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Abstract

The single input multiple outputs (SIMO) DC-DC converters with two outputs are called
single input dual output (SIDO) DC-DC converters. The SIDO converters can generate
two different DC voltage levels from only one available DC voltage level with the reduced
component count, reduced losses, reduced physical size and increased efficiency. The
introduction of an inversely coupled inductor further reduces the physical size as the
flux due to the two windings cancels each other, resulting in a reduced flux in the core.
Therefore, the coupled inductor single input dual output (CI-SIDO) buck, boost, and

buck-boost converters are analyzed in this thesis.

The analysis of CI-SIDO converters depends on the inductor current patterns. Due to
the presence of inversely coupled inductors, the inductor current patterns depend on both
the output voltages, input voltage, and the coupled inductor parameters. The slopes of
the inductor currents change depending on the input, output voltages, duty ratios and the
coupled inductor parameters. If a shift in gate pulse is introduced between the two gate
pulses, the waveform patterns change further, thereby increasing the number of inductor
current patterns. The change in the inductor current patterns also affects the CCM/DCM
boundary of the CI-SIDO converters, as the boundary depends on the inductor current
patterns. The presence of coupled inductors affects the DCM operations of the CI-SIDO
converters. In DCM, the converter has so many different operating modes due to numer-
ous possibilities of inductor currents. Furthermore, the turning ON of the body diode
due to coupling further adds to the feasible operating modes. Also, the variation of in-
put voltage affects both the converters of the CI-SIDO converter because of the common

input.
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The analysis of each CI-SIDO converter for all possible values of the coupled inductor pa-
rameters, duty ratios, and the gate pulse shift is very tedious and repetitive. An approach
to unify inductor current waveforms and inductor current ripples in CI-SIDO converters
is presented by forming sectors of duty ratios. The CI-SIDO converters have two MOS-
FETs with two gate pulses. It is found that the shift of one gate pulse with respect to the
starting point of another gate pulse reduces the ripples in two inductor currents and input
currents. The ripples in inductor currents reduce up to 92.46% with respect to the zero
shifting. The condition of the ripple-free input current is also proposed. This work also
proposes a unified coupled inductor design with reduced inductor current ripples. An ap-
proach to design a CI-SIDO boost converter is also proposed such that the ripple in input
current is either zero or less than the maximum specified ripple limit. It is further found
that there is no undesirable effect of gate pulse shifting on any of the variables of the CI-
SIDO converter, such as the average value of inductor current, input current, and output
voltage ripples. Also, the range of CCM operation increases as the shifting is introduced
by decreasing the CCM/DCM boundary. The discontinuous conduction mode (DCM)
of the CI-SIDO boost converter is also analysed. The input-output voltage relations of
DCM are found, and the effect of change in load currents, input voltages and duty ratios

are analysed for all possibilities of the CI-SIDO boost converter.

Hence, the CI-SIDO converters can efficiently generate two different DC voltage lev-
els from only one available input voltage level with reduced physical size and reduced
ripples. The shifting of gate pulse is advantageous for CI-SIDO converters without any
extra circuit elements and control schemes. This simple and low-cost method can achieve
ripple-free input current with an assured reduction in the inductor current ripples and also

increases the load range of CCM operation in CI-SIDO converters.
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1. Introduction

1.1 Introduction

With the extensive use of microprocessors, electric vehicles, hybrid energy sources and portable
electronic devices, the requirement for efficient DC-DC converters which can supply multiple voltage
levels has increased tremendously. There are two ways by which multiple voltage levels can be
generated. The first method is to use multiple single input single output (SISO) converters depending
on the number of outputs, as shown in Fig. The second method is to use a single input
multiple output (SIMO) converter, as shown in Fig. [T.1(b)] The SIMO converters are of great interest
in the literature for converting single DC voltage level to multiple DC voltage levels [3-14]. The
SIMO converters are a better option to generate multiple DC voltage levels because of the reduced
component, lower losses associated with each component, and increased efficiency [14-H17]]. For
example, various functionalities of electric vehicles like wipers, horns, headlights, microprocessors
require different DC voltage levels, as shown in Fig. [I.2] The generation of multiple DC voltage
levels from only one available battery requires different DC-DC converters. Alternatively, the SIMO

DC-DC converters can supply all the applications from only one available battery.

DC-DC
Step-Up > Uol

Converter

DC-DC
DC Step-Down — U2
Input

Converter > Uol

DC SIMO
DC-DC — — U2
Input Converter
Step-Up Vo3

Converter L > U3

(a) b)

Figure 1.1: (a) Multiple single input single output (SISO) converter, and (b) single input multiple output
(SIMO) converter.

Owing to the advantages of the SIMO converters, there are constant improvements in the SIMO
topologies to increase their power density, reduce their physical size, improve their voltage regula-
tions, and increase their efficiency. The SIMO converters with two outputs are called single input
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Figure 1.2: The SIMO DC-DC converter in electric vehicles.

dual output (SIDO) converters. This thesis presents the analysis of SIDO converters. The main
topologies for SIDO converters are— single inductor SIDO []1,|3-8, /12, /18] and coupled inductor
SIDO [10}/11,{14,/19,20]. The most widely used SIDO topologies are derived from a single inductor
as shown in Fig. [1,18]. The two outputs of these converters are derived from the single inductor.
The single inductor SIDO has a smaller physical size, weight, and volume. However, due to the pres-
ence of only one inductor, the problem of cross-regulation and cross-coupling is very high [[1, 18]. In
addition, the inductor current ripple is also very high. Several control methods have been proposed in

the literature to reduce the effects of these issues [3,4,/6-8,/12].

St2 L1 St1
1y1 W 1y1
g_2| 7; ;l Rl +
+
® = - S
S —
Vin - C
Sa1
>

Figure 1.3: The topology of single inductor SIDO [1]].

The other widely used topologies are the coupled inductor SIDO (CI-SIDO) converters, as shown
in Fig. [[.4 In CI-SIDO, the two outputs are derived using a coupled inductor [14,[19,20]. These
converters have reduced current ripples and reduced cross-regulation and cross-coupling problems.
There are two types of coupled inductor SIDO (CI-SIDO) topologies — one with inverse and the other

with direct magnetic coupling [13]]. The inversely coupled inductor is such that the flux due to one
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Figure 1.4: CI-SIDO DC-DC converters— (a) Buck, (b) Boost, and (c) Buck-boost.
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winding opposes the flux due to another winding. Due to this inversely coupled inductor, the size of
the inductor core is reduced [20,21]]. So, the overall physical size, weight, and volume of the converter
reduce compared to the uncoupled inductors [20]. Also, the inductor current ripples are reduced in

CI-SIDO converters [20]. The advantages of the inverse coupling in the SIDO converters are—

* Reduces flux in core: In the inversely coupled inductor, the DC flux due to one winding cancels

the DC flux due to the other windings. This reduces the flux in the core of the coupled inductor.

* Avoids magnetic saturation at high currents: When operated at a high current, the directly
coupled inductors saturate the core more readily than inversely coupled inductors due to reduced

flux in the core.

* Inversely coupled inductors are a better choice for high power DC applications: Due to its flux
cancellation characteristics, inversely coupled power converters are superior for high power DC

applications.

* Reduces physical size of CI-SIDO boost converter: Due to the reduced flux in the core, the
volume and weight of the magnetic components reduce. This reduces the overall physical size

of the CI-SIDO boost converter.

Therefore, the SIDO converters with inverse magnetic coupling are the topology of interest in this
research work and are shown in Fig. [1.4] The CI-SIDO converters can be used in many practical ap-
plications like photovoltaics, fuel cells, micro-grids, DC drives, consumer electronics, communication
systems, etc. [22-25]].

The CI-SIDO converters are generally compared to the interleaved converters. The topology of
the interleaved boost converter is shown in Fig. However, the CI-SIDO converters are very
different from the interleaved converters. In CI-SIDO boost, the values of two output voltages and
loads are unequal. The values of the two inductances of coupled windings are also different. The
patterns of inductor current waveforms are very different from those in interleaved boost converters.
The simplified and special cases of CI-SIDO converters can be compared with interleaved converters
when both output voltages, loads and inductances are equal. However, this simplification eliminates

the real advantage of SIDO topologies supplying different types of loads.
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Figure 1.5: The interleaved boost converter [2].

1.2 Advantages of Ripple Reduction

The current ripples in DC-DC converters is an important factor to be considered while designing
converters [11,24,26-35]]. Lower input current ripples reduce the requirement of input filters [24,
26,[28,133,34]. The input filters are added in DC-DC converters to suppress noise and attenuate
the switching harmonics present in the input current [31} 32,36, 37|]. Applications like fuel cell,
photovoltaic generation systems, uninterrupted power systems, electric traction have strict restriction
on input current ripples [24,33,38,39]. High current ripples also cause large stress on switching
devices, and high electromagnetic interference [11,24,26,128,33,34]. Also, a smaller ripple reduces
the peak current, thereby reducing switching loss [26]. Higher ripples in currents increase the ratings

of inductors and capacitors. The advantages of the ripple reduction are summarised as—

* Avoids bulky electrolytic capacitors at the input: The most commonly used method of current
ripple reductions is the use of bulky electrolytic capacitors. However, the electrolytic capacitors
reduce the lifespan of the systems and also make the system bulky and unreliable. According
to [40], an electrolytic capacitor of 2650 uF is required to keep the voltage ripples below 2 V
for 100 W, 60 V PV system connected to 50 Hz grid. It is found that the lifespan of electrolytic

capacitors gets halved with 10°C increase in temperature [40]].

* Requirement of reduced ripples in PV systems: The output power capabilities of the PV panels
get affected by the ripples in the PV output current. According to [25]], the power loss of 6%
occurs when the PV current ripples of 2% are allowed. Therefore, reducing current ripples is

important for increasing the efficiency of PV systems.
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* Requirement of reduced ripples in fuel cells: Current ripples affect the fuel cell capacity, life
span of fuel cells, and fuel consumption rate. It is found that the proton-exchange membrane
(PEM) fuel cells remain dominant in medium power applications like fuel cell vehicles [41].
However, its lifespan, reliability, performance are adversely affected when low-frequency cur-
rent ripples below 400 Hz are encountered [42]]. According to [43]], the fuel cells exhibit hys-
teresis at around 100 Hz. This causes additional losses to the fuel cell system. Therefore, the

ripples reduction in a fuel cell is a major issue for fuel cell converter design [41-43]].

* Area of minor B-H loop of filter inductance depends on the inductor current ripples: The B-H
curve of the filter inductance of the DC-DC converters depends on the inductor current ripples.
This area of the minor B-H loop decides the core loss of the converter. Therefore, the inductor

current ripples should be reduced to decrease the core loss of the DC-DC converters [44].

* Ratings of devices increase if current ripples are higher: The peak current through the semi-
conductor device decides the current ratings. If the ripples are higher, the current ratings of the

semiconductor devices like MOSFETS, diodes increase.

* Avoids the input filters with additional semiconductor devices: The input filters are added in
DC-DC converters to suppress noise and to attenuate the switching harmonics present in the
input current [31,32,36,(37]]. If the ripples are reduced, the requirements of the input filters
reduce. This reduces the additional semiconductor devices in the converters, thus reducing the

complexity and cost of the converters.

1.3 Literature Review

This section covers the available ripple reduction methods for DC-DC converters. A unified ap-
proach of ripple reductions and the methods to obtain zero input currents in DC-DC converters are
discussed. The literature on CCM/DCM boundary analysis and the DCM analysis of DC-DC con-

verters are also presented.
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1.3.1 Ripple Reduction Methods

Different ripple reduction techniques for various DC-DC converter topologies are available in the
literature. The first among them is shifting one gate pulse with respect to another. This method has
been widely used in interleaved converters [45,46]]. In interleaved boost with multiple phases, input
current ripple is reduced by shifting the gate pulse of each phase with respect to the other by 7'/n,
where T is the switching time period, and 7 is the number of phases. Ripples can be reduced further
by the use of coupled inductors [47,148|]. Shifting of gate pulses has also been used in SIDO buck
converters to reduce ripples [11,/14]. However, in all these converters, the duty ratios of all switches
are kept equal. Moreover, ripple reduction has been made by considering equal inductances in all
phases. However, in CI-SIDO converters, the two output voltages V,, V,, and so the duty ratios Dy,
D, are not equal, as shown in Fig. The inductances L;, L, cannot be assumed to be equal as the
two loads R;, R, can be different from each other. So, the shift of 7'i/n cannot minimize ripple in
CI-SIDO converters like the interleaved converters.

The use of an additional passive network is another method for ripple reduction in DC-DC con-
verters. Ripple cancellation networks with additional inductors (L) and capacitors (C), tapped induc-
tors, LL-LC filters have been proposed in [47,49./50]. Active ripple cancellation techniques eliminate
harmonics to reduce ripple by injecting additional currents or using control schemes based on fre-
quency [27,[30,51]]. On the other hand, passive ripple cancellation networks make the system bulky
and more complex and reduce reliability by using additional elements. Active and passive cancella-
tion techniques are compared in [52]. Although active cancellation does not need additional passive
elements, it increases the control complexity and reduces robustness and reliability. New topologies
have also been proposed in the literature with reduced ripple [53}54]. However, these topologies are
not standard, and their suitability for different applications needs to be explored more. Reference [55]]
proposed a method to keep ripple fixed with a change in load by changing switching frequency. So,
this method can only be used where the variable switching frequency is allowed.

Amongst all the available methods, the shifting of gate pulse is the most suitable method as it does

not involve any additional circuit elements.
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1.3.2 Ripple Cancellations & Zero Ripple input Currents in DC-DC converters

The ripple cancellation in input current means the ripple in input current is less than the sum of
inductor current ripples. The ripple cancellation is again widely generated for the interleaved boost
converters [24,33,34]. In these converters, the ripple decreases with the increase in the number
of phases and by shifting the gate pulses by 7/n, where n is the number of phases [24,33,56].
Interleaved boost converters have one common output with equal duty ratios for each phase. As gate
pulses are shifted by 7/n, inductor currents also get shifted. So, the addition of shifted currents
always causes ripple cancellation [39].

In the converter where direct ripple cancellation is not possible, the reduction of input current
ripple by ripple cancellation is obtained by adding an interleaved converter at the input [39,39,57,58].
A flyback-type converter in [S7] proposes maximum ripple cancellation by introducing an auxiliary
circuit for pulsating input currents, [58|] presents a current fed resonant converter with an interleaved
converter at the input. However, in all the above methods, the addition of auxiliary circuits and
increasing the conversion stages complicate the system by increasing the component count, cost, and
volume. The modelling of the interleaved converter is done in [S9], which finds the new approach
to ripple cancellation in the frequency domain. However, the frequency domain approach makes the
system complex to analyze and implement.

Different strategies are adopted in DC-DC converters to obtain zero ripple input currents. The ad-
dition of an electrolytic capacitor at the input side is one of them. However, this capacitor reduces the
life span of the converter and increases the physical size [60]. There are cases where the interleaving
technique is introduced at the input side of the DC-DC converters to get zero ripple input current [47]].
Also, zero ripple input currents are obtained for various converters like SEPIC [22,/61], flyback [57]
by the introduction of auxiliary circuits. The extra conversion stage and the auxiliary circuit con-
tain additional inductors, capacitors, and switches. Also, several new topologies are proposed in the
literature to obtain zero ripple input currents, such as [[19].

The most important considerations in the design of DC-DC converters are the input current ripples.
The ripples are reduced by introducing slope cancellations in all the DC-DC converters. The most

efficient and economical way to introduce slope cancellation is the shift of gate pulse [11,14]]. Hence,
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the gate pulse shift is generally introduced to reduce current ripples in DC-DC converters wherever
feasible. The attempts to propose a unified approach to ripple reduction in DC-DC converters further

add to its advantages.
1.3.3 Existing CCM/DCM Boundary Analysis in DC-DC Converters

The DC-DC converters are preferred to be operated in CCM. This is because the output-input volt-
age relations and the control of converters are not dependent on the loads in CCM. The CCM/DCM
boundary analysis is essential to ensure the CCM operation of the converter. For any DC-DC converter
to operate in CCM, the inductance values are required to be kept higher than the critical inductances
at CCM/DCM boundary.

The converter operates at CCM/DCM boundary when the inductor currents become zero at the
switching time period, 7. This depends on the waveforms of the inductor currents. Generally, the
expressions of inductor currents in CCM are known for the DC-DC converters. CCM/DCM boundary
conditions are found by making the starting point of inductor current expressions in CCM to zero.
Using this approach, the critical inductance values at CCM/DCM is calculated for converters like a
buck-boost [62], a boost [63], etc. In [64]], the boundary is calculated by considering the fact that the
voltage gain expressions of the converter in CCM and DCM are equal at CCM/DCM boundary.

There are cases where operating the DC-DC converters at CCM/DCM boundary is actually advan-
tageous [65-67]. In [65]], a tapped inductor buck converter is proposed, which operates at CCM/DCM
boundary. This converter provides a low-cost high step down to obtain an output voltage of about 20 V
from the line voltage. In [66], a flyback inverter operates in hybrid operating mode, i.e., the converter
operates in DCM or at boundary depending on the input voltage levels. In [67], a forward-flyback
converter is described, which operates at CCM/DCM boundary and processes the power efficiently.
Therefore, the CCM/DCM boundary analysis of the converter is equally important for the complete

analysis of DC-DC converters.
1.3.4 Discontinuous Conduction Mode of DC-DC Converters

The literature presents the DCM analysis of converters like two-phase interleaved boost converter

with coupled inductor [68-71]. In [68], two CCM and three DCM operating modes are analysed,
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including the current, voltage ripples and DC voltage gain analysis of interleaved boost converter
with inversely coupled inductors. In [69], more operating modes of interleaved boost converters are
added compared to [[68]]. The DCM and boundary analysis of ten operating modes are discussed with
discrete and coupled inductors. However, few operating modes are still ignored. In [70], the dual
interleaved buck and boost converters with interphase transformers are analysed, and major DCM
operating regions are presented depending on the voltage ratios and duty cycles. In [[71], the complete
analysis of interleaved boost converters is presented with all possible operating modes in DCM. The
DCM analysis gives rise to many different modes of operation because the forced turn ON of body
diodes of the MOSFETSs takes place in DCM. Also, the forced conduction of the forward diode takes
place due to the presence of coupled inductors.

This research focuses on the coupled inductor SIDO (CI-SIDO) boost converter in DCM. Power
electronic converter is usually designed for rated conditions. So, the values of different passive el-
ements (like L;, L,, etc.) are chosen at the design stage according to the rating of the converter.
However, the converter may not always operate in rated conditions. The load of the converter may
reduce while operating, leading to the DCM of the converter. Therefore, this research work evaluates
the performance of the CI-SIDO boost converter in DCM.

The CI-SIDO converters have two different duty ratios, output voltages, loads, and inductance
values for each of the two phases. In interleaved boost converter, the duty ratios of two phases are
equal, inductance values are also equal, and the load is common. The number of DCM operating
modes of CI-SIDO boost converter is much more than the coupled inductor interleaved boost [71].

So, the DCM approach adopted for interleaved boost does not apply to the CI-SIDO boost converter.
1.4 Gaps in Existing Literature and Problem Formulation

The following are the research gaps in existing literature—

(1) Among all the existing ripple reduction methods, shifting one gate pulse with respect to another
is the most preferred one - due to its simplicity, low cost and no additional network elements.
However, minimization of ripple neither by shifting of gate pulses nor by any other methods

has been explored in the literature for CI-SIDO converters. The shifting method has been
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investigated only for simplified and special cases of SIDO converters with L; = L, and D; = D,.
But CI-SIDO converters are targeted for a wide range of applications with different output

voltages and inductances.

(i) The conditions of ripple cancellation adopted for interleaved converters are again not valid for

CI-SIDO converters, i.e. T,/n does not give minimum input currents in CI-SIDO converters.

(i11)) The methods to obtain zero ripple input current by adding auxiliary circuits reduces the effi-
ciency by increasing the power loss. The weight of the converter also increases, thus reducing

its power density.

(iv) The CCM/DCM analysis of the CI-SIDO converters is not available in the literature. The
analysis presented for other DC-DC converters is not feasible for CI-SIDO converters. In many

applications, the CCM/DCM boundary analysis is also useful.

(v) The DCM analysis of CI-SIDO converters is different from other DC-DC converters. The un-
equal inductance values and output voltages make the analysis of CI-SIDO converters complex

compared to the other converters like interleaved topologies.

Based on the available literature, it is found that the analysis of CI-SIDO converters is not available in
the literature till now. The available analysis presented for other DC-DC converters like interleaved
converters is not applicable to CI-SIDO converters. The ripples reduction methods for CI-SIDO
converters need to be explored. A design method is required for the coupled inductors of the CI-
SIDO converters. Also, the CCM/DCM boundary analysis and the DCM analysis for the CI-SIDO
converters need to be analysed.

The CI-SIDO converters are shown in Fig. The detailed analysis of each CI-SIDO converter is
presented in Chapter 2. The analysis shows that due to the presence of inversely coupled inductors, the
inductor current patterns depend on both the output voltages, input voltage, and the coupled inductor
parameters of the CI-SIDO converters. The slopes of the inductor currents change depending on the
output voltages, duty ratios and the coupled inductor parameters. The states of the converter, the

ripples expressions, the inductor current slope possibilities for each case are different. The analysis
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changes completely as the CI-SIDO converters are changed. The CCM/DCM boundary analysis and
the DCM analysis also change as the input, output voltages, and coupled inductor parameters change.

Based on the analysis and shortcomings, the following are the problem formulation of the thesis—

(i) A unified approach of analysis is required for converters of this type like CI-SIDO buck, CI-
SIDO boost and CI-SIDO buck-boost.

(i) The effect of gate pulse shift on the inductor current ripples and the input current ripples need

to be found for all possible duty ratios and inductance values.

(i11)) The design of coupled inductor is needed for reduced inductor current ripples and input current

ripples. The design of coupled inductor for zero ripple input current is also required.

(iv) The effect of gate pulse shift on other circuit variables such as the average inductor currents,

input current, and output voltage ripples is required.

(v) The effect of gate pulse shift on the CCM/DCM boundary of the CI-SIDO converters needs

analysis.

(vi) The effect of coupling and the gate pulse shift on the DCM analysis of the CI-SIDO converters

also requires analysis.

1.5 Contribution of the Thesis

Following are the contributions of the thesis:

(1) Analysis of CI-SIDO Converters: Detailed analysis and operation of CI-SIDO buck, CI-SIDO
boost and CI-SIDO buck-boost converters are presented. The four states of the converters and
the current slopes in each state are discussed, along with the factors affecting the current ripples.
The CCM/DCM boundary analysis and the DCM analysis of CI-SIDO boost converters are
also included in the thesis. It is found that as the converter enters DCM, the body diode of the

MOSFETs turns ON, and the ratings of the MOSFETSs, output capacitors and diodes change.
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(ii)

(iii)

(iv)

1.6

Unifying Inductor Current Ripples, Finding Zero Ripple Input Current, and Inductor Design by
Forming Sectors of Duty Ratios: To avoid the repetitive analysis of CI-SIDO converters, this
thesis presents an approach to unify inductor current patterns and inductor current ripples by
forming sectors of duty ratios. In each sector, the inductor current patterns and the inductor
current ripples are different from other sectors. The formation of sectors of duty ratios is valid
for all three CI-SIDO converters. We have also found the condition for zero ripple input current.
The design of coupled inductor for zero ripple input current in the CI-SIDO boost converter
is also proposed. For the cases where zero ripple input current is not possible, the coupled
inductors are designed such that the input current ripples are less than the maximum specified

ripple limit.

Effect of Gate Pulse Shift: The shift of gate pulse is introduced in CI-SIDO converters to reduce
ripples in inductor currents and input current. It is found that for a range of gate pulse shifts,
the ripples in CI-SIDO converters reduce. We have found that the gate pulse shift reduced
the inductor current ripples up to 92.46% without adding extra circuit elements and any extra
complex control scheme. The condition for ripple minimizations in input current is also found.
The shift in gate pulse is reducing the CCM/DCM boundary of the CI-SIDO boost converter,
which increases the CCM operating range of the CI-SIDO boost converter. It is also found that
the gate pulse shift has no undesirable effect on the average inductor currents, input currents,

and output voltage ripples.

Concept Extension to Other Topologies: The concept of gate pulse shift to reduce the current
ripples are also extended to coupled inductor single input triple output (CI-SITO) converters in

addition to the CI-SIDO buck, CI-SIDO boost, CI-SIDO buck-boost converters.

Organization of the Thesis

This thesis has been organized into nine chapters as follows:

Chapter 2 presents the introduction to the CI-SIDO converters. This chapter covers the detailed

operations of the CI-SIDO converters, their four operating states, and the factors affecting the
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current ripples in CCM. The possible inductor current slope possibilities and patterns are also

presented.

* Chapter 3 presents the basis of sector formation and their advantages. The chapter also presents
the effect of coupled inductor parameters on the sector formation of CI-SIDO converters. A

unified approach to analyse the CI-SIDO converters are also presented.

* Chapter 4 finds the gate pulse shift where inductor current ripples are minimum for CI-SIDO

converters as well as CI-SITO converters.

* Chapter 5 presents the gate pulse shift where input current ripples are minimum. The sector and
sub-sector formations with input current ripples are also presented. The conditions of maximum
ripple cancellations in input currents are found, and a design method is proposed to achieve
maximum ripple cancellation. The condition of zero ripple input current in the CI-SIDO boost
converter is also found, and a design method is proposed to achieve zero ripple input current.

The practical design considerations in the proposed design method are also presented.

* Chapter 6 presents the effect of gate pulse shift on the average inductor and input currents and

on the output voltage ripples of the CI-SIDO boost converter.

* Chapter 7 presents the effect of gate pulse shift on the average inductor currents at CCM/DCM
boundaries. The gate pulse shift is found where the average values of inductor currents at

CCM/DCM boundaries are minimum.

» Chapter 8 evaluates the effect of coupling on the DCM of the CI-SIDO boost converter. This
chapter covers the conditions to turn ON the body diode and the effect of turning ON body
diodes on the circuit parameters. The patterns of inductor currents when both boost converters

are in DCM are also evaluated.

» Chapter 9 presents the conclusions of the research work and provides the future scope of this

research.
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2. CI-SIDO Converters - Analysis of Inductor Currents

2.1 Introduction

[]The DC-DC converters have applications in regulated switched mode power supplies (SMPS)
which can convert unregulated DC voltages to regulated DC outputs at desired DC voltage levels.
The CI-SIDO converters have added advantages of providing two regulated DC outputs from only

one unregulated DC input voltage. This thesis presents the following DC-DC converters—
(i) CI-SIDO buck converter
(i1) CI-SIDO boost converter
(iii) CI-SIDO buck-boost converter

The converters are analysed in steady state. All the switches are considered ideal and the losses in
inductors and capacitors are neglected. The DC input voltage is considered to have a zero internal
impedance with a zero ripple DC voltage. The converters are assumed to supply resistive loads. The
output capacitors are assumed to be very large such that constant output voltages are obtained. The

aim of this chapter is to analyse all the possible states and the operations of the converter.

2.2 Four States of CI-SIDO Converters

The circuit diagram of CI-SIDO buck converter is shown in Fig. The two DC output
voltages are lower than the common DC input voltage. When the switches are ON, the corresponding
diodes are reversed biased and the input supply energy to the loads as well as inductors. When the
switches are OFF, the inductor currents flows through the diodes and transfer some portion of its
stored energy to the loads.

The circuit diagram of CI-SIDO boost converter is shown in Fig. The two DC output

voltages are greater than the common DC input voltage. When the switches are ON, the corresponding

'Major part of this chapter is reproduced from my publications: (i) Nupur and S. Nath, “Minimizing Ripples of
Inductor Currents in Coupled SIDO Boost Converter by Shift of Gate Pulses,” IEEE Trans. Power Electron., vol. 35, no.
2, pp. 1217-1226, Feb. 2020. (ii) Nupur and S. Nath, “Inductor Current Ripples Minimization in Coupled SIDO Buck
and Buck-Boost Converter by Gate Pulse Shifting,” in Proc. Int. Conf. Power Electron., Drives Energy Syst., Dec. 2020,

pp. 1-6.
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2.3 Circuit Analysis to Find Factors Affecting Current Ripples in CCM

diodes are reversed biased and the input supply energy to the inductors. When the switches are OFF,
the outputs receive energy from the input as well as the inductor.

The circuit diagram of CI-SIDO buck-boost converter is shown in Fig. The CI-SIDO
buck-boost converter generates negative regulated DC output voltages with respect to the common
input and output voltage terminals. The two DC output voltages can be either lower or higher than the
common DC input voltage. When the switches are ON, the corresponding diodes are reversed biased
and the input provide energy to the inductors. When the switches are OFF, the stored energy of the
inductors is transferred to the loads.

The two MOSFETSs of CI-SIDO buck converter, CI-SIDO Boost converter, and CI-SIDO buck
boost converter give rise to four different operating states of the converter which is named as NN, FF,
NF and FN where N denotes the ON state and F denotes the OFF state of §;; and S ,», respectively.
Therefore, NN means S;; ON and S, ON, FF means S;; OFF and S, OFF, NF means S,; ON and
S OFF, and FN means S,;,; OFF and S, ON. The equivalent circuits of CI-SIDO buck, CI-SIDO
boost and CI-SIDO buck-boost converters in all the four states are shown in Fig. Fig. and

dipw

Fig. 2.11} respectively. The respective slopes, = of all the converter are denoted by Gywnw, Grrw,

Gnrw, Grnyw Where w = 1 for i7; and w = 2 for iz,.
2.3 Circuit Analysis to Find Factors Affecting Current Ripples in CCM

In this section, CI-SIDO converters are analysed to find out the factors that affect the ripples of
the inductor currents. The scope of the analysis is limited to CCM (DCM analysis is performed in
Chapter-8). To find these factors, different conditions of output voltages, load currents and output
powers need to be considered. These different possible conditions are presented in Table 2.1} The
columns of this table represents the voltage conditions, load demands and the load currents of the two
outputs. The rows represent the relative voltages of the two outputs. The table represents the possible
load demands, load current and voltage possibilities of CI-SIDO converters.

