 and αmax = 1

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

Cf ≥ Cfmin =
1

4(1 + k)rCffs
(4.73)

Remarks : When the α = 0.5, the peak to peak ripple output voltage (Vr) can be calculated
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by the ripple voltage across the rCf if Cf ≥ 0.5
4rCf fs

. Now, when the α = 0.5, the average ripple

current in the L1 and L2 windings is ∆IL = 0.5vo
2(1+k)Lfs

.

4.5.3 Selection of parameters

The load resistance is considered as R = 5 Ω. The value of the coupling factor is k = 0.5.

At RBi = R = 5 Ω and α = 0.4, the minimum inductance value is calculated as L = L1 =

L2 = 53.33 µH by using Equation (4.53). When two single inductors are used instead of

the dual winding coupled inductor, i.e. k = 0, the minimum inductance value is 60 µH. At

the values of rCf = 0.22 Ω, fs = 50 kHz, α = 0.4 and k = 0.5, the Cf is calculated as

Cf ≥ max {24.24, 6.06}µF = 24.24 µF by the condition provided in Equation (4.68). At the

same condition when k becomes zero (k = 0), the value of the Cf is calculated as Cf ≥

max {54.54, 13.6}µF = 54.54 µF. Therefore, it can be said that the values of the L1, L2 and Cf

can be reduced by the coupling factor k. The parameter values are adopted from HSDIBuC [123]

and provided in Table 4.2. 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 (vin) 20 V

Switching frequency (fs) 50 kHz

Inductance (L = L1 = L2) 180 µH

Coupling factor (k) 0.5

Inductive resistance (rL) 0.07 Ω

Identical capacitance (C = C1 = C2) 220 µF

Resistances of C1 and C2 (rC1 = rC2) 0.32 Ω

Input-side inductance (Li) 180 µH

Output capacitance (Cf ) 330 µF

Load resistance (R) 5 Ω

ESR of output capacitor (rCf ) 0.22 Ω
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Table 4.3: Comparisons among the existing and the proposed IBuCs.

Items CIBuC Compare The HSDIBuC Compare The HSDIBuC-DWCI

Voltage Gain (
vo

vin
) α >

α

2− α
=

α

2− α

∆iL1
= ∆iL2

∣∣
α∈(0,0.5]

(1− α)αvin

Lfs
>

(1− α)αvin

(2− α)Lfs
>

(1− α− kα)αvin

(1− k2)(2− α)Lfs

∆iL1 = ∆iL2

∣∣
α∈(0.5,1)

(1− α)αvin

Lfs
>

(1− α)αvin

(2− α)Lfs
>

(kα+ α− k)(1− α)vin

(2− α)(1− k2)L1fs

min{L1 = L2}
∣∣
α∈(0,0.5]

(1− α)RB

fs
>

(1− α)RB

fs
>

(1− α− kα)RB

(1− k2)fs

min{L1 = L2}
∣∣
α∈(0.5,1)

(1− α)RB

fs
>

(1− α)RB

fs
>

(kα+ α− k)(1− α)RB

α(1− k2)fs

Cfmin(on−off)

∣∣
α∈(0,0.5]

(1− αmax)αmax

2(1− 2αmax)rCf
fs

=
(1− αmax)αmax

2(1− 2αmax)rCf
fs

>
(1− αmax − kαmax)αmax

2(1− 2αmax)(1 + k)rCf
fs

Cfmin(off−off)

∣∣
α∈(0,0.5]

(1− αmin)

4rCf
fs

=
(1− αmin)

4rCf
fs

>
(1− αmin − kαmin)

4(1 + k)rCf
fs

Cfmin(on−off)

∣∣
α∈(0.5,1)

(1− αmin)αmin

2(2αmin − 1)rCf
fs

=
(1− αmin)αmin

2(2αmin − 1)rCf
fs

>
(kαmin + αmin − k)(1− αmin)

2(2αmin − 1)(1 + k)rCf
fs

Cfmin(on−on)

∣∣
α∈(0.5,1)

αmax

4rCf
fs

=
αmax

4rCf
fs

>
(kαmax + αmax − k)

4(1 + k)rCf
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

4.3. In Figure 4.10, the change of ripple in inductor current (∆iL = ∆iL1 = ∆iL2) is shown with

respect to α and it is seen that HSDIBuC introduced in Chapter 3 has less ripple than CIBuC in

the entire range of α ∈ (0, 1). But, for a certain range of α, the proposed HSDIBuC-DWCI has

less ripple (∆iL) compared to the HSDIBuC described in Chapter 3. The curve of ripple ∆iL

with k = 0 and ∆iL with k = 0.5 intersect at two points. In this region, ∆iL 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 α. In Equation (4.43), the vin, L and fs are

positive constants. Therefore, to get the lower intersection point when α ∈ (0, 0.5], the ∆iL

provided in chapter 3 and Equation (4.43) are equal and, written as

(1− α)αvin
(2− α)Lfs

=
(1− α− kα)αvin

(1− k2)(2− α)Lfs
(4.74)
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Figure 4.10: Ripple current ∆iL due to change of α

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

following intersection point is obtained.

α =
k

1 + k
, as k 6= 0 (4.75)

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

by equating the ∆iL provided in Equations (3.35) and (4.45), the upper limit of α is found as

α =
1

1 + k
, as k 6= 0 (4.76)

Therefore, the ripple of the proposed converter is less than the CIBuC and HSDIBuC when

α ∈ ( k
1+k

, 1
1+k

).

The change in ripple in inductor currents due to change in coupling factor is shown in Figure

4.11. When α ∈ (0, 0.5], from Equation (4.74), the operating range of coupling factor is derived

as k ∈ (0, α
1−α ]. To get the minimum ripple for any provided α, the maximum coupling factor k

is determined by equating the derivative of ∆iL with respect to k (d∆iL/dk) to zero. Therefore,

when α ∈ (0, 0.5], by doing the derivative of the Equation (4.43), k is determined as

k =
1− α
α
±
√

(
1− α
α

)2 − 1 (4.77)
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Figure 4.11: Ripple in inductor currents ∆iL due to change of k

As k ≯ 1, the k becomes k = 1−α
α
−
√

(1−α
α

)2 − 1. Now, when α ∈ (0.5, 1), the maximum k

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

k =
α

1− α
±
√

(
α

1− α
)2 − 1 (4.78)

As k ≯ 1, the k becomes k = α
1−α −

√
( α

1−α)2 − 1. The operating range of k for this case of

operation is k ∈ (0, 1−α
α

].

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, S2 and S3 are denoted by vS1 , vS2 and vS3 respectively.

The maximum voltage stresses are approximated by neglecting the capacitive ripple voltages

as follows.

vSmax = vS1 = vS2 = vS3 = vC =
vin

2− α
=
vo
α

(4.79)

The maximum diode voltage stresses vD1 and vD2 of the diodes D1 and D2 respectively are as

follows.

vDmax = vD1 = vD2 = vC =
vin

2− α
=
vo
α

(4.80)

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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converter.

4.6.2 Maximum current stress

The maximum current stresses of the switches S1, S2 and S3 are defined by IS1max , IS2max

and IS3max respectively. IDmax represents the maximum current flowing through the diodes D1

and D2. The currents flowing through the windings of DWCI are half of the output current.

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

ISmax
∣∣
α∈(0,0.5]

= IDmax = IS1max = IS2max = IS3max

=
io
2

+
∆iL

2
=
io
2

+
(1− α− kα)αvin

2(1− k2)(2− α)L1fs
(4.81)

ISmax
∣∣
α∈(0.5,1)

= IDmax =
io
2

+
(kα + α− k)(1− α)vin
2(2− α)(1− k2)L1fs

(4.82)

4.7 Average State-space Matrices

The general average state space equation is as follows.

ẋ(t) = Aavx(t) + Bavvin(t) (4.83)

y(t) = Zavx(t) (4.84)

The average state space matrices are as follows when α ∈ (0, 0.5].

Aav = (A1 + A3)α + A2(1− 2α)

=



−rLi
Li

α− 2

Li
0 0 0

2− α
2C

0
−α
2C

−α
C

0

0
(L2 +M)α

L1L2 −M2

−rLL2

L1L2 −M2

−MrL
L1L2 −M2

−(L2 +M)

L1L2 −M2

0
(L1 +M)α

L1L2 −M2

−MrL
L1L2 −M2

−rLL1

L1L2 −M2

−(L1 +M)

L1L2 −M2

0 0
1

Cf

1

Cf

−1

RCf


(4.85)
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Bav = (B1 + B3)α + B2(1− 2α) =

[
1

Li
0 0 0 0

]T
(4.86)

Zav = (Z1 + Z3)α + Z2(1− 2α) = [0 0 0 0 1] (4.87)

4.8 Small Signal Modelling

Consider that the feedback control circuit is disabled and a perturbation v̂in(t) appears in

the steady state input voltage Vin. So the input voltage can be expressed as vin(t) = Vin+ v̂in(t).

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(t) and output vo(t)

become x(t) = X+ x̂(t) and vo(t) = Vo + v̂o(t). After addition of perturbation, the state space

equation becomes

Ẋ + ˙̂x(t) = Aav(X + x̂(t)) + Bav(Vin + v̂in(t)) (4.88)

Vo + v̂o(t) = Zav(X + x̂(t)) (4.89)

4.8.1 Steady-state analysis

Steady-state values of the state variables are denoted by ILi , VC , IL1 , IL2 , VCf . The steady-

state equation is provided by

X =[ILi VC IL1 IL2 VCf ]
T = −Aav

−1BavVin (4.90)

In ideal case the parasitics rL and rLi are neglected as rL, rLi << R. Therefore the steady-state

values of the state variables areX =
[
ILi VC IL1 IL2 VCf

]T
=
[

3α2Vin
2R(2−α)2

Vin
2−α

αVin
2R(2−α)

αVin
2R(2−α)

αVin
2−α

]T
.

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, Gvα(s), is derived by neglecting the steady-state and nonlinear parts, and
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considering v̂in = 0.

Gvα(s) =
v̂o(s)

α̂(s)
=Zav(sI−Aav)−1[(A1 + A3 − 2A2)X

+ (B1 + B3 − 2B2)Vin] + (Z1 + Z3 − 2Z2)X (4.91)

The required parameter values to design the HSDIBuC-DWCI are provided in Table 4.2. By

using the value of these parameters and Equations (3.62), the following control power stage

transfer function Gvα(s) is developed.