Here, the analysis is shown for one condition of the CI-SIDO boost converter. For all other
conditions, the analysis is similar. The conditions chosen for the CI-SIDO boost converter are V,; >

V, and P,; < P,,. The waveforms of gate pulses g;, g,; output voltages V,;, V,,; load currents I,
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2. CI-SIDO Converters - Analysis of Inductor Currents

Table 2.1: Different possible conditions of output voltages, load currents and output powers

Voltage Conditions | Load Demands | Load Currents
Py < Py L) <lIp
Vor = Va2 Py =Py Iy =1
P01>P02 Iol>102
P01<P02 Iol<102
Vor > V2 P, = Py I <1Ip
P, > Py I,y > 1
P01<P02 Iol<102
Vor < V2 P, = Py Iy > I
Py > Py Ly > 1

1, inductor current waveforms iz, i;,; diode currents iy, i;, are shown in Fig. @ We observe that

the converter goes through states NN — NF — FF. Voltage and branch currents are analysed for

each of the three states.

For state NN with duration | For state NF with duration
D)T: (D — Dy)Ty:

v =V vir = Vi

ic; = —tet i) = —et

R 2.1 R 2.2)

vio =V, . vio = Vin =V (

4 — _Vo2 4 — I i Vo2

lc2 = =%, lc2 =12 = &

For state FF with duration
(1 - D])TS:

ver = Vi = Vo

g Vol

ey = I — 3

vio = Vin = Va2 (23)

o _ V2
lcx =1 = 3

Output-Input Voltage Relations: The voltage across vy are given by (2.4).

Vi if S;1 ON,
Vir =
V., — V,1 if S OFF.

Applying the volt-sec balance across v, ;, we obtain:

VinDlTs + (Vin - Vol)(l - Dl)Ts = O’
Vo 1
Vie (1=Dy)’

(2.4)

(2.52)

(2.5b)

Similarly, it is true for V,,. Therefore, the input-output voltage relations are given by:

Vol 1

Ve (1=Dy)

Voo 1
V, 1-=D,

TH-2977_156302007
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2.3 Circuit Analysis to Find Factors Affecting Current Ripples in CCM
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Figure 2.1: Waveforms of the CI-SIDO boost converter.

where, D; and D, are duty ratios of S,; and S, respectively.
Average Inductor Current: The DC component of the inductor current is derived by applying

capacitor charge balance for both the capacitors.

Jicnde=0

= (-%) DT, + (I - 2) (1 - DT, (2.7)
= I = 55k
Also, load current /,,—
Iy = 2"11 = I1(1 - Dy) (2.8)

Similarly, applying capacitor charge balance for second capacitor, we get

V02

= 9% 2.9
(I = Dy)R, ()

I,
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2. CI-SIDO Converters - Analysis of Inductor Currents

Also, load current /,,—
Vv,

Iy =
2

2 = I,(1-Dy)

(2.10)

Therefore, the average value of inductor currents depend on the load currents. It does not depend on

the coupled inductor parameters.

Average Input Current: For ideal CI-SIDO converter, input power and output power are equal.

Therefore, we can write

Vindin = Vorlo1 + Vool (2.11)
Using (2.6), the equation reduces to
— Vm Vin
Vinlin ~ (1-D; )Io (1—D2)102 (2 12)

= Ly =1 +1p

Inductor Current Ripples: As the slopes of the currents are known, the ripple is calculated by

the product of slope magnitude and its duration as presented below:

Aip,, = Z{|+ve slope| X (slope’s time interval)}

The expressions of inductor currents are derived by applying KVL to each boost converters.

detailed derivations are presented below.

Applying KVL in the first boost converter of
state NN, we get

(1-kL2 =V, +k —sz
dlL
(=L = (1 +k L—)v 2.14)
dipy _ Aipy NN (1+k %)Vm
dt — DT, (1-K2)L,

The ripple expressions in this state is given by-

(1+k )

A e T,
(1-k)L, °

(2.16)

AiLl NN =

We can observe that this ripple expression is > 0
always.

TH-2977_156302007

= X{|-ve slope| X (slope’s time interval)}

(2.13)

The

Applying KVL in the second boost converter of
state NN, we get

(1 - kL% =

= Vm +k —VL1
(1- kZ)L dth (1 +k —1) Vin (2.15)
dipp _ Aipp NN _ (1+k ) in
dt DT, (1-3)L,

The ripple expressions in this state is given by-

(1+k )

A e T,
(1-k)L, °

Aipy Ny = (2.17)

We can observe that this ripple expression is > 0
always.
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2.3 Circuit Analysis to Find Factors Affecting Current Ripples in CCM

Similarly, applying KVL in the first boost con-
verter of state NF, we get

(1 —kZ)Ll% = Vi +k\/€:;VL2
2 dipy _ L
(1= IOL = Vi, k JB (Vs = Vi)

L L
~ (1+k,/§)v,—,l—k1/évnz

(1-kHL;

dipy _ Al nr o _
dt (D1=D2)T

(2.18)

The ripple expressions in this state is given by-

Aipy yr =

(14572 JVir— L Voo

(1-k*)Ly

(2.20)

(D1 — Dy)T;

We can observe that this ripple expression can
be>0o0r<0,or=0.

Applying KVL in the first boost converter of
state F'F, we get

(1= IOL L = Vi = Vg + ke[ B
(1= IOL L = V= Vg + k2 (Vi = Vi)

dt
(1+k1 /%)V,-,,—an—k,lgvoz

1 (1=k>)L

dipy _ Ay rr
dt (—DT,

(2.22)

The ripple expressions in this state is given by-

AiLl FF =

L L
(1+kﬂ é)vin_vol —k éVOZ

(1-k*)Ly

(2.24)

(1 -D)T;

We can observe that this ripple expression is < 0
always.

Applying KVL in the second boost converter of
state NF, we get

(=IO = V= Voo + ke \[2ny
(=LA = Vi, — Vo +k\[2V,

dt
(1+k,/L—2)V- Vi
diip _ _ANipp Ne L) m "o

dt — (D1=D))Ts — (1=, Ly

(2.19)

The ripple expressions in this state is given by-

Aipy N =

1+k |2 V=V,
%(Dl - Dy)T,

2.21)

We can observe that this ripple expression can
be>0o0or<0,or=0.

Applying KVL in the second boost converter of
state F'FF, we get

(=R = Viy = Vo + k[ Bvyy
(=IO = Vi, = Voo + K \[2(Viy = Vo)

dt
(1+k,/%)v,-,,—v,,2—k1/§—fvm

(1-k*)Ls

Aipp pp _

diy _
dt — (-DyT,

(2.23)

The ripple expressions in this state is given by-

AiL2 FF =

(1+k\/g)v,~,,—voz—k %VO. L DT
(1-k2)L, ( - 1) K

(2.25)

We can observe that this ripple expression is < 0
always.

If (2.20) and (2.21]) are negative, the ripples are given by-

Aipy = Aipy yy =

. . I
Aipy = Aipy yv =

TH-2977_156302007

+k1[%)Vin
(1-k>)L,
1+ Ll)v-

WDZTS = |Airz nrl + |AiL FFI

DyT = |Aipy nel + |Aigy Frl

(2.26)
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2. CI-SIDO Converters - Analysis of Inductor Currents

Similarly, if (2.20) and (2.21]) are positive, the ripples are given by-

‘ ‘ _ (1+k %)v,-n (1+k %)Vin—k D, _
Airy = Aipy yy + Al yF = WDZTS + 1-OL, (D1 = Dy)Ts = |Aip rrl (2.27)
' . _ (14§22 Vi (1452 ViV : '
Aipy = Aiy yy + Al nF = WDZTS + W(Dl = Dy)T = |Airs Frl
If (2.20) is negative and (2.21) is positive, the ripples are given by-
_ . 1+k %)vm . .
Airy = Aipy vy = WD2TS = |Airy nrl + |AipLy FrI (2.28)
' ' ‘ (14 g2 Vi (1452 JViaVer . '
Aigy = Ay yy + Al N = WDZTS + W(Dl — Dy)Ts = |Air rrl

From the above analysis, we observe that inductor current ripples depend on:

Input and output voltages

* Duty ratios

Pattern of the gate pulse

Values of the coupled inductor

It does not depend on the load currents/output power/load demands. Also, from above analysis,
we observe that pattern of inductor currents depend on slope of inductor currents, which in turn
depend on the coupled inductor parameters and input-output voltages. The pattern of inductor current
waveforms also does not depend on the load currents/output power/load demands. Output powers are
proportional to average values of inductor current. For the same average values of inductor currents,
different patterns of inductor current waveforms and ripples can be obtained. This is shown by the
simulation results in Fig. 2.2|with V;, =8 V, D, = D, = 03,1, = 1.47 A, I, = 098 A, k = 0.73,
L, =131 uH, L, =95 uH.

2.4 Problems of Numerous, Variable and Unforeseeable Patterns of Inductor
Current Waveforms in CI-SIDO Converters

2.4.1 Fixed Pattern of Waveforms in Interleaved Converters

In the interleaved boost converter, Dy = D, = D and L; = L, = L, resulting in equal slopes

of i;; and i;,. Therefore, a limited number of waveform patterns are possible. The waveforms of
TH-2977_ 156302007
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2.4 Problems of Numerous, Variable and Unforeseeable Patterns of Inductor Current Waveforms in
CI-SIDO Converters
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Figure 2.2: Simulation results to show that for same average values of inductor currents, different patterns of
inductor current waveforms and ripples can be obtained for CI-SIDO converters.

the inductor currents remain same even if the gate pulses are shifted, as shown in Fig. 2.3] Even if
the coupled inductors are added to the interleaved converters, the number of waveforms are limited
because of the equal duty ratios, and equal windings. Here, the values of gate pulse shift for minimum
current ripples are a fixed value. The slope cancellations of the inductor currents always takes place.
Also, the slope cancellations always lead to ripple cancellation.

In the CI-SIDO boost, the values of two output voltages and loads are unequal. The values of
two inductances of coupled windings are also different. The patterns of inductor current waveforms
are very different than that in interleaved boost converters (or other topologies where shifting of gate
pulses is used to reduce ripple). Therefore, this article presents a detailed analysis of the CI-SIDO

converters.

2.4.2 Variable Patterns of Current Waveforms in CI-SIDO Converters - Without Shifting Gate
Pulse

This section presents the possible inductor current waveforms of the CI-SIDO boost converter
with no gate pulse shift. In Fig. [2.4] different patterns are observed by varying the duty ratios such
that D; < D, keeping the coupled inductor parameters as k = 0.73, L, = 100 uH, L, = 150 uH.

In Fig. [2.5] different patterns are observed by varying the duty ratios such that D, > D, keeping the
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2. CI-SIDO Converters - Analysis of Inductor Currents
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Figure 2.3: In interleaved converters, the inductor current waveforms remain same even if the gate pulses are
shifted.

coupled inductor parameters as k = 0.73, L; = 100 uH, L, = 150 uH. In Fig. 2.6 the effect of change
in coupled inductor parameters are shown for V;, =8 V., R, =8 Q, R, = 12 Q, D, =04, D, = 0.5.
The three coupled inductor parameters chosen are- (i) k = 0.73, L; = 100 uH, L, = 1000 uH, (ii)
k=0.73,L, = 150 uH, L, = 100 uH, (ii1) k = 0.73, L; = 100 uH, L, = 200 uH.

2.4.3 Numerous Patterns of Current Waveforms in CI-SIDO Converters - With Shift in Gate
Pulse

The simulation results of inductor currents by varying shift in gate pulse for D; + D, > 1 and
D, > D, are shown in Fig and Fig. The simulations are shown for V;, = 8 V, k = 0.73,
Ly =100 uH, L, = 150 uH, R, = 8 Q, R, = 20 Q, Dy = 0.8, D, = 0.5. The gate pulse shift that
is considered here are 0.1, 0.3, 0.5, 0.7, 0.8, 0.9. As the gate pulse shift varies, the inductor current
patterns are changing.

Thus, we observe that the pattern of inductor currents in CI-SIDO converters are variable in nature.
Numerous patterns are possible. For a given condition, the pattern of current waveform is unforesee-
able without theoretical calculations or simulation. As the pattern of inductor currents depend on the

slope of inductor currents, analysis of slopes of inductor currents are performed in next section.
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Figure 2.4: Simulation results to show the effect of change in output voltages on patterns of inductor current
waveforms for D; < D,. The parameters are — V;;, = 8 V, k = 0.73, L; = 100 uH, L, = 150 uH, R; = 8 Q,

Ry =24 Q.

2.5 Derivation of Inductor Current Slopes

Each converter has a single input V;, and two outputs— V,,;, V,,. The two MOSFETs S, S, have

two gate pulses g1, g, with duty ratios Dy, D,. The load resistances are R;, R, and load currents are i,,

i,». The coupled inductor has two windings L;, L,, and coefficient of coupling k. The inductors are

inversely coupled such that the flux due to two windings oppose each other in the core. The voltage

across the coupled inductor windings are v;;, v;» and current through them are i;;, i;,. Due to the

coupling, the voltages and currents are related as (2.29) where M = k VL, L,.

TH-2977_156302007

dipy
i = Li—= —
L1 ldt

dip,
vip = L—= —
L2 Zdl

(2.29a)

(2.29b)
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Figure 2.5: Simulation results to show the effect of change in output voltages on patterns of inductor current
waveforms for D; > D,. The parameters are — V;;, = 8 V, k = 0.73, L; = 100 uH, L, = 150 uH, Ry = 8 Q,
Ry =20 Q.

The voltage and current relations in (2.29) can be reduced to (2.30) to find the slopes of inductor

currents.
di;, Vi +k \/%VLZ
_ , 2.30
d (1 - 1)L, (2.302)
Ly
di Vo +k \/L:IVLI
2 _ . (2.30b)

dt (1 -k)L,

2.5.1 Slopes of Inductor Currents in CI-SIDO Buck Converter

The detailed discussions on the four operating states of CI-SIDO buck converter is presented in

this section.
NN: The equivalent circuit in this state is shown in Fig. In this state, S;; and S ,, both are

ON simultaneously. The voltage across the inductor windings are presented in (2.31).
vir = Vin = Vo, (2.31a)
vi2 = Vi =V (2.31b)
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Figure 2.6: Simulation results to show the effect of changing k, L, L, on patterns of inductor current wave-
forms. The coupled inductor parameters chosen are k = 0.73, L; = 100 uH, L, = 1000 uH, k = 0.73,
Ly =150uH, Ly = 100 uH, k = 0.73, L; = 100 uH, L, = 200 uH

The slope of inductor currents in this state can be formulated by combining (2.30) and (2.31)). The

obtained slopes in this state are obtained in (2.32).

(1 +k II:_;)Vin—Vol _k\/ll::;VOZ

Gynt = 1-oL , (2.32a)
(1 +k %)th -k %Vol _ V02
GNNZ = (1 — k2)L2 (232b)

FF: The equivalent circuit in this state is shown in Fig. 2.9(b)] In this state, S, and S, both are

OFF simultaneously. The voltage across the inductor windings are presented in (2.33).

ver = =Vor, (2.33a)

(2.33b)

V2 = — Vo2

The slope of inductor currents in this state can be formulated by combining (2.30) and (2.33)). The
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Figure 2.7: Simulation results to show the effect of gate pulse shift on patterns of inductor current waveforms.
The simulations are done for V;, =8 V, k = 0.73, L; = 100 uH, L, = 150 uH, R = 8 Q, R, =20 Q, D, = 0.8,
D, = 0.5. The gate pulse shifts change from 0.1, 0.3 to 0.5.
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Figure 2.8: Simulation results to show the effect of gate pulse shift on patterns of inductor current waveforms.
The simulations are done for V;,, =8 V, k= 0.73, L; = 100 uH, L, = 150 uH, Ry =8 Q, R, =20 Q, D1 = 0.8,
D, = 0.5. The gate pulse shifts change from 0.7, 0.8 to 0.9.
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Figure 2.9: Equivalent circuits of CI-SIDO buck in different states: (a) NN, (b) FF, (c) NF and (d) FN.

obtained slopes in this state are obtained in (2.34).

- ol_k\/gvo2

= 2.34
Grri 10— DL, ( a)
—k JE:?VOI - V02
Grr = 2.34b
PR = — L (2.34b)

NF: The equivalent circuit in this state is shown in Fig. In this state, S,; is ON and S, is

OFF. The voltage across the inductor windings are presented in (2.35)).

vt = Vi = Vor, (2.35a)

vip = =V (2.35b)

The slope of inductor currents in this state can be formulated by combining (2.30) and (2.35)). The
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2. CI-SIDO Converters - Analysis of Inductor Currents

obtained slopes in this state are obtained in (2.36).

Vin - Vol - k\/gvo2

Gyr = , 2.36
NF1 (1 - )L, ( a)
k %Vm -k \/%Vol - Vo2
G = 2.36b
NF2 (1 — kZ)Lz ( )

FN: The equivalent circuit in this state is shown in Fig. In this state, S,; is OFF and S, is

ON. The voltage across the inductor windings are presented in (2.37).

vt = = Vo, (2.37a)

vio = Vi =V (2.37b)

The slope of inductor currents in this state can be formulated by combining (2.30) and (2.37). The

obtained slopes in this state are obtained in (2.38).

k\/gvin_vol _ngVOZ

Grni = 2.38
FN1 (1-1OL, ( a)
Via =k [V = Voo
- 2.38b
Grwz i (2.38b)

The slopes of the inductor currents in all the four states are presented in Table [2.2] The rows of the
table represent the three CI-SIDO converters and the columns represent the four states of the CI-SIDO
converters. In continuous conduction mode (CCM), making the average voltage across inductors zero

over switching time period 7’5, we obtain:

V()l = Dl Vina (2393)

Voo = D3 Vi, (2.39b)

where, D, and D, are duty ratios of S,; and S, respectively. It can be seen from (2.39) that output
voltage V,,; and V,, are not coupled i.e. unaffected by each other in CCM. So, duty ratios D; and D,

also are not affected by mutual coupling in CCM.
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Table 2.2: Inductor current slopes for CI-SIDO Buck, Boost, and Buck-Boost Converters

CI-SIDO | Inductor
NN FF NF FN
converter | current
L L
. (kP Vin=Vor =k \[ 72 Voo “Vor—k 2 Vi Vie=Voi =k | 7t Vor P Vin=Vor Ky 2 Voo
Buck |[--L_ | T_ 0| T P ___—aPn | T 0RL |
; (1+k \/ﬁ)Vm*k \}ﬁvul'vrﬂ -k ﬁVn]’V(Q k\/fVm*k ﬁVm*Voz Vin—k \/f 01— Vo2
L2 (-, (1-DL, (-, kDL,
. (1462 Van (1B o (Vor+ B Ven) | (10k 2 Wiy P V2 (1462 JVir-vor
I 1-k2) L, 1-k2) L, 1-k2) Ly 1-k2) Ly
oost | __° __ A=) I € o T R () I I 5 "N
L L L L L
, (1442 Vi (kB u(voorkfBVor) | (1B WaVee | (14k B Wik YR Vo
2 (=)L (1=%)L, (=)L, (1-2) L

L T T T
(1+k \,El)vin = ulfk\lﬁvnz Vin—k \léVaz Vo1 +k \lf;Vin

Buck iy s oL | Y oL | —daon |
, (I+k || Vi k| T2 Vor—Vor k|72 Vin—Var Vi—k | 72 Vor
-boost 2 (DL AL D7 AL

Sar | lo1

+
+

- % Vo1
YSi1

+
= % Vo1

Figure 2.10: Equivalent circuits of CI-SIDO boost in different states: (a) NN, (b) FF, (c) NF and (d) FN.
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2. CI-SIDO Converters - Analysis of Inductor Currents

2.5.2 Slopes of Inductor Currents in CI-SIDO Boost Converter

The detailed discussions on the four operating states of CI-SIDO boost converter is presented in
this section.
NN: The equivalent circuit in this state is shown in Fig. [2.10(a) In this state, S;; and S ,, both are

ON simultaneously. The voltage across the inductor windings are presented in (2.40).

ver = Vi, (2.40a)

Vo = Vin (240b)

The slope of inductor currents in this state can be formulated by combining (2.30) and (2.40). The

obtained slopes in this state are obtained in (2.41).

L
(1+k L—;)Vm

Gyy = —mMmM, 241
NN1 (1-k2)L, ( a)
(1+kB)Va
Gynve = 2.41b
NN2 1- L ( )

FF: The equivalent circuit in this state is shown in Fig. [2.10(b)| In this state, S;; and S ,, both are

OFF simultaneously. The voltage across the inductor windings are presented in (2.42)).

Ve = ‘/m — V()la (2423)

vz = Vin = Vo2 (2.42b)

The slope of inductor currents in this state can be formulated by combining (2.30) and (2.42). The

obtained slopes in this state are obtained in (2.43).

(1+k ﬂ)Vm—(V()l'|'k\/ZVOZ)

G = 2.43
FF1 (1-k2)L, ( a)
(1+k Lz) ,n—(V02+k\/7V01)
= 2.43b
Grra 01— L ( )
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2.5 Derivation of Inductor Current Slopes

NF: The equivalent circuit in this state is shown in Fig. [2.10(c)| In this state, S;; is ON and S, is

OFF. The voltage across the inductor windings are presented in (2.44).

Vi = Vin’ (2443)

Vip = Vi - V(,z (244]3)

The slope of inductor currents in this state can be formulated by combining (2.30) and (2.44). The

obtained slopes in this state are obtained in (2.43).

(1 +k Q—;)Vm —k\/gvo2

Gnr1 = 2.45
NF1 (1-k2)L, ( a)
(1 + k %) Vi — Voo
Gyp = 2.45b

FN: The equivalent circuit in this state is shown in Fig. In this state, S, is OFF and S ,»
is ON. The voltage across the inductor windings are presented in (2.46).
ver = Vie = Vo, (2.46a)
Vi = V,‘ (246]3)
The slope of inductor currents in this state can be formulated by combining (2.30) and (2.46). The
obtained slopes in this state are obtained in (2.47).

(1+k %)Vl —V()l

Gy = 247
FN1 (-1 L, ( a)
Grys = (1 T %)Vin_k\/%vm (2.47b)

The slopes of the inductor currents in all the four states are presented in Table Thus, the voltage

across vy are given by (2.48).

Vin if S ON,
VL = (2.48)

Vin = Vo1 1f S OFF.
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Applying the volt-sec balance across v;;, we obtain:

VinDlTs + (Vm - Vol)(l - Dl)Ts = O, (2493)
Vo 1

= . 2.49b

Vie (1 =Dy) ( )

In the CI-SIDO boost converter, the output voltage depends on the input voltage and the duty ratio
only, as presented in (2.49). The coupling does not affect the output voltages. Similarly, it is true for

V2. Therefore, the input-output voltage relations are given by:

Vi

=" 2.
Vor = 75 (2.50a)
Vin
Voo = 2.50b
" 1-D, (2.50b)

where, D, and D, are duty ratios of S;; and S ,, respectively. It can be seen from that output
voltage V,,; and V,, are not coupled i.e. unaffected by each other in CCM. So, duty ratios D; and D,

also are not affected by mutual coupling in CCM.
2.5.3 Slopes of Inductor Currents in CI-SIDO Buck-Boost

The detailed discussions on the four operating states of CI-SIDO buck-boost converter is presented
in this section. NN: The equivalent circuit in this state is shown in Fig. In this state, S, and

S » both are ON simultaneously. The voltage across the inductor windings are presented in (2.51)).

vt = Vin, (2.51a)
Vip = V,' (251b)
The slope of inductor currents in this state can be formulated by combining (2.30) and (2.51). The

obtained slopes in this state are obtained in (2.52)).

L
(1+k 1)V,

= 2.52
G 1-OL, (2.52a)
(1 +k %)Vin
Gy = ———F757 2.52b
R Ty (2.52b)
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2.5 Derivation of Inductor Current Slopes

it1 111 20l ol
— — =T 0o
2 ZLiL J, R ’ Ri|_ Ri|_
Lin, Cy J Vo1 J Vo1
+ VLo vL1 Voz T % ’ T ’
= + Cy + C +
Vin Ly U T Vin
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o1 i1 Saz i1
== - = 0o
Ry 1 149 ZL2+i . Ra 70 Ry _
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v
Cy + VL2 o - (@] +
V. <4
in Vi I
() (d)

Figure 2.11: Equivalent circuits of CI-SIDO buck-boost in different states: (a) NN, (b) FF, (c) NF and (d) FN.

FF: The equivalent circuit in this state is shown in Fig. In this state, S;; and S, both are

OFF simultaneously. The voltage across the inductor windings are presented in (2.53)).

vt = = Vo, (2.53a)

Vo = = Vg2 (2.53b)

The slope of inductor currents in this state can be formulated by combining (2.30) and (2.53)). The

obtained slopes in this state are obtained in (2.54).

- ol_k\/gvrﬁ

G | 2.54
FF1 (1 - 1)L, ( a)
BV
Grp = 2.54b
= L (2.54b)

NF: The equivalent circuit in this state is shown in Fig. [2.11(c)| In this state, S;; is ON and S, is

OFF. The voltage across the inductor windings are presented in (2.53).

vt = Vi, (2.55a)

Vio = —Vo2 (2.55b)
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2. CI-SIDO Converters - Analysis of Inductor Currents

The slope of inductor currents in this state can be formulated by combining (2.30) and (2.55). The

obtained slopes in this state are obtained in (2.56).

‘/i _k _L; ‘/ o)

FN: The equivalent circuit in this state is shown in Fig. 2.T1(d)] In this state, S, is OFF and S,

is ON. The voltage across the inductor windings are presented in (2.57).

ver = =Vor, (2.57a)

Vi = Vl' (257b)

The slope of inductor currents in this state can be formulated by combining (2.30) and (2.57). The

obtained slopes in this state are obtained in (2.58).

S ' Vs (2.58a)
G = Vo~ kT Vo (2.58b)
T (-, '

The slopes of the inductor currents in all the four states are presented in Table[2.2] In continuous con-
duction mode (CCM), making the average voltage across inductors zero over switching time period

T,, we obtain:

DIVin
Vo= , 2.59
1 1-D, ( a)
D2Vin
Vyp=—— 2.59b
=T (2.59b)

where, D, and D, are duty ratios of S;; and S, respectively. It can be seen from (2.59) that output
voltage V,; and V,, are not coupled i.e. unaffected by each other in CCM. Also, duty ratios D; and

D, are not affected by mutual coupling in CCM.
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2.6 36 Possible Conditions in Either Inductor Current

All the slope expressions of CI-SIDO converters are analysed and following can be noted:
(i) The slopes, of either of the inductor currents, are different in different states.
(i) For any particular state, the slope of inductor current i;; is different than the slope of i;,.
(iii) For any values of duty ratios Dy, D,: Gyy,, > 0 and Ggp, < 0,as 0 < V;,, < {V,1, Vo).

(iv) In steady state, the change in the inductor current over a switching period is zero. The inductor
current waveform is periodic, i.e., iy, (nTy) = i, ((n + 1)T). The inductor current waveforms

are not feasible where the periodic waveforms are not possible.

(v) From above, it is also summarised below—

When Gygy > 0, Geyy > 0 then Dy + D, < 1 (2.60a)
When Gypy <0, Gpyy <0 then Dy + Dy > 1 (2.60b)
When Gypy =0, Geyy > 0 then Dy + D, < 1 (2.60c¢)
When Gypy =0, Gpyyy <0 then Dy + D; > 1 (2.60d)
When Gyp,, >0, Gpy, =0 then D; + Dy < 1 (2.60e)
When Gypy, <0, Gpyyy =0 then Dy + D, > 1 (2.60f)

(vi) It can also be shown that Gyy,, > Gyp, if Gyp,, > 0. For example, if w = 1, we observe that

L L
k] 22V, >0 = —k [ZV,<0 (2.61a)
L, L,
L L L
— (1+k —l)vi —k —1v02<(1+k —l)v,- (2.61b)
\ L, L, \ L,

== GNFl < GNN] (2610)
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2. CI-SIDO Converters - Analysis of Inductor Currents

Table 2.3: 36 possible conditions in either inductor currents

SI. No. | Dy + D, | Relation of Dy, D, | Slope possibilities

Gnrw > 0, Gy > 0

Gyrw > 0, Gyry <0

<1 D, <D, GNFW <0, GNFW >0

Gyrw =0, Gypy > 0

Gyrw > 0, Gypy =0

Gyrw > 0, Gypy > 0

Gnrw > 0, Gypy <0

<1 D, > D, Gyrw <0,Gyry >0

Gyrw =0, Gypyw > 0

Gnrw > 0, Gypyw =0

Gyrw > 0, Gypy > 0

Gyrw > 0, Gypy <0

<1 D, =D, Gnrw < 0, Gyrw > 0

Gynrw =0, Gypyw > 0

Gyrw > 0, Gyry =0

Gynrw <0, Gypy <0

Gnrw > 0, Gyry <0

> 1 D, < D, GNFw <0, GNFW >0

[ (U U U VI (VRN (VI (RN (U N
O 0| | | | B| W[ | —| | L R NN | Wi —

Gyrw =0, Gypy <0

20 Gynrw <0,Gypy =0
21 Gyrw <0,Gnpy <0
22 Gyrw >0, Gypy <0
23 > 1 D, > D, Gyrw <0,Gypy >0
24 Gnrw =0, Gy <0
25 Gyrw < 0,Gypw =0
26 Gyrw <0,GyEy <0
27 GNFw > O, GNFW <0
28 > 1 D, <D, Gyrw <0,Gnpy >0
29 Gynrw =0, Gypw <0
30 Gnrw <0,Gypw =0
31 Gyrw > 0,Gypy <0
32 =1 Dy <D, Giw <0, Gurw > 0
33 Gyrw > 0,Gypy <0
34 =1 Dy > D, Grw <0, Gurw > 0
35 Gyrw > 0, Gypy <0
36 =1 Dy =D, Gyrw <0, Gypy > 0
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2.6 36 Possible Conditions in Either Inductor Current

Similarly, it can be proved for other slope expressions as—

Gynw > Gypy i Gypy > 0 (2.62a)
Gynw > Gy i Gryyy > 0 (2.62b)
|G rrwl > |Gnrwl if Gypy <0 (2.62¢)
|Grrwl > |Grnwl if Gryy <0 (2.62d)

From the analysis of CI-SIDO converters, we found that—
(i) Dy canbe >, <or = D,,
(i1) (D1 + Dy)canbe >, <or =1,

(i11)) Gypy and Gpy,, can be >, <, or = 0, depending on the values of V,;, V5, Vi, Ly, L, and k

chosen to design the CI-SIDO converters.