Gvα(s) =
a3s

3 + a2s
2 + a1s+ a0

s5 + b4s4 + b3s3 + b2s2 + b1s+ b0

(4.92)

The coefficient of Equations (4.92) are provided as a3 = 8.4011 × 108, a2 = 4.8423 × 1010,

a1 = 4.32 × 1013, a0 = 2.2585 × 1016, b4 = 1.948 × 103, b3 = 8.0692 × 107, b2 = 3.2057 × 1010,

b1 = 8.5838 × 1012, b0 = 1.4692 × 1015. The step response of the uncompensated power stage

transfer function (Gvα(s)) is shown in Figure 4.12a. The rise time (tr) and settling time (ts)

are 0.000175 s and 0.0555 s respectively. The bode diagram of the transfer function Gvα(s) is

shown in Figure 4.12b. 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◦.
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Figure 4.12: Time and frequency domain responses of Gvα(s) (a) Step response, and (b) Bode diagram
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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

4.13. The controller is defined as

Gc(s) = Kp +
Ki

s
(4.93)

where Kp and Ki are proportional and integral constants respectively and the values are Kp =

0.001205 and Ki = 40 respectively.

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,

∆iL, in iL1 and iL2 are shown in Figure 4.14. At α = 0.40 and k = 0.50, the ripple is calculated

to be ∆iL = 296.29 mA by using Equation (4.43). At the same α and k values, the simulation

provides ∆iL = 295.9 mA closed to the calculated value of 296.29 mA. When k = 0, i.e. two

single inductors are used, the ripple ∆iL is 333.33 mA for α = 0.40. Thus, DWCI improves

the ripple in inductor current. At α = 0.55, the simulation provides ∆iL = 297.7 mA and

∆iL = 380.3 mA for the coupling factor k = 0.5 and k = 0 respectively. In Figure 4.15, the

open loop transient response of the output voltage vo is shown. The maximum peak overshoot

(Mp) and settling time (ts) of the HSDIBuC-DWCI are Mp = 15.87 % and ts = 0.00195 s

respectively. When the coupling factor k = 0, i.e. for HSDIBuC, the Mp and ts 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 ∆iL of iL1 and iL2 of (a) HSDIBuC at
α = 0.40, (b) HSDIBuC-DWCI at α = 0.40, (c) HSDIBuC at α = 0.55, (d) HSDIBuC-DWCI at
α = 0.55.

Figure 4.15: Open-loop transient response of output voltages for α = 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 4.16. The switches S1 and S2 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.

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

Figure 4.17: Experimental setup of the HSDIBuC-DWCI

The experimental setup is shown in Figure 4.17. The parameter values used to design

the proposed HSDIBuC-DWCI are provided in Table 4.2. The switches S1, S2 and S3 are

implemented by n-channel MOSFETs IRF250NPBF. The diodes D1 and D2 are implemented
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by NTST30100SG/ NFK03TS30100SG. As shown in Figure 4.18, DWCI 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 cm2. There

are 20 number of turns in each primary (Np) and secondary (Ns) winding. The turns ratio is

defined by (Np)/(Ns) = 1.

The experiment is carried out in two stages. In the first stage, the ripple ∆iL in iL1 and iL2 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 Li is not affected by the coupling factor

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

Figure 4.19: iLi through Li− inductor for α = 0.40

The currents through the L1 and L2 windings of DWCI are shown in Figures 4.20a and
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4.20b respectively. When the duty ratio is 0.40, the ripple in iL1 and iL2 is ∆iL =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 S2 and the phase shift between

ripple waveforms of iL1 and iL2 is evident.

(a) (b)

Figure 4.20: Experimental results for α = 0.40 and k = 0.5 (a) iL1 , and (b) iL2 .

When the α is 0.55, the ripple in L2 winding is 350 mA as shown in Figure 4.21. The

percentage of errors of ∆iL between simulation and experimental results are 18.28 % and 17.5

% respectively for α = 0.40 and α = 0.55.

Figure 4.21: iL2 through L2−Winding for α = 0.55

The output voltage vo and ripple in output voltage are 7.58 V and 0.32 V for α = 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 4.22b. Thus, the coupled inductor

reduces the ripple in vo deducing that the value of output filter capacitor can be lower.
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(a) (b)

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

The current flowing through the two identical capacitors is shown in Figure 4.23a for α =

0.40. The voltage across the capacitors vC is shown in Figure 4.23b. It shows that vC = 12.5

V satisfies Equation (4.31) for α = 0.40.

(a) (b)

Figure 4.23: Experimental results of identical capacitors (C1 = C2) for α = 0.40 (a) ic, and (b) vC

4.11.2 Stresses of switches and diodes

The voltage stresses of S1, S2 and S3 are shown in Figure 4.24a and Figure 4.24b respectively.

The voltages stresses of the switches satisfy Equation (4.79) and which gives vS = vin/(2−α) =

12.50 V for α = 0.40. The diode voltage stress vD = vin/(2 − α) = 12.50 V for α = 0.40 is

shown in Figure 4.25. It is evident that the semiconductor devices suffer the voltage stress less

than the input voltage vin = 20 V.
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(a) (b)

Figure 4.24: Voltage stress for α = 0.40 (a) vS1 = vS2 = 12.5 V, (b) vS3 = 12.5 V

Figure 4.25: Voltage stress vD1 = vD2 = 12.5 V for α = 0.40.

The experimental results of efficiency due to changes of duty ratio and load are shown in

Figures 4.26a and 4.26b respectively. The comparisons of experimental results of HSDIBuC

and HSDIBuC-DWCI are shown in Table 4.4. Efficiency of 96.4% is achieved at α = 0.55,

vin = 20 V and R = 5 Ω.

(a) (b)

Figure 4.26: Experimental efficiency plots due to (a) Duty ratio change, and (b) Load R change

105TH-2863_146102032



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

Table 4.4: Comparison of experimental results of HSDIBuC and HSDIBuC-DWCI

Items The proposed HSDIBuC The proposed HSDIBuC-DWCI

Efficiency η
∣∣
α=0.55

96.2% 96.4%

Ripple ∆iL
∣∣
α=0.40

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 iLi
due to change in output voltage reference (vref ) viz. 5 , 7 and 9 V is shown in Figure 4.27.

Figure 4.27: Change of iLi due to change in output voltage reference

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 tr is 0.05 s.

The output voltage follows the vref 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 4.28. During the load

resistance change from 5 Ω to 2.5 Ω and 2.5 Ω to 5 Ω, the output voltage vo follows the vref = 5

V.

4.12 Summary

A two-phase dc-dc 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 α = 0.40 and α = 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.

107TH-2863_146102032



TH-2863_146102032



5
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

inductor 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.
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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

vin is connected with the L-winding of the coupled inductor followed by a switch S. rL is the

parasitic of L-winding. Two identical capacitors C1 and C2 are placed in cross with diodes

D1 and D2 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 Lf -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. rL and rLf are the parasitics of L-windings and Lf -windings respectively.

Followed by Lf -winding, a capacitor Cf with parasitic rCf is placed at the output end. vo is the

output voltage at load resistance R. The parasitics rL, rLf , rCf << R, thus, these are negligible.

C1 = C2 = C and L = Lf 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 5.2.

Figure 5.2: Magnetic structure of dual-winding coupled inductor (DWCI)
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5. High Step-up Boost Converter

The generalized equation of the coupled inductor is

vL = L
diL
dt
±M

diLf
dt

(5.1)

vLf = Lf
diLf
dt
±MdiL

dt
(5.2)

where iL and iLf are currents through L and Lf windings respectively. vL and vLf are the

voltages across L and Lf windings respectively. The mutual inductance M is defined as M =

k
√
LLf . 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 (5.1) and (5.2) can be written as follows.

∫ Ts

0

diL =
vL

(1− k2)L

∫ Ts

0

dt−
vLfk

√
L
Lf

(1− k2)L

∫ Ts

0

dt (5.3)

∫ Ts

0

diLf =
vLf

(1− k2)Lf

∫ Ts

0

dt−
vLk
√

Lf
L

(1− k2)Lf

∫ Ts

0

dt (5.4)

5.2.2 Switching modes

There are basic two switching states in one time period Ts as shown in Figure 5.3. α is

denoted by duty ratio. The switching operations are described below.

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 < αTs) of HSUBoC

In this duration the switch S is ON and the diodes D1 and D2 are in reversed biased as

shown in Figure 5.4. The two identical capacitors are in series. Thus, the resultant voltage

becomes vC + vC = 2vC , where vC is the voltage across the identical capacitors C. The voltage

across the output capacitor is vCf . The voltage equations of inductors are as follows.

vL = L
diL
dt

+M
diLf
dt

= vin (5.5)

vLf = Lf
diLf
dt

+M
diL
dt

= 2vC − vCf (5.6)

Figure 5.4: ON-state circuit configuration of HSUBoC with DWCI

The current iC through the two identical capacitors is

iC = C
dvC
dt

= −iLf (5.7)

The load current iR is determined by

iR = iLf − iCf (5.8)

where iCf is the current flowing through the Cf and is defined by iCf = Cf
dvCf
dt

. The output

voltage equation is given by

vo = vCf = RiR (5.9)

Let us define the state vector x(t) = [iL vC iLf vCf ]
T and the output vector as y(t) = vo. The

state-space representation of the ON-state is as follows.
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5. High Step-up Boost Converter

ẋ(t) = A1x(t) + B1vin(t)

=



0
−2M

LLf −M2
0

M

LLf −M2

0 0
−1

C
0

0
2L

LLf −M2
0

−L
LLf −M2

0 0
1

Cf

−1

RCf


x(t) +



Lf
LLf −M2

0
−M

LLf −M2

0


vin(t) (5.10)

y(t) = Z1x(t) =
[
0 0 0 1

]
x(t) (5.11)

5.2.2.2 OFF-state (αTs < t < Ts) of HSUBoC

During this interval, switch S is in OFF-state. D1 and D2 are in foreword biased. Thus,

the two identical capacitors are in parallel as shown in Figure 5.5.

Figure 5.5: OFF-state circuit configuration of HSUBoC with DWCI

The voltage and current equations are derived as follows.

vL = L
diL
dt

+M
diLf
dt

= vin − vC (5.12)

vLf = Lf
diLf
dt

+M
diL
dt

= vC − vCf (5.13)

2iC = iL − iLfwhere iC = C
dvC
dt

(5.14)

The equations for load current (iR) and output voltage vo 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.