Based on the values of (D; + D,) and relative values of D, and D,, 3 X 3 = 9 conditions are possible.
And including the signs of Gyr,, and Gy, a total of 9x9 = 81 conditions are possible. Using (2.60),

45 out of 81 conditions are excluded from the analysis as:

(1) when (Dl + D2) < 1 then Gynrw <0, Geyw <0, Gyryw =0, GEny <0, 0r Gyry <0, Gy =0

are not possible

(11) when (Dl + Dz) > 1 then Gyrw > 0, Gryw > 0, Gyrw = 0, Gryw > 0, or Gnrw > 0, Gryw = 0

are not possible

(iii) when (D + D,) = 1 then Gyp,, and Gpy,, both cannot be < or > 0 and either Gy, and Gy,

= 0 is not possible

Therefore, 36 conditions are possible for either inductor current iz,,, as presented in Table The
rows of the table represent all the 36 possibilities and the columns of the table represent all the
possibilities of Dy, D, and the slope possibilities. The table lists all the possible inductor current

waveforms possibilities. It is found that with change in any parameters of the converter like Dy,
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2. CI-SIDO Converters - Analysis of Inductor Currents

D,, D,, Ly, L,, k, the inductor current waveform patterns change. As the pattern of waveforms are
changed, the ripple expressions change as well. The same scenario repeats as the topology of CI-

SIDO converter changes.
2.7 Challenges in Minimizing Current Ripples in CI-SIDO Converters

It is observed that the inductor current ripples depend on the input and output voltages, duty ratios,
pattern of the gate pulse and the values of the coupled inductor. The ripples do not depend on the load

currents/output power/load demands. It can be observed from (2.39), (2.50), (2.59) that V,, and V,;,
are independent of the relative arrangement of gate pulses g, and g,. So, relative shift between g, and
g» does not affect the outputs. The relative shift is denoted by ratio D,, and it varies between 0 and 1.

From the above analysis, we came across the following challenges —

(1) 36 inductor current possibilities are formed for either inductor current depending on D, + D, >,
<, =1, Dy > D,, Dy < D,, D; = D, and slope conditions, in each of the three CI-SIDO

converters.

(i1) Different patterns of inductor currents are observed in different conditions. Inductor current

pattern change with change in value of coupled inductors.
(ii1)) Numerous patterns and sequence of states are obtained when D, is shifted w.r.t. D; by D,.
(iv) Expressions of inductor current ripples vary and depend on the pattern of inductor current.

(v) Separate analysis is required for each CI-SIDO converter and different values of Dy, D, D,, L,

L, and k.

(vi) It is not known which pattern of inductor current and values of Dy, D,, D;, L, L, and k are

suitable for converters operation, among the numerous possibilities.

Therefore, a unified approach is required for CI-SIDO converters which simplifies and reduces the

tedious analysis of numerous cases.
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2.8 Summary of the Chapter

The following are the summary of the chapter:

(i) The CI-SIDO boost, buck, buck-boost converters have four different operating states in CCM,

namely NN, FF, NF, FN.
(i1) The slopes of either inductor currents are different in different states.
(ii1) In particular state, the slope of i;; is different from the slope of i,.
(iv) For each CI-SIDO converter, 36 conditions are possible for either inductor current.

(v) The inductor current ripples depend on the input and output voltages, duty ratios, pattern of the

gate pulse and the values of the coupled inductor.

(vi) The inductor current ripples do not depend on the load currents/output power/load demands.

TH-2977_156302007

43



2. CI-SIDO Converters - Analysis of Inductor Currents

TH-2977_156302007

44



Unifying Inductor Current Ripples by
Forming Sectors of Duty Ratios

Contents
301 Introduction . . . ..o i ittt e e e e e e e e e e e e 46
3.2 Basisof SectorFormations . ............... . 0. 46l
3.3 Proposed Unified Current Ripples by Forming Sectors of Duty Ratios . . . . . 47
3.4 Proof of Unified Current Ripples by Using the Proposed Sectors of Duty Ratios
3.5 Examples on Advantages of Sector Formation ... ...............
3.6 Experimental Verifications of Unified Inductor Current Patterns and Inductor
CurrentRipples . . . . . . 0 i i i i i ittt it i it ettt et e S5
3.7 Derivation of Conditions to Form Sectors of Duty Ratios . ...........
3.8 Effect of Change in Coupled Inductors on Sector Formation .. ........ 39l
3.9 SummaryoftheChapter ... ...............00iiiie... 64

TH-2977_156302007

45



3. Unifying Inductor Current Ripples by Forming Sectors of Duty Ratios

3.1 Introduction

E]To evaluate the performance of each CI-SIDO converter, a separate analysis of all 36 cases is
required. Moreover, inductor current patterns also depend on the pattern of gate pulses. If a shift in
gate pulse is introduced between the two gate pulses, the waveform patterns change further. Thus,
increasing the number of inductor current patterns. A separate analysis of each pattern is required
for different values of output-input voltages, i.e., duty ratios and coupled inductor parameters for all
three CI-SIDO converters. The separate analysis of each pattern is very tedious, which restricts the
usage of CI-SIDO converters. Amongst the numerous inductor current patterns, which pattern is more
suitable for the operation of the CI-SIDO converters is also not known. Therefore, a unified approach

is required for CI-SIDO converters which simplifies and reduces the tedious analysis.
3.2 Basis of Sector Formations

Main idea behind forming sectors of duty ratios is to find different ranges of duty ratios D; and
D, in terms of coupled inductor parameters k, L;, L,; such that in one particular range, pattern of
inductor current waveforms remain same even if duty ratios vary. These different ranges of duty
ratios are called as sectors. The formation of sectors make the pattern of inductor current waveforms
foreseeable. Using the values of coupled inductor parameters, first it has to be determined that a
given set of duty ratios lay in which sector. Once the sector is known, the pattern of waveforms of
both i and i;, are evident from the sector diagram. The formation of sectors of duty ratios simplifies
and reduces the tedious analysis of numerous cases. As numerous patterns of inductor currents are
possible for these CI-SIDO converters depending on the coupled inductor parameters and duty ratios,
it is difficult to analyze the numerous possibilities individually. The inductor current patterns also
depend on the gate pulse patterns. With the change in the patterns, inductor current ripples change.

The separate analysis of each pattern is very tedious, which restricts the usage of CI-SIDO converters.

"Major part of this chapter is reproduced from my publications: (i) Nupur and S. Nath, “Minimizing Ripples of
Inductor Currents in Coupled SIDO Boost Converter by Shift of Gate Pulses,” IEEE Trans. Power Electron., vol. 35, no.
2, pp- 1217-1226, Feb. 2020. (ii) Nupur and S. Nath, “Inductor Current Ripples Minimization in Coupled SIDO Buck
and Buck-Boost Converter by Gate Pulse Shifting,” in Proc. Int. Conf. Power Electron., Drives Energy Syst., Dec. 2020,
pp. 1-6. (iii) Nupur and S. Nath, “Unifying Inductor Current Ripples and Inductor Design in Coupled SIDO Converters
by Forming Sectors of Duty Ratios,” in IEEE Trans. Ind. Appl., vol. 58, no. 3, pp. 3830-3839, May-Jun. 2022.
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diA

ol
[\
(@)

Figure 3.1: Sector diagram of CI-SIDO buck converter for k /% < landk i—f > 1.

Hence, a unified approach is required for the CI-SIDO converters which simplifies and reduces the

tedious analysis. The proposed sectors of duty ratios unifies —
* the patterns of inductor currents.

* the expressions of current ripples for any values of Dy, D,, L, L, and k.

the shift that gives the minimum inductor current ripples.

* the design of coupled inductors.

3.3 Proposed Unified Current Ripples by Forming Sectors of Duty Ratios

We propose 9 sectors of duty ratios for CI-SIDO converters such that the slope conditions, the
minimum inductor current ripple expressions, the shift in gate pulse for the minimum inductor current
ripples, and the design of coupled inductors get unified for CI-SIDO buck, boost, and buck-boost. The
proposed sector diagrams for CI-SIDO buck is shown in Fig. [3.Tand CI-SIDO boost as well as buck-
boost is shown in Fig. where Table 3.1/ holds true. The rows of the table represents the four slope
conditions and the columns represent the conditions when the corresponding slope conditions are
positive for CI-SIDO buck, and boost, buck-boost. The condition presented in the table is required to
obtain the sector formation of CI-SIDO converters. For all the 9 sectors, the conditions of the unified
slope are given in Table [3.2] the unified minimum inductor current ripple expressions are given by

Table The rows of Table represents the 9 sectors and columns represent the signs of slopes
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D1 A Gnp2 >0 Gypa <0 Gnp2 <0
GnF1 >0 Gyr1 >0 Gnp1 <0
I o R ——— B—
3 | 6 | 9 . Gprpn2 <0
. : . Grn1 <0
L b e R S
' ' | FN2
2 3 5 3 8 3 Grn1 <0
B R CnEEEEEEEEEEEEEEERE AR
1 ; 4 ! 7 ! Gry2 >0
0 : ; 11 Gpn1 >0
0 TNF2 TNF1 1 D

Figure 3.2: Nine sectors of CI-SIDO boost converter and CI-SIDO buck-boost converter (Dotted line represents
Gnrw =0o0r Gryy = 0).

Gnr1s Gyras Grnts Grya. If the duty ratios are known, this table helps to find the sector in which
the CI-SIDO converter is operating. The rows of Table [3.3|represents the values of D + D, and the
columns represent the sign of Gy, , Gyr, and the inductor current ripple expressions. The minimum
inductor current ripple expressions presented in the table helps to get the percentage reduction in the
inductor current ripples.

The sector diagram for boost converter is shown in Fig. [3.2] which is a Dy versus D, graph. Fig.
shows the different ranges of D; and D, in which the slopes Gyp, and Gpy,, are positive and
negative. Depending on the slopes being < or > 0, the values of Dy and D, can be divided in 9
different sectors. In each sector the combination of signs of slopes Gyr,, and Gry,, is different from
that in other sectors. Further, the patterns of both inductor current waveforms i;; and i;, may be same
or different depending on the signs of slopes. So, in sectors 1, 3, 7, and 9, the patterns of waveforms
of iy, and i;, are going to be same, and they are different in sectors 2, 4, 5, 6 and 8. A sector diagram
for the CI-SIDO buck converter is drawn in Fig. [3.Twhich is D; versus D, graph. The sector diagram
is presented for k 2—; < 1 and k i—f > 1. The sector diagram shows the ranges of D, and D, in
which the slopes Gyr,, and Gy, are positive and negative. Depending on the slopes being < or > or
= 0, the values of D; and D, can be divided into different sectors. In each sector the combination of
signs of slopes Gyr,, and Gy, is different from that in other sectors. It is found that only five sectors
are formed for this values of coupled inductor parameters. Only sectors 1, 2, 3, 6, and 9 are formed
for k i—; < landk \/% > 1. In sectors 1, 3, and 9, the patterns of waveforms of i;; and i, are going
to be same, and they are different in sectors 2 and 6. It can also be noted that the signs of Gy, and

Gryyw 1In sectors 1, 2, 3, 6, and 9 are same as CI-SIDO boost converter.
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Table 3.1: Conditions for Gyr,, and Gy, to be positive

Slope CI-SIDO
condition buck boost ‘ buck-boost
Gyr1 > 0 D, + k ILJ—;DZ <1 D> < ryry
Gy >0 | k %D] +Dy <k é—f D, < rym
GFN1>O D1+k1’IL‘—;D2<k1’£—; Dy < rpni
Gryy >0 k‘[lL‘—TD1+D2<1 D, < rpne
L
where, ryp; = l > 'NF2 = ‘ HL
(1+k f;) (1+k ﬁ)
L
e = N
FN1 (l+k %), FN2 (1+k ,%)

Table 3.2: Unified slope conditions for each sector of CI-SIDO buck, boost, buck-boost converters

Sector Slopes sign

No. Gnrl | Gyr2 | Genvt | Grne
>0 >0 >0 >0
>0 >0 <0 >0
>0 >0 <0 <0
>0 <0 >0 >0
>0 <0 <0 >0
>0 <0 <0 <0
<0 <0 >0 >0
<0 <0 <0 >0
<0 <0 <0 <0

O| 0| A O\ | K| W[ —

Table 3.3: Unified minimum expressions of Aiy,, for CI-SIDO buck, boost, buck-boost

Dl + D2 GNFw GFNW AiLw

+ + max{GypyD1Ts, GrywDa T}
< + - GNFWDITS

- + GFNWDZTS

- - max{|Gypwl(1 -
> Dy)T, |Gpnwl(1 — DT}

+ - Gyvw(D1 + Dy — DT +
Gnrw(l — Dy)T

- + GNNW(DI + D2 - l)Ts +
Grnw(l — DT

+ - GNFWDITS

- + GFNWD2TS
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3.4 Proof of Unified Current Ripples by Using the Proposed Sectors of Duty
Ratios

3.4.1 Unified Patterns of Inductor Currents

Suppose we select a waveform from Sector 6 such that D; + D, > 1 and Dy > D,. From Table
[3.2] the slope conditions are Gy > 0, Gry < 0, Gyrz < 0, and Gpy, < 0. From Fig. [3.2)and Table
the condition for Gyp; > 0 in CI-SIDO boost is—

1
T (3.1)

(i yE)

Using (2.6), this equation reduces to—

L L
(1+k,/L—;]V,- —k,/L—;VO2 >0 (3.2)

Dividing the above expression by (1 - k2) Ly, we get Gypy > 0. Similarly, the slope conditions
Gry1 <0,Gyrr <0, and Gry, < 0 are proved. Therefore, the obtained waveform for CI-SIDO boost

is presented in Fig.
Likewise from Fig. [3.1]and Table 3.1} the condition for Gy, > 0 in CI-SIDO buck converter is—

/L
D, +k _1D2 <1 (3.3)
L,

L
Vi = Vo —k| =V, >0 (3.4)
L,

Using (2.39), this equation reduces to—

Dividing the above expression by (1 — kz) L, we get Gyp; > 0 for CI-SIDO buck converter. Similarly,
the slope conditions Gy < 0, Gypz < 0, and Ggy, < 0 are proved. Therefore, the obtained waveform
for CI-SIDO buck converter is presented in Fig.

Thus, we observe that the same waveform is obtained for CI-SIDO buck and boost. Also, the sec-
tor diagrams of CI-SIDO buck-boost are the same as CI-SIDO boost. Therefore, the same waveform
of Fig. is obtained for Sector 6 of all the CI-SIDO converters.

Similarly, the waveform shown in Fig. operates in Sector 8 for all the CI-SIDO converters.
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A
EA P— 7y —| [, 9 DTy [,
Ts T.
g2
(0B DT DT

g2
(Drp0) =D Tos DT
NNe¢——NF———»NN*+—FN—>
NN NF NN FN

Airr = |Gnri|(1— D2)Ts

GNN1

Aips = |Gnr2|(1 — D2)Ts

Grna

iL2

(a) (b)

Figure 3.3: The inductor current waveforms for (a) Gyr; > 0, Gpy1 < 0, Gyrz < 0, and Ggyz < 0 and (b)
GNFI <0, GFNI <0, GNFZ <0, and GFNZ > 0.

Thus, we obtain the unified inductor current patterns for all CI-SIDO converters.
3.4.2 Unified Minimum Inductor Current Ripple Expressions

For the waveform shown in Fig. the minimum inductor current ripple expressions are given

by—

Aipy = Gyni(Dy + Dy — DT + Gy (1 — Dy)T s, 3.5)

Airy = |Grnal(1 = DT

These ripple expressions are matching with the ripple expressions presented in Table [3.3] Similarly,

the minimum inductor current ripple expressions for Fig. [3.3(b)|is given by—

Aipy = |Gnril(1 = D)T,
(3.6)

Aipy = Gyno(Dy + Dy — DT + Gpyo(1 — DT

These ripple expressions are also matching with the ripple expressions presented in Table [3.3]
Therefore, the unified minimum ripple expressions for all the possibilities of CI-SIDO converters are

presented in Table. [3.3]
3.4.3 Unified Gate Pulse Shift for Minimum Inductor Current Ripples

As the sector formations unifies the inductor current patterns, the inductor current ripples, and
the expressions of the minimum inductor current ripples, the gate pulse patterns where inductor cur-

rent ripples are minimum also get unified. This detailed analysis on the unified gate pulse shift for
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3. Unifying Inductor Current Ripples by Forming Sectors of Duty Ratios

minimum inductor current ripples are discussed in Chapter-4.
3.4.4 Unified Design of Coupled Inductors

It is found that the CI-SIDO converter are best to operate in sector 5. The detailed discussion
on the unified design of coupled inductor in Sector 5 for the CI-SIDO converters are presented in

Chapter-4.
3.5 Examples on Advantages of Sector Formation

The sectors are actually decided by the designer. The designer can design the CI-SIDO converter
to operate it in a particular sector.

Example 1: CI-SIDO boost converter has to maintain output voltages of V,,; = 10V and V,, = 8V.
If Vi, = 4V, maximum load is 100 W on either output, and maximum ripple is 0.8% of maximum
load current; find suitable values of k, L, and L,. The converter needs to be designed to operate inside
(a) sector 5, (b) sector 3.

Solution: D; = 0.6, D, = 0.5, D; + D, > 1 and D; > D,.

(a) For the converter to operate inside sector 5, rpy; < Dy < rpyz and rypy < Dy < rypp. Using

the expressions of ryr1, r'yr2, FEn1> Frv2, the condition obtained is shown in (3.77)).

ko [E
L 1
— <06 < —m—— (3.7a)
L L
(1+k L—;) (1+k,/L—j)
L
kT 1
— <05« —-—— (3.7b)
Ly L
Solving (3.7)), we obtain (3.8).
L, 1
225K < — < — 3.8
< L < 2 (3.8)

We observe that the choice of k and L, /L, are dependent on each other. From the given condition of

maximum ripple, Aij.c = 0.1A. If we choose k = 0.7, then L, /L, = 1.44. Writing expressions of
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3.5 Examples on Advantages of Sector Formation

Aiy,, for condition (D + D,) > 1, Dy > D, and sector 5 (as given in Table A.5), we obtain |i

Aiyy = Gyyi(Dy + Dy = DT + Gy (1 = DT (3.92)

Aipy = Gyna(Dy + Dy = DTs + Gpya(1 = DT (3.9b)

Two solution of L, and L, are possible. Substituting Vi,, V,1, V2, k, L1/L, in expressions of Gyyi,

GNFI, GNNZ and GFN2 we obtain

(i) If Airy = 0.1A then Ly = 206.7uH = L, = L/1.44 = L, = 143.5uH = Aip, = 0.11A

(ii) If Aigs = 0.1A then L, = 164.9uH = L, = 1.44L, = L; = 237.5uH = Aiy, = 0.09A

Since, second case keeps both Ai;; and Ai;, within specification of Aij,,,..., we choose L; =
237.5uH and L, = 164.9uH.
(b) For the converter to operate inside sector 3, rgyo < Dy < 1 and 0 < D, < rypp. Using

expressions of rry2, 'yr2, the condition obtained is shown in (3.11)).

1
——<06<1 (3.11a)
(1 + k,/i—f)
k. [k
Ly
0<05<—— (3.11b)
L
(1 iy L—)
Solving (3.T1)), we obtain (3.12).
1 L
— < — A2
2L G-12)

From the given condition of maximum ripple, Aij,,,... = 0.1A. If we choose k = 0.8, then L; /L, = 0.5.
Writing expressions of Aiy,, for condition (D, + D,) > 1, D; > D, and sector 5 (as given in Table

A.5), we obtain (3.13)).

Aipy = Gyyi(Dy + Dy — DT + Gypi(1 = D)T (3.13a)

Aipy = Gyna(Dy + Dy — DT + Gypa(1 = Do)T (3.13b)

Two solution of L; and L, are possible. Substituting Vi,, V,1, V2, k, L1/L, in expressions of Gyyi,
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3. Unifying Inductor Current Ripples by Forming Sectors of Duty Ratios

Gnr1, Gyya and Gy, we obtain

() If Aipy = 0.1A then L, = 400uH = L, = L,/0.5 = L, = 800uH = Aix = 0.04A (3.14a)

(@) If Aip = 0.1A then L, = 300uH = Ly = 0.5L, = L, = 150uH = Aiy, = 0.284 (3.14b)

Since, first case keeps both Ai; and Aip, within specification of Aiy,,,,.., we choose L; = 400uH
and L, = 800uH. Therefore, it can be observed that the sectors are decided by the designer. For
same converter parameters, we can design the CI-SIDO converters to operate in different sectors. For
any energy considerations (specific to input and output voltage/current/load demands....etc), we can
design the CI-SIDO converters to choose the nature of the current waveforms. This is explained using
the following examples.

Example 2: The CI-SIDO converter has to maintain the output voltages of 1.0 V, 1.5 V. The
converter should be such that the operation is in sector 1 with available input voltage, V;, of 4.5 V.

Solution: As the required DC voltages are smaller than V;,, the CI-SIDO buck converter is de-
signed. For V,; = 1.0 and V,, = 1.5, the duty ratios obtained are D; = 0.3, D, = 0.4 using @ If
k=038, k é—; < 1 and k i—f < 1, the range of é—; obtained are 0.14 < 2—; < 4 using Fig. The
experimental result for 2—; = (.64 is shown in Fig. From Table the shift 0.5 c D,,;,. Here,
Ry =25Qand R, =4.0 Q.

Example 3: The CI-SIDO converter has to maintain the output voltages of 10.25 V, 10.0 V. The
converter needs to be designed in sector 1 with available input voltage of 8.0 V.

Solution: Here V,; = 10.25 and V,, = 10.0 which is higher than the available V;, of 8 V. There-
fore, the CI-SIDO boost converter is designed. The duty ratios obtained are D, = 0.3, D, = 0.3
using (2.50). Again, if & = 0.8, the range of % obtained are 0.24 < £ < 4.2 using Fig. The

2 Ly
experimental result with é—; = 2.56 is shown in Fig. From Table the shift 0.5 c D,,;,.
Here, Ry =23 Qand R; = 12 Q.
Example 4: For the available input voltage of 6 V, the CI-SIDO converter has to maintain the
output voltages of 1.0 V, 1.8 V. Design the converter in sector 1.
Solution: Here V,,; = 1.0and V,, = 1.8 and V;, of 6 V. Here, the CI-SIDO buck-boost converter is
designed. The duty ratios obtained are D; = 0.2, D, = 0.3 using (2.59). Again, if £ = 0.8, the range
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3.6 Experimental Verifications of Unified Inductor Current Patterns and Inductor Current Ripples

Figure 3.4: Experimental setup of CI-SIDO (a) buck, (b) boost, and (c) buck-boost converters.

Table 3.4: Experimental details

Flg Vi L1 L2 k R1 R2 D1 D2 Dt

No. | (V)| (uH) | (uH) @ | (@
3.6(a) | 45| 100 | 155 [ 0.80 | 3.0 | 40 | 03|04 |05
3.6(b) | 8.0 | 230 | 90 | 0.88 | 27.0 | 13.5]|03 [ 03|05
3.6(c)| 6.0 | 100 | 155 | 080 | 5.0 | 12.0 (0.2 |03 |05
3.7(a) | 45| 100 | 154 [ 0.80 | 3.0 | 40 | 03]03 |05
3.7(b) | 80 | 230 | 90 |0.88 | 27.0 | 13.5| 0.7 | 0.6 | 0.5
3.7(c) | 6.0 | 100 | 155 | 0.80 | 30.0 | 92.0 | 0.6 | 0.8 | 0.5

of é—; obtained are 0.1 < é—; < 4.2. The experimental result with i—; = 2.56 is shown in Fig. [3.6(c). To

maintain CCM operation, R; = 4.0 Q and R, = 3.0 Q. It is to be noted that the obtained V,;, V,, are

negative because of the buck-boost converters.

3.6 Experimental Verifications of Unified Inductor Current Patterns and In-
ductor Current Ripples

The analysis presented in this chapter is verified in laboratory using a prototype of CI-SIDO buck,

boost and buck-boost converter as shown in Figs. [3.4(a), 3.4(b), [3.4(c)} respectively. The CI-SIDO

buck, boost, and buck-boost converters are designed using different values of L, L, k, Vi, Ri, R,
with C; = C, = 100 uF and T = 10 us. The parameters are presented in Table[3.4] The input voltage
is supplied using a regulated DC supply which can supply 64 V, 20 A. The gate pulses, voltage and the
current waveforms are observed and measured in mixed signal oscilloscope (MSO) with differential
probes and current probes. The converter parameters are selected based on the availability in our
laboratory. However, the analysis presented in this thesis is valid for all the practical parameters of
the CI-SIDO converters.

The gate pulses g; and g, are generated using FPGA kit - NI sbRIO 9637 and programmed in
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igure 3.5: Controller block diagram.
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1=0'80, D,;=0.50 V,,, = 4.5V

Gyr1 >0 Geyg >0

Gyrz >0 Gpyz >0

(a)

Figure 3.6: Experimental results of CI-SIDO (a) buck, (b) boost, and (c) buck-boost converters in sector 1.

[ 1]
L) L]

Ly=230 pH, L,=90 pH

§=0.88, D=0.50, Vi
Gnr1 > 0 Gpg

=8.0V
>0

Gnrz > 0Gpyp >0

(b)

- :
Ly=100 pH, L,= 155 pH
k=0.80, D;=0.50, Vi, = 6.0 V
Gyry > 0 Geyg >0

(©)

Inductor current patterns are same irrespective of different coupled inductors, output and input voltages.

LabVIEW platform. The controller’s diagram is shown in Fig. [3.5] As can be seen in figure, the
controller is implemented in FPGA mainly using registers, counters and discrete comparators. The
control logic generates two sawtooth carrier waveforms which have a relative delay D,,.; with respect

to each other. The gate pulses are generating by comparing D) ,.; and D,,.r with the two sawtooth

waveforms.

In Fig. [3.6even if the coupled inductors are different, the loads, output and input voltages are also
different, the patterns of iz, i;, are same. For all the three converters the unified slope conditions are

Gunt > 0,Gynrr > 0,Gevy > 0, Grrp <0, Gyne > 0, Gyrr > 0, Geap > 0, Grra < 0, resulting in a

unified inductor current patterns. As presented in Table[3.2] this is the condition for Sector 1.

Similarly, a unified pattern of inductor currents are obtained for Sector 9 in Fig. The slope
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Figure 3.7: Experimental results of CI-SIDO (a) buck, (b) boost, and (c) buck

#=0.88, D;=0.50, Vi, = 8.0V

Gyrz <0 Gpyz <0

(b)

%=0.80, D;=0.50, Vi, = 6.0 V

Gy <0 Gpy1 <0
Gyra <0 Gpyz <0

(c)

-boost converters in sector 9.

Inductor current patterns are same irrespective of different coupled inductors, output and input voltages.

conditions for all the three CI-SIDO converters are Gyy1 > 0, Gyrp <

GNN2 > 0, GNF2 <0, GFNZ <0, GFFZ <0 (TableB:Z[)

0, Geyi < 0, Gppy < 0,

3.7 Derivation of Conditions to Form Sectors of Duty Ratios

sions are analysed in details.