ẋ(t) = A2x(t) + B2vin(t)

=



0
−(M + Lf )

LLf −M2
0

M

LLf −M2

1

2C
0

−1

2C
0

0
L+M

LLf −M2
0

−L
LLf −M2

0 0
1

Cf

−1

RCf


x(t) +



Lf
LLf −M2

0
−M

LLf −M2

0


vin(t) (5.15)

y(t) = Z2x(t) =
[
0 0 0 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

∫ αTs

0

vLdt+

∫ Ts

αTs

vLdt = 0

vC
vin

=
1

1− α
(5.17)

The VSB equation of Lf is derived by using Equations (5.6) and (5.13) as follows.

∫ αTs

0

vLfdt+

∫ Ts

αTs

vLfdt = 0

vo
vC

= 1 + α (5.18)

Therefore, from Equations (5.17) and (5.18), the voltage conversion ratio is determined as

vo
vin

=
1 + α

1− α
(5.19)

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 Lf winding.

5.3.1 Ripple current in L-winding

ON-state (0 < t < αTs) : During the switching interval (0 < t < αTs), the instantaneous

inductor current iL(αTs) can be derived by using Equation (5.3).

∫ αTs

0

diL =
vL

(1− k2)L

∫ αTs

0

dt−
vLfk

√
L
Lf

(1− k2)L

∫ αTs

0

dt

iL(αTs)− iL(0) =
αTs

(1− k2)L
(vin − k(2vC − vo))

iL(αTs) =
αTsvin

(1 + k)L
+ iL(0) (5.20)

OFF-state (αTs < t < Ts) : In the next switching interval (αTs < t < Ts), the instantaneous

current iL(Ts) through the L-winding is given by

∫ Ts

αTs

diL =
vL

(1− k2)L

∫ 0

αTs

dt−
vLfk

√
L
Lf

(1− k2)L

∫ 0

αTs

dt

iL(Ts)− iL(αTs) =
(1− α)Ts
(1− k2)L

((vin − vC)− k(vC − vo))

iL(Ts) =
αTsvin

(1 + k)L
+ iL(αTs) (5.21)

Therefore, the ripple in inductor current of the L-winding is

∆iL = iL(αTs)− iL(0) =
αTsvin

(1 + k)L
(5.22)

In the existing converter, the ripple in inductor L is ∆iL =
αTsvin
L

[90]. Therefore, it is seen

that DWCI helps to reduce ripple in inductor current.
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5.3.2 Ripple current in Lf-winding

ON-state (0 < t < αTs) : In this duration (0 < t < αTs), the instantaneous inductor

current iLf (αTs) is determined by using Equation (5.4) as follows.

iLf (αTs) =
αTs((2vC − vo)− kvin)

(1− k2)Lf
+ iLf (0)

=
αTsvin

(1 + k)Lf
+ iLf (0) (5.23)

In the next interval (αTs < t < Ts), the instantaneous inductor current iLf (Ts) is derived

iLf (Ts) = iLf (αTs) +
(1− α)Ts(vC − vCf − k(vin − vC))

(1− k2)Lf
= iLf (0) (5.24)

Therefore, the ripple current of Lf -winding is as follows.

∆iLf = iLf (αTs)− iLf (0) =
αTsvin

(1 + k)Lf
(5.25)

5.4 Ripple in Input Current

Let us consider that the duty ratio and ripple in input current of the CBoC are αc and ∆ic

respectively. α and ∆iin are respectively the duty ratio and the ripple in input current of the

proposed HSUBoC. The ripple in input current in CBoC is ∆ic =
αcTsvin
L

[124]. The ripple in

input current in the proposed HSUBoC is ∆iin =
αTsvin

(1 + k)L
. The relation between these two

input currents is
∆iin
∆ic

=
α

(1 + k)αc
(5.26)

The voltage conversion ratio of CBoC is
vo
vin

=
1

(1− αc)
. It is seen that the two converters have

equal output voltage when α and αc are related as follows.

α =
αc

2− αc
(5.27)

Substituting Equations (5.27) into (5.26), the following relation is developed.

∆iin
∆ic

=
1

(1 + k)(2− αc)
< 1 where k ∈ {0, 1} (5.28)
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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 ∆vo is provided as follows [90].

∆vo =
1

Cf

∫ αTs
2

0

∆iLf
αTs

tdt+
1

Cf

∫ (1−α)Ts
2

0

(
∆iLf

2
−

∆iLf
(1− α)t

)dt (5.29)

By substituting ∆iLf =
αTsvin

(1 + k)Lf
into Equation (5.29), the output voltage ripple is determined

as follows.

∆vo =
1

8Cf

(1− α)voαTs
2

(1 + k)(1 + α)Lf
(5.30)

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

vo
1 + α

1− α
vin

1 + α

1− α
vin

1

1− α
vin

∆iL
αTsvin

(1 + k)L

αTsvin
L

αTsvin
L

∆iLf
αTsvin

(1 + k)Lf

αTsvin
Lf

αTsvin
Lf

vS
vo

1 + α

vo
1 + α

vo

∆vo
1

8Cf

(1− α)voαTs
2

(1 + k)(1 + α)Lf

1

8Cf

(1− α)voαTs
2

(1 + α)Lf

voαTs
RCf

By varying the duty ratio α, the improvement of current ripple ∆iL 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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Figure 5.6: Plot of ripple current ∆iL versus duty ratio α

5.6 Voltage and Current Stresses

The voltage stresses of the semiconductor devices are expressed by neglecting the capacitive

ripple voltages. The voltage stress, vS, of the switch S and voltage stress, vD, of the diodes D1

and D2 are as follows.

vS = vD =
vo

1 + α
(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 iS through S is

approximated as follows.

iS =


(1+α)io

1−α , for 0 < t ≤ αTs

0, for αTs < t ≤ Ts

(5.32)

By using Equation (5.32), the root mean square (rms) current, ISrms , through S is determined

as

ISrms =

√
1

Ts

∫ Ts

0

i2Sdt =

√
α(1 + α)io

1− α
(5.33)

The diode currents iD1 through D1 and iD2 through D2 are approximated as follows.

iD1 =

0, for 0 < t ≤ αTs

(1+α)io
1−α , for αTs < t ≤ Ts

(5.34)
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iD2 =

0, for 0 < t ≤ αTs

io, for αTs < t ≤ Ts

(5.35)

By using Equation (5.34), the rms current ID1rms and average current ID1 are determined as

follows.

ID1rms =

√
1

Ts

∫ Ts

0

i2D1
dt =

(1 + α)io√
1− α

(5.36)

ID1 =
1

Ts

∫ Ts

0

iD1dt = (1 + α)io (5.37)

By using Equation (5.35), the rms current ID2rms and average current ID2 are derived as follows

respectively.

ID2rms =

√
1

Ts

∫ Ts

0

i2D2
dt = io

√
(1− α) (5.38)

ID2 =
1

Ts

∫ Ts

0

iD2dt = (1− α)io (5.39)

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 (PrDS) due to the ON-state switching

resistance rDS(on) is calculated as follows.

PrDS =
α(1 + α)2i2orDS(on)

(1− α)2
(5.40)

The diode conduction resistance of diodes D1 and D2 are denoted by rD. By using Equations

(5.36) and (5.38), the total conduction loss PrD of the diodes is determined as follows.

PrD = rD(I2
D1rms

+ I2
D2rms

) = 2
(1 + α2)i2o

1− α
rD (5.41)

By using Equations (5.37) and (5.39), the power loss (Pvfd) due to diode forward bias voltage

vfd is derived as

Pvfd = vD(ID1 + ID2) = 2vfdio (5.42)

120TH-2863_146102032



5.8 Small-signal Modelling

The inductor current iL through L-winding is expressed as iL = iin = (1+α)io
(1−α)

. The inductor

current iLf through Lf -winding is approximated as iLf = io. Due to the inductive parasitics

(rL = rLf ), the total power loss (PrL) due to the inductors are as follows.

PrL = rL
2i2o(1 + α2)

(1− α)2
(5.43)

By using Equations (5.40) to (5.43), the total loss (PLoss) is determined as follows.

PLoss = PrDS + PrD + Pvfd + PrL (5.44)

The output power is denoted by PO. From Equation (5.44), the efficiency η is determined as

η =
PO

PO + PLoss
=

1

1 +
2rDS(on)α(1+α)2

(1−α)2R
+ 2(1+α2)rD

(1−α)R
+

2vfd
VO

+ 2(1+α2)rL
(1−α)2R

(5.45)

The simulation of efficiency curve of HSUBoC with improved ripple against duty ratio change

is shown in Figure 5.7.
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Figure 5.7: Simulation result of efficiency due to variation of α

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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5.8.1 Average state-space equation

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

ẋ(t) = Aavx(t) + Bavvin(t) (5.46)

y(t) = Zavx(t) (5.47)

The average state matrices of the Equations (5.46) and (5.47) are as follows.

Aav = (A1 −A2)α + A2

=



0
(α− 1)Lf −M(α + 1)

LLf −M2
0

M

LLf −M2

1− α
2C

0
−(1 + α)

2C
0

0
(1− α)M + (1 + α)L

LLf −M2
0

−Lf
LLf −M2

0 0
1

Cf

−1

RCf


(5.48)

Bav = (B1 −B2)α + B2 =

[
Lf

LLf −M2
0

−M
LLf −M2

0

]T
(5.49)

Zav = (Z1 − Z2)α + Z2 =
[
0 0 0 1

]
(5.50)

Now, considering a perturbation v̂in(t) in the steady state input voltage Vin, the input voltage

becomes vin(t) = Vin+v̂in(t). This perturbation in vin affects the steady-state values of inductor

currents and capacitor voltages. Therefore, the instantaneous state vector x(t) and output vo(t)

become x(t) = X+x̂(t) and vo(t) = Vo+v̂o(t). The state-space equation with the perturbation

can be written as follows.

Ẋ + ˙̂x(t) = Aav(X + x̂(t)) + Bav(Vin + v̂in(t)) (5.51)

Vo + v̂o(t) = Zav(X + x̂(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.

X = [ILi VC IL VCf ]
T = −Aav

−1BavVin =

[
(1 + α)2Vin
(1− α)2R

Vin
1− α

(1 + α)Vin
(1− α)R

(1 + α)Vin
1− α

]T
(5.53)

5.8.3 Open-loop transfer function

By using the Equations (5.46) to (5.47), the voltage to duty ratio transfer function Gvα(s)

is derived as follows.

Gvα(s) =
v̂o(s)

α̂(s)
= Zav(sI−Aav)−1[(A1 −A2)X + (B1 −B2)Vin] + (Z1 − Z2)X (5.54)

By using the Equation (5.54), the following voltage to duty ratio transfer function is derived.

Gvα(s) =
a2s

2 + a1s+ a0

b4s4 + b3s3 + b2s2 + b1s+ b0

(5.55)

The coefficients of Gvα(s) are provided in terms of RLC-parameters in Table 5.2. By using the

parameter value provided in Table 5.3, the Gvα is determined as follows.

Gvα(s) =
1.6033× 108s2 − 1.4888× 1011s+ 5.6684× 1015

s4 + 101s3 + 7.447× 107s2 + 5.255× 109s+ 1.389e14
(5.56)

The gain and phase margin of the uncompensated plant Gvα(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.

Gc(s) = Kp +
Ki

s
(5.57)

where Kp and Ki are the proportional and integral constants. The parameters of the controller

are Kp = 1.5559× 10−5 and Ki = 0.6617.
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5. High Step-up Boost Converter

Table 5.2: The coefficients of transfer function Gvα(s)

Coefficient Expression

a2
(L−M)Vin

Cf (LLf −M2)(1− α)

a1
−((L−M)α + L+M)(1 + α)Vin

Cf (LLf −M2)(α− 1)2RC

a0
−Vin((α− 1)L2 + ((1− α)M − Lf (α + 1))L+M(2M + (α− 1)Lf ))

2CfC(LLf −M2)2

b4 1

b3
1

CfR

b2
(α2(L−M) + L+M)Cf + LfC

(LLf −M2)CCf

b1
(L−M)α2 + L+M

RCf (LLf −M2)C

b0
((1− α)M2 + (L− Lf )(α + 1)M + LLf (α− 1))(α− 1)

2CfC(LLf −M2)2

Block diagram representation of the closed-loop control system is shown in Figure 5.8. The

transfer function of compensated system is calculated as follows.

Figure 5.8: Block diagram representation of the closed-loop control systems

Gcomp(s) = Gc(s)G(s) =
2495s3 + 1.038× 108s2 − 1.032× 101s+ 3.751× 1015

s5 + 101s4 + 7.447× 107s3 + 5.255× 109s2 + 1.389× 1014s
(5.58)

The phase and gain margin of the compensated system (Gcomp(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 z1 = z2 = 0.0464 × 104 ± i0.5928 × 104,

z3 = −4.2528×104. The closed loop poles are s1 = −27, s2 = s3 = −0.0143×103±i8.5180×103,

124TH-2863_146102032
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s4 = s5 = −0.0227× 103± i1.3829× 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.

Figure 5.9: Bode plot of uncompensated and compensated systems

5.9 Simulation Results

The simulation is carried out in the MATLAB-Simscape platform by using the parameters

given in Table 5.3.

Table 5.3: Parameter values of HSUBoC considered for CCM operation

Parameters Values

Power (PO) 18.14 W

Input Voltage vin 10 V

Switching Frequency fs 50 kHz

Inductance L 180 µH

Inductance Lf 180 µH

Coupling factor k 0.5

Capacitor C1 = C2 = C 220 µF

Output Capacitor Cf 330 µF

Load Resistance R 30 Ω

Diode forward voltage (vD) 0.39 V

MOSFET drain to source on-resistance (rDSon ) 0.075 Ω

Duty Ratio α 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 5.10a shows the ripple in inductor current for α = 0.40. When the coupling factor

k = 0, i.e. uncoupled inductors, the ripple currents through the inductors L and Lf are

∆iL = ∆iLf = 0.45 A as shown in Figure 5.10a. After replacing these two single inductors by a

DWCI with coupling factor k = 0.5, the ripple currents through L−winding and Lf−winding

become ∆iL = ∆iLf = 0.3 A as shown in Figure 5.10a. The inductance values of the single

inductors L and Lf are equal to L − winding and Lf − winding of DWCI respectively. In

Figure 5.10b, the output voltage ripple is shown. With the single inductors, the output voltage

ripple is ∆vo =97.3 mV. By using the DWCI the output voltage ripple ∆vo is reduced into 64.9

mV as shown in Figure 5.10b. The steady state value of the output voltage vo = 22.415 V is

not affected by the coupling factor.

(a) (b)

Figure 5.10: Ripples in (a) Inductor currents, and (b) Output voltage for α = 0.40

5.9.2 Closed-loop performance

Figure 5.11a shows the simulation results of the closed-loop systems due to reference voltage

vref change. The vref is set to be 26 V, 18 V and 22 V. From the results, it can be seen that

the output voltage (vo) and inductor currents (iL and iLf ) 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

5.11b. At 0.2 s, the load is changed from 30 Ω to 15 Ω. Therefore, the output load current

increases from 0.733 A to 1.46 A. At 0.4 s, the load is again 30 Ω, therefore the load current

decreases from 1.46 A to 0.733 A.

(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 5.3. The switch S is implemented by MOSFET IRFP250NPBF.

The diodes D1 and D2 are implemented by NTST30100SG.

(a) (b)

Figure 5.13: Experimental result of inductor currents for α = 0.40 and k = 0 (a) iL, and (b) iLf

The ripple current ∆iL in inductor L is 0.45 A for α = 0.40 as shown in Figure 5.13a and

the ripple current ∆iLf in inductor Lf is 0.45 A for α = 0.40 as shown in Figure 5.13b.

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 ∆iL = 0.3 A as shown in Figure 5.16a. The ripple current in

Lf−winding of the coupled inductor is ∆iLf = 0.3 A as shown in Figure 5.16b. Thus, these

experimental results of ripple improvement validate the Equations (5.22) and (5.25). With
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more tight coupling factor, the ripple can be reduced more.

Figure 5.15: Schematic diagram of the experimental setup of the converter (HSUBoC) with DWCI

(a) (b)

Figure 5.16: Experimental result of inductor currents (a)iL, and (b)iLf for α = 0.40 and k = 0.5

(a) (b)

Figure 5.17: Experimental result of voltage stresses (a) vS , and (b) vD for α = 0.40
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5. High Step-up Boost Converter

The diode and switch voltage stresses are vS = 16.4 V and vD = 16.4 V, respectively shown

in Figure 5.17a 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 ∆vo = 70 mV. The

experimental waveform of efficiency for duty ratio change is shown in Figure 5.19. Maximum

94.15% efficiency is achieved at α = 0.30.

Figure 5.18: Experimental result of output voltage vo for α = 0.40

Figure 5.19: Plot of efficiency versus duty ratio (α)

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

in 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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6.1 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 vin, two identical inductors L1 and L2

with parasitic rL are connected to the switches S1 and S2 respectively. Two identical capacitors

C1 and C2 are connected in cross through two parallel diodes D1 and D2 with S1. When S1

does not conduct, the two capacitors are charged in parallel by the L1. When the S1 conducts,

the capacitors are connected in series through the S1 and they provide the stored energy to the

output part. The switch S2 is followed by a diode D3 and connected to output side inductor

132TH-2863_146102032



6.2 Operation Principle

Lf . The Lf 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 Lf is

followed by an output capacitor Cf with parasitic rCf . R is the load resistance at output vo.

Parasitics rL and rCf are negligible as rL, rCf << R.

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 α. When the duty ratio α is in the interval α ∈ (0, 0.5], both the switches are

OFF for two specific durations of the time period Ts as shown in Figure 6.2a.

(a)

t

t

)

)

t

t

(b)

Figure 6.2: Idealized waveform of the proposed HSUIBoC when (a) α ∈ (0, 0.5], and (b) α ∈ (0.5, 1)
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6. High Step-up Interleaved Boost Converter

During these intervals, inductor currents iL1 and iL2 through L1 and L2 respectively decrease.

In other condition, while α ∈ (0.5, 1), both the switches are ON for two particular durations

as shown in Figure 6.2b. During these periods, iL1 and iL2 increase. In the both idealized

waveforms, it is shown that the inductor currents iL1 and iL2 are in 180◦ phase shift. The

current iLf is through the inductor Lf . All the four basic switching modes of operation are

described by assuming C1 = C2 = C.

6.2.1.1 Mode-I

During this mode of operation, switch S1 conducts and S2 does not conduct as shown in

Figure 6.3. This causes D1 and D2 to be in reverse bias and D3 in forward bias. Therefore, two

identical capacitors, C, are in series through S1 and the resultant capacitive voltage becomes

vC + vC = 2vC . The switching operation of Mode-I occurs during 0 < t ≤ ϕ1Ts for the case

of α ∈ (0, 0.5] as shown in Figure 6.2a and the same switching operation occurs for the case of

α ∈ (0.5, 1) during ϕ1Ts < t ≤ ϕ2Ts as shown in Figure 6.2b.

Figure 6.3: Mode-I operation while S1 = ON and S2 = OFF

The equations of voltages vL1 , vL2 and vLf across L1, L2 and Lf are expressed as

vL1 = L1
diL1(t)

dt
= vin − rLiL1 (6.1)

vL2 = L2
diL2(t)

dt
= vin − vC − rLiL2 (6.2)

vLf = Lf
diLf (t)

dt
= 2vC − vo (6.3)

The current through the identical capacitors, iC(t), and load current, iR(t), are described by

iC(t) = iL2(t)− iLf (t) (6.4)

iR(t) = iLf (t)− iCf (t) (6.5)
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where iCf (t) is the current flowing through the output capacitor Cf . The voltage, vCf , across

Cf is

vCf = vo = RiR(t) (6.6)

The voltage, vS2 , across the switch S2 is given by

vS2 = vin − vL2 = vC (6.7)

The voltages vD1 and vD2 across D1 and D2 respectively are as follows.

vD1 = vD2 = vC (6.8)

The state vectors are defined by x(t) = [iL1 iL2 vC iLf vCf ]
T and the output vector vo(t). The

state space equation of this mode of operation is expressed

ẋ(t) = A1x(t) + B1vin(t)

=



−rL
L1

0 0 0 0

0
−rL
L2

−1

L2

0 0

0
1

C
0
−1

C
0

0 0
2

Lf
0

−1

Lf

0 0 0
1

Cf

−1

RCf


x(t) +



1

L1
1

L2

0

0

0


vin(t) (6.9)

vo(t) = Z1x(t) =
[
0 0 0 0 1

]
x(t) (6.10)

6.2.1.2 Mode-II

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 ϕ1Ts < t ≤ ϕ2Ts and ϕ3Ts < t ≤ ϕ4Ts only if

α ∈ (0, 0.5] as shown in Figure 6.2a. The inductive voltage equation of L2 is as Equation (6.2).
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The inductive voltage equations of L1 and Lf are as follows.

vL1 = vin − vC − rLiL1 (6.11)

Figure 6.4: Mode-II operation while S1 = OFF and S2 = OFF

vLf = vC − vo (6.12)

The output load current and voltage equations are the same as Equations (6.5) and (6.6)

respectively. The iC(t) can be defined as follows.