The slope expressions of the CI-SIDO converters are presented in Chapter-2. Each slope expres-

3.7.1 Condition to be satisfied by duty ratios - for inductor current slope Gyr; > 0

CI-SIDO Buck | CI-SIDO Boost
The slope expression of Gypy 1s given by—

G V,-n—Val—kJ%V,,z G (1+k %)Vm—k %Voz
NFI = —aoon NF1 = (-0
Depending on the values of k, Ly, L,, Vi,, V1, V,2, the slope expression of
as well as negative values. For Gyr; > 0, we have
VrVak Ve (142 Vi V2
(1=k*)Ly = (1-#2)Ly
Rearranging the expression, we have
k
Vin
1+ k A , V 2 < =
0 0. m VD2 (l+k %
Using |D
<1 D2 < ryFi

CI-SIDO Buck-Boost

_ Vin—k %Voz
T (=KL
Gyr1 can take positive

Vin— -k \[ VoZ

(1- kz)Ll

GNFl
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3. Unifying Inductor Current Ripples by Forming Sectors of Duty Ratios

3.7.2 Condition to be satisfied by duty ratios - for inductor current slope Gy, > 0

CI-SIDO Buck \ CI-SIDO Boost \ CI-SIDO Buck-Boost
The slope expression of Gy, is given by—
(1+k \/g)vin—‘/oz k \/gvin_v(ﬂ

G k % Vin_k % Vo1=Vo2 G G
NF2 = (1-k5)L; NF2 = TR, NF2 = Ton

Depending on the values of k, Ly, L,, Vi,, V1, Vi, the slope expression of Gy, can take positive

as well as negative values. For Gyr, > 0, we have

k\/ng—k %Vol_VOZ >0 (Hk\/») in—Voz >0 k %Vi"_v”z >0
(=D)L = T ()L < (=L =

Rearranging the expression, we have

L L 1 Vin 1
V02 +k \/L:?Vol < k \/L:TV’” Voo L 2> 1+k Voo 2 X %2
Using (2.39)— Using -— Using (2.59)—

D2+k %D1<k1,% Dzerpz DZSrNFZ

3.7.3 Condition to be satisfied by duty ratios - for inductor current slope Gy, > 0

CI-SIDO Buck | CI-SIDO Boost | CI-SIDO Buck-Boost
The slope expression of Gy is given by—
(1452 ViuVor ~Vortk |2 Vi

L L
kﬂ évin_vol_k \’ iVOZ

Grnvi = (AL, Grn1 = T (-n Grn1 = (-12)L,
Depending on the values of k, Ly, Ly, Vi,, Vo1, V,2, the slope expression of Gy can take positive
as well as negative values. For Ggy; > 0, we have

k,/%vm—vm—k %Vaz -0 (1+kw/ ) B V01 “Vor+k o2 V,,,

(=KL = Grvi = (-, T oL 2
Rearranging the expression, we have

L L 1 Vin 1
Val +k \/Lj;V()Z < k \/L:;Vin Vo1 L 2> 1+k Vo1 > - %1
Using (2.39)— Us1ng -— Using (2.59)—

D1+k %D2<k1,% DISrFNl DISrFNl
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3.8 Effect of Change in Coupled Inductors on Sector Formation

3.7.4 Condition to be satisfied by duty ratios - for inductor current slope Gy, > 0

CI-SIDO Buck \ CI-SIDO Boost \ CI-SIDO Buck-Boost

The slope expression of Gy, is given by—
Vin—k 2 Vor =Voo (1452 Vit 2V ik 2 Vo

Grve = —on, Grv2 = (o) G2 =~

Depending on the values of k, Ly, L,, Vi,, V,1, V.2, the slope expression of Gy, can take positive

as well as negative values. For Ggy, > 0, we have

L L [L L
Vin—k ﬁVOI_VOZ O (1+k ﬁ)vin_k ﬁvm > 0 Vin_k ﬁVOI O
(1-k2)L, = (1-2)L, — (A-kL, =
Rearranging the expression, we have
L
k=2
|2 . Vin > NI Yin L
k Ly Vor + Voo < Vi Vor = (1+k ﬁ) Vor = k Ly
L
Using (2.39)- Using (2.50)~ Using (2.59)-
k,,i—fD1+D2<1 D < rgn Dy <ren

3.7.5 Relation between ryr; and ryr,; and rgy; and rgy, in CI-SIDO Boost and Buck-Boost
Converters

Suppose we assume that ryg, < ryp;, we have
L
kyT 1
<
(1 +k i—f) (1 +k f—;)

Therefore, we conclude that ryg, < rypi. Suppose we assume that rgy; < rpyz, we have

>kK<1=0<k<l1 (3.15)

L
k\L 1
<
(1+k i—;) (1+k,/€—f)

Therefore, we conclude that rgy; < rpan.

>kKE<1=0<k<l1 (3.16)

3.8 Effect of Change in Coupled Inductors on Sector Formation

As discussed in the previous section, the sector formation of CI-SIDO buck (Fig. @), CI-SIDO
boost (Fig. and CI-SIDO buck-boost (Fig. converters depend on whether Gyri, Gyrz, Grni,
Grn2 18 >, <, or = 0. For given duty ratios, we observed from Table[3.1]that the signs of slopes depend
on the coupled inductor parameters. For CI-SIDO boost and buck-boost, the slope conditions depend

on ryr1, 'nr2s Frni, Fen2. For CI-SIDO buck, the slope conditions depend on k& \/% . As the coupled
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Figure 3.8: (a) Plot of ryp1, ryr2, ren1 and reyy for different é—;, (b) D, versus é—; separated, (c) D, versus é—;
separated.
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Figure 3.9: Formation of sector using the plots of ryr1, ryr2, rry1 and repo for é—; =0.38

inductor parameters change, the dimensions of the sectors change. The effect of change in coupled
inductor parameters on sector formation is discussed in this section. As the sectors of CI-SIDO boost

and CI-SIDO buck-boost is same, it is discussed together, followed by CI-SIDO buck converter.
3.8.1 CI-SIDO Boost and CI-SIDO Buck-Boost Converter

The sector diagram of CI-SIDO boost and CI-SIDO buck-boost converters in Fig. shows that
its dimensions depend on the values of ryr1, vr2, FEnt, TEN2. The plots of rygy, Fnr2, FEnt, TEN2 TOT
ﬁ—; ranging from O to 3 is shown in Fig. [3.8(a)|for k = 0.73. rgy; and rgy, is plotted in blue with
respect to i—; and D;. Similarly, ryp; and ryp; is plotted in black with respect to é—; and D,. To make

the plot of ryr1, ryr2, FEN1, P2 More clear, the plots in Fig. is separated into two different
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Figure 3.10: Formation of sector using the plots of ryr1, ¥nF2, rry1 and rpyo for % =2.6
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Figure 3.11: (a) Sector formation for é—; = 1.39, (b) Plot of ryr1, rnF2, rEN1 and rey; for different é—;, and (c¢)
Sector formation for 2—; =0.5.

plots of D, versus é—; in blue colour and D, versus i—; in black colour. The waveforms in Fig. [3.8(a)|is

the combination of D; versus % (Fig. |3.8(b)) and D, versus i—; (Fig. |3.8(c)). The x-axis of D, versus

2—; is shifted upward and y-axis is shifted to the right side. In the plot, L—; is the independent variable

and D, D, are the dependent variables.
The plots of ryr1, ryr2, a1 and rey, helps to find the sector diagram as shown in Figs. [3.9)and
.10} These plots also help to find the effect of change in coupled inductor parameters on the sector

formation.

For different values of i—;, the value of rygy, ryr2, Fpv1 and rpy, are different. The change in é—;

changes the size of sectors. For example, in Fig. [3.11(a), the sector formation is shown for 2—; =1.39
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3. Unifying Inductor Current Ripples by Forming Sectors of Duty Ratios
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Figure 3.12: (a) Plot of ryr1, ryr2, eyt and repp for different %, and (b) Sector formation for 2—; =1.0.
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Figure 3.13: Effect of variations in coupled inductor parameters on sector formation of CI-SIDO boost when
(a) D1, D, in sector 5, and (b) D1, D> in sector 8.

and in Fig. the sector formation is shown for é—; = 0.5. The number of sectors are same but
the size changes. For same value of D; and D,, the change in 2—; changes the slope condition and
hence, the current patterns. The sector formation for i—; = 1.0, is shown in Fig. w

The change in L, L,, k changes the dimensions of sectors in CI-SIDO boost converter as shown
in Fig. [3.13] The duty ratios D;, D, lying in sector 5 changes to sector 8 if the coupled inductor

parameters Ly, L,, k change.
3.8.2 CI-SIDO Buck Converter

The sector formation for buck converter depends on both Dy, D,, in addition to k, L, L,. It can
be observed in Fig. Fig. a) is shown when D, varies with % when D, is given. Similarly,
Fig. b) is shown when D, varies with é—; when D is given.

As the values of L, L,, k change, the sectors of CI-SIDO buck converter changes. Depending
on the values of k é—f and k %, the feasible sectors of CI-SIDO buck converters change as shown
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3.8 Effect of Change in Coupled Inductors on Sector Formation
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Figure 3.16: Effect of variations in coupled inductor parameters on sector formation of CI-SIDO buck (a) Dy,
D in sector 1, and (b) D;, D, in sector 5.
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3. Unifying Inductor Current Ripples by Forming Sectors of Duty Ratios

in Fig. (3.15| For k L s 1and k. |& < 1, sectors 1, 2, 3, 6, and 9 are possible. For k L o
L I L

and k\/g > 1, sectors 1, 4, 7, 8, and 9 are possible. For k i—f < 1 and k\/g < 1, sectors 1, 2, 4,

5, 6, 8, and 9 are possible. Furthermore, even if the values of L;, L,, k changes keeping k é—f <1,

k é—; < 1, the dimension of each sectors change as shown in Fig. [3.16] In the figure, it is found that

if duty ratios Dy, D, lies in sector 1 and then if L, L,, k changes, the same duty ratios D, D, changes

its sector to sector 5.
3.9 Summary of the Chapter

The following are the summary of the chapter:

(1) Numerous patterns of inductor currents are possible for these CI-SIDO converters depending
on the coupled inductor parameters and duty ratios. It is difficult to analyze the numerous possi-
bilities of inductor current patterns for all the CI-SIDO converters. An approach is presented to
unify inductor current patterns and inductor current ripples in CI-SIDO converters by forming

sectors of duty ratios.

(i1) Sectors are formed by grouping inductor currents based on similar inductor current slope con-

ditions.

(ii1) The sector formation unifies the patterns of inductor currents, the expressions of current ripples

for any values of Dy, D,, Ly, L, k.

(iv) The sector formations of CI-SIDO boost and CI-SIDO buck-boost converters are same. These
converters always form nine sectors irrespective of the coupled inductor parameter values. The

dimensions of nine sectors depend on the values of L, L,, k.

(v) In CI-SIDO buck converter, all the nine sectors are not formed simultaneously. Amongst nine

sectors, which sector gets formed depend on the coupled inductor parameter values.

(vi) If the coupled inductors are changed, the dimensions of nine sectors change in CI-SIDO boost

and CI-SIDO buck-boost converter.
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3.9 Summary of the Chapter

(vii) If the coupled inductor parameters are changed in CI-SIDO buck converter, the sector which

gets formed also change, in addition to the change in the dimension of the sectors.
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

o [om] [
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Figure 4.1: Effect of shift in g, by D, T with respect to g; on ripples Aiz; and Aizp (N and F denote ON and
OFF states of switches).

4.1 Introduction

[ The input-output voltage relations in (2.39), (2.50), and (2.59) show that V,; and V,; are inde-

pendent of the relative arrangement of gate pulses g; and g,. So, relative shift between g; and g, does
not affect the outputs. The relative shift is denoted by ratio D,, and it varies between 0 and 1.
Fig. @ shows the output voltages V,;, V,,, input voltage V;,, and inductor currents iz, i;,; for

zero and a non-zero shift D, T between g, and g,. We observe from Fig. @, due to shifting of g:
* The ripples in inductor currents, Ai;;, Ai;» change.
* For the same shift D, of g,, the change in Ai; is different than the change in Aij,.

* The ripples Aiy, Ai;» depend on the values of duty ratios Dy, D,, and the slopes of i;, ij,, i.e.,

in turn on the values of inductances L;, L,.

'Major part of this chapter is reproduced from my publications: (i) Nupur and S. Nath, “Minimizing Ripples of
Inductor Currents in Coupled SIDO Boost Converter by Shift of Gate Pulses,” IEEE Trans. Power Electron., vol. 35, no.
2, pp- 1217-1226, Feb. 2020. (ii) Nupur and S. Nath, “Inductor Current Ripples Minimization in Coupled SIDO Buck
and Buck-Boost Converter by Gate Pulse Shifting,” in Proc. Int. Conf. Power Electron., Drives Energy Syst., Dec. 2020,
pp. 1-6. (iii) Nupur and S. Nath, “Inductor Current Ripples Minimization in Coupled Inductor Single Input Triple Output
Boost Converter by Gate Pulse Shifting,” in Proc. Int. Conf. Power Electron., Drives Energy Syst., Dec. 2020, pp. 1-6.
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4.2 Commonly Used Terminologies for CI-SIDO Converters

This chapter aims to find the values of D, at which the ripples of both inductor currents Aiy;, Aij, are
minimum; for any given values of inductances L, L, and duty ratios D;, D,. The scope of this work
is limited to CCM of CI-SIDO converters. The range of values of D,, at which minimum ripple is
obtained, is denoted by D,,,;,. Bold letter D is used to represent the range of values of D, throughout the
thesis. Least or minimum values of ripples Aiz; and Aiz, are denoted by Air; and Aip,, respectively.

While finding D,,;;,, the following challenges are encountered:

* D,,;, for all the 36 conditions are different depending on the values of L, L,, k, D; and D,. All

conditions need to be found.
¢ D,.;, need to be obtained in each condition.

e D,,;, for % can be different than D,,;, for % .
4.2 Commonly Used Terminologies for CI-SIDO Converters

The subsequent chapters of the thesis discusses the CI-SIDO converters in details. The most

common terms and nomenclatures that are used in the thesis is presented in Fig. for reference.

1. Gate pulse with duty ratio D,
9 DT @ -,

(Dﬁé())L—LDtT D>T,

. Gate pulse with duty ratio D,

>

. Gate pulse shift D,

<«—NF—» FF «<—[FN—> FF .

. Sequence of states
. Slopes of first inductor current

. First inductor current waveform

. Ripple of first inductor current

. Slopes of second inductor current

O 0 9 N L B W

. Second inductor current waveform

10. Ripple of second inductor current

11. Slopes of input current

Figure 4.2: Diagram of current waveforms and gate

. . . 12. Input current waveform
pulses to explain the terminologies used.

13. Ripple of input current
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

4.3 Gate Pulse Shift for Minimum Inductor Current Ripples in CI-SIDO Boost
Converter

To obtain D,,;, for each of the conditions identified in Chapter 2, at first the relative shift D, is
varied from O to 1, irrespective of the signs of Gy, and Gpy,. Then the ripple expressions are
obtained and compared for each D;,.

Taking example of condition (D; + D;) < 1 and D; < D,, it is observed that the sequences of
states obtained are NN — FN — FF when D, = 0 (Fig. #.3(a)). The states NN, FN and FF occur
for the time intervals DT, (D, — Dy)T; and (1 — D,)T, respectively, and can be denoted as DT, —
(Dy—Dy)Ty — (1—-D»)T;. Further, the sequences of states obtained are NF — NN — FN — FF and
are for the corresponding time intervals D, Ty — (Dy — D)T; — (D, + D, — D\)T; — (1 - D, — D)T,
when0 < D, < D, (Fig. b)). Similarly, D; is varied further for all possible range of values under
the condition set (D, + D,) < 1 and D; < D,, and the obtained different sequence of states are shown
in Fig. Each different sequence of states is denoted by a name (e.g. D-I, B-1), as shown on the
right side of the figure. It is pertinent to mention that Fig. {.3]is drawn considering one out of the nine
conditions of D;, D,. For conciseness, only one figure is shown out of nine figures corresponding to
the nine conditions. The remaining eight figures are drawn similarly and shown in Appendix A.

For each sequence of states, there can be four different patterns of waveforms, depending on Gy,
and Gpy, being positive or negative, for either inductor currents 7;,,. The number further increases if
Gnr, and Gpy, becomes zero. Fig. also shows the patterns of waveforms i;,,, for (D; + D,) < 1
and D; < D, (i.e. SR-2), when Gyp, > 0, Gpy, > O (red solid lines), Gyr, > 0, Ggy, < O (blue
dashed lines) and Gyr, < 0, Gy, > 0 (black dash-dotted lines). Note that, Fig. shows patterns of

iz, waveforms for three conditions out of 36 conditions. Similarly, the remaining figures are drawn
in Figs. [A.T[to[A.14]

4.3.1 Finding Series Name, Sequence, Sequence of States, and Time Durations of Each State

Using Table and Table

From the above analysis associated with Fig. it is clear that different sequence of states occur

for different ranges of shift D,. Series of sequences are obtained for different conditions of Dy, D;.
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4.3 Gate Pulse Shift for Minimum Inductor Current Ripples in CI-SIDO Boost Converter
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Figure 4.3: Different sequences (D-I, B-1,...) of states and different patterns of iz,, waveforms for (i) Gyr, > 0,
Grn, > 0 (red solid lines), (ii) Gyr, > 0, Grn, < O (blue dashed lines), (iii) Gyr,, < 0, Gy, > O (black
TH-2977_%E§8§88¥HGS); when (D; + D;) < 1 and Dy < D, as D, varied from O to 1.
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

Table 4.1: The sequence, sequence of states, and time durations of each state for series SR-2 (D1 + D, < 1 and
D1 < Dz).

Series Name: SR-2 Shift D, Seq. Sequence | Time duration of
of states | each state

- - NN - | D|T, —

g2 t: L)sz;: " : D P 0 D_I FN — (D2 — Dl)Ts -
<« NN —=FN FF ; D-1 = FF (1 _ Dz)TS

PO P sy vy , NF — | DT, -
Bl NN — | (D1 -D)T, —
| g g FN — | (Dy+D,— DT,
| YT C FF = (1 =Dy = D)T;
0 ETm . NF - | D\T, -
‘ A “ | b, =D, C-I FN - | DT, —
FF (1 — Dy — Dy)T,
NF - DlTS —
D, < D, C.I1 FF - | (D,=D)Ts -
<(1—D2) FN — DzTS—>
FF (1 =Dy — D)T
NF — DITS b
D, =(1-D,) C-1II FF — (1 =Dy —Dy)T,
FN — DT
92 ?:! DTy f—pr—_, W (D + D> = DT =
;\«Nﬁwf?fpp FN—* B-1I (1 = Dz) < Dt B-II NF — (D1 - Dt - D2 + 1)T§‘
<(+D,-Dy) FF > — (D = DT
FN — (1 - D)T;
NN — DITS —
D, = (1 + D — Dz) G-I FF — (1 - DZ)TS d
FN (DZ - DI)TS
g2 7D2’1'5 ! DyT. =~
g 1;' ReRT NN — DT, —
: (I+ Dy —Dy) ’
_ <D <1 G-Il FN — (D,« + D2 -1- Dl)TS
L SR t FF — — (D; = DT
(h) (1+D1-D2)< D¢ <1 FN N (1 — Dt)Ts
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4.3 Gate Pulse Shift for Minimum Inductor Current Ripples in CI-SIDO Boost Converter

Table 4.2: Series of occurrence of sequences in 9 conditions of D and D, (Sequence of states shown in Table
and corresponding figures in Appendix A)

(D, +Dy) <1 (D, +Dy) > 1 (D, +Dy) =1

Relative shift D, D >D, | Dy<Dy, | Dy=D, | Dy>D, | Dy<D, | Dy=D, | Dy >D, | Dy <D, | D, =D,
D, =0 A-1 D-1 D-lII A-1 D-1 D-II A-1 D-1 D-lII
0< D, <(D;—D») A-1T A-II A-II
D, = (D, - Dy) A-III A-TII A-III
Max{0,D,-D,} < D, < | B-I B-I B B B B-I B-I B B-I
Min{D;, 1 - D,)
D, = D, CI CI CI
D, <D, <(1 =Dy C-Il C-1l C-1l
D, =(1-Dy) C-III C-1II C-1II
D, =(1-Dy) E-1 E-1 E-1
(1-Dy) <D, <D, E-Il E-II E-Il
D, =D, E-1II E-1II E-III F F F
Max{D,1-D,} < D, < B-1I B-1I B-1I B-1I B-1I B-1I B-1I B-1I B-1I
((1+ Dy - Dy) if Dy >
Dy, else 1}
D,=(1+D,-Dy) G-I G-I G-I
(1+D,~Dy) <D, <1 G-II G-I G-I

Series SR-1 SR-2 SR-3 SR-4 SR-5 SR-6 SR-7 SR-8 SR-9
name

Depending on the signs of slopes Gy, , Gru, ., either of the inductor currents i;,, has numerous patterns
of waveforms possible.

The waveforms presented in Fig. [4.3]is again explained using Table[d.1] Different columns of the
table represents all the informations presented in the figure. In column 1, Table shows different
patterns of ir,, waveforms for (i) Gy, > 0, Gpy, > 0 (red solid lines), (i1) Gyr, > 0, Gry, < 0 (blue
dashed lines), (iii) Gyr, < 0, Gpy, > 0 (black dash-dotted lines), when (D + D,) < 1 and D; < D,
as D, varied from O to 1. The range of gate pulse shift for each waveform is presented in column 2.
The sequence name is presented in column 3 which is also written in right side of each waveform.
The sequence of states and the time duration of each state is also presented in column 4 and column
5 of the table, respectively. The table is added to explain the usage of Table 4.2]and Table 4.3]and its
relation with Fig. 4.3

This type of analysis is done for other 8 cases of the CI-SIDO converters. To make the presentation
compact and to reduce the unnecessary repetitions, the series of sequences obtained for all the nine
conditions are listed in Table and the occurrence of states under each sequence are listed in Table
@ The series of sequences is named as SR-1 to SR-9, as shown in Table @ The time duration of
states in each sequence are listed in Table d.3]

The above analysis is done for all 9 conditions of D;, D,. The series of sequences obtained for all
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

Table 4.3: Occurrence of states in each sequence

Seq. Sequence of states Time duration of each state
A-1 NN — NF — FF DTy — (D1 — Dy))Ty, —» (1 — DT,
A-Il | NF - NN - NF - FF | D,T;, —» DT, — (D, — D, — D)T; — (1 — D|)T;
A-TIT NF — NN — FF (Dy — Dy)Ts = DTy — (1 — DT,
B-1 | NF - NN - FN — FF | D,T; —» (D, - D)T; — (D, + D, — D\)T; — (1 — D, — D)T;
B-l | NN > NF —>FF—>FN | (D;+D,- 1T, - (D, —(D,+D,—1)T, » (D, - D\)T; —
(I -D)T,
C-1 NF — FN - FF DT, —» DT, — (1 — D, — D,)T,
CIl | NF > FF —> FN — FF | DT, - (D, — D\)T; — DTy — (1 — D, — D)T
C-1II NF - FF - FN DTy —» (1 - Dy — Dy)T; — D,T;
D-1 NN —- FN — FF DTy = (D — D)T; — (1 = Dy)T
D-1I NN — FF DTy — (1 - DT,
E-1 NF — NN - FN (1 -Dy)Ty —» (D1 + D, — )T, — (1 — D)Ty
E-Il | NN >NF —->NN—->FN | (D,+D,—- 1Ty, - (1 —-D))T;, -» (D, —D)T;, — (1 -D)T,
E-IIT NN — NF — FN (Dy+ Dy — DTy = (1 = D)Ty, - (1 — DT,
F NF — FN D\T; — (1 - D\)T;
G-1 NN —- FF - FN DTy — (1 — Dy))Ts — (Dy — DT
G-Il | NN > FN —> FF - FN | D\T; - (D;+ D, —1—D\)T; — (D, — D))T; — (1 — D)T,

the nine conditions are listed in Table[4.2] and the occurrence of states under each sequence are listed
in Table .3] We named the series of sequences as SR-1 to SR-9, as shown in Table 4.2] The time

duration of states in each sequence are listed in Table 4.3]
4.3.2 Finding Gate Pulse for Minimum Inductor Current Ripples

The steps followed to find minimum ripple are: (1) D,,;, is obtained for minimum ripple in either
inductor currents %, by comparing ripple Ai;,, in each of the 36 conditions, (2) As D,,;, for %
can be different than that for % the common range of D,,;, is found where both % and % are
achieved together.

Finding D,,;,

The approach used to find the value of D,,;, for all the possible slope conditions are as follows:

(1) For the selected duty ratio and slope conditions, the expressions for ripple Aiy,, are formed

using (2.13)), and are shown in Tables[A.|to[A.9]

(i) By comparing all the expressions of Aij,,, we find the minimum of Aiy,,.

(iii)) We found that Ai;,, remains same and is minimum for a range of D, which is called D,,,;;,.
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4.3 Gate Pulse Shift for Minimum Inductor Current Ripples in CI-SIDO Boost Converter

Table 4.4: Comparing Aiy,, at different D; to find D,,;;, for SR-2 (D; + D, < 1 and D < D) with Gyp,, > 0
and GFNW > 0.

Series Name: SR-2 Shift D, Seq. Air, Notations

T ¢ a = GNNWDITS'F
P ey yopp— ‘o ID=0 - 4 Grn, (D2 — DT,

+—NN — FN=+———FF

. LDI\”;*%E—I-—}-—— - " B “N Gwr, DiT s+
0< D, <D, B-1 Aiyp,, Gww, (D1 — DT+
> Grn, (D2 + D, — DT
,,,,,,, OO<De<Di_ _ _ _ _ _ _ _ _
g2 LD,T,« PDQTB:! t
MNP FN——=—FF—= c1 D D C-I B GNFWDI TS+
] =D = =
! GFNWD2Ts

¥ C-1I Table Table

(Dy + Dppy)<D; < (D1 + Dppyy)

(Dy + Dppy)<Di<(1 - D3)

D, = -D,) C-III B _ Gnp,DiTs+
1 Grn, DT
92 ?:! DyTs f—Dpr—_, IB <
NN=<NF*>=—FF FN— B-1I (1 — D2) < Dt B II A GNNyy (Dr + Dy = DT+
........... . 5 oM - Gy (D) = Dy = Dy + DT
FeRest < (1+ Dy - Dy) i S oo
<a
GNNWDlTs"'

D,=(1+D,-D,)| G-I @ GFNW(DZ - DT,

g2 T:pﬁ! D, =,

(1 +D1 —Dz)

<D, <1 GI | a G, DiTs+

Grn, (D2 — DTy

(h) (1+D1-D2)< D <1
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

Table 4.5: Variations of inductor current patterns within C-1I such that D; < D; < (1 — D»).

Shift Fig. Aip, Notations
g1 [=DiTs h B = GNFM,.DIT5+
: - T >

Dy <D, < ’i Grn, DT
b= P e ' . B21 = Gnr,DiT;s
(D1 + Depw) A : : > 72 B2 = Gpn, DT

i i : v2 = Max{Gyr, D1Tj,
Grpn, D2 T}

(a) D1<Dt<(D1+Dppw)

v2 = Max{Gnr, D1Ts,

D, = (D1 + Dppw) V2 Grn. DoTy)

(D1 + Dppy) < Dy v2 = Max{Gyp, DTy,

< (D) + Dppy) ” GrnyDaTy)
_ o Y2 = Max{Gnr,D1Ts,
D; = (D1 + Dppy) V2 Grn,DaT)
B =Gyr, D1 T+
¥, < Grn,DaTs
(D1 + Dppy) < Dy Ai P21 = Gy, DTy
<(1-Dy) < gw B2 = Grn, Do T
v2 = Max{Gyr, D1 Ty,
(©) (D14 Dppu)<Di<(1-D2) Grn.D)T)
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4.3 Gate Pulse Shift for Minimum Inductor Current Ripples in CI-SIDO Boost Converter

(iv) The range of D, corresponding to minimum ripples are found from Tables to

Taking example of condition (D, + D;) < 1, D; < D, (i.e. SR-2) for Gyp, > 0, Gy, > 0
(shown in Fig. [4.3), the expressions for ripple Aiy,, are formed using (2.13), and are shown in Table
@ The column-1 of the table presents the selected waveforms with slope conditions Gyp, > O,
Gry, > 0. The column-2 presents the variations in D, from 0 to 1. The column-3 presents the
sequence name and column-4 presents the ripple expressions for each D, as it varies from O to 1.
As the ripple expressions are repeating, it is presented in terms of «, 3, v, and the corresponding
notations is presented in column-5. The aim of this table is to show the effect of gate pulse shift on
the inductor current patterns, sequence of states, and the ripple expressions.

It can be seen that Aij,, remains constant in sequences D-1, C-1, C-III, G-I, G-II and varies in
sequences B-I, C-1I, B-II. In the sequence B-1 and B-II, Ai;,, remains within the values Gyy,, DT +
Grynw(Dy — DT, and Gyp,.D 1T + GpywD2T;. However, Air,, reduces within C-II. The variations
of Aiy,, within C-II is presented in Table 4.5] The column-1 of table presents the possible values of
gate pulse shift. The inductor current patterns are presented in column-2. The inductor current ripple
expressions in terms of 3, y, are presented in column-3 with the notations in column-4. The table is
presented to show the effect of gate pulse shift within sequence C-II.