2iC(t) = iL1(t) + iL2(t)− iLf (t) (6.13)

The voltage, vS1 , across the switch S1 is as follows.

vS1 = vin − vL1 = vC (6.14)

The voltage vS2 is the same as given in Equation (6.7). The state space equation of this mode

of operation is expressed as follows

ẋ(t) = A2x(t) + B2vin(t)

=



−rL
L1

0
−1

L1

0 0

0
−rL
L2

−1

L2

0 0

1

2C

1

2C
0
−1

2C
0

0 0
1

Lf
0

−1

Lf

0 0 0
1

Cf

−1

RCf


x(t) +



1

L1

1

L2

0

0

0


vin(t) (6.15)
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vo(t) = Z2x(t) =
[
0 0 0 0 1

]
x(t) (6.16)

6.2.1.3 Mode-III

During this switching mode, the switch S1 does not conduct and the switch S2 conducts.

Therefore, the diodes D1 and D2 are in forward bias but D3 is in reverse bias as shown in Figure

6.5. Thus, the two identical capacitors C are parallel to each other. When α ∈ (0, 0.5], the

Mode-III takes place during ϕ2Ts < t ≤ ϕ3Ts as shown in Figure 6.2a and when α ∈ (0.5, 1),

the same mode occurs during ϕ3Ts < t ≤ ϕ4Ts as shown in Figure 6.2b.

Figure 6.5: Mode− III operation while S1 = OFF and S2 = ON

The voltage across L1 and Lf are as in Equations (6.11) and (6.12) respectively. The vL2 is

vL2 = vin − rLiL2 (6.17)

The output load current and voltage are as provided in Equations (6.5) and (6.6) respectively.

The iC(t) is expressed by

2iC(t) = iL1(t)− iLf (t) (6.18)

The voltage vS1 is the same as given in Equation (6.14) and the voltage, vD3 , across the D3 is

as follows.
vD3 = vC (6.19)

The state space equation of this mode of operation is given by
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ẋ(t) = A3x(t) + B3vin(t)

=



−rL
L1

0
−1

L1

0 0

0
−rL
L2

0 0 0

1

2C
0 0

−1

2C
0

0 0
1

Lf
0

−1

Lf

0 0 0
1

Cf

−1

RCf


x(t) +



1

L1

1

L2

0

0

0


vin(t) (6.20)

vo(t) = Z3x(t) =
[
0 0 0 0 1

]
x(t) (6.21)

6.2.1.4 Mode-IV

In this mode, both the switches conduct and all the three diodes are in reverse bias as shown

in Figure 6.6. The two identical capacitors C are in series through switch S1. This mode of

operation occurs during 0 < t ≤ ϕ1Ts and ϕ2Ts < t ≤ ϕ3Ts only if α ∈ (0.5, 1) as shown in

Figure 6.2b.

Figure 6.6: Mode-IV operation while S1 = ON and S2 = ON

The voltages across L1, L2 and Lf are as derived in Equations (6.1), (6.17) and (6.3)

respectively. The capacitor current iC(t) is given by

iC(t) = −iLf (t) (6.22)

The output load current and voltage are as in Equations (6.5) and (6.6) respectively. The state
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6.3 Voltage conversion ratio

space equation of this mode of operation is given by

ẋ(t) = A4x(t) + B4vin(t) =



−rL
L1

0 0 0 0

0
−rL
L2

0 0 0

0 0 0
−1

C
0

0 0
2

Lf
0

−1

Lf

0 0 0
1

Cf

−1

RCf


x(t) +



1

L1

1

L2

0

0

0


vin(t) (6.23)

vo(t) = Z4x(t) =
[
0 0 0 0 1

]
x(t) (6.24)

6.3 Voltage conversion ratio

The voltage conversion ratio is determined when (0 < α ≤ 0.5). The conversion ratio is the

same for the conditions α ∈ (0, 0.5] and α ∈ (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 L1 is as follows.

(∫ ϕ1Ts

0

vL1 +

∫ ϕ2Ts

ϕ1Ts

vL1 +

∫ ϕ3Ts

ϕ2Ts

vL1 +

∫ ϕ4Ts

ϕ3Ts

vL1

)
dt = 0 (6.25)

By solving Equation (6.25), it is found that vin = (1− α)vC . Now, the VSB equation of Lf is

(∫ ϕ1Ts

0

vLf +

∫ ϕ2Ts

ϕ1Ts

vLf +

∫ ϕ3Ts

ϕ2Ts

vLf +

∫ ϕ4Ts

ϕ3Ts

vLf

)
dt = 0 (6.26)

The Equation (6.26) yields to vo = (1 + α)vC . Thus, from Equations (6.25) and (6.26), the

voltage conversion ratio of the proposed HSUIBoC is determined as follows.

M =
vo
vin

=
1 + α

1− α
(6.27)

Thus, the proposed HSUIBoC has higher conversion ratio than the CIBoC (M = 1/(1−α)) as

provided in [126]. The change of voltage gain of the proposed HSUIBoC with respect to α is
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6. High Step-up Interleaved Boost Converter

shown in Figure 6.7.

Figure 6.7: Voltage gain (M) versus duty ratio (α)

6.4 Average and Ripple Currents in Inductor

To determine inductor average and ripple current, the currents through L1, L2 and Lf

are expressed as
∫ Ts

0
diL1(t) =

∫ Ts
0

vL1

L1
dt,

∫ Ts
0
diL2(t) =

∫ Ts
0

vL2

L2
dt and

∫ Ts
0
diLf =

∫ Ts
0

vLf
Lf
dt

respectively.

6.4.1 Case I, α ∈ (0, 0.5]

In the interval 0 < t ≤ ϕ1Ts, shown in Figure 6.2a, the iL1(ϕ1Ts), iL2(ϕ1Ts) and iLf (ϕ1Ts)

are derived by neglecting the parasitics of inductors.

∫ ϕ1Ts

0

diL1(t) =
1

L1

∫ ϕ1Ts

0

vL1dt

iL1(ϕ1Ts) =
1

L1

vL1(ϕ1Ts − 0) + iL1(0) =
αTs
L1

vin + iL1(0) (6.28)

∫ ϕ1Ts

0

diL2(t) =
1

L2

∫ ϕ1Ts

0

vL2dt

iL2(ϕ1Ts) = iL2(0) +
1

L2

vL2(ϕ1Ts − 0) = iL2(0) +
1

L2

(vin − vC)αTs

= iL2(0) +
1

L2

(vin −
vin

1− α
)αTs = iL2(0)− α2Ts

L2(1− α)
vin (6.29)
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6.4 Average and Ripple Currents in Inductor

∫ ϕ1Ts

0

diLf (t) =
1

Lf

∫ ϕ1Ts

0

vLfdt

iLf (ϕ1Ts) =
1

Lf
vLf (ϕ1Ts − 0) + iLf (0) =

1

Lf
(2vC − vo)αTs + iLf (0)

=
1

Lf
(2

vin
1− α

− (1 + α)vin
1− α

)αTs + iLf (0) =
αTs
Lf

vin + iLf (0) (6.30)

where iL1(0), iL2(0) and iLf (0) are the initial inductor current at t = 0.

Next switching interval ϕ1Ts < t ≤ ϕ2Ts: By using Equation (6.11), the instantaneous

current iL1(ϕ2Ts) is determined as follows.

∫ ϕ2Ts

ϕ1Ts

diL1(t) =
1

L1

∫ ϕ2Ts

ϕ1Ts

vL1dt

iL1(ϕ2Ts) = iL1(ϕ1Ts) +
1

L1

(vin − vC)(ϕ2 − ϕ1)Ts

= iL1(ϕ1Ts) +
1

L1

(vin −
vin

1− α
)(0.5− α)Ts

=
0.5αTs

L1(1− α)
vin + iL1(0) (6.31)

The instantaneous current iL2(ϕ2Ts) is derived by using Equation (6.2) as

∫ ϕ2Ts

ϕ1Ts

diL2(t) =
1

L2

∫ ϕ2Ts

ϕ1Ts

vL2dt

iL2(ϕ2Ts) = iL2(ϕ1Ts) +
1

L2

(vin − vC)(ϕ2 − ϕ1)Ts

= iL2(ϕ1Ts) +
1

L2

(vin −
vin

1− α
)(0.5− α)Ts

= iL2(0)− 0.5αTs
L2(1− α)

vin (6.32)

By using Equation (6.12), instantaneous current iLf (ϕ2Ts) is determined as follows.

∫ ϕ2Ts

ϕ1Ts

diLf (t) =
1

Lf

∫ ϕ2Ts

ϕ1Ts

vLfdt

iLf (ϕ2Ts) = iLf (ϕ1Ts) +
1

Lf
(vC − vo)(ϕ2 − ϕ1)Ts

= iLf (ϕ1Ts) +
1

Lf
(
vin

1− α
− (1 + α)vin

1− α
)(0.5− α)Ts

=
αTs
Lf

vin + iLf (0)− (0.5− α)αTs
Lf (1− α)

vin =
0.5αTs

Lf (1− α)
vin + iLf (0) (6.33)
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In the subsequent duration ϕ2Ts < t ≤ ϕ3Ts, the instantaneous iL1(ϕ3Ts) is determined as

∫ ϕ3Ts

ϕ2Ts

diL1(t) =
1

L1

∫ ϕ3Ts

ϕ2Ts

vL1dt

iL1(ϕ3Ts) = iL1(ϕ2Ts) +
1

L1

(vin − vC)(ϕ3 − ϕ2)Ts

= iL1(ϕ2Ts) +
1

L1

(vin −
vin

1− α
)αTs

=
0.5αTs

L1(1− α)
vin + iL1(0)− α2Ts

L1(1− α)
vin =

(0.5− α)αTs
L1(1− α)

vin + iL1(0) (6.34)

By using Equation (6.17), The instantaneous iL2(ϕ3Ts) is derived as follows.

∫ ϕ3Ts

ϕ2Ts

diL2(t) =
1

L2

∫ ϕ3Ts

ϕ2Ts

vL2dt

iL2(ϕ3Ts) = iL2(ϕ2Ts) +
1

L2

vin(ϕ3 − ϕ2)Ts

= iL2(0)− 0.5αTs
L2(1− α)

vin +
αTs
L2

vin =
(0.5− α)αTs
L2(1− α)

vin + iL2(0) (6.35)

The instant iLf (ϕ3Ts) is derived by using Equation (6.12) as follows.∫ ϕ3Ts

ϕ2Ts

diLf (t) =
1

Lf

∫ ϕ3Ts

ϕ2Ts

vLfdt

iLf (ϕ3Ts) = iLf (ϕ2Ts) +
1

Lf
(vC − vo)(ϕ3 − ϕ2)Ts

= iLf (ϕ2Ts) +
1

Lf
(
vin

1− α
− (1 + α)vin

1− α
)αTs

=
0.5αTs

Lf (1− α)
vin + iLf (0)− α2Ts

Lf (1− α)
vin =

(0.5− α)αTs
Lf (1− α)

vin + iLf (0) (6.36)

In the following interval ϕ3Ts < t ≤ ϕ4Ts, the instantaneous currents are iL1(ϕ4Ts),

iL2(ϕ4Ts) and iLf (ϕ4Ts). Using Equation (6.11), the iL1(ϕ4Ts) is derived as∫ ϕ4Ts

ϕ3Ts

diL1(t) =
1

L1

∫ ϕ4Ts

ϕ3Ts

vL1dt

iL1(ϕ4Ts) = iL1(ϕ3Ts) +
1

L1

(vin − vC)(ϕ3 − ϕ4)Ts

= iL1(ϕ3Ts) +
1

L1

(vin −
vin

1− α
)(0.5− α)Ts

=
(0.5− α)αTs
L1(1− α)

vin + iL1(0)− (0.5− α)αTs
L1(1− α)

vin = iL1(0) (6.37)

142TH-2863_146102032



6.4 Average and Ripple Currents in Inductor

By using Equation (6.2), the iL2(ϕ4Ts) is determined as follows.∫ ϕ4Ts

ϕ3Ts

diL2(t) =
1

L2

∫ ϕ4Ts

ϕ3Ts

vL2dt

iL2(ϕ4Ts) = iL2(ϕ3Ts) +
1

L2

(vin − vC)(ϕ3 − ϕ4)Ts

= iL2(ϕ3Ts) +
1

L2

(vin −
vin

1− α
)(0.5− α)Ts

=
(0.5− α)αTs
L2(1− α)

vin + iL2(0)− (0.5− α)αTs
L2(1− α)

vin = iL2(0) (6.38)

The iLf (ϕ4Ts) is derived by using Equation (6.12) as follows.∫ ϕ4Ts

ϕ3Ts

diLf (t) =
1

Lf

∫ ϕ4Ts

ϕ3Ts

vLfdt

iLf (ϕ4Ts) = iLf (ϕ3Ts) +
1

Lf
(vC − vo)(ϕ3 − ϕ4)Ts

= iLf (ϕ3Ts) +
1

Lf
(
vin

1− α
− (1 + α)vin

1− α
)(0.5− α)Ts

=
(0.5− α)αTs
Lf (1− α)

vin + iLf (0)− (0.5− α)αTs
Lf (1− α)

vin = iLf (0) (6.39)

Now, the average currents (IL) of L1 and L2 are equal and it is determined in terms of iL1 as
follows.

IL =
iL1(0) + iL1(ϕ1Ts)

2
α +

iL1(ϕ1Ts) + iL1(ϕ2Ts)

2
(0.5− α)

+
iL1(ϕ2Ts) + iL1(ϕ3Ts)

2
α +

iL1(ϕ3Ts) + iL1(ϕ4Ts)

2
(0.5− α)

=
(1− α)αTs
2L1(1 + α)

vo + iL1(0) (6.40)

In a similar fashion, the average current ILf of Lf is derived as

ILf =
(1− α)αTs
2Lf (1 + α)

vo + iLf (0) (6.41)

Moving to the analysis for Case II: α ∈ (0.5, 1), the expressions of average inductor currents IL

and ILf are the same as Equations (6.40) and (6.41) and are not repeated herein for brevity.

The ripple in inductor current, ∆iL, of the two identical inductors is as follows.

∆iL = ∆iL1 = ∆iL2 =
αTs
L
vin =

αTs
L

(1− α)

(1 + α)
vo (6.42)
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6. High Step-up Interleaved Boost Converter

The ripple in output end inductor, ∆iLf , is expressed as

∆iLf =
αTs
Lf

vin =
αTs
Lf

(1− α)

(1 + α)
vo (6.43)

6.4.2 Case II, α ∈ (0.5, 1)

The expressions of average inductor currents IL and ILf are the same as given in Equations

(6.40) and (6.41) respectively. The expressions of ∆iL and ∆iLf are the same as provided in

Equations (6.42) and (6.43) respectively.

6.5 CCM/DCM Boundary Load Condition

In Case I: α ∈ (0, 0.5], at boundary condition between CCM and DCM, iL1(0) = iL1(ϕ4Ts) =

0, and the average inductor current IL is

IL =
(1− α)αTs
2L1(1 + α)

vo (6.44)

In the proposed HSUIBoC, the steady-state input current is given by

iin = IL1 + IL2 = 2IL =
(1− α)αTs
L1(1 + α)

vo (6.45)

In ideal condition, the relation between output boundary current iOB and input current iin

of the proposed HSUIBoC is vo
vin

= iin
iOB

= 1+α
1−α . Hence, the output boundary current, iOB, is

derived as

iOB =
1− α
1 + α

iin =
(1− α)2αTs
L1(1 + α)2

vo (6.46)

Therefore, from Equation (6.46) the boundary load, RB, between CCM and DCM is calculated

as follows.

RB =
vo
iOB

=
L1(1 + α)2

(1− α)2αTs
(6.47)

The minimum requirement of inductance value for a given load R is determined by

min {L = L1 = L2} =
RB(1− α)2αTs

(1 + α)2
(6.48)
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Now, the average inductor current ILf of Lf is equal to the output current io as the ripple current

passes through the output filter capacitor Cf . Therefore, at boundary condition (iLf (0) = 0),

Equation (6.41) can be written as follows.

ILf = io =
vo
RB

=
(1− α)αTs
2Lf (1 + α)

vo (6.49)

Therefore, for a given load R, the minimum requirement of inductance value is derived as

follows.

min {Lf} =
(1− α)αTsRB

2(1 + α)
(6.50)

Case II, α ∈ (0.5, 1): Similarly, it can be shown that RB is the same as given in Equation

(6.47) and the minimum requirements of inductance value (L = L1 = L2) and Lf 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 αc and ∆ic. The

ripple in input current of CIBoC is ∆ic = αcTsvin
L

. The ripple in input current of the proposed

HSUIBoC is ∆iin = αTsvin
L

. The relation between the two input currents yields ∆iin
∆ic

= α
αc
. It

is seen that the two converters have the same output voltage when α and αc are related as

follows.

α =
αc

2− αc
(6.51)

Therefore, the relation of ripple in input current between the CIBoC and proposed HSUIBoC

is as follows.
∆iin
∆ic

=
1

2− αc
< 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 (C1 = C2 = C)

When the switch S1 conducts, the two identical capacitors (C1 = C2 = C) are connected

in series and the superimposed capacitor voltage is fed to the output load. Therefore, when S1
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conducts the power released by these two identical capacitors is equal to the load power and

the energy equation is defined by follows.

1

2

C

2
(2vC)2 =

v2
o

R
Ts

C(v2
Cmax − v2

Cmin) =
C(vCmax + vCmin)(vCmax − vCmin)

Ts
=
v2
o

R
(6.53)

The peak-to-peak ripple of capacitive voltage vC is defined by

∆vC = vCmax − vCmin (6.54)

The average voltage of vC is approximated by (vCmax+vCmin)
2

= vC and hence,

vCmax + vCmin = 2vC = 2
vo

1 + α
(6.55)

Therefore, by using Equations (6.53)-(6.55), the minimum requirement of capacitance value of

identical capacitors is derived as follows.

Cmin =
(1 + α)Ts

2∆VC

vo
R

(6.56)

6.8 Design of Output Filter Capacitor (Cf)

The maximum peak-to-peak value of the AC (alternating current) component of the voltage

across the capacitor Cf is as follows.

VCfpp =
∆Q

Cf
=
ioαTs
Cf

=
voαTs
RCf

(6.57)

where ∆Q is the charge decrease during the interval (0 < t < ϕ1Ts) while α ∈ (0, 0.5] and

(0 < t < ϕ3Ts) while α ∈ (0.5, 1). The requirement of Cf can be calculated by assuming

Vr = VCfpp where Vr is the output voltage ripple (OVR). Hence, the minimum requirement of

output capacitor is expressed by

Cfmin =
vomaxαmaxTs
RminVr

(6.58)
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The effect of equivalent series resistance (ESR) on OVR is required to analyse [127]. Therefore,

the peak-to-peak voltage Vrcfpp across the ESR rCf is determined as follows.

Vrcfpp = rCf∆iLf = rCf
αTs
Lf

(1− α)

(1 + α)
vo (6.59)

The accurate ripple equation Vr = VCfpp + Vrcfpp cannot be used as the rCf is unknown [117].

With Cf already designed by Equation (6.58), the expression (rCf = VCfpp/io) 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 (thold−up), output capacitor value can be decided and

it is as follows [14], [117].

Cf ≥
io × thold−up

0.01× vo
=

io
0.01× vo

1

0.1× fs
(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

vS = vS1 = vS2 = vC =
vo

1 + α
(6.61)

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 D1, D2 and D3 are as follows.

vD = vD1 = vD2 = vD3 = vC =
vo

1 + α
(6.62)

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

ISrms = IS1rms = IS2rms =

√
1

Ts

∫ Ts

0

i2S1,2
dt =

io(1 + α)
√
α

2(1− α)
(6.63)
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The rms currents of diodes D1, D3 and D2 are as follows.