By comparing all the expressions of Ai;,, we observe that the minimum of Aij, is
max{Gyr,D1Ts,Gry,D>T,}. Further we note that Ai;,, remains same and is minimum for a range
of D,. This range occurs in the sub-range of sequence C-II. Therefore, for series SR-2 and slope

condition Gyr, > 0, Gpy, > 0, we get,
D, :={D, | (D1 + Dpp,) < D, < (D + Dpp,)} = Dpp, (4.1)

where

Mil’l{GNFWDl s GFNWD2}
Grr,| ’

_ Max{GNFWDl s GFNWDZ}

PP, =
' IGrr,|

Dpp, =

Similar to Table [4.4] and Table [4.5] other tables can be drawn for different slope conditions and
duty ratios. Ripples for all other conditions are analyzed and compared similarly as described above

for one condition. The rest of the tables are shown in Tables[A.1|to[A.15] The D,,;, obtained for all
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

Table 4.6: D,,;, in 36 conditions of iz,

(D) + D») GNFW >0 GNFW >0 GNFW <0 GNFW <0 GNFW =0 GNFW =0 GNFW >0 GNFW <0
! 2 GFNW >0 GFNW <0 GFNW >0 GFNW <0 GFNW <0 GFNW >0 GFNW =0 GFN,‘, =0
Dl > D2
<1 Dy <Dy Dppyy 10)3 D, X X D, D, X
D, =D,
Dl > D2
> 1 D] < D2 X DG DG DNNw DG X X DG
D, =D,
Dl > D2
=1 Dy <Dy X D D X X X X X
D, =D,

36 conditions are summarized in Table 4.6, The rows of the table represent the possibilities of duty
ratios and the columns of the table represent the possible slope conditions for either inductor current.
The aim of this table is to present the value of D,,;, for all 36 inductor current possibilities of CI-SIDO

converters. The different ranges D;, Dg, Dpp,, and Dyy,, used in Table 4.6|are given by

Dy = {D;| Dy <D, < (1-Dy)} =Dy 4.2)
D, :={D;| (1 -Dy) <D, < D;} =Dg 4.3)
D,in = {D; | (D1 = Dyw,) < Dy < (D1 — Dyw,)}, = Dynw (4.4)
where
Min{|Gyr,|(1 = D»),|Ggn, (1 = Dy)} Max{|Gyr,|(1 = D), |Grp, (1 — Dy)}
Dyn, = NN, = 4.5)

b
GNN

w

GNN

w

Gate Pulse Shift for Minimum Ripples of Both Inductor Currents Together

The range of shifts D, where both Ai; and Aiz, are minimum, is the intersection of D,,;, for Air;
and D, for Aip; in each of the nine sectors. From @, @, (@, @), we observe that Dpp,, € Dy,
and Dyy,, C Dg. Table shows the D,,;, obtained by intersection of all D,,;,, for % and % . The
rows of the table represent the 9 sectors and the column represent the possible values of duty ratios
and the values of D,,;,, for each sectors.

For sectors 1 and 9 in Table4.”7| we can observe that the intersections Dpp; "D pps and Dyy1 NDywz,

always exist and is explained as follows. From Table @] we note that Dppy, Dppy are sub-ranges in
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4.3 Gate Pulse Shift for Minimum Inductor Current Ripples in CI-SIDO Boost Converter

Table 4.7: D,,;;,, in 9 sectors for both minimum ripples

Sector No. | (D, + D) D,in
1 <1 Dppi N Dppy
2 <1 D N Dppy = Dppy
<1 DL
3 > 1 Dg
=1 D,
4 <1 Dppi N Dy = Dppy
<1 DL
5 > 1 DG
=1 D1
6 > 1 Ds N Dyn2 = Dyaz
<1 D,
7 > 1 Dg
=1 D]
8 > 1 Dyyi NDg = Dy
9 > 1 Dyni N Dyn2

sequence C-II. The sequence C-II has states NFF — FF — FN — FF with corresponding durations
D\ T, —» (D, — D\)T; —» D,T; — (1 — D, — D,)T, as shown in Table 4.3] The total duration of state
FF,(D;,=D\)T;+ (1 —-D,—-D)T; = (1 — D; — D;)T, always remain same in all sub-ranges of C-II.

From Fig. d) we can note that, Dpp,, + Dpp,, = (1 — D; — D,). From which, we conclude that

If Dppy < Dpp; then Dppy > Dppy = Dppy C Dppy

If Dppy > Dpps then Dppy < Dppy = Dpp; C Dppy

Therefore, Dpp; N Dpp; always exist. Similarly we can show that Dyy; N Dyy» also always exist. To
summarize the method of finding D,,;, that is presented in this section, a flowchart is added in Fig.
4.4l The flowchart explains that the input required is the input-output voltages and coupled inductor
parameters. The duty ratios and the slopes are found using the available input. Then Table 4.2 and
Table are referred to find the series name and sequences. For each series, these tables represent
sequence of states and its time durations as D, varies from O to 1. Then tables of Appendix A are

referred to find the D,,;, and Ai;,. For each series, these tables represent and compare the ripple

expressions as D, varies from O to 1. The D,,;, for all 36 inductor current possibilities are presented

in Table @ The D, corresponding to both Ai; and A, are presented in Table
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

Input: Vi, Vo1, Voo, L1, Lo, k

\/
Find Dy, Dy, (D1 + Dy),

GyNw, GFFw, GNFw, GFNw

Find series name, sequence, sequence of
states, time durations using Table 4.2

& Table 4.3. For each series, tables
represent sequence of states & its time

durations by varying D; from 0 to 1

Using tables (Table A.1 to A.15)

of Appendix A, find D,,;,, and Air,.
For each series, tables represent &
compare the ripple expressions as D,

varies from 0 to 1

v
D,,;, for ir, is summarised
in Table 4.6

\ J

Combined D,,;, is intersection of D,,;,

for Aip; & Aidps (in Table 4.7)

Figure 4.4: A flowchart to summarize the method of finding D,,;;,.
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4.3 Gate Pulse Shift for Minimum Inductor Current Ripples in CI-SIDO Boost Converter

Table 4.8: Parameters

Vin 8V Ly 13124 uH | L, 94.61 uH k 0.73
T, 10 us C,C, 100uF R, 8 Q R, 12 Q
1> Tisks n - e o - il ey 9 _>Tnh. L L ey i
‘52 e b Lol 92> — 3 5
mn P mem —
. Vin
lin » e
lin
i1 '717777770.90 4 e
i, H0364
12> I 1214 Lo "WIWO.%A
. B R i
R P , —100¥
iy ";:77”7710.0 Voolpq
‘/02_> e e —
Voo o B R LT ¥ SR S T T T:lS.O v
lo2™ jIWIS.O 4
i B AXHm
(@ D=0 (b) D; =0.3

Figure 4.5: Experimental results for Dy = 0.3, D, = 0.6.

4.3.3 Simulation and Experimental Results

The D,,;,, derived for each condition is verified by developing a 100 W laboratory prototype of
CI-SIDO boost (Fig. [3.4(b)). The design parameters are shown in Table 4.8] MOSFETs and diodes
used are IRFPO9ON20DPBF and RHRP30120, respectively. D,,;, are also verified by simulating the
CI-SIDO boost converter with same parameters in Matlab/Simulink environment. All the different
conditions explained in Chapter 2 are generated by: first, computing the ratios ryri, ¥nr2, FENTs TEN2
using Table @ for chosen Ly, L,; second, Fig. @is used to choose the duty ratios Dy, D, for which
different slope conditions of i;; and i;; can be obtained.

The waveforms of g1, g2, Viu, iins iL1, i12, Vo1, Vo2, 101, i,2 Obtained experimentally, are presented
in Fig. [4.5(a) and [4.5(b) for D, = 0.3, D, = 0.6. Fig. £.5(a)] and [4.5(b)| show the results for D, = 0

and D, = 0.3 € D,,;,, respectively. It can be seen that V,;, V,,, i,1, i,» are unaffected by shift in g,.

However, there is significant reduction in Aiz; and Aip,.

All the nine sectors are generated by choosing different values of D; and D,. In each sector, D,,;;,
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

= 1 Gyri>0GNp >0 Gyr1 > 0Gypa >0 < 2
- NF1 NF2 —1.2 NF1 NF2 = Grr1 > 0Gyp <0
N\ > 0Gry2 >0 ;Cj 14 Gryvi <0Grya >0 215l Grx1 >0GpN >0
= E Di+Dy<1 5
<] <os 1S D1+D2<1/u/
06 . _ 1

Zo4 =0 \ / 3 S:o 5
i S04 2 |p _ 3
S 3 1+Dy=1 <
o2 <02 < 0

0 04 0.6 0.9 0 05 07 09 0 0.7 0.9 0 0.40.5 0.9

Dy D, D, Dy

(a) D1=0.3, D,=0.3 (b) D;=0.5, D,=0.3 (c) D1=0.7, D,=0.3 (d) D;=0.4, D,=0.5
= Gnr1L > 0Gyp <0 = Dr+De>1 S 2] Gvm <0Gy <0 < [ Gyr1 <0 Gyps <0
%1'5 Gryn1 <0Gryp > 0/" \:/ 1 R §1.5 DGFX1D> zGltFNz >0 \51.5 Gyt <0Grvs >}0/n
a 1 = 4 1 2 /Q/ a Dl + D2 >/1:a/
. . Gnr1 >0 E 1 1
<05 30'5 Grn1 <0 - =
E ’ E Gnr2 <0 ASO.S ,50'5
9 T G =0 < 9,

0 0.5 0.9 0 0.60.7 0.9 0 0.30.4 0.9 0 0.40.5 0.9

D[ D[ D[ DZ
(e) D1=O.5, D2=0.5 (f) D1=O.7, D2=0.4 (g) D1=0.3, D2=0.6 (h) D1=0.5, D2=0.6

b Gnr1 <0Gyp2 <0
Gpn1 <0Gpn2 <0

) 0.50.6 0.9
(i) D1=0.7, D,=0.6

Figure 4.6: Plots of measured Aiy; (blue) and Aij, (red) vs D, using simulation (square) and experimental
(circle) data for sector no. : (a) 1 (b)2(c)3(d)4 (e) 5 (f) 6 (g) 7 (h) 8 (i) 9.

shown in Table is verified by varying shift D, from O to 1 and measuring the ripples Ai;; and Aij,.
Simulated and experimental measurements of Ai;;, Ai;, for nine sectors are plotted in Fig. @

Table [4.9] compares the D,,;, obtained by - (i) analytically using Table [4.7] (ii) simulation, and
(iii) experimental measurements corresponding to Fig. 4.6 It can be noted from Table 4.9 that
D,.;, obtained by analytical, simulations and experimental measurements match for almost all the
conditions. However, in Fig. 4.6(d)] there is a slight mismatch in D,,;, obtained experimentally and
from simulations. This is due to precision errors in calculating Gyy,, Grr,, Gyr,, Gry, as precision
of values L, L, and k are limited.

Table [4.9] also tabulates the percentage reduction in ripples Ai;; and Ai;, when gate pulse g,
is shifted by D,,;,. The percentage is calculated with respect to the zero shifting. The percentage

reduction is different for different conditions, and also different for Ai;; and Ai;,. The minimum
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4.3 Gate Pulse Shift for Minimum Inductor Current Ripples in CI-SIDO Boost Converter

Table 4.9: Comparison of analytical, simulation and experimental D,,;,, % reduction in Aiy,, and % change in

AILW.
Fig. No D,... Reduction (%) Al (%)

"~ | Analytical | Simulation | Experiment | Aij, Aij» Al | Al
4.6(a) 0.46-0.54 | 0.46-0.54 0.46-0.54 | 66.04 | 54.66 | 529 | 7.29
4.6(b) 0.59-0.61 | 0.59-0.61 0.59-0.61 | 53.85| 7824 | 5.01 | 13.95
4.6(c) 0.7 0.7 0.7 4546 | 76.19 | 3.76 | 17.46
4.6(d) 0.43-0.46 | 0.43-0.46 0.4-0.5 87.35 | 58.48 | 7.75 | 10.25
4.6(e) 0.5 0.5 0.5 92.46 | 76.53 | 8.60 | 11.84
4.6(f) 0.62-0.68 | 0.62-0.68 0.62-0.68 | 49.30 | 79.34 | 2.88 | 16.17
4.6(g) 0.3-0.4 0.3-0.4 0.3-0.4 60.00 | 37.62 | 10.53 | 7.55
4.6(h) 0.44-0.46 | 0.44-0.46 0.42-0.48 | 87.54 | 5848 | 9.16 | 10.67
|4.6(i)] 0.48-0.61 | 0.48-0.61 0.48-0.61 | 60.38 | 63.77 | 3.85 | 13.57

reductions for Aiy; and Aij, are 45.46% and 37.62%, respectively. The maximum reductions for Ai;;
and Aij, are 92.46% and 79.34%, respectively. So, inductor current ripples are reduced significantly
by shifting g, using D,,;, derived in this chapter.

The percentage change in average value of iy, (%Al},) is also shown in Table Note that,
currents at any instant are denoted by i and average value of i over 7 is denoted by /. We observe a
small change in [;,, as D; is varied, for the same values of 1, 1,5, Dy, D,. This is because, the average
values of diode currents (/;,) are equal to ,,, and at any instant iy,, = iy, + is, (Fig. [I.4(b)). As pattern
of i,,, changes with variation in D,, the value of i;,, also changes such that i,, obtains unchanged 1,
over T. %AlL,, is calculated with respect to the maximum value of 1;,,.

Although in Table @], AlL,, increases slightly for some values of D,,;,, the maximum of i;,, does
not increase due to reduced ripples. The ratio of maximum i;,, at D, = D,,;, and D, = 0 is found to be
smaller than 1, for all cases.

The experimental results for D; = 0.3, D, = 0.6 and D, = 0.3 with two sets of load currents
1, =0.751,,,., I,, = 0.251,,, and I, = 0.251,

I,, = 0.751,, are shown in Fig. It can be

Linax® max? 2max

seen that the values of V,;, V,, are same for both the cases since output voltages are not affected by
load currents in CCM. The values of Ai;;, Ai;, also are same for both the cases. It is because, as it
can be seen from the analysis presented in Chapter 2, Ai;,, depends on D, and the sector in which D;,
D, lies. However, it is not affected by change in load currents, for same values of D, D, and D,.

The efficiency of the converter is shown in Fig. [4.§] for different values of D, and D, as D; is
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Figure 4.7: Experimental results for Dy = 0.3, D, = 0.6, D; = 0.3. I,,,,,. are values of I, at full load.

varied from O to 1. The results are also shown for different values of load currents. We observe that
D, does not have significant effect on efficiency. The waveforms of g1, g2, Vin, irz1, i12 Voi, Voo, Lo1s I
obtained experimentally in Fig. {.9|for D; = D, = 0.3 and for D, = 0.6, D, = 0.5 in Fig. i.10] Fig.

M.T1)(a) to Fig. @.T1] (h) show the experimental waveforms of g1, g2, i11, io for D, = 0 and D, € D,,,;,.
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Figure 4.8: Efficiency of converter as D, is varied from 0 to 1 for Ry = 8 Q, Ry = 12 Q (black square),
R =10Q, Ry, =22 Q (red circle) and R; = 15 Q, R, = 27 Q (blue star).
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Figure 4.11: Experimental results for different values of D; and D;, at (A) D; = 0 and (B) D; € Djy-

It is to be noted that the theoretical waveforms presented in this chapter are for the analysis of the
converter. These theoretical waveforms help to analyse the inductor current possibilities and the effect
of gate pulse shift on the inductor current ripples. Each theoretical waveforms can be reproduced in
simulations and experiments. For example, Fig. [{.12] presents the theoretical, experimental and

simulation waveforms for (D; + D,) = 1 and D| = D,.
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Figure 4.12: Different sequences D-II, B-I,... and different patterns of i;,, waveforms for (i) Gyr, > O,
Grn, < 0 (blue dashed lines), (ii) Gyr, < 0, Gry, > 0 (black dash-dotted lines) when (D + D) = 1 and
D) = D, (i.e. SR-9) as D, varied from 0 to 1 (a) theoretical, (b) experiments, and (c) simulations.
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

4.4 Extension of Gate Pulse Shift Methods to CI-SIDO Buck, CI-SIDO Buck-

Boost and CI-SITO Boost

The values of D,,;, obtained in Table is verified for CI-SIDO buck, CI-SIDO buck-boost for

all the nine sectors. The analysis is similar to CI-SIDO boost converter. The simulation results are

presented in the following sections.

4.4.1 Gate Pulse Shift for Minimum Inductor Current Ripples of CI-SIDO Buck

In CI-SIDO buck converter, formation of all nine sectors are not possible simultaneously, for one

coupled inductor. First, the inductor values are selected, and sector diagrams are formed. Then Dy,

D, are varied so as to generate each sector.
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Figure 4.13: Aiz; (blue), Aiz, (pink) vs. D; for all 9 sectors of CI-SIDO buck converter.
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4.4 Extension of Gate Pulse Shift Methods to CI-SIDO Buck, CI-SIDO Buck-Boost and CI-SITO Boost

For L, = 200.00 uH, L, = 100.00 uH, k = 0.8, \/#H < landk é—f < 1, the possible sectors are 1,
N

4,7, 8, and 9. Each sector is generated by selecting suitable Dy, D,. Ai;;, Aij, versus D, are shown for

these sectors in Fig. 4.13| For L; = 200.00 uH, L, = 150.00 uH, k = 0.8, \/;ﬁ > 1, and k i—f <1,
NT

the possible sectors are 1, 2, 4, 5, 6, 8, and 9. For this conditions only, Sector 5 and 6 are possible

for CI-SIDO buck. Further, for generating these sectors, Dy, D, are selected accordingly. Ai;;, Ai;,

versus D, are shown for these sectors in Figs. . 13(e)l4.13(f)| For L; = 100.00 uH, L, = 200.00 uH,

k = 0.8, # > 1 and k i—f > 1, Sector 2 and 3 is generated using this coupled inductor. The

Ly

waveforms of Aij;, Aij, versus D, are shown in Figs. 4.13(b)H4.13(c). The results show that for all

sectors, Air;, Aij, decreases upto D, = D,,;,, then again increases if D; is increased further. The

simulation results are in agreement with the analysis and Table.
4.4.2 Gate Pulse Shift for Minimum Inductor Current Ripples of CI-SIDO Buck-Boost

D,,;, for CI-SIDO buck-boost is verified by taking L; = 200.00 uH, L, = 150.00 uH, k = 0.8.
First, the values of ryry, ren1, Fnr2, FEN2 are calculated and 9 sectors are identified as shown in Fig.
[3.2] The values of Dy, D, are calculated to generate various sectors. The simulation results are shown
in Fig. The results show that the analysis is true for all the circuit conditions of CI-SIDO

buck-boost.

4.4.3 Gate Pulse Shift for Minimum Inductor Current Ripples of Coupled Inductor Single
Input Triple Output (CI-SITO) Boost Converter

The CI-SITO boost converter has one input V;, and three outputs V,;, V,,, V,3 as shown in Fig.
The switches include three diodes S 41, S, S43 and three MOSFETs S, S, S with gate
pulses g1, g2, g3 and corresponding duty ratios Dy, D,, D5. The topology has a coupled inductor with
three windings L;, L,, L; and coupling coefficients k;, between windings L, L,, kp; between L,, L,
and k3 between windings L;, L;. The voltage across the windings are given by (4.6). The voltage
across windings are V;, when the MOSFETs are ON and V;, — V,,, when MOSFETSs are OFF where

w = 1 for iy, w = 2 for i;; and w = 3 for i;3. The input-output voltage relationship in continuous

TH-2977_156302007

89



4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse
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Figure 4.14: Aip; (blue), Aiz, (pink) vs. D; for all 9 sectors of CI-SIDO buck-boost converter.
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Figure 4.15: CI-SITO boost converter.
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4.4 Extension of Gate Pulse Shift Methods to CI-SIDO Buck, CI-SIDO Buck-Boost and CI-SITO Boost

conduction mode (CCM) is independent of the coupling between the windings and is given by (4.7).

Vil i1

d .
Vip| = [L] 47 |2

Vi3 ir3
) 4.6)
L, —kio VLiLy —ki3 VLiL3
where L = —ki, m L, —k»3 m
—ki3 VLiLs  —ky3 VLo L3 Ly
Vi Vi Vin
Vop=——, Vp=——, Vy;z= 477
'"“1-D, ? 1-D, 7 1-D; 7

Different Conditions of CI-SITO Boost Converter

The converter has three MOSFETs which give rise to eight possible states of the converter namely
NNN, NNF, NFN, FNN, NFF, FNF, FFN, FFF where N represents the ON state and F repre-
sents the OFF state of the switches respectively. For each state, the slope of inductor current %, is

represented by Gynyw, Guvews Gnenvw, GNrrws GEnvws GENEws GrENnw, GrrFw Where w = 1, 2, 3 for

ir1, i1, ir3. The slope of inductor current is formulated, in terms of winding voltages v, vi,, v;3 as

presented in (4.8)-(@.9).
IL| = Li L, Ly(1 — ki, — ka3 — ki — 2kiokaszks) (4.8)
i1 LL5(1 - k35) Ly VL Ly(kyy + ki3kas) Lo VL1 Ly(ky3 + kiokas) | | vt
d 1
dt in|= m Ly VL Ly(k12 + ki3k23) LiLs(1 - k%) Ly VL, La(ks + kizkiz) | |viz| (4-9)
i3 Ly VL Ly(ki3 + kiokaz) Ly VLo Ls(kos + ki2ky3) LiLy(1 - k,) Vi3

Here, positive values of (4.8) is taken which is possible only for few combinations of ki, ka3, ki3.
This analysis is presented below-

Suppose ki, = ko3 = k >> k3
1 —2k%ky;3 —2k* >0 = Ifk;3 =0, k <0.707 (4.10)

In this case, the highest value which ki,, ky; takes is 0.707 and k5 is very less than 0.707.
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

Suppose k> > ky3 > ki3
1-2k,-3ki,>0 = k;»<0.5 (4.11)

In this case, for feasible systems, kj, which is largest amongst k3, k3 is smaller than 0.5. This means
all coupling coefficient is smaller than 0.5.

Suppose ki, = k, k)3 = ki3 is very small, say u
1-2ki* -k >0 = k<1 4.12)

So, in this condition, any value of ki, is possible between O to 1. Here, case 1 is considered for the

analysis.
Slope Calculation

To calculate the slopes of iz, iz5, i;3 in, say state NNN, the values of [vy; vip vi3]7 is [Vi, Vi V!
These values of voltages are substituted in (]@D to get the slopes Gyyni, Gyvyz and Gyyys. Similarly,
to calculate the slopes of iy, i, iz3 in state FFF, the values of [vy; via vi3]? is [Vin — Vi Vie —
V2 Vin — Vi3]T. These values of voltages are substituted in to get the slopes Ggrri, Grrr, and
Grrrs. The calculation shows that the slope conditions in states NNN and FFF are always positive
and negative respectively. However, for the slope in the states like NNF, the values of [v;; v; v;3]7
is [Vin Vin Vin — Vo317, So, these slopes can take both negative and positive values.

The slopes of iy, in all the eight states are shown in (4.13)). Similarly, slopes can be formulated

for i;, and i;3 as well. From the slope expressions, it is found that—

The slopes of inductor current in each states are different.

In a particular state, the slopes of iy, i;, and i;; are different.

Gynnw > 0 and Grrrw < 0 always.

* Gyrrws GEnFws GEENws GnNEws GnENw, GENNw Can be positive or negative depending on the

values of coupled inductor parameters and input, output voltages.
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4.4 Extension of Gate Pulse Shift Methods to CI-SIDO Buck, CI-SIDO Buck-Boost and CI-SITO Boost

¢ For GNFFw > 0, GFNFw > 0, GFFNW > 0, GNNFW > 0, GNFNW > 0, GFNNw > 0, it 1s always true

that Gynyw > Gnrrws Gvwvw > Genews Gannw > Grenw, Guvwvw > Gynvews Guvww > Gyenws

Gnvnw > GEnnw-

o Slmllarly, for GNFFW < 0, GFNFW < O, GFFNW < O, GNNFW < O, GNFNw < 0, GFNNW < O, it is

always true that |Grrpwl > |Gyrrwls (GErrwl > 1Genewls IGrrrwl > |GrENwls IGEEFW > IGNNFWls

\Grrrwl > IGnEnwls IGEERWl > 1GENNWI-

GNNN] T r

Vin

[L2L3(1 — k33) + Ly L1 Ly(kya + ky3ks) + Ly /Ly La(ky3 + k12k23)]

1
Gynr1 = E[[L2L3(1 - k§3) + L3\ LiLy(kia + ki3ko3) + Ly \JLiLz(ki3 + k12k23) 1V,

GNFNI

Grnni

GFFNI

GFNF]

GNFFl

GFFFI

L

L

1
= E[[L2L3(1 -

1
= [[LaLs(1 -

L

= l[[142]43(1 =

= —{iLaLa(1 -

= {iLaLat1 -

—Ly L Ly (ks + k12k23)V03]

133) + Ly \Li Lo(ki + kiskas) + Lo L1 Ly (ki + ki2ka3)1Vi,
~Ls \Li Ly (ki + k13k23)V02]

13;) + Ly VL  La(ki> + kiskas) + Lo Ly Ly (ki + ki2k3)1Vi,
—LoL5(1 - k%g)vol]

13,) + Ly AL La(ki + ki3kas) + Lo L Ly(kis + kioko3) Vi,
~LyLs(1 = K35)Vo1 — Ly L Lo(kyy + k13k23)V02]

K33) + La VLiLa(kz + kiskos) + Lo LiLa(kis + kizkas)1Vi
~LyLy(1 = K35)Vy1 — Ly L La(kys + kl2k23)V03]

k§3) + Ls \/IE(ku + kizkas) + Ly \/m(kw + k12k23)1 Vi

—L3 N LiLy(kio + ki3ko3)Ver — Ly \JLi Ls(ki3 + k12k23)Vo3]

1
= E[[L2L3(l — k33) + Ly VL1 Ly(kya + ky3kaz) + Ly /Ly Ls (k3 + kiaka3)] Vi,

_L2L3(1 - k§3)vnl - L3 VLILZ(kIZ + k13k23)V02 - L2 VL1L3(k13 + k12k23)V03]
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse
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Figure 4.16: Effect of shifting gate pulse in CI-SITO boost converter for (a) D; = D, = Dz and D +D,+ D3 <
l,and(b)D3 > Dy > D, and D, + D) + D3 = 1.

Effect of Gate Pulse Shifting

This section shows the effect of shifting the gate pulse on inductor current ripples. Two examples
of gate pulses are taken for the analysis.

As the converter has three gate pulses, the shifting of g,, g3 is done with respect to the starting
point of g;. The gate pulse g, is shifted by a fixed value D;T;. The gate pulse g is shifted such that
it varies from O to 1 and is denoted by D;. The ripple expression is denoted by Ai;,, where w = 1 for
ir1, w=2forip and w = 3 for i3. The expression of Aiy,, is found by (]T_BD

An example of gate pulses and inductor currents are shown in Fig. The three inductor
currents are shown for D; = D, = Ds and D; + D, + D3 < 1 as the shift, D, varies from O to 1.
The slope condition that is taken for the analysis is Gyyny > 0, Gyrpyw > 0, Genpy > 0, Grpny > 0,
Gynvew > 0, Gypnw > 0, Geynw > 0, Grrpy < 0. As D, changes, the states of the converter changes,

thus changing the ripple expression. At D, = 0, the states of the converter are NFN — FNF — FFF.
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4.4 Extension of Gate Pulse Shift Methods to CI-SIDO Buck, CI-SIDO Buck-Boost and CI-SITO Boost

Table 4.10: Inductor Current Ripple Expressions for D; = D, = D3, D; + D, + D3 < 1, and Slope Condition

Gyvwvw > 0, Gnrrw > 0, GEnEyw > 0, Grenw > 0, Gynew > 0, Gyrvw > 0, GEynvw > 0, Grrry < 0 (Fig.
T16(@)

States Shift Ripples
NFN, FNF, FFF D, =0 |Grrrwl(1 =Dy — Dy)T
NFF, NFN, FNN,
FNF, FFF 0< D, <D |G rrpwl(1 = Dy — Dy)T
NFF, FNN, FFF D, = D, |Grrrwl(1 = Dy — Dy)T
NFF, FNF, FNN, |G rrrnl(1 = Dy — Dy — DT < Aip,, <
FFN, FFF Di<Di<Di+Do) |6 \(1-D, - DyT,
NFF, FNF, FFN,
D, = (D, + D) |G rrrwl(1 — Dy — Dy — D3)T
FFF
max{GNFFWD] Ts +

NFF, FNF, FFF,|(Dy+Dy)<D;,<(D;+

GenewDa Ty, GrrnD3Ts} < Aip, <
FEN/REF X ' === (Grerul(1 =Dy = Dy — DT,
NFF, FNF, FFF, | (D + Dy + Dpppy) < | max{GnppwD:i T +
FFN, FFF D; < (Dy + D3+ Dppp,,) | GenrwD2Ts, GrrnwD3 T}
max{Gyrp,Di T +

NFF, FNF, FFF,| (D, + D, + Dpppy) <

FFN, FFF D, < (1-Ds) GenewDaTs, GrrnwDs TS} < Aip, <

|G rrrul(l = Dy — Dy — D3)Ts

NFF, FNF, FFF,

FEN D, =(-Ds) |Grrpwl(1 =Dy — Dy — D3)T
NFN, NFF, FNF,| . IGrrrnl(l =Dy =D, — DT, < Aipy <
FFF, FFN (1=D;) <D <1 |Grrrwl(1 = Dy — Dy)T

The ripple expression is given by (4.14).

Aipy = GnpnwD1 T + GenpwDaTs = |Grppwl(1 — Dy — D)T (414)
At 0 < D, < Dy, the states of the converter are NFFF —- NFN — FNN — FNF — FFF. The ripple
expression is given by (#.15).

Aipy = GnrrwDi T + Gypnw(Dy — D)T's + Geynw(Dy + D3 — D1)Ts + Gpnpw(D1 + Dy — D3 — DT

= |GFFFW|(1 -D, - DZ)TS
(4.15)

At D, = (Dy + D;)T, the states of the converter are NFFF — FNF — FFN — FFF. The ripple

expression is given by (4.16)).