IDrms = ID1rms = ID3rms =

√
1

Ts

∫ Ts

0

i2D1,3
dt =

io(1 + α)

2
√

(1− α)
(6.64)

ID2rms = io
√

(1− α) (6.65)

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

Voltage Gain
1

1− α
<

1 + α

1− α
Ripple current ∆iL

(1− α)αTs

L
vo >

αTs

L

(1− α)

(1 + α)
vo

Ripple voltage Vrcfpp rCf

(1− α)αTs

L
vo > rCf

αTs

Lf

(1− α)

(1 + α)
vo

min{L = L1 = L2} RB(1− α)2αTs >
RB(1− α)2αTs

(1 + α)2

Voltage stress vS vo >
vo

1 + α

Voltage stress vD vo >
vo

1 + α

Current stress ISrms

io
√
α

2(1− α)
<

io(1 + α)
√
α

2(1− α)

Current stress IDrms

io

2
√

(1− α)
<

io(1 + α)

2
√

(1− α)

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

PrDS(on) = rDS(on)(I
2
S1rms

+ I2
S2rms

) = rDS(on)
i2o(1 + α)2α

2(1− α)2
(6.66)

To analyse the switching loss, the transistor output capacitance Cos 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 vC = vo/(1 + α). Therefore, the switching losses for the two switches are

as follows.

PS = 2
Cosv

2
C

TS
= 2

Cosv
2
o

TS(1 + α)2
(6.67)
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The resistance rD1 of the D1 and rD3 of D3 are equal as rD = rD1 = rD3 . The losses due to

these resistances are determined as

PrD1,3
= rD1I

2
D1rms

+ rD3I
2
D3rms

= rD
i2o(1 + α)2

2(1− α)
(6.68)

The loss due to the resistance rD2 of D2 is calculated as

PrD2
= rD2I

2
D2rms

= rD2i
2
o

√
(1− α) (6.69)

The average currents through the diodes D1 and D3 are derived as

ID1 = ID3 =
1

Ts

∫ Ts

0

iD1,3dt =
io(1 + α)

2
(6.70)

The forward voltages vfd1 of D1, vfd2 of D2 and vfd3 of D3 are equal ( vfd = vfd1 = vfd2 = vfd3).

The power losses associated with the forward voltages vfd1 and vfd3 are determined as follows.

Pvfd1,3 = vfd1
io(1 + α)

2
+ vfd3

io(1 + α)

2
= vfdio(1 + α) (6.71)

The average current through the diode D2 is derived as follows.

ID2 =
1

Ts

∫ Ts

0

iD2dt = io(1− α) (6.72)

Therefore, the power loss associated with the forward voltage vfd2 of D2 is

Pvfd2 = vfdio(1− α) (6.73)

The rms current flowing through the two identical inductors (L1 = L2) is expressed as follows.

IL1rms = IL2rms =
io(1 + α)

2(1− α)
(6.74)

The conduction losses due to the resistance rL of both the inductor L1 and L2 are as follows.

PrL = rL(I2
L1rms

+ I2
L2rms

) = rL
i2o(1 + α)2

2(1− α)2
(6.75)
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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 = PrDS(on) + PS + Prfd1,3 + Prfd2 + Pvfd1,3 + Pvfd2 + PrL (6.76)

Therefore, the efficiency of HSUIBoC is expressed as

η =
1

1 + PLoss
PO

=
1

1 +
(1+α)2((rDS(on)−rD)α+rD+rL)

2(1−α)2R
+ 2COR

TS(1+α)2
+

2vfd
vo

+
rD2

√
(1−α)

R

(6.77)

6.11 Selection of Parameters

To calculate the minimum requirement of parameters, input voltage vin = 10 V and a

maximum output current io = 1 A are taken into consideration. The specification of the output

voltage ripple is Vr/VO = 1%. To calculate the identical capacitance value the capacitive ripple

voltage is determined by ∆VC = vC × 1%= [vo/(1 + α)] × 1%. The load resistance has been

varied from 20 Ω to 120 Ω. The duty ratio is chosen in the range of 20 % to 80 %.

From Equation (6.48), it is seen that the values of L1 and L2 are inversely proportional to the

duty ratio (α) and directly proportional to the load resistance (R). Therefore, at Rmax = 120 Ω

and duty ratio αmin = 20 %, the inductances of L1 and L2 are 213.33 µH. From Equation (6.56),

it is seen that the capacitance values of the identical capacitors are directly proportional to α and

inversely proportional to R. Hence, at αmax = 80 % and Rmin = 20 Ω, the minimum capacitance

values of the identical capacitors are 129.6 µF. By using Equation (6.60), at maximum io = 1

A and maximum output voltage vo = 90 V at αmax = 80 %, the minimum value of Cf is 222.22

µF. Specially, the values of L1, L2 and Lf are also provided for both the following cases in

CCM.

Case I, α ∈ (0, 0.5]: At 0.40 duty ratio, the output voltage vo is 23.3 V. The load resistance

R = 30 Ω is considered. By using Equation (6.48), the minimum requirement of inductance

L = L1 = L2 is determined as 44.08 µH. The minimum requirement of the inductance value of

Lf is calculated as 51.42 µH by using Equation (6.50).

Case II, α ∈ (0.5, 1): At this case, to get the output voltage vo = 40 V, the required duty

ratio is 0.60 and load resistance R = 60 Ω is considered. The minimum inductance value of

L = L1 = L2 = 45 µH is determined by Equation (6.48).
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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 6.2. By using

Equation (6.50), the minimum requirement of Lf = 90 µH is calculated.

Table 6.2: Parameter values of HSUIBoC considered for CCM operation

Parameters Value

Input Voltage (vin) 10 V

Switching frequency (fs) 50 kHz

Inductance (L = L1 = L2) 180 µH

Inductive resistance (rL) 0.07 Ω

Identical capacitance (C = C1 = C2) 220 µF

Output-end inductance (Lf ) 180 µH

Output capacitance (Cf ) 330 µF

ESR of output capacitor (rCf ) 0.22 Ω

MOSFET drain-to-source on-resistance (rDS(on)) 0.075 Ω

MOSFET output capacitance (Cos) 315 pF

Diode forward voltage (vfd) 0.39 V

Diode resistance (rD = rD1 = rD2 = rD3) 0.078 Ω

6.12 Small Signal Modelling Analysis

The state-space equation of this mode of operation is given by

ẋ(t) = Aavx(t) + Bavvin(t) (6.78)

vo(t) = Zavx(t) (6.79)

where Aav, Bav and Zav are state average matrices. The average matrices are determined at
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6. High Step-up Interleaved Boost Converter

the switching operation α ∈ (0, 0.5] as follows.

Aav = A1α + A2(0.5− α) + A3α + A2(0.5− α) (6.80)

= (A1 + A3 − 2A2)α + A2 =



−rL
L1

0
α− 1

L1

0 0

0
−rL
L2

0
α− 1

L2

0

1− α
2C

1

2C
0

−1− α
2C

0

0 0
1 + α

Lf
0

−1

Lf

0 0 0
1

Cf

−1

RCf


(6.81)

Bav = (B1 + B3 − 2B2)α + B2 = B1 =

[
1

L1

1

L2

0 0 0

]T
(6.82)

Zav = (Z1 + Z3 − 2Z2)α + Z2 = Z1 = [0 0 0 0 1] (6.83)

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

Gvα(s) =
v̂o(s)

α̂(s)
= Zav(sI−Aav)−1(A1 + A3 − 2A2)X (6.84)

where X is the steady part and defined by X = −Aav
−1BavVin. By using the parameters

provided in Table 6.2 and Equation (6.84), the following power stage transfer function is deter-

mined.

Gvα(s) =
2.7925× 108s3 + 1.3945× 1011s2 + 1.1265× 1016s+ 4.3761× 1018

s5 + 878.788s4 + 5.393× 107s3 + 4.079× 1010s2 + 2.127× 1014s+ 7.974× 1016

(6.85)

The bode diagram of the uncompensated plant Gvα(s) is shown in Figure 6.8. The phase margin

of Gvα(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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s-plane. In the following section, a voltage mode single-integral-lead controller is designed.

Figure 6.8: Bode diagram of uncompensated power stage transfer function (Gvα(s)) as provided in
Equation (6.85) and compensated power stage transfer function (Gcomp(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 Gvα(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].

Figure 6.9: Block diagram representation of closed-loop control systems

The k−factor based transfer function of the compensator is as follows.

Gc(s) =
B(1 + s

ωzc
)

q2s(1 + s
ωpc

)
(6.86)

where q =
√

ωpc
ωzc

. The parameters of the controller are ωpc = 12086.46, ωzc = 375.793 and
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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.

Gcomp(s) = Gc(s)Gvα(s) =
a4s

4 + a3s
3 + a2s

2 + a1s+ a0

s7 + b6s6 + b5s5 + b4s4 + b3s3 + b2s2 + b1s
(6.87)

The coefficients of the Gcomp(s) are provided as a4 = 1.433 × 1010, a3 = 1.254 × 1013, a2 =

5.807 × 1017, a1 = 4.417 × 1020, a0 = 8.438 × 1022, b6 = 1.297 × 104, b5 = 6.456 × 107,

b4 = 6.927× 1011, b3 = 7.058× 1014, b2 = 2.651× 1018, b1 = 9.637× 1020.

The phase and gain margins of the compensated plant (Gcomp(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 z1 = z2 = −5.5245 × 101 ± i6.3477 × 103,

z3 = −3.8888 × 102, z4 = −3.7579 × 102. The closed loop poles are s1 = −71.6752, s2 =

−1.2176 × 104, s3 = −3.8888 × 102, s4 = s5 = −4.0333 × 101 ± i7.0532 × 103, s6 = s7 =

−1.2399 × 102 ± i2.2320 × 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.

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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duty ratio, the simulation result of the voltage stress of the switches S1 and S2 is shown in

Figure 6.11a. The result validates Equation (6.61). At 0.40 duty ratio, the simulation result of

the voltage stress of the diodes D1, D2 and D3 is shown in Figure 6.11b, and the result validates

Equation (6.62).

(a) (b)

Figure 6.11: Simulation results for α = 0.40 showing (a) Switch voltage stress vS = 16.6, and (b)
Diode voltage stress vD = 16.6 V

The variation of efficiency with respect to the load resistance is shown in Figure 6.12a by

using Equation (6.77). The change of efficiency due to the increment of duty ratio (α) is shown

in Figure 6.12b also by using Equation (6.77).