Aipy = GnrrwD T + GpnpwDaTs + GrpnwD3Ts = |Grrpwl(1 — Dy — Dy — D3)T (4.16)
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

Table 4.11: Inductor Current Ripple Expressions for D3 > D; > D;,, D1 + D, + D3 = 1, and Slope Condition
Gyvnvw > 0, Ghrrw < 0, GEnEw < 0, GrEnw > 0, Gynew > 0, Gyrnw > 0, Geynvw > 0, Grrry < 0 (Fig.

f.T60)

States Shift Ripples

NFN, FNN, FFF D, =0 GrnywDoTs + GyenwD1 T

NFF, NFN, FNN, 0<D, <D GFNNWD2T5+GFFNWD1TS < AiLw <
FFN, FFF ! ! GrnnwDoTs + GyenwDi T

NFF, FNN, FFN,

FFF D, = D, GrnnwDoTs + GrpnwDi T

NFF, FNF, FNN, GrrywD3 T < Aip,, <
FFN, FFF Dy <Dy < (Di+Dy) GrnnwD2Ts + GrpnwDi T
NFF,FNF,FFN Dt:(D1+D2) GrrnwD3T

NFN, NFF, FNF, GFFNWD3TS < AiLw <

(D1 + D,) <D, <(1-D,)

FFF,FFN GnrvwD1 Ts + GrpnwDor T

NFN, FNF, FFF,

FFEN D; = (1 - D») GyrnvwD1 T + GrpnwDo T

NFN, FNN, FNF, GNinwD1 T+ GrpnwDoTs < Aipy, <
FFF,FFN (I=D) <D <1 GrnvwDaTs + GypnwD1 T

The comparison of the expressions shows that ripples are getting reduced as D; is changed. The
ripple expressions for different values of D, are presented in Table 4.10] The rows of the table rep-
resent the possible gate pulse shifts and the columns represent the states, shifts and the ripples corre-
sponding to each shift. This table is added to find the ripple expressions at each shift and to find the
minimum ripples by comparisons. Comparing all the ripple expressions, it is found that the minimum

value of ripple expression is given in (4.17)). The corresponding range of D, is presented in (4.18).
max{GnrrwD1Ts + GrnrwDaT s, GrrnwDsT s} (4.17)

(D1 + Dy + Dpppyy) < D; < (D) + Dy + Dpppy,) (4.18)
where

mi{GnppwD1Ts + GenpwD2Ts, GrrnwD3T s}

Dppp,, =

—Lr |GFFFW|

D _ max{GnrrwD1Ts + GpnpwDa T, GrpnwD3T )
Prpw |G FrFwl

So, if the converter is operated with shift according to (4.18)), the ripple in inductor current is reduced
for the slope condition GNNNw > O, GNFFW > O, GFNFW > O, GFFNW > 0, GNNFW > O, GNFNW > 0,

Grnvw > 0, Grrpw < 0.
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4.4 Extension of Gate Pulse Shift Methods to CI-SIDO Buck, CI-SIDO Buck-Boost and CI-SITO Boost

Table 4.12: Simulation Parameters
V,' 6V L] = L2 = L3 100 /JH
k12 = k23 0.6 k13 0.2
R], R2, R3 3, 5, 5 Q D] = D2 = D3 03

Table 4.13: Simulation Parameters
V; 6V Ly, L,, Ly 200, 150, 100 uH

k]z = k23 06 k13 02
R, Ry, Ry 3,5,7Q | Dy, Dy, D3 0.3, 0.2, 0.5

Similar analysis is done for different slope conditions of CI-SITO boost converter as shown in Fig.
The duty ratios are D3 > D; > D,, D; = D; + D,, and D + D, + D3 = 1. The slope condition
is given by Gyvyw > 0, Gypryw < 0, Geypw < 0, Grryyw > 0, Guypw > 0, Gypnw > 0, Gryny > 0,
Grrrw < 0. As D, changes from O to 1, the ripple expression are presented in Table The rows
of the table represent the possible gate pulse shifts and the columns represent the states, shifts and the
ripples corresponding to each shift. This table is also added to find the ripple expressions at each shift
and to find the minimum ripples by comparisons. Comparing all the expressions, it is found that the

minimum ripple is given by (#.19). The corresponding D; is at D + D.

AiLw = GFFNWD3Ts (419)
Simulation Results

This section verifies the analysis done for the CI-SITO boost converter. The simulations are done
in MATLAB/Simulink for two sets of parameters as presented in Table [4.12]and Table 4.13] Keeping
the parameters same, the values of inductor current ripples are obtained at different D, varying from 0
to 1. The ripples at all D, are compared to find the minimum inductor current ripples. The waveforms
of iyy, if2, ir3 at D, = 0 and D, where ripples are minimum are plotted for the two sets of parameters.
The plots of ripples vs. D, are also presented. = The simulations for the parameters presented in
Table #.12)is presented in Fig. The figure shows the waveforms of iy, i;, and i;3 at D, = 0 and
D, = 0.64. The waveforms show that the ripples in the inductor current reduces as gate pulses are
shifted. The value of Ai;; = 2.1 A at D, = 0 and reduces to Ai;; = 0.7 A as D, is changed to 0.64.

Similarly, Aij, reduces from 2.6 A to 0.8 A and Ai;; reduces from 2.1 A to 0.5 A. The ripple values

TH-2977_156302007

97



4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse
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Figure 4.17: i, 1, i;» and i;3 waveforms for D = 0.3, D, = 0.3, D3 = 0.3 for (a) D, = 0, (b) D, = 0.64.
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Figure 4.18: iy, i;» and iz3 waveforms for D; = 0.3, D, = 0.2, D3 = 0.5 for (a) D, = 0, (b) D; = 0.5.
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show that the reduction in Ay, Ai;, and Ai;3 are 66.7%, 69.2% and 76.2%, respectively.

The simulations for the parameters presented in Table 4.13]is presented in Fig. The figure
shows the waveforms of iy, i;; and i;3 at D, = 0 and D, = 0.5. The waveforms show that the ripples
in the inductor current reduces as gate pulses are shifted. The value of Ai;; = 2.0 A at D, = 0 and
reduces to Ai;; = 0.5 A as D, is changed to 0.5. Similarly, Ai;, reduces from 2.8 A to 0.8 A and
Air; reduces from 3.0 A to 1.0 A. The ripple values show that the reduction in Aiz;, Ai;, and Ai;; are
75.0%, 71.4% and 66.7%, respectively.

The inductor current ripples Ai;;, Aij, and Ai;; vs. D, is plotted for two parameters, as D, varies
from O to 1. The plots are shown in Fig. The plots show that the ripples are reduced as D; is
increased, up to some D, where ripples are minimum. After that, the ripples again increase, as D; is
increased. This trend is similar to the CI-SIDO boost converter. This analysis is valid for all possible

duty ratios, input-output voltages, load currents, and pulse patterns.
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4.5 Advantages of Sector Formation

(a) (b)
Figure 4.19: Aiz; (blue), Ai; (pink), Aizs (green) vs D, for CI-SITO boost converter.

The reduction percentages of iy, i1, and i;3 show that the shifting of gate pulse has a significant
effect on the inductor current ripples of CI-SITO boost converter. It is observed that the reduction
up to 76.2% is obtained without the addition of any extra circuit elements like an inductor, capacitor.

The analysis is also very simple to implement.
4.5 Advantages of Sector Formation

As discussed in the previous chapter, we proposed 9 sectors of duty ratios for CI-SIDO converters
such that the slope conditions, the minimum inductor current ripple expressions, the shift in gate pulse
for the minimum inductor current ripples, and the design of coupled inductors get unified for CI-SIDO
buck, boost, and buck-boost. The unified gate pulse shift for minimum inductor current ripples are
given by Table Further, we propose a unified design of coupled inductor in Sector 5 for the CI-

SIDO converters. For a given coupling coefficient k, the unified design of coupled inductors is given

by #.20).

D; 1-D,)> (1-D))* D} L
k* max{1, : ,( 2) ,( ) , T
(1-Dy? D2 D} T(-D L (420)
1. DI (1-D? (1-D))* D '
—2m1n{1, , , ) }
k (1-Dy?  D? D} " (1-Dy)?

The advantages and the proofs of the proposed sectors of duty ratios and the unified coupled

inductor design are presented in the subsequent sections.
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4. Inductor Current Ripple Minimization in CI-SIDO Converters by Shift of Gate Pulse

4.5.1 Unified Gate Pulse Shift for Minimum Inductor Current Ripples

The minimum inductor current ripple expressions of waveforms shown in Fig. [3.3]is presented in
(3.5). Corresponding to these ripple expressions of i;; and i, the shift in gate pulse is found for iy,
and i;,. From Fig. we observe that ripple expressions of iy, is true when the gate pulse shift is
(@.21)) which is named as Dg in Table

(1-D,) <D, < D. 4.21)

Similarly, the ripple expressions of i, is true when the gate pulse shift is (4.22)) which is named as
Dy, in Table 4.7

(D1 — Dyn,) < D; < (D1 — Dyw,) (4.22)
where

_ Min{|Gyp,|(1 = D), |Gpy,|(1 = Dy)}

Dy, G
— NN,,

Max{lGNle(l - D), |GFNW|(1 - D))}
Drvn, = G,

The gate pulse shift when both the inductor current ripples are minimum is Dg N\ Dyy,,. Similarly, the
unified gate pulse shift for minimum inductor current ripples for all the sectors of CI-SIDO converters

are presented in Table {.7]

4.5.2 Unified Design of Coupled Inductors

As discussed earlier, the CI-SIDO boost and buck-boost converter is in sector 5 for rpy, < Dy <
reyt and rypr < D, < rypp as shown in Fig. Therefore, the range of é—; for given values of k, Dy,

D, such that the converter operates in sector 5 of CI-SIDO boost is given by (4.23).

(1-Dy*>  Di L, 1 . (1-Dy D

< —< =
} min{ D% A= D?

K :
M b L SR

}. (4.23)

The CI-SIDO buck converter forms sector 5 when k 2—; < 1 and k i—? < 1 as shown in Fig.

The range of é—; for given values of k, Dy, D, such that the converter operates in sector 5 of CI-SIDO
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buck is given by (4.24).
(1-Dy)* D L 1 . (-D) Dj
K 1, , < =< — 1, , 4.24
maxtl T o L Se™ T oy (429

Therefore, the range of é—; for given values of k, Dy, D, such that the converter operates in sector 5 for
all the three CI-SIDO converters is given by (4.20).

The presence of inversely coupled inductors in the CI-SIDO converters reduces the core size of
the converter. The two inductor windings of the core are such that the flux due to one winding cancels
the flux due to the other winding. So, the coupled inductor windings are designed in the sector where
the inductor current ripple is minimum, reducing the flux in the core. Also, the sector where Gy,
Gnr2 and Gy, Gy cancel each other favours the flux cancellation in the core. The sector diagrams
and slope conditions of Table @ show that the slopes of iy, i;, in states NF and FN are opposite

only in sector 5. Hence, to reduce the flux in the core, the coupled inductors are designed in Sector 5.
4.5.3 Verification of Unified Design of Coupled Inductors

The unified design of coupled inductor is verified for D; = 0.4 and D, = 0.6 with k = 0.8.
Using , the range of i—; obtained is between 0.64 to 0.69. Therefore, we choose ﬁ—; = 0.65. The
values of coupled inductors used for the experiments are L; = 100uH, L, = 154uH, k = 0.8. The
coupled inductor is designed using the available E-shaped ferrite core numbered B66387G0000X127
(E65/32/27) and copper wire of 16 SWG. The inductor is designed with an air gap of 0.1 mm with
the peak inductor current of 10 A. The windings are such that the flux due to one winding cancels the
effect of the other in the magnetic core.

The results are presented in Fig. for CI-SIDO buck, boost, and buck-boost converters. The
details of the experiments are presented in the caption of the figures. All the results of Fig. 4.20|show
that the converters are operating in Sector 5. Therefore, a unified waveform of inductor currents,
unified minimum inductor current ripple expressions, and unified shift in gate pulse for minimum in-
ductor current ripples are obtained for all the three CI-SIDO converters. The experimental parameters
of each experiment are presented in Table.

We have proposed a unified design of coupled inductor in Sector 5 for the CI-SIDO converters.
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Figure 4.20: Experimental results of CI-SIDO (a) buck, (b) boost, and (c) buck-boost converters in sector 5
with same coupled inductors.
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Figure 4.21: Inductor current ripple versus sector plot for CI-SIDO boost converter with Dy = 0.4 and D, =
0.6.

For any duty ratios, we can obtain minimum inductor current ripples if we ensure that the CI-SIDO
converter operates in Sector 5. To prove that, the inductor current ripples versus sectors graphs are
plotted for CI-SIDO boost converter in Fig. [4.21] It is to be noted that D; and D, cannot be placed
in all the sectors, as it depends on D; + D, as presented in Table For Fig. @ with D; = 04
and D, = 0.6, where D; + D, = 1, only sector 3, 5, 7 are possible. To place D; = 0.4 and D, = 0.6
in Sector 3, the coupled inductor parameters with k = 0.8 and é—; = 0.25 is selected. Similarly, other
sectors are generated by changing coupled inductor parameters.

From Fig. @ we can observe that lowest Ai;; and Ai;, are obtained in Sector 5. For D; = 0.4
and D, = 0.6, the lowest Ai;; is obtained for L; = 100 uH, L, = 155 uH, k = 0.80 and the lowest
Aiy, is obtained for Ly = 100 uH, L, = 440 uH, k = 0.70. Similarly, it can be shown for CI-SIDO
buck and CI-SIDO buck-boost.
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4.6 Summary of the Chapter

The findings of the chapter is as follows—

(i) The gate pulse shift for minimum inductor ripples is found for all the feasible cases of CI-
SIDO boost converter. The obtained gate pulse shifts are verified experimentally and in Matlab

Simulations.

(i) The gate pulse shift for minimum inductor ripples of CI-SIDO boost converter is extended to
CI-SIDO buck, CI-SIDO buck-boost converters. It is found that D,,;, is equally applicable to

all the three converters.

(i11) The effect of gate pulse is also extended to CI-SITO boost converters. It is found that the shift

in gate pulse also reduces the inductor current ripples of CI-SITO boost.

(iv) The advantages of sector formations are also extended here. The unified gate pulse shift is

found where both the inductor current ripples are minimized for all three CI-SIDO converters.

(v) Itis also found that the inductor current ripples are minimized in Sector 5 for all three CI-SIDO
converters. A unified design of coupled inductors are proposed to operate in Sector 5 such that

the inductor current ripples are reduced.
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5. Input Current Ripple Minimization in CI-SIDO Boost Converter by Design of Coupled Inductor
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Figure 5.1: Effect of change in % on Air;, Aijo and Ai;,. N and F denotes ON and OFF of switches S,; and
S 1, respectively.

5.1 Introduction

F_]The input current in the CI-SIDO boost converter is the sum of inductor currents. The reduced
inductor current ripples do not ensure reduced input current ripples. A separate analysis is required
to reduce the input current ripples. The maximum ripple cancellations are introduced to reduce the
ripples in input current by shifting gate pulses. In addition to the shifting of gate pulses, the maximum
ripple cancellation in the CI-SIDO boost converter depends on the design of coupled inductors. This
chapter analyses the input current ripples of CI-SIDO boost converters in detail. The effect of gate
pulse shift on the input current ripples is found, and the design of coupled inductors is proposed. In
Fig. @ ir1, irp and i;, of CI-SIDO boost converters are shown which shows the effect of changing
coupled inductor parameters on input current ripple, Ai;,. The waveforms are drawn for D, = D,,;, as
obtained from Table where ripples in iz, i;» and i;, are minimum.

In converters such as interleaved boost converters, the maximum ripple cancellations are intro-

duced to reduce the ripples in input current by shifting gate pulses. However, from Fig. it is

'Major part of this chapter is reproduced from my publications: (i) Nupur and S. Nath, “Maximizing Ripple Cancel-
lation in Input Current for SIDO Boost Converter by Design of Coupled Inductors” IEEE J. Emerg. Sel. Topics in Ind.
Electron., vol. 2, no. 4, pp. 409-419, Oct. 2021. (ii) Nupur and S. Nath, “Input Current Ripple Minimization in Coupled
SIDO Boost Converter by Shift of Gate Pulses,” in Proc. 12th Energy Convers. Congr. Expo. Asia, May 2021, pp.
1660-1665. (iii) Nupur and S. Nath, “Achieving Approximately Zero Ripples in Input Current of Coupled SIDO Boost
Converter,” in I[EEE Trans. Ind. Appl., vol. 58, no. 3, pp. 3819-3829, May-Jun. 2022.
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5.1 Introduction

found that the problem of maximizing ripple cancellation in CI-SIDO boost is more challenging than

interleaved boost. Some of the challenges are presented as follows-

* In CI-SIDO boost D, # D,, Ly # L, resulting in different slopes of iz, i;;. So, numerous
patterns of waveforms for i;;, i;, and i;, are possible. The shift at which Ai;, is minimum
(called D,,;,) depends on values of Dy, D,, L/L,, k. Whereas in interleaved boost D; = D, = D,
L, = L, = L resulting in equal slopes of iz, i;,. So, limited number of waveforms patterns are

possible. Here, D,,;, is a fixed value i.e. D,,;, = 1/n.

* In CI-SIDO boost, slope cancellations do not always occur at all possible values of Dy, D,,
L,/L,, k. The slope cancellations do not always lead to ripple cancellation. Whereas in in-
terleaved boost, slope cancellations always occur at D, = D,,;;,. Also, the slope cancellations

always lead to ripple cancellation.

¢ In CI-SIDO boost, Ai;, = or < Aiy; + Aizp. So, to minimize Aiy,, Aiy, Aij, need to be analyzed
and minimized first. Also, Ai;, depends on choice of Dy, D,, L,/L,, k, D,,;,. The condition of
maximum ripple cancellation is not present in the existing literature. However, in interleaved

boost, Ai;, < Air; + Aip always. The maximum ripple cancellation occurs at D,,;;,,.

The input current i;, is the sum of inductor currents iy, i;», as seen in Fig. The slopes
of input current in each state is the sum of slopes of inductor currents in the corresponding states.
In Fig. [5.1] ir1, i» and i;, are shown for D,,;, T, shifting between g; and g, (red solid lines), for
Dy + D, < 1and Dy < D,. For D; # 0 (D, chosen as D; < D, < 1), the converter goes through
NF — FF — FN — FF. Also, for same D, D, and D, with same sequence of states, the pattern
of iy, i, and i;, changes as i—; changes (shown in black dashed-dotted lines of Fig. . We note the
following from Fig. that for same D,, D,, D, and same sequence of states, as é—; is changed the
pattern of Ai;, changes along with the patterns of Ai;; and Ai;,. Therefore, the problem of maximizing
ripple cancellation in i;, is solved by analyzing the patterns of i;,, and finding the patterns of i;;, i;»

and ranges of L, L,, k where maximum ripple cancellation between i;; and i;, takes place.
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Figure 5.2: Sectors and sub-sectors of CI-SIDO boost converter.

5.2 Gate Pulse Shift for Minimum Input Current Ripples

The objective of this section is to find the ranges of D, and so, the pattern of input current wave-
forms i;, where Ai;,, are minimum, for all possible values of L, L,, k. The range of D, where Ai;, are

minimum (Aiin) is denoted by D,,;,,.
5.2.1 Sectors and Sub-sectors

The expressions for slopes of i;; and iy, in all four states are shown in Table The slopes of the
input current in each of the four states are the sum of slopes of inductor currents in the corresponding
states. The formulated slopes of input currents are presented in (5.1). It is found that the slopes of
im, i1 and i, are different in all four states. It is also found that for all duty ratios Gyy,, > 0 and

Grry < 0. Also, Gyry, Grny can be >, < or = 0, depending on the values of k, Ly, Ly, V,1, V2, Vin.

GNN,-,, = m [Vm (L] + L, +2k \/Lle)] (5.1a)

1
Grrn = T-IOLL [ Vin (Lt + Ly + 2k VL L) = Vo (Lo + k VL Ly) = Voo (Ly + k VL1 Lo ) ]

(5.1b)
1

Gnr,, = m [ Vin (L1 + L, + 2k \/Lle) -V (Ll +k \/LILZ) ] (5.1¢)
1

GFNI. = m [ Vi, (L1 + 1, + 2k VLle) - Va (L2 +k VLILZ) ] (Sld)
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5.2 Gate Pulse Shift for Minimum Input Current Ripples

Figure 5.3: The plot of ryr1, rnF,,» 'NF2, TFN1, TFN,, and rpyo with respect to f—;

15

For Gyr,, Gnri, Gyre and Gy, , Geyi, Graa to be greater than zero, D should be smaller than ryg, ,

rnr1, 'nr2, and Dy should be smaller than rey, , reni, 7FN2, respectively, where

INF2 =

FFN;, =

YFN1 =

YFN2 =

INF, =

rnr1 =

L
kL1

(1+k é—f)

(5.2a)

(5.2b)

(5.2¢)

(5.2d)

(5.2¢)

(5.21)

It can be shown that ryp» < ryp, < ryr and rpy; < rpn, < ren2. So, based on the conditions

obtained, [d,, d,] is divided into 16 distinct sectors as shown in Fig. [5.2] [d, d>] denote the range of

all values from O to 1 that duty ratios Dy, D, can take. It is found that the sectors 2, 4, 5, 6, and 8 get

divided into two sub-sectors due to the input current slopes, whereas sector 5 gets divided into four

sub-sectors. In each sector, the slopes Gyr, . Gyri, Gyr2, Grn,,» Grni, and Gy, are different. So, the
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Figure 5.4: Sector formation for different values of i—; and k: (a) kK = 0.8 and i—; = 0.65, (b) k = 0.8 and
B =15,(c)k=088and £ = 2.6, (d) k = 0.88 and 7 = 0.38.

patterns of currents are different for different sectors. Also, in any given sector, the patterns become
different based on value of shift D, and whether D; + D, < 1 or > 1 or = 1. The ripples obtained
by varying D, from 0 to 1 for all conditions of D; + D, in each sector, are compared and D,,;, are
formulated. The detailed analysis is presented in Appendix B.

The expressions of ryrgi, ¥yr,, ¥'NF2, TFN1> TFN, and rpyp are presented in . For given value
of k, each expression is plotted with respect to f—;, as shown in Fig. The plots show the effect
of changing i—; on the expressions. The figure shows Dy vs é—; (in blue) for rgyi, rpn,, and rpyo, and
D5 vs 2—; (in black) for rygi, rnr, and ryg,. The effect of changing 2—; on the sector dimensions can
be observed from the plot. For example, for k = 0.8 and ﬁ—; = (.65, a dot (dark green) is plotted at
the intersection of é—; = 0.65 and plots of ryr1, rnF,» 'NF2, TFN1s TFN, and rry2. Through each dot
(dark green), lines are drawn to form the sector diagram, as shown in Fig. Similarly, the sector

formations are shown for £k = 0.8 and i—; = 1.5 (pink), £ = 0.88 and ﬁ—; = 2.6 (light green), and

k = 0.88 and 7 = 0.38 (red) in Figs. [5.4(b)}|5.4(c) and [5.4(d)| respectively. It is observed that as the

ratios of L, L, and k change, the dimension of sectors change.
5.2.2 Calculating Gate Pulse Shift for Minimum Input Current Ripples

As the patterns of i, i1, i, are different for each sector, the effect of gate pulse shift is different
for each sector. For all possible slopes conditions, the gate pulse g is shifted by D, from the starting
point of g; where D, varies from O to 1. As D, varies, the states of the converter changes which results
in changed waveforms of i;,, i1, i;2. Consequently, the ripples expressions at each D is different. The

minimum Ai;, is obtained by comparing Ai;, at each D,. This is explained here by taking an example
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Figure 5.5: The patterns of i;; (black dashed), i;» (blue dash-dot) and i;, (red solid) in sector 5A as D, varies
from O to 1.
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Table 5.1: Sector 5SA for Dy + D, < 1 and Dy > D,

ﬁg **************************** D,
. Gyr1 >0,.Gpyp <0 GNp2 <0.Gpyp >0 GnFin > 0. Grnin > 0
2(a) | aj €12 Qlin 0
2(b) | an €12 Qin 0< D, <(D;—-Dy)
2(c) | an €12 QAlin (D) - D)
2(d) | @y > Aigg >pu | € > Aipp > 712 | @i > Al > Biin | (D1 — Dy) < D, < Dy
2(e) | pu1 Tio Blin D,
Pl T Brin > Aiiy > Yiin | D1 <D< D1+ Dppin)
2(6) | pi TP Viin (D1 + Dppin) < Dy < (D1 + Dppin)
P11 Ti2 YViin < Aliy < Blin | (D1 +Dppin) < Dy < (1= Dy)
2(g) | pu T2 Blin (1-D,)
2(h) | pii < Aipy <ayqy | T2 < Aipy <y | fiin < Ay <ayn | (1-Dy) <D, <1

a1 = Gyyi1 D2 T + Gypi(Dy — D)Ts, €12 = Gyna DT, @1jn = GuninD2 T + Gypin(Dy — D)T
o1 = GyrDiTs, 712 = GenoDaTs, Brin = GnpinDi Ts + GryinDa T
Yiin = Max{GnpinD: Ts, GryinD: T}

for Dy > D,, D; + D, < 1 such that the converter operates in Sector SA.

The waveforms of iy, i1, and i;, as D; is varied from O to 1, for sector 5A is shown in Fig. @] for
Dy > D,, D\ + D, < 1. As presented in Fig. @, the slope conditions in Sector SA are Gyy;, > 0,
Grrin <0, Gyrin > 0, Gpyin > 0, Gynt > 0, Grry < 0, Gypr > 0, Geyy < 0, Gyya > 0, Grra < 0,
Gnra <0, Grya > 0. Now, for D, = 0, the states of the converter are NN — NF — FF with their

respective durations as D,Ts — (D) — D;)Ty — (1 — D)T. The ripple expressions are given by—

Aiyy = GyninD2Ts + Gypin(Dy — Dy)T, (5.3a)
Aipy = Gyni DT + Gypi(Dy — Dy)T (5.3b)
Aipy = Gyna Do T (5.3¢)

For 0 < D, < (D — D,), the states of the converter are NF — NN — NF — FF with their durations
as D,T; = DTy — (D) — D, — D;)T; — (1 — Dy)T and the ripple expressions as (5.3). Again, if
D, = (D, — D») the ripples expression is given by (5.3) with the changed states as NF — NN — FF
and changed durations as D, T, — (D — D)T; — (1 — Dy)T,. Similarly, D, is varied upto 1 as
shown in Fig. @] and Aiy,, Aip,, Aij, 1s found. Each ripple expressions are presented in Table and
compared to find the minimum Aiy,, Aij,, Ai;,. The rows of Table[S.1|represent the figure number as
gate pulse is shifted from O to 1 and the columns represent the current ripples. This table is added

to find the current ripple expressions at each shift and to find the minimum ripples by comparisons
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Table 5.2: D,,;;,, for minimum input current

Sector No. | (D; + D,) D,
1 <1 Dpp,
2A Dpp,
2B <1 D,
<1 D,

3 > 1 D¢
=1 D
4A Dpp,
4B =1 D,
5A <1 Dpp,
<1 D,

5B, 5C > 1 Dg
a D,
5D > 1 Dy,
6A Dy,
6B > 1 Do
<1 D,

7 > 1 DG
i 1 D1
8A Dy,
8B > 1 D
9 > 1 Dyy,,

where, D, = (D, | D; < D, < (1 - D,)}
Dg = {D,| (1 -D,) <D, < D}

Dy, = (D; | (D1 = Dy,) < D; < (Dy = Dyy,))
Dy, = max{|Gyp,|(1 = D), |Gy, (1 = D)}/Gw,
Dyy, = min{|Gyp, (1 — D5), |Ggn, (1 — D)}/ Gun,

Dppy = (D, | (D1 + Dpp,) < D, < (Dy + Dpp,)
Dpp, = max{Gyr, D1, Gry,D2}/|Grr,|
Dpp,, = min{Gyr, D1, Gpy, D2}/ |Grr,|

for sector SA. The comparisons show that Ai;, is minimum for (D, + Dpp;,) < D, < (D; + Dppiy)
where Dpp;, and Dpp;, are shown in Table (also marked in red color). The results in Table |5.1
show that Ai;;, Ai;, are minimum for D; < D, < (1 — D,), however, the range of D, where Ai;, is

minimum has reduced to (D + Dpp;,) < D; < (D + Dpp;,). Therefore, D,,;,, for Ai;, for Sector 5A is

(Dy + Dppin) < D; < (D1 + Dppin) as presented in Table The rows of Table represent all 16
sectors and columns represent the values of D,,;, for % for all possible values of D; + D.

Similarly, this analysis is done for all 16 sectors of CI-SIDO boost converters by drawing figures
and tables similar to Fig. [5.5]and Table[5.1] respectively, in Appendix B. The obtained D,,;, for all the
16 sectors are given in Table
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Table 5.3: Simulation Parameters

| Vie 8V [L, L, 131.24,9461uH [k= 073 | R, R, 8,12Q]

Table 5.4: Comparison of Analytical, Simulation and Experimental D,,;, and % Reduction in Ai;,

Fig. No. D,... Reduction (%)
Analytical | Simulation | Experiment Aiy,

5.6(a)| | 0.46-0.54 | 0.46-0.54 | 0.46-0.54 64.19
5.6(b)| | 0.59-0.71 | 0.59-0.71 0.59-0.71 46.39
5.6(c)| | 0.62-0.68 | 0.62-0.68 | 0.62-0.68 64.15
5.6(d) 0.7-0.8 0.7-0.8 0.7-0.8 38.20
5.6(e)| | 0.43-047 | 0.43-047 | 0.43-0.47 57.88
5.6(fH) | 0.33-0.47 | 0.33-0.47 | 0.33-0.47 52.37
5.6(g)| | 0.54-0.55 | 0.54-0.55 | 0.54-0.55 89.22
5.6(h) 0.6 0.6 0.6 87.34
5.6(1) 0.5 0.5 0.5 90.57
5.6(j) 0.54-0.55 | 0.54-0.55 | 0.54-0.55 89.43
5.6(k)| | 0.58-0.62 | 0.58-0.62 | 0.58-0.62 69.43
I5.6() | 0.62-0.68 | 0.62-0.68 | 0.62-0.68 64.15
|5.6(m)| 0.3 0.3 0.3 43.99
5.6(n)| | 0.46-0.54 | 0.46-0.54 | 0.46-0.54 75.48
5.6(0)| | 0.34-0.46 | 0.34-0.46 | 0.34-0.46 52.37
5.6(p)| | 0.54-0.55 | 0.54-0.55 | 0.54-0.55 72.29

5.2.3 Gate Pulse Shift for Minimum Inductors and Input Currents Together

Dppi1, Dppy and Dpp,, are the sub-ranges of sequence C-II (shown in Fig. @ In C-II the duration
of state F'F' has fixed duration, (1 — Dy — D,)T. So, Dpp, + Dpp, = (1 — D; — D»). Therefore, it can

be concluded that

If DPPI < Dpp2 < Dppm then DPPl > Dpp2 > Dpp == DPP (O Dppz C DPPI (543)

in in

If Dppi > Dppy > Dpp,, then Dpp; < Dppy < Dpp,, = Dpp; C Dppa C Dpp, (5.4b)

Similarly, various other combination of Dpp;, Dpp; and Dpp,, are also valid. So, the intersections are

always valid. Similar proof also shows that intersection of Dyy1, Dyy2 and Dyy,, are always possible.

5.2.4 Simulation and Experimental Results

The experimental prototype of 100 W CI-SIDO boost converter is developed using the parameters

as shown in Table [5.3] To experimentally verify D,,, obtained in Table [5.2] a coupled inductor is
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Figure 5.6: Plots of measured Ai;, vs D, using simulation (square) and experimental (circle) data for sector no.
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Figure 5.7: Experimental waveforms of i;, for D; = D, = 0.3 in Sector 1 at (a) D, = 0, (b) D; = 0.5, and for
Dy =0.7, D, = 0.6 in Sector 9 at (c) D, = 0, (d) D; = 0.55.

selected i.e. Ly = 131.24uH, L, = 94.61uH, k = 0.73. The values of ryr2, "NFin, *'NF1s TEN1> TENins
rey2 are calculated as 0.3826, 0.4529, 0.5377, 0.4623, 0.5471 and 0.6174 respectively. Then different
sectors are generated by changing the duty ratios. The value of D,,;, is verified by calculating Ai;, at
each D, varying from O to 1, and then comparing the ripple for each D,. The values of D,,;, is also
verified by simulation, with the same parameters, in MATLAB/Simulink. The plots of Ai;, vs D; is
shown in Fig. [5.6/for all the 16 sectors of CI-SIDO boost converter. The slight mismatch of simulation
and experimental values are due to the load inductances and fluctuations in input DC voltage.

The comparison of D,,;, obtained by analytical expression of Table [5.2] by simulation in MAT-
LAB/ Simulink, by experimental prototype are compared in Table[5.4] The percentage reduction in
Ai;, is obtained with respect to Ai;, at D, = 0. The results show that Ai;, reduces significantly by
implementing gate pulse shift. The highest ripple reduction is 90.57% in Sector 5C, and the lowest
ripple reduction is 38.20% in Sector 3.

The experimental waveforms of i;, for sector 1 is shown in Fig. for D, = 0 and Fig. [5.7(b)|

for D, = 0.5. Similarly, the experimental waveforms of i;, for sector 9 is shown in Fig. for
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Figure 5.8: Plots of measured Aiy;, Aizp and Ai;, vs D, using simulation (square) and experimental (circle)
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5. Input Current Ripple Minimization in CI-SIDO Boost Converter by Design of Coupled Inductor

D, = 0 and Fig. for D, = 0.55. The results show that Ai;, is reducing significantly.

The plots of Aigy, Aij, and Aiy, vs D, is shown in Fig. [5.8] for all the 16 sectors of CI-SIDO
boost converter to show the gate pulse shift for minimum inductors and input currents together. The
parameters for the experiments are presented in Table @ It is observed that the D, for Aizi, Aip,,

and Ai;, intersects.

5.3 Maximizing Ripple Cancellations in Input Current

5.3.1 Analysis of Ripple Cancellation in Input Current

This section discusses the input current slope possibilities of the converter based on the values
of Ly, Ly, k, V,1, V2, Vin. A detailed analysis of the CI-SIDO boost converter to achieve maximum
ripple cancellation in input current is also presented.

We define and distinguish two terms here:

* Slope cancellation - When the slopes of i;; and i;, are opposite to each other in any state, it is

termed as slope cancellation.
* Ripple cancellation - When Ai;,, < Aiy; + Aip; it is termed as ripple cancellation.

In CI-SIDO boost converter, slope cancellation may or may not lead to ripple cancellation. This is
unlike interleaved boost converters, where slope cancellation always leads to ripple cancellation.
The further analysis presented in the thesis is done for the gate pulse shift D,,;,. The D,,;, for all
the sectors and sub-sectors are taken from Table[5.2] The details of the slope cancellations and ripple
cancellations for each sector is presented in Table[5.5] The rows of the table represent all 16 sectors
and the columns represent the sign of slopes, sequence of states at D,,;,, details of slope and ripple
cancellations for all possible values of duty ratios. The table helps to find the sectors where slope

cancellation and ripple cancellation is possible.
5.3.1.1 Slope Cancellation

No slope cancellation is possible in states NN and FF of CI-SIDO boost, as Gyy,, and Ggp,, are

always positive and negative, respectively. Only in states NF and FN slope cancellation may happen.
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Figure 5.9: The waveforms of iy, i;» and i;, with slope cancellation and ripple cancellation.
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Figure 5.10: Plots of Dy, D,, k for (a) [ = 0.45, (b) 1, = 1, and (¢) /1, = 1.73.
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5. Input Current Ripple Minimization in CI-SIDO Boost Converter by Design of Coupled Inductor

Table 5.5: Analysis of slope cancellation and ripple cancellation in all the sectors

Sect | (D1+ Sign of slopes Sequence of states at Slope A, Ripple
no. | D,) | Gyri | Gura | Geni | Gena | Gurin | Grnin D, =D, cancellation cancellation
1 <1 + + + + + + NF - FF - FN - FF No < Aip; + Aip, | Conditional
Bl e | o e Y INFSFFSFENSFF | YesinpN | S +Ain | Conditional
2B + - =Ai; + AILQ No
<1 NF — FN — FF
3 >1 ] + + - - + - | NN > NF - NN > FN | No = Aipy + Aips No
=0 NF > FN |
Bl w | -+ | e Y I NFSFFSFENSFF | YesinNF | S +Ain | Conditional
4B - + =Ai; + AILQ No
5A | <1 + + NF - FF - FN —» FF
<1 ] | | | NFSFF—SFN-FF |
5B [ >1 | + - | NN > NF - NN - FN |
—-r i’}’ - - - U0 W W, W I 77\,7:1;;32%: 771 YesinNE FN | < Aiiy + Airz Yes
5C [ >1 | - + | NN > NF - NN — FN |
=11 | | .78 4 F 4 NF - FN |
5D >1 ] | 0 | - | - | NN>NF—> NN - FN |
B>t + | o | | c I |NNSNFSNNoFEN | YesinNE | éﬁ{_i f;ﬁ%? ~Conditional
<1 NF — FN — FF
7 >0 ] - - + + - + | NN > NF - NN - FN | No = Aiyy + Aip No
=1 | 1 0 NF—SFN |
AL - ] 4 f-Tee i /NN NFSNNoFN | YesinbN | =24iu* A | Conditional
8B - ar = AlLl + AILQ No
9 > 1 - - - - - - NN —- NF —- NN - FN No < Aip; + Aip, | Conditional

For example, if Gyr; and Gyp, are positive and negative, respectively (or vice versa), then slope
cancellation takes place in state NF (similarly for state FN). Table [5.5] (column 10) shows all the
sectors, in which slope cancellation occur. We observe that only in sector 5 slope cancellations occur
in both states NF and FFN. Whereas in the rest of the sectors, either no slope cancellation or slope

cancellation occurs only in state NF or FN.

5.3.1.2 Ripple Cancellation

The status of ripple cancellation is presented in Table @ after analyzing— expressions of Ai;,,
corresponding sequence of states and states in which slope cancellation occurs; for each sector and

conditions of D + D,. We observe the following for ripple cancellation:

(i) No ripple cancellation: In sectors 2B, 4B, 6B, 8B, 3 and 7 either there is no slope
cancellation, or the state in which slope cancellation can occur is not present in
expression of Aij, i.e. that state does not affect the ripple of input current. So, based

on the conditions of slope cancellation, two conditions are as follows—

* No slope cancellation: An example of no ripple cancellation with no slope
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cancellation is shown in Fig. [5.9(d)|for sector 3. There is no slope cancellation
here, as Gyr1, Gyps are both positive, and Gry1, Gy, are both negative. Here,
Al = GypinD T which is the sum of Gyp DT and Gy D Ts.

Slope cancellation: An example of no ripple cancellation with slope cancella-
tion in state F'N is shown in Fig. for sector 2B. There is slope cancella-
tion in state F'N, as Gpy; < 0, Gpyo > 0. Here, Ai;,, = GnrinD1 T which is the
sum of Gyp DT and Gyp, D1 T,. The state F'N, in which slope cancellation

occurs does not affect the ripple of input current.

(i1) Conditional ripple cancellation: In sectors 2A, 4A, 6A, 8A, 1, and 9, Ai;,= or
<Air+Aip, and is dependent on the relative magnitudes of Gyr,, Gry,, and Dy,
D,. It is not affected by slope cancellation. Based on the conditions of slope can-

cellation, two conditions are as follows—

* No slope cancellation: An example of conditional ripple cancellation with no

slope cancellation is shown in Fig. for sector 1. There is no slope
cancellation as Gyr1, Gy, Gry1, and Gpy, are all positive. In Fig.
Ai;y, = GypinDTs which is less than or equal to the sum of Gyg DT, and
Grn2DoTs.

Slope cancellation: An example of conditional ripple cancellation with slope
cancellation in state F'N is shown in Fig. for sector 2A. There is slope
cancellation in state FN, as Ggy; < 0, Gpno > 0. Here, Aiy, = GnpinD1 T,
which is less than or equal to the sum of Gyp DTy and Gpyy, D, Ts. Aiy, is

dependent on the relative magnitudes of Gyri, Ggyz, and Dy, D,.

(i) Ripple cancellation: In sectors SA, 5B, 5C and 5D, slope cancellation in both states
NF and FN makes Ai;, < Ai;+Ai;, for all possible conditions of D + D,. The
condition D; + D, = 1 occurs in sectors 5B and 5C. We observe from Table[5.5] the
sequence of states followed for D; + D, = 1is NF — FN and Fig. shows the

same for sector 5C. The condition D; + D, < 1 occurs in sectors SA, 5B, 5C and
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D+ D, > 1 occurs in sectors 5B, 5C, 5D. We observe from Table@ the sequence
of states followed for D;+ D, < or > 1 contain states NN or FF in addition to states

NF and FN and Fig. shows the scenario for sector 5A when D; + D, < 1.
5.3.1.3 Maximum Ripple Cancellation

From the above analysis, we find that maximum ripple cancellations take place in sectors 5SA, 5B,
5C, and 5D for any given condition of D + D,.
For D, + D, < 1, we observe that CI-SIDO boost converter can be designed to operate in sectors

5A, 5B and 5C. The expressions of ripples in these three sectors are derived as:

5A: Aiin = MGX{GNFMSAD]TS, GFN[n5AD2TS} (55)
5B: Aiin = GNFinSBDlTS (56)
5C: Aim = GFNinscDZTS (57)
It can be shown that
GNF,‘,,SADI = GFF,‘nsA(l - D] - DZ) - GFN[,,SADZ (5'8)
GNFiussD1 = GFF,55(1 = D1 — D2) + Gpw,,5, D2 (5.9)
Grnyse D2 = Grr,y (1 = Dy = Dy) + Gyp,, D) (5.10)

Thus, we observe that Ai;, of sector SA is smaller than sectors 5B and 5C. Similarly, for D; + D, > 1
it can be shown that Ai;, of sector 5D is smaller than sectors 5B and 5C.
For D, + D, = 1, we observe that CI-SIDO boost converter can be designed to operate in sectors

5B and 5C. The expressions of ripples in these two sectors are derived as:

5B: Aiin = GNF D]TszlGFN'

in5B

DT (5.11)

in5B

5C: Aiin = |GNF |D1TS:GFN;,,5CD2TS (512)

in5C

Thus, we observe that Ai;, of sectors 5B and 5C are equal.
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5.3 Maximizing Ripple Cancellations in Input Current

5.3.2 Proposed Design of Inductors to Achieve Maximum Ripple Cancellation

Based on the findings, the thesis proposes the design method for any given value of Dy, D,. The
converter needs to be designed and operated in sector 5. The gate pulse g, is shifted w.r.t. g; by D,,;,

taken from Table
(1) If D; + D, > 1 design the converter to operate in sub-sectors 5D.
(i1) If Dy + D, < 1 design the converter to operate in sub-sectors SA.

(i) If Dy + D, = 1 design the converter to operate in sub-sectors SB or 5C depending on the values

L L

of é—; Though, design is easier if L;, L, are close to each other i.e. max{L—z, L_l} should be as low

as possible.

The following equations are derived to design the converter to operate in sub-sectors SA, 5B, 5C, and

5D.

(kl12) (1122 i kl12)
< .
i+ 1) 0 (12 4 2kl + 1)
(k) (1 + kly)
<D < ——m———
(lia + k) (12® + 2kl + 1)

: Sector 5A (5.13)

1%+ kl
( 12 12) <D, < (I12)
(l122 + 2kl5 + 1) (ha+k)
(k) (1 + kly2)

<Dy < —m————
(lia + k) (1® + 2kl + 1)

: Sector 5B (5.14)

K)o (112 + k1)
< < —
(ki +1) (b + 2kl1s + 1)
(1 +klin) (1)
(12 + 2kiy + 1) (Kl + 1)

: Sector 5C (5.15)

(1 + ko) )
— <D <
(1n2® + 2kiyy + 1) (i + k)
My )
(12 + 2kl + 1) (klpz +1)

: Sector 5D (5.16)

where, [}, = i—; For given values of D,, D, solving inequalities (5.13)), (5.14)), (5.15), and

l) k and é—; can be obtained to operate the converter in sectors SA, 5B, 5C, and 5D, respectively.
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The expressions derived for Ai;, for sectors 5A, 5B, 5C, and 5D are also given below.

Ai;, = max{GNF,,,SADlTsvGFN,,,SADZTx}}: Sector 5A (517)
Aiyy = |Gyr, ID\ Ty = |Gy, ID2T: Sectors 5B, 5C (5.18)
Biiy = max{{Gyr, (1 = DTGy, (1~ DT} Sector 5D (5.19)

It is to be noted that to ensure that the converter operates in sector 5, only a ratio of L; and L,, i.e.,
2—; is required. There is no dependence on the absolute values of L, and L,. That is why our proposed
design method is giving /;, for a selected value of k.

The actual values of L; and L, are calculated depending of the specified Zi,-\n, A/i\Ll, A/I\LQ which is
the maximum limit specified on the input current ripple and inductor current ripples respectively. In
this way, the converter operates in sector 5 while maintaining the allowed maximum limit specified
on the input current ripple.

To operate the converter in sector 5 for all possible duty ratios, the values of & is obtained using
for a particular /;,. The plots of Dy, D,, k presented in Fig. [5.10] show the range of k for three

different values of [;,.

112D2 (1 _DZ) Dl 112(1 _Dl)

k < min{ , , ,
(1 =Dy) 12Dy " Lip(1 - Dy) D

} (5.20)

It can be seen from Fig. [5.10] that reasonable /;, and k are obtained for any values of Dy, D.
5.3.3 Experimental Verification

This section provides the details of the test bench and results obtained for verifying the proposed

design procedure.
5.3.3.1 Experimental Test Bench

A 100 W laboratory prototype of CI-SIDO boost converter, shown in Fig. [3.4(b)] is developed for
the experiment. The input voltage of 6 V is obtained from a regulated DC power supply of 64 V, 20
A. Two MOSFETs of 200 V, 90 A, and hyperfast diodes of 1200V, 30 A, are used. The current and

voltage waveforms are observed in a four-channel digital storage oscilloscope (DSO) with current
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Table 5.6: Converter Parameters

Vin 6V T, 10us| Cy, C, 100 puF
R, R, 12Q, 8 Q| MOSFET | IRFPOON20DPBF
Diode RHRP30120

3 4A 4B 5A 5B 5C : 3 5B 5C 5D 6A 6B 7 B8A 8B
Sectors Sectors Sectors

() (b) ()

Figure 5.11: Plots of sectors vs Aij, to verify maximum ripple cancellations, using simulations (O0) and exper-
imental (o) data for D; + D, (a) =1, (b) < 1, (¢) > 1.

probes and differential probes. The list of components used is presented in Table[5.6] The gate pulses
g1, &2 are generated using FPGA kit— NI sbRIO 9637. The operation of CI-SIDO boost in different
sectors with the same duty ratio requires different coupled inductors. The coupled inductors are made
using ferrite cores with different coefficient of coupling varying from 0.7 to 0.92. It is to be noted that
the analysis presented in the thesis is true for any value of the coefficient of coupling. The coefficient
of coupling is varied by changing the air gap between the cores and the winding locations on the
limbs of the core. Finally, the number of turns in coupled inductor windings of the desired inductance

values depends on the core used and the size of the wire.
5.3.3.2 Verification of the Maximum Ripple Cancellation in Sub-sectors of Sector 5

To prove that sub-sectors of sector 5 have the minimum ripple amongst all sectors (and the basis
on which the design method is proposed) and maximum ripple cancellation takes place in sub-sectors
of sector 5, we have chosen different values of V,,;, V,, and V,, such that D; + D, = 1, < 1 and > 1.
Then obtained D, D, are placed in different sectors and sub-sectors by choosing various values of L,
L, and k. A shift of D, is given to gate pulse g, with respect to g, where D; € D,,;, given in Table
and Ai;, is measured experimentally and by simulations. Values of load resistances used are given in
Table 5.6l

It should be noted that D;, D, cannot be placed in all the sectors and sub-sectors for any given

values of V,i, V,, and V,,, as it depends on the condition of D; + D, mentioned in column 2 of
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Table @ For example, if the required output voltages are V,; = V,, = 12 Vand V;, = 6 V, the
corresponding duty ratios are D; = D, = 0.5. As presented in column 2 of Table[5.5] for D, + D, =1,
sectors 3, 5B, 5C and 7 are possible. To place D;, D, in sector 3, the values of L, L,, k chosen are
90 uH, 235 uH, 0.88, respectively. Similarly, to place Dy, D, in sectors 5B, 5C, 7, the values of L,
L,, k chosen are 100 uH, 155 uH, 0.8, 155 uH, 100 uH, 0.8, and 235 uH, 90 uH, 0.88, respectively.
The Ai;, obtained experimentally and by simulations are plotted against the sectors, and is shown in
Fig. The plot shows that ripple is minimum in sub-sectors of sector 5. Similarly, experiments
are performed for D; = 0.4, D, = 0.5 (in Fig. and Dy = 0.6, D, = 0.5 (in Fig. 5.11(c)). In

all the cases, ripples are minimum in sub-sectors of sector 5 among all sectors.
5.3.3.3 Verification of Proposed Design Method to Achieve Maximum Ripple Cancellation

To verify the design procedure proposed in Section[5.3.2]to achieve maximum ripple cancellation,
the CI-SIDO boost converter is designed and experimentally tested for few different values of V,,
Vo1, Vo Two examples of designing the converter are presented below.

Example 1: A CI-SIDO boost converter needs to be designed with V;,, = 3.3V, V,, =51V,
V, = 11 V and switching frequency 100 kHz. The maximum limit specified on input current ripple,
ZE as well as inductor current ripple, A/z; is within 0.05 A. Design CI-SIDO boost converter by
choosing proper values of parameters L, L,, k and shift D,.

Solution: D; = 0.35, D, = 0.7. As D; + D, > 1, from the analysis in Section [5.3.2] CI-SIDO
boost converter can be designed in Sector 5D. If k = 0.8, using (5.16)) the range of /;, obtained are

0.43 < 15 < 0.57 and 0.46 < [}, < 0.54 from the equations presented here-

11,2 +0.81
(1 2) <035 « 2
(1122 +1.60p + 1) (l2 +0.8)

(1+0.8012) <070 < ()

(1122 +1.60p + 1) ' (0.8/1+ 1)

So, the final range obtained are 0.46 < [, < 0.54. We choose /;; = 0.5. Now, for k = 0.8, /1, = 0.5,

Vin = 3.3, V,1 =5.1and V,, = 11.0, the expression of Ai;, from (5.19) reduces to-

1.28 . 271
Aij, = max{——T,, =T} (5.21)
L, L,
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As given, A, = 0.05 = 21T, Thus, L, = 542.0uH and Ly = 135.51H. From Table[5.2] D,,;, =
0.32 — 0.33. The expression of Ai;; and Aij, in sector 5 for Dy + D, > 1 and D; < D, is given by
(5.22).

Aipy = Gynyi(Dy + Dy — DT + Gypi (1 — Dy)T, (5.22a)

Aipy = Gyno(Dy + Dy — DT + Gpna(1 = Dy)T (5.22b)

From the above calculated L;, L, , it is found that Ai;; = 0.061 A and Ai;» = 0.037 A which
is above 0.05 A. So, based on m and A/z—L\W three solutions of L; and L, are possible which is as

follows—.

(i) If Aiy, = 0.046 A then Ly = 135.5uH = Ly = L,/0.25 = L, = 542.0uH = Aiy, = 0.061 A =
Aigy = 0.037 A

(ii) If Aigy = 0.05 A then L; = 165.0uH = Ly = L;/0.25 = L, = 660.0uH = Ai;, = 0.037 A =
Aigy = 0.031 A

(iii) If Aigy = 0.05 A then L, = 403.33 uH = L, = 05L, = L; = 100.83uH = Aij, = 0.06 A =
Ai; =0.082 A

The second case keeps all the three current ripples Aij;,, Aizy, Aij, are within 0.05 A. So, we select
Ly = 165.0p¢H and L, = 660.0uH.

Example 2: A coupled inductor is available with i—; = 0.5 and k£ = 0.9. The output voltages to be
maintained are 6 V and 8.6 V. Find the range of input voltage such that CI-SIDO boost converter is
operated in sector SA with Zz; and A/z;V within 0.04 A.

Solution: For i—; = 0.5 and k = 0.9, to operate the converter in sector 5SA, rrpy; = 0.3889,
renim = 0.4098, ryp, = 0.56 and ryp;, = 0.5902. If V,, is the input voltage, D; = 1 — % and
D, = 1 — 2. For sector 5A, 0.3889 < 1 — 2 < 0.4098 and 0.56 < 1 — #2 < 0.5902. So, the range

8.6

obtained is 3.54 < V,, < 3.67. We choose, V;, = 3.6, so D; = 0.4 and D, = 0.58. From (5.17), the
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Figure 5.12: The experimental waveforms of iz, iz> and i; with slope cancellation and ripple cancellation.

input current ripple expression is given by-

44 .
Ai;, = max{O—Ts, E

T}
LS

As given, Ai;, = 0.04 = 93T, Thus, L; = 125.0uH and L, = 250.0uH. From Table[5.2| D,,;, = 0.41.
The expression of Ai;; and Aij, in sector 5 for Dy + D, < 1 and D; < D, is given by .

Aipy = GyriDi Ty, Aipy = Gyra Do T (5.23)

From the above calculated L, L, , it is found that Ai;; = 0.067 A and Ai;; = 0.5 A which is above

0.04 A. So, based on Zz; and A’z; three solutions of L; and L, are possible which is as follows—.

(i) If Aiy, = 0.04 A then L, = 125.0uH = L, = L;/0.5 = Ly = 250uH = Aiy = 0.067 A =

Ai =05 A

(i) If Ay = 0.04 A then L, = 230.0uH = Ly = L;/0.5 = Ly = 460.0uH = Aij, = 0.022 A =
Aigy = 0.036 A

(ii) If Aigy = 0.04 A then L, = 416.15uH = L, = 0.5L, = L; = 208.07uH = Ai;, = 0.024 A =
Aigy = 0.044 A

The second case keeps all the three current ripples Ai;,, Air;, Ai;, within 0.04 A. So, we select
L, =230.0uH and L, = 460.0uH.

Similar to the examples, the CI-SIDO boost converter is designed for V;, = 6.0 V, V,; = 10.0 V,
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Figure 5.13: Experimental results of iz, izp, i;; when (a) proposed method is not applied, (b) proposed method
is used.

V,» = 12.0 V and then experimentally tested to achieve Zz; = 0.5 A. So, D; and D, obtained are
0.4 and 0.5 such that Dy + D, < 1. Following the design procedure, the converter is designed in
Sector 5A. The obtained coupled inductor parameters are L; = 100.0uH, L, = 155.0uH, k = 0.8 and
D,,;, = 0.45. The experimental result is shown in Fig. [5.13(b)} The experimental results of D; = 0.4
and D, = 0.5 for four more sectors are presented in Fig. [5.12] Keeping the duty ratios same, different
sectors are generated by varying the coupled inductor parameters L, L,, k. The comparison of results

show that for Dy + D, = 0.9, the ripple is minimum in sub-sector SA.

Table 5.7: % Reduction in input current ripple Aij,

Sl Voltages % Details of
No. | Vi, | Vo1 | V,o | reduction proposed method
M WM | WV | inAi, | L @wH) | Ly(uH) | k | Dy
1 6 12 | 12 87.33 155 100 0.8 0.5
6 10 | 12 85.29 100 155 0.8 | 0.45
3 6 15 | 12 87.80 155 100 0.8 | 0.55

In Table the percentage reduction in Ai;, is presented when the converter is designed using
proposed design method for three different conditions of duty ratios. The percentage is calculated
w.r.t. the maximum Ai;, at D, = 0. For example in third row, D; = 0.6, D, = 0.5 such that D| + D, =

1.1, the coupled inductor designed is L; = 155 uH, L, = 100 uH, k = 0.8 which lies in sector 5D.
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Table 5.8: Comparisons of various ripple reduction methods in CI-SIDO converters

References [172] [156] this analysis
Gate pulse shift 0 0.5 0.32
Input -current Rip- | 55 4 022 A 0.04 A
ples
Inductor —current | 14 (o6 4 0.16, 0.08 A 0.05, 0.03 A
Ripples
. 232.05 uH, 1565.29 uH, | 165.00 uH, 660.00 uH, | 165.00 uH, 660.00 uH,
Coupled inductor k=08 k=08 k=08
Remarks only Aij, reduced phasg shift 360/1’.1 does | Least rlpples with lowest
not give reduced i;, coupled inductors

Therefore, the proposed designed method significantly reduces the input current ripples.

The experimental results of iy, i;,, i;, when proposed method is not applied is shown in Fig.
[5.13(a)] for the duty ratios D; = 0.4, D, = 0.5. Compared to sector SA in Fig. 5.13(b)} Aiy;, Aira, Ay
is higher by 73.5%, 56.25%, 79.17% respectively.

If the CI-SIDO boost converter has to maintain the output voltages such that one output voltage
is too high compared to the other, the current ripple in one branch becomes too high for the switch.
For example, if V,; = 3.09 V, V,, = 100 V with the available input voltage of 3 V, then we obtain
D, = 0.03, D, = 0.97 where D; + D, = 1. From the analysis, CI-SIDO converter is designed in
Sector 5B. If k£ = 0.8, using @[) the range of /j, obtained is 0.0247 < [;; < 0.038. We choose
12 = 0.026. Now, if we choose L; = 1 uH and L, = 1400 uH, the values of ripples are Ai;; = 0.79 A,
Air, = 0.004 A such that Aiy; is 197.5 times greater than Ai;,. However, keeping /,, same we can limit
the current ripples to design L; and L,. For instance, if the allowed current ripples are 0.05 A, i.e.,
Zz; = A/z\u = A/l\Lz = (.05 A, the inductance values obtained are L, = 15.78 uH and L, = 22500 uH.

The ripple reduction methods of various other DC-DC converters are implemented in CI-SIDO
boost converter to compare the input and inductor current ripples in Table The parameters of the
converter are taken from example 1, i.e., V;,, =33V, V,; =5.1V,V, =11 V such that D; = 0.35,
D, = 0.7. The coupled inductor design using [72]] reduces only Ai;,. Also, for same coupled inductors
as this chapter, if the shifting is 360/n as discussed in [56]], the values of Ai;,, Ai;, Aij, are higher by

82%, 69%, 62.5%, respectively, as compared to our proposed method.
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Figure 5.14: The current ripples Air;, Airp, Aij, when (a) D; = 0 (red dash) and D, = D; (black solid), (b)
D; = Dy (black solid) but Ly, L, k changed (blue dash).