(a) (b)

Figure 6.12: Simulation results of efficiency due to (a) Change of R, and (b) Change of α

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 6.14a

155TH-2863_146102032



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.

Figure 6.13: Diagram of the Matlab closed-loop model simulation

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 vref . Figure 6.14b shows the

change of currents through the inductors due to reference change.

(a) (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 t = 0.14 s and

t = 0.26 s as shown in Figure 6.15a. 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 6.15b.

(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.

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

6.2. The switches S1 and S2 are implemented by the MOSFET IRFP250NPBF. FOD3180

MOSFET gate driver ICs are used for the switches. The diodes D1, D2 and D3 are implemented

by NFK03TS30100SG (equivalent to NTST30100SG and NTSB30100S-1G).

Figure 6.17: Experimental set-up of the proposed HSUIBoC

These diodes have considerably low forward voltage vfd = 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, α ∈ (0, 0.5]

In this case, the experiment is performed with duty ratio α of 0.40 and load resistance R of

30 Ω. The two phase-shifted switching pulses are shown in Figure 6.18a. The waveform of the

input current is shown in Figure 6.18b.

(a) (b)

Figure 6.18: Experimental waveforms of (a) Two-phase switching pulses, and (b) Input current iin for
α = 0.40
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The phase shifted currents iL1 and iL2 are shown in Figure 6.19a. The current iLf is provided

in Figure 6.19b.

(a) (b)

Figure 6.19: Experimental results of inductor currents (a) iL1 , iL2 , and (b) iLf for α = 0.40

The waveforms of voltage stresses of the switches S1 and S2 are shown in Figure 6.20a and

Figure 6.20b respectively. The voltage stress satisfies Equation (6.61).

(a) (b)
Figure 6.20: Experimental result of voltage stresses (a) vS1 , and (b) vS2 for α = 0.40

The diode voltage stresses vD1 , vD1 and vD3 are shown in Figures 6.21a, 6.21b and 6.22a

respectively. The diode voltage stress satisfies Equation (6.62). The voltage across the identical

capacitors is vC = vin/(1− α) = 16.6 V as shown in Figure 6.22b. The output load current io

is provided in Figure 6.23a. From Figure 6.23b, it is seen that the output voltage vo = 23 V at

0.40 duty ratio satisfies the conversion ratio as derived in Equation (6.27).
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(a) (b)

Figure 6.21: Experimental result of voltage stresses (a) vD1 , and (b) vD2 for α = 0.40

(a) (b)

Figure 6.22: Experimental results of (a) vD3 , and (b) vC for α = 0.40

(a) (b)

Figure 6.23: Experimental results of (a) Output current io = 750 mA, and (b) Output voltage
vo = 23.3 V for α = 0.40
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6.15.2 Case II, α ∈ (0.5, 1)

In this case, the load resistance, R, is considered 60 Ω and duty ratio is 0.60. The two phase-

shifted inductor currents iL1 and iL2 with respect to the switching pulse for S2 are provided in

Figures 6.24a and 6.24b respectively.

(a) (b)

Figure 6.24: Experimental result of inductor current (a) iL1 , and (b) iL2 for α = 0.60

The current iLf is shown in Fig. 6.25a. The desired output voltage vo = 40 V at 0.60 duty

ratio is shown in Fig. 6.25b. It also satisfies the conversion ratio provided in Equation (6.27).

(a) (b)

Figure 6.25: Experimental results of (a) Inductor current iLf , and (b) vo = 40 V for α = 0.60

In the first stage, by varying the load R and keeping α = 0.40 and vin = 10 V constant, the

efficiency of the proposed converter is checked and the experimental data are provided in Table

6.3a. In the second stage, the experimental results of the efficiency are provided by varying

the load R and fixing the α = 0.60 and vin = 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 α 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 6.26b.

Table 6.3: Experimental results of HSUIBoC

(a) With load parameter R (Ω) variation

α R iin(A) vo (V) io (A) η (%)
0.40 20 3.010 21.68 1.250 90.03
0.40 30 1.780 22.32 0.735 92.16
0.40 40 1.350 22.58 0.565 94.50
0.40 50 1.080 22.82 0.441 93.18
0.40 60 0.925 22.97 0.375 93.12
0.40 70 0.812 23.07 0.327 92.90
0.40 80 0.700 23.14 0.280 92.56

0.60 30 5.00 37.00 1.182 87.00
0.60 40 3.85 37.92 0.935 92.09
0.60 50 3.02 38.57 0.750 95.78
0.60 60 2.65 38.97 0.643 94.55
0.60 70 2.30 39.14 0.560 95.29
0.60 80 2.01 39.44 0.492 96.53

(b) With variation of duty ratio α

R α iin(A) vo (V) io (A) η (%)
30 0.20 0.773 14.50 0.495 92.85
30 0.25 0.952 16.00 0.552 92.77
30 0.30 1.180 17.80 0.615 92.77
30 0.35 1.460 19.89 0.688 93.72
30 0.40 1.850 22.30 0.777 93.66
30 0.45 2.320 25.00 0.856 92.94
30 0.50 2.990 28.27 0.965 91.23

60 0.20 0.373 14.95 0.237 94.99
60 0.25 0.477 16.63 0.273 95.17
60 0.30 0.585 18.27 0.308 96.19
60 0.35 0.747 20.67 0.347 96.01
60 0.40 0.927 23.13 0.385 96.06
60 0.45 1.170 26.05 0.431 95.96
60 0.50 1.487 29.72 0.473 94.53

(a) (b)

Figure 6.26: Plots of experimental efficiency versus (a) Load R, and (b) α

Together Tables 6.4 and 6.5 show the comparison among the existing IBoCs and the con-

verter proposed in this chapter. The IBoC presented in [14] operates for α < 0.5. The IBoCs

presented in [92] and [129] operate for α > 0.5. But the proposed HSUIBoC operates for

0 < α < 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 2+n
(1−α)

. Therefore, at n = 2 and

α = 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. 6.4 and 6.5. The converter presented in [131], works for α > 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 vo/vin = (2n + 4)/(1− α). 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 vo/vin = (2(n + 1))/(1 − α).

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.

Topology

IBoC IBoC IBoC IBoC IBoC

introduced introduced introduced introduced introduced

in [14] in [92] in [101] in [106] in [129]

Voltage Gain
1

1− 2α

2

1− α
+ nα

n

1− α
2 + n

1− α
1

1− α
vs Not provided

vo
2

nαvin
2

vo
n

vo
2 + n

Not provided

vD Not provided vo − nαvin vo(2−
1

n
)

2vo
2 + n

Not provided

Switches 3 2 2 2 2

Diodes 2 4 2 4 4

Inductors
1 coupled 3 single 2 coupled 2 single 3 single

(2 windings)1 single (6 windings)1 single

Capacitors 1 3 4 3 3

Transformers 0 1 0 1 0

α Range α < 0.5 α > 0.5 0 < α < 1 0 < α < 1 α > 0.5

Efficiency 95.12% 95.8% 92.7% 94.65% 84.5%
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Table 6.5: Part-2: Comparison among the existing high step-up converters and the proposed HSUIBoC

Topology

IBoC IBoC IBoC IBoC The

introduced introduced introduced introduced proposed

in [130] in [131] in [132] in [133] IBoC

Voltage Gain
1

1− α
1 + n

1− α
2n+ 4

1− α
2(n+ 1)

1− α
1 + α

1− α
vs Not provided

(1 + 2n)VO
1 + n

vo
2n+ 4

vo
2(n+ 1)

vo
1 + α

vD Not provided Not provided
(n+ 1)vo
n+ 2

vo
n+ 1

vo
1 + α

Switches 4 4 2 2 2

Diodes 0 0 4 4 3

Inductors
1 coupled 1 coupled 2 2 3 single

2 single (3 windings), 2 single (4 windings) (4 windings)

Capacitors 1 3 4 4 3

Transformers 0 0 0 0 0

α Range 0 < α < 1 α > 0.5 0 < α < 1 0 < α < 1 0 < α < 1

Efficiency 97.5% Not Provided 95% 96% 96.53%

(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 6.27b respectively as the operation range for these

topologies is 0 < α < 1. Figure 6.27b shows the voltage stress as a function of vS/vo.

(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 6.28b respectively.

6.16 Summary

This chapter presents the operating principle, circuit parameter analysis and mathematical

expressions of an IBoC 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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7
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 < α ≤ 1 achieving maximum efficiency

of 96.33% at α = 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 α = 0.40 and α = 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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7. Conclusions and Future Work

Table 7.1: Summary of work done and scope for future work

Converters Features Advantages Scope for future work

HSDBuC

• Made of • High step-down ratio • DCM operation

• A CBoC • Less ripples in • Soft-switching

• A switch-capacitor cell • Input and indcutor currents

• A DWCI • Output voltage

• Designed in CCM • Active elements:

• Hard-switching • Less voltage stress

• Operating range: 0 < α ≤ 1 • Less current stress

• High efficiency (ηmax = 93.5%)

HSDIBuC

• Made of • High step-down ratio • DCM operation

• A CIBoC • Less ripples in • Soft-switching

• A switch-capacitor cell • Input and inductor currents • Output voltage ripple

• Designed in CCM • Active elements:

• Hard-switching • Less voltage stress

• Operating range: 0 < α ≤ 1 • Less current stress

• High efficiency (ηmax = 96.33%)

HSDIBuC-

DWCI

• Made of • Less ripples in • DCM operation

• A HSDIBuC • In currents of DWCI • Soft-switching

• DWCI • Output voltage

• Designed in CCM • Lower capacitance

• Hard-switching • Active elements:

• Operating range: 0 < α ≤ 1 • Less current stress

HSUBoC

• Made of • High step-up ratio • DCM operation

• A CBoC • Less ripples in DWCI • Closed-loop experiment

• A diode-capacitor cell • Less output ripple voltage • Soft-switching

• DWCI • Less voltage stress

• Designed in CCM • High Efficiency (ηmax = 94.58%)

• Hard-switching

• Operating range: 0 < α ≤ 1

HSUIBoC

• Made of • High step-up ratio • Use of DWCI

• A CIBoC • Less ripples in DWCI • Closed-loop experiment

• A diode-capacitor cell • Less output ripple voltage • DCM operation

• Designed in CCM • Less voltage stress • Soft-switching

• Hard-switching • High efficiency (ηmax = 96.53%)

• Operating range: 0 < α ≤ 1
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7.2 Suggestions for Future Work

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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