5.4 Achieving Approximately Zero Ripples in Input Current

5.4.1 Challenges in Achieving Zero Ripple Input Current

In this section, the challenges are presented to achieve a zero ripple input current in the CI-SIDO

boost converter. We note the following from Fig. [5.14]

* The input current ripples Ai;, depends the values of shifting between g, and g,. From Fig.
[5.14](a), it is shown that as gate pulse is shifted from D, = 0 to D, = D,,,;, the ripples Aiy;, Aij»,

Ai;, decreases.

* Even if Dy, D,, D, are kept same, the change in coupled inductor parameters L;, L,, k change

the ripples Aiy, Aif,, Aij,, as shown in Fig. [5.14(b).

From the above analysis it is found that Ai;, depends on the values of shift D, as well as on the
values of L, L,, k, Dy, D,. Therefore, for given V,,, V,,, V;,, a design method is needed which takes

into account both, the gate pulse shift D, and the values of coupled inductor parameters L;, L,, k.
5.4.2 Achieving Zero Ripple Input Current: Proposed Design Method and its Proof

This section first proposes a design method for zero ripple input current in the CI-SIDO boost

converter. In case the values of input and output voltages are such that absolute zero ripples in input

TH-2977_156302007

131



5. Input Current Ripple Minimization in CI-SIDO Boost Converter by Design of Coupled Inductor

current are not possible, the design method proposes to achieve input current ripple less than maxi-

mum specified limit E The analytical proofs of the proposed design method are also presented.
5.4.2.1 Proposed Design Method

The voltages V,1, Vo, Viy 1.e. Dy, D,, and maximum limit Zl,\n are specified for CI-SIDO boost
converter. In this proposed design method, we have adopted a twofold approach to achieve input
current ripple as either zero or less than maximum specified limit m First is the shifting of gate
pulse g, with respect to g; by D,,;,, and second is choosing the proper values for coupled inductor
parameters Ly, L,, k. The shifting of gate pulse to achieve minimum input current ripples is already
presented in Table However, the systematic approach to choose the proper values of Ly, L,, k is
presented in this section.

We define a ratio of r as:

2 Diz2D;
r= (5.24)
1;)—11)‘ :D; < D,.

The proposed design method is divided in two parts-

* D; + D, = 1: For this condition of D, and D,, absolute zero ripple input current is possible.

First gate pulse g; is shifted w.r.t. g, by
Dyin = D;. (525)

Second, L, and L, are chosen such that the ratio of é—; is obtained as

L _|[=(r= Dk VI = Dk’ +4r ’

5.26
L2 2r ( )

The zero ripple input current does not depend on choice of L; or L,, but only on é—;

* D+ D, < or > 1: In these cases, absolute zero ripple in input current is not possible. However,
we can limit the input current ripple to the maximum specified ripple current limit Kl,\” To

achieve that, first the value of shift in gate pulse D, = D,,;, is given by
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D <D, <1-D, :Di+Dy<1
Dyin = (5.27)
1-D, <D, <Dy :Dy+D;>1.

Second, L—; is obtained using (5.26) and L, is obtained using

Vorllen|(1-D )T D1 > D2 D1 + D2 > 1

(1-k2)Ai,
VollFNDZTs .
YoulenDy Ty >
A=A : Dl > Dz, D1 + D2 <1
L = (5.28)
Yallwrl1-Do)Ts . Dy < D,, Dy + Dy > 1
(—)a : Dy 2, 11 2

—VoleF[llI‘Y . D] < D2, Dl + D2 <1
(1-k?)Aiiy

where, lpy = 1> + kl, — Dy(I,> + 2kl + 1)

L
Ive = 1 + kI, — Dy(1,% + 2k, + 1) and I, = L—‘
2

5.4.2.2 Proof of the Proposed Method

Proof of Absolute Zero-Ripple being Possible for D, + D, = 1; and Not Possible for D, + D, <
or > 1

The expression of Ai;, is given as
Al = GnrinD1Ts = GpninDo T . (529)

For Ai;, to be zero, GypiyD1Ts; = 0 and Gpy;,D>Ts = 0. As the duty ratios D; and D, can not be
zero, the slopes Gyri, and Gy, are zero.

For Gyri, = 0, substituting the expression of Gy;, from (5.1) we obtain

[L2 +kAL,L, -D, (L1 + L, + 2k \/Lle)] =0
_ Ly +k VL L, (530)
- L+ L)+ 2k VL1L2'

:>D2
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(a) (b)

Figure 5.15: (a) Zero ripple input current for D; + Dy = 1 when Gypi, = 0, Gpyin = 0, and (b) Ripple in input
current for D; + D, < 1 when Gy, = 0.

Similarly for Ggy;, = 0, substituting the expression of Gy, from (5.1) we obtain

[Ll + k\/LlL —D; (Ll + L, + 2k \/Lle):I =0
L+ k VL1L2 (531)

=D, = .
: L+ L, +2k VL L,

Adding the expression of D and D,, we have

L + k VL, L, + L, + k VLL,
L+, + 2k VLL, Li+1,+ 2k VL;L, (532)
=1.

D+ D, =

Therefore, for absolute zero ripple input current, the sum of duty ratios is equal to 1.

For the cases when the sum of duty ratios are not equal to 1 i.e. Dy + D, < or > 1, the absolute
zero ripple input current is not possible.

Proof of Proposed Design Method for D, + D, = 1

According to the proposed design method for absolute zero-ripple input current in Section[5.4.2.1]

the value of gate pulse shift as presented in (5.25)) is
D, = D;. (533)

The ratio of coupled inductor winding as given by is

L _|-(r=Dkz VI(r = Dk + 4r 2. (5.34)

L2 2r
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The waveforms of i;,, iy, i, for D; + D, = 1 and D, < D, are shown in Fig. for D,,;, = D,.

From (5.26)), it is the solution of a quadratic equation which is presented as

rﬁ—;+(r—1)k %—1:0 (5.35)
1+k 2—1
= r=- Z

From Fig. D, < D,. Using (5.24),

L
_ 1+k | 7
= r = —1 D, = Z (536)
Dy Dog i
Ly Ly
= _ L1+k\/L1L2

L = L 2kVL L

Substituting the above expression for D) in the expression of Gy, given in @, we obtain Gy, = 0.
Now we have D, + D, = 1. If D; + D, = 1, then D, = 1 — D;. The expression of D, obtained is

_ L, +k VLL,
L+ L, +2k VLle.

2 (5.37)

Substituting the above expression for D, in the expression of Gy, given in (5.1)), we obtain Gy, = 0.

Thus, we obtain—

GNFin :OandeNm =0 D+ D, = 1
(5.38)
Aiyy = GnrinD1 T = GpninD2 T = 0.

Therefore, it is proved that for D, + D, = 1, the slopes of input current are zero using the proposed
design method, resulting in zero ripple input current.

Proof of Proposed Design Method for D, + D, < or > 1

In the cases where absolute zero ripple in input current is not possible, the value of shift in gate

pulse D, = D,,;, as presented in (5.27) is given by

D <D, <1-D, :Di+Dy<1
D,., = (5.39)
1—D2SD,SD1 D+ D, > 1.

The ratio of coupled inductor winding as given by is

L |- =Dk V(= Dk’ +4r ’
L2 B 2r '

(5.40)

TH-2977_156302007

135



5. Input Current Ripple Minimization in CI-SIDO Boost Converter by Design of Coupled Inductor

The values of L, is obtained using (5.28) which is presented as

Yolleld-DUTs 2 ) > Dy, Dy + Dy > 1
(1-k*)Aijy,

—V"IZFN[LZIS : D1 > Dz, D1 + D2 <1
(1-k?)Ais,

(5.41)
Vorllnr|(1-D2)T .
TGl Dy <Dy, Dy + Dy > 1

—V"ZINFD]/IS :D; <Dy, D; + D, < 1.
(1-k2)Aii

The waveforms of i, ir1, iz for Dy + D, < 1 and Dy > D, is shown in Fig. [5.15(b)| for D,.;,

= D] .
Using (5.353), the value of r obtained is
1+ k2
p=——_ (5.42)
L L
L TRNL

1+k [ 2L
Dy L
= r=-2 = .
==z (5.43)
Ly Ly

= _Lotkviily
= D2 F L1+L2+2k \/L]Lz.

Substituting the above expression for D, in the expression of Gy, given in (5.1)), we obtain Gy, = 0.

Now from the example taken in Fig. we have D; + D, < 1.

If Di+Dy<1=D;<1-D,. (544)
let D; =1-D,—-6.

where, 6 = 1 — D; — D,. Substituting (5.43)) in above,

L+ L, +2k\LL, '

Substituting the above expression for D, in the expression of Gy, given in (5.1]), we obtain

1

oV, (L1 + L, + 2k VLle)
Gy, = Grn, > 0.

(5.46)
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Figure 5.16: Input current ripples versus duty ratios plot for (a) L; = 100 uH, L, = 155 uH, k = 0.8 (b)
Ly =235uH, Ly =90 uH, k =0.88 and (c) L; = 130 uH, L, = 105 uH, k = 0.85.

Table 5.9: Ripples in input current Ai;, at proposed design method

Dl + D2 Dl’ D2 Aiin
<1 D, > D, Gy, DoTs = |Grp,|(1 — Dy — Dy)T,
>4 |Gpw,|(1 = DT = Gy, (D1 + Dy = DT
<1 D GNFMD]Ts — |GFFi,,|(l _ Dl _ DQ)TS
1 < D2
> 1 |G, (1 = D)Ts = Gyy, (D1 + Dy — DT

Therefore for Dy + D, < 1, Dy > D, Gypin = 0 and Gy, > 0. From Fig. the expression of
Ai;, 1s given by
Al = GrninDa T

_ VDo Tyl + kI, — Dy(I,” + 2kl, + 1)) (5.47)
- (1 - kl)Ll :
Substituting the given value of L; from (5.28)), we obtain
Alip = Alip. (5.48)

Similar proofs can be given for other conditions of Dy, D,. Thus, we achieve (5.49) using the proposed

design method. At the proposed design method Ai;, is presented in Table[5.9]

GNF,-,, =0 2D1 ZDZ

<0 D +Dy>1, D, >D,
Grw,

>0 :Di+D, <1, D, > D,

(5.49)

GFNi =0 :Dy <D,

<0 :Di+D,>1, D, <D,
GNFin

>0 :Di+Dy<1, Di<D,
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The presented analysis shows that the zero ripple input current is possible once for a given coupled
inductor at D + D, = 1. As the operating point deviates from D, + D, = 1, the ripple in input current
increases. To verify this, the curves of input current ripples versus the duty ratios are shown in Fig.

[5.16]for three different values of the coupled inductor.
5.4.2.3 Inductor Current Ripples at Proposed Design Method

According to the proposed design method, zero input current ripples depend on i—; It does not
depend on the absolute values of L;, L,. Therefore, by designing the proper values of L;, L, at the
proposed zero ripple input current point, we can obtain an optimal design method for achieving zero
input current ripples and minimized inductor current ripples simultaneously. The absolute values
of the inductor can be formulated depending on the allowed maximum specified ripples in inductor
currents for a given k. If both Ai;; and Aij, are specified, L; and L, is designed based on the minimum

Aiy; or Aip,. If the values of Aiy; is minimum, L, at zero ripple point is given by—

VinT s —k2rl> + (1 — r)klr + 1
L= —“w (5.50)
(1 = k>Aip, ri2 + 2krl, + r
Similarly, if specified Ai;, 1s minimum, L, can be designed using—
V., T, P+ (r— Dklr — k?
- o Rl (551)
(1 = k»Air, P +2kl +1

A similar analysis is true when approximately zero ripples are obtained.
5.4.3 Practical Design Considerations in the Proposed Design Method

This section shows the effect of parameter variations on the proposed design method of the CI-

SIDO boost converter.
5.4.3.1 Effect of Variations in Input Voltage

Once the converter is designed at zero ripple input current for the given voltages Vi, V,», Vi,, and

Za, the coupled inductor parameters get fixed. After the design, if there are variation in the input
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voltages i.e. V;, £ AV,,, the duty ratios of the converter changes as

, AV, ’ AVin
— D, =D F , Dy=D,F . (552)
! 1 2 Vo

With the change in input voltage, the converter no longer has the zero ripple input current. However,
the converter still operates with an input ripple less than the maximum specified limit. The allowed

variation in input voltage such that the input current ripple is within the specified limit is given as —

_$} <AV, < Ali"
X max{D, D,} Xmax{(1 - Dy),(1 - D»)}
where X = (L1 + L2 + 2k VLle)Ts. (5‘53)
(1-k>L,L,

5.4.3.2 Effect of Variation in Coupled Inductor Parameters

Once the converter is designed for zero ripple input current, the coupled inductor parameters L,
L,, k are fixed. During the operation of the converter even if the coupled inductor parameters change

due to any disturbances, the converter may get shifted from zero-ripple pointi.e. D; + D, may become

> or < 1, however, the converter still operates within Ai;,. For example, suppose D, + D, = 1 changes
to D; + D, < 1 as shown in Fig. [5.15(b)| for D; > D,. The allowed deviation from zero-ripple

condition such that the input current ripple is within specified limit is given as —

Aiy (1 — k)L, L,

= Voi (Lo + k VL L) 7\

The allowed deviations for other cases similarly follows.

(5.54)

5.4.3.3 Effect of Closed-Loop Control

The closed-loop control of the converter is required to regulate the output voltages against line
and load variations. To design controllers, power electronic converters are linearized using state
space averaging methods [73,74]]. The generalized state space averaged equations for CI-SIDO boost
are given by (5.55) where A,,, Buy, Cuy, Dy, are the analytical averaged matrix for different states

of the converter depending on the ON-OFF states of MOSFETs and diodes, ¥ = (i1 Vor 12 Vool
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it = [Vin 1ot 102 dy d2]”, ¥ = [Vo1 Voo Iis]” such that ir, ir2, Vor, Vo2, lot, 102, Vin, di, d, are the averaged
values of iz, iz2, Vo1, Voo, lo1s io2, Vins D1, Dy over T, respectively. The corresponding tilde values

are the perturbations over the averaged values.

s
X A+ Bl (5.55a)
dr

5 = CoX + Dl (5.55b)

As per [74], the state transition matrices are invariant to the shift of gate pulse. The same state-space
averaging can be used to obtain closed-loop control in our proposed design of the CI-SIDO boost

converter. Therefore, the approximately zero ripple conditions are unaffected by closed-loop control.
5.4.4 Experimental Verifications

This section provides the practical design method of the coupled inductor. The section also
presents the results for verifying the proposed design method. Besides, the usability of the proposed

design method is illustrated by showing several solved examples.

Table 5.10: Converter Parameters

Vi 15V Ty, 10us | Cy, C; 100 uF
R, R, 205Q, 145Q | MOSFET IRF740
Diode MUR1560

5.4.4.1 Practical Design of Coupled Inductor

The experiments in this chapter is done for three coupled inductors with values L; = 100 uH,
L, =155uH, k =0.8,and L, = 235 uH, L, = 90 uH, k = 0.88, and L, = 125 uH, L, = 100 uH,
k = 0.60. The inductor design is done with the assumption of 10 A peak inductor current with the
ripple Aiy,, = 3 A and T = 10 us. The available ferrite core for the inductor is B66387G0000X127
(E 65/32/27) and the copper wire used is 16 SWG. The approximate number of turns obtained is 3, 8,
and 12, 5, and 10, 7, respectively. The coupling coefficient is varied by changing the air gap between
the E cores and by a relative shifting of windings locations on the limbs of the core. The approximate
air gap between the cores is 0.1 mm, 0.06 mm, 0.08 mm, respectively. Furthermore, to avoid tight

coupling, the two winding are placed on two different limbs. The windings are done such that the flux
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5.4 Achieving Approximately Zero Ripples in Input Current

due to two windings oppose each other.
5.4.4.2 Verification of the Proposed Method

To verify the design method proposed in Section[5.4.2.1|to achieve Ai;, as either zero or < desired
E’;, the CI-SIDO boost converter shown in Fig. is designed and experimentally tested for
different values of V;,, V,, V,». Example 1 is presented for designing the converter with zero-ripple
Ai;, at Dy + D, = 1. Example 2 presents the converter design for approximately zero-ripple Ai;, when
absolute zero ripple i;, is not possible for D; + D, > 1.

Example 1: CI-SIDO boost converter has to maintain output voltages of V,; = 26.78 V and
V., = 34.0 V. Design the converter such that zero input current ripple is achieved by appropriately

choosing V.

Solution: For V,; = 26.78 V and V,, = 34.0 V, the duty ratios obtained is D; = 1 — 2;/.[;8’

D, =1- 3‘2_"0. For zero-ripple input current, D, + D, = 1, so, V;, obtained is 15.0 V. The duty ratios
are D; = 0.44 and D, = 0.56. From @ for D; + D, = 1, shift D, = Dy = 0.44. For zero ripple
input current, r = 1.27 using . For k = 0.8, the values of i—; are 0.65 and 0.98. Therefore, for
Vin = 15.0 V and é—; = (.65, or 0.98, the zero ripple input current is obtained. This result is shown in
Fig.

Similar to Example 1, the CI-SIDO boost converter is designed for 2 more different set of values
for Vi,, V,1, V,, and then experimentally verified. The first two set of values taken are V,; = 40.5 V,
Vyp=2381VandV,, =150V;V,, =2381V,V,, =40.5 Vand V,, = 15.0 V. In all these two sets,
D, + D, = 1, so zero-ripple input current is possible. The converter is tested experimentally with the
values of L;, L, k and D,, obtained by following the proposed design method in Section [5.4.2.T]and
its use as presented in Example 1. The experimentally obtained g, g, and i;, are shown in Fig.
The design values are mentioned in the caption of sub-figures (b), (c) and load resistances used
are given in Table[5.10] We can observe in Fig. that almost zero-ripple i;, is achieved.

Example 2: CI-SIDO boost converter needs to be designed with V;, = 15.0 V, V,; = 238 V,

Vo = 37.5 V and switching frequency 100 kHz. The maximum limit specified on input current

ripple, E is 0.40 A. Design the converter by choosing proper values of L;, L,, k and shift D,.

TH-2977_156302007

141



5. Input Current Ripple Minimization in CI-SIDO Boost Converter by Design of Coupled Inductor
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Figure 5.17: Zero ripple i;, for different D, D, such that D; + D, = 1. The analytical calculations show that
for these coupled inductor parameters, duty ratios, and shifts, Ai;, = O is expected.
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Figure 5.18: Approximately zero ripple ij, for different Dy, D, such that D1 + D, =2 1. As D1+ Dy # 1,
absolute zero ripple input current is not possible. Approximatley zero ripple input current is expected.

Solution: Here, D; = 0.37, D, = 0.60. So, D; < D, and Dy + D, < 1. Using (5.24), r = 1.7.
If £k = 0.88, i—; = (0.38 and é—; = 0.94 using . Using , the values of L, are 90.0 uH and
478.62 uH. The respective values of L, are 235.0 uH and 509.17 uH. Using (5.27), the value of shift
D, i, is 0.37 < D, < 0.40. The experimental result for k = 0.88, £ = 0.375 is shown in Fig.

Another two set of values takenare V,; =250V, V,, =34.10Vand V,, =150V; V,; =40.54 V,
Ve = 25.0V and V;,, = 15.0 V. Note that here D, + D, < or > 1. So, approximately zero ripple
i;» where Kl; < 0.40 A can be achieved. Again following the proposed design method in Section
m and Example 2, the values of L;, L,, k and D, are obtained. The experimental results of i,
reported in Fig. [5.18] (b), (c) show that approximately zero ripple i;, is achieved for all three cases.

The experimental details of all 6 sets of values for V;,, V,, V,, are tabulated in Table @ A slight
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Figure 5.19: Experimental result for D; + D, > 1.5.

Table 5.11: Input current ripple Ai;, for Experimental Values

NIR Voltages Al Details of
No. | Vi, | Va Vi (A) proposed method
W) | V) | (V) | smoaan | Ly uH) | Ly (uH) | k| Dyin
1 15 [ 255325 | =0 100 155 0.8 | 0.44
2 |15 1385|222 | =0 235 90 0.88 | 0.63
3 15 1228 383 | =0 90 235 0.88 | 0.37
4 |15 235|318 | <Aiy, 100 155 08 | 04
5 15 | 37.8 | 22.5 | < Aiy, 235 90 0.88 | 0.63
6 | 15 | 228|375 | <Aiy 90 235 0.88 | 0.37

mismatch in experiments is due to the non-idealities present in the circuit.

The experimental result when D+ D, > 1.5 is shown in Fig. @l The resultis for D; = D, = 0.8,
with V;,, =9V, I, = 145 A, R, = 245 Q, R, = 23 Q. We observe that approximately zero ripple
input current is obtained.

From the above we observe that zero ripple i;, is obtained for a specific set of parameters L,
L,, k and D,, determined using the proposed design method, for a given V;,, V,;, V,» and Z;; If
value of any one of these parameters is changed, zero ripple i;, cannot be achieved. For example, in
Fig. [5.20(a), zero ripple is achieved for L; = 100 uH, L, = 155 uH, k = 0.8, D, = D, for given
D, =0.44, D, = 0.56. If only D, is changed to 0 keeping rest of the values unchanged, Ai;, increases
to 5.36 A, as seen in experimental results shown in Fig. [5.20(b). If the windings of coupled inductor
are interchanged i.e. L; = 155 uH, L, = 100 uH keeping rest of the values unchanged i.e. k = 0.8,
D, = Dy, Ai;, increases to 1.68 A, shown in experimental results of Fig. [5.20c).
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Figure 5.20: Comparison: (a) zero ripple, (b) Ai;, = 5.36 A when D, is changed, and (c) Ai;, = 1.68 A when
Ly, L, changed.

The proposed design method does not depend on the type of MOSFETSs and diodes selected. To
show this, LTspice simulations are done with SiC MOSFETs and SiC diodes. The spice model of
SiC MOSFETs and diodes used are C2M0025120D and C6D04065A. To compare the simulation
and experimental results, the simulations are done with the same parameters as the experiment. The
simulations with SiC switches show that the absolute and approximate zero ripples are obtained for
SiC devices also. The simulation results with SiC switches for zero ripple i;, for different D, D, such
that Dy + D, = 1 is presented in Fig. [5.21] The simulations corresponding to each experimental result
are performed using the same system to verify the effectiveness of the proposed method. The LTspice
simulation results for zero ripple input current are presented in Fig. [5.21] We can observe that the
simulation and experimental results match.

We observe that to obtain zero ripple i;, for D; + D, = 1, the ratio i—; is only important and there
is no restriction on the choice of L, L,. However, for D; + D, < or > 1 when maximum specified
current limit is calculated, the choice of L, L, is also required in addition to the ratio %

The existing ripple reduction methods of the DC-DC converters are implemented in the CI-SIDO
converters, and the input current ripples are compared in Table The converter parameters are
taken from Example 1, i.e., V;,, = 15V, V,; =2381V,V,, =405V, D, = 0.44, D, = 0.56. The
comparisons show that our proposed method achieves zero ripple input current in the CI-SIDO boost

converter without any additional circuit elements.
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Figure 5.21: Comparisons of experimental and simulation results for zero ripple i;, for different Dy, D, such

that D1 + D, = 1.
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Table 5.12: Comparisons of the proposed method with the already existing methods

References [25] [23] [24] this analysis
Condition D, = pD, | Auxiliary inductance .Sum of two. auxiliary
. inductances equal to
for zero | L, = pL,, | equal to mutual induc- . D +D,=1
. .. mutual inductance of
ripple k=0 tance of main inductors .
main inductors
Ll = _ _
Inductor 100 uH, | L =L, =100 uH, k = Lio= Lo = 100 uH, 1y _ 650 0.98,
k= 09, Lauxil = IOﬂH, L
used L, =10.74, Ly = 74 uH Lo =1046 uH k=0.8
127.3 /IH auxi2 — . H
Input current | 6 4 1.16 A 0.24 A 0.054 ~0
ripples
o Not  suit- | Additional L, C in aux- iR, coupled-r
Limitations L . o ductor, L, C in auxil-
able for | iliary circuit. Auxiliary | . Lo o
of the L iary circuit. Auxiliary | -
dual output | circuit repeats for each | .~ .
method circuit repeats for each
converters | output
output

5.5 Summary of the Chapter

The findings of this chapter are as follows—

(1) All the feasible input current slope conditions are identified and presented in the form of 16

sectors and sub-sectors.

(ii)

The range of gate pulse shift is obtained where input current ripples are minimum for all possi-

ble input, output voltage, and coupled inductor parameters.

A detailed analysis of CI-SIDO boost converter to achieve maximum ripple cancellation in

(iii)

input current is performed under continuous conduction mode (CCM).

(iv)

Among all sub-sectors, those sub-sectors are identified where maximum ripple cancellation

takes place.

(v) Based on these analyses, the thesis proposes a method to design the inductors of CI-SIDO boost

such that the ripple in input current is less than the specified value.

The conditions of CI-SIDO boost converter are found where zero ripple input current is possible

(vi)

and where absolute zero ripples in input current are not possible.

(vii) A method is proposed to design the CI-SIDO boost converter with the zero ripple input current.

In case of operating conditions where absolute zero ripples in input current are not possible, a
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5.5 Summary of the Chapter

design method is proposed such that the input current ripple remains within a desired specified

limit.
(viii) Analytical proofs of the proposed design method are presented.

(ix) The effect of variations in input voltage, coupled inductor parameters on the proposed design
method is introduced. A brief discussion on closed-loop control of the converter is also pre-

sented.
(x) The proposed design methods are verified by experiments using a laboratory prototype.

(xi) The proposed design methods are explained using practical design examples.
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6. Effect of Gate Pulse Shift on other Circuit Variables of CI-SIDO Boost

6.1 Introduction

E]The CI-SIDO converters have two MOSFETSs with two gate pulses. The shifting of gate pulses
in CI-SIDO converters are required for inductors and input current ripple minimization. The ripple
minimization reduces the capacitance value of input filter. Also, the device ratings of MOSFETSs
and diodes are reduced. The shift of gate pulses changes the pattern of inductor currents, which can
change the average value of inductor currents. The change in average values of inductor currents can
change average values of input currents. The effect of shifting gate pulses on the average values of
inductor current and input current are not investigated till now. This chapter finds the effect of shifting
gate pulses on the average currents of CI-SIDO boost converter.

It is required to observe if the reduction of ripples in inductor current has any effect on output
voltage ripples or not. The value of output voltage ripples is required to select the suitable value
of the capacitor. If the output voltage ripples are reduced, the value of the capacitor reduces, thus

increasing the power density of the converter.
6.2 Effect of Gate Pulse Shift on Average of Inductor Current

For the ideal CI-SIDO boost converter, the input and output powers are equal, as presented in

(©.1).
VolI()l + V02102 = Vinlin (61)

For CI-SIDO boost, the relation between output and input current is -

I,y =0 - DIy, (6.2a)
I = (1 = D)l (6.2b)

So, using (2.59), (6.1) and (6.2)),
Ly =11 + 112 (6.3)

"Major part of this chapter is reproduced from my publications: (i) Nupur and S. Nath, “Effect of Shifting Gate Pulse
on Output Voltage Ripple in Coupled SIDO Boost Converter,” in Proc. Calcutta Conf., Feb. 2020, pp. 391-395. (ii)
Nupur and S. Nath, “Effect of Shifting Gate Pulse on Average Currents in Coupled SIDO Boost Converter,” in Proc. 9th
Power India Int. Conf., Feb. 2020, pp. 1-6.
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6.2 Effect of Gate Pulse Shift on Average of Inductor Current

From , we can conclude that if /;; is reduced, I, increases to keep [;, same. The inductor,

MOSFET, diode currents of CI-SIDO boost converter, is related as—

Iy =1y + 1y,

Ip =1n+1p

It is also observed that the average value of diode currents is related to load currents as—

Iy = 1,1,

Id2 = 102

6.2.1 Analysis of Effect of Gate Pulse Shift on Average Inductor Currents

(6.4a)

(6.4b)

(6.52)

(6.5b)

As the shifting is done, the loads are not changed. So, (6.3) is valid for all values of D,. The pattern

of inductor currents depend on the values of output voltages, input voltage and coupled inductor

parameters. The analysis is done such that the shifting is at starting and ending of range D,,;,. In Fig.

the current pattern 1s shown for GNNI > O, GNFl > 0, GFNI > 0, GFFl <0, GNN2 > 0, GNF2 > 0,

Gryz > 0, Gppy < 0. The value of D,,;, for this case is presented in Table @ Firstly, g, is shifted

by (D + Dpp;) as shown in Fig. @a). The waveforms of i;; and i;, are shown with corresponding

MOSFETs and diodes currents. Then g, is shifted by (D; + Dpp;) as shown in Fig. b). The

waveforms are denoted by corresponding dashed value. Using li Iy = I;“ and I, = 1;2. The areas

which are equal are represented by coloured shaded areas as shown in Fig. From Fig. and the

slope conditions taken, we obtain iz;(0) < iz(t,). Also, from (6.5)), we obtain (6.6).

i1 (t2)(Dpp1 + D2)T s + i1 (0)(1 — Dy — Dy — Dpp) )T = i’Ll(O)(l - DT

= i11(0) < i;,(0) < i (t2)
From (6.6)), we obtain —

i1(0) <i7,(0) = I, <1,
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g1 DT, ; 9 DT,

92 LDtTS»I‘ DT
- T, :

Figure 6.1: Change in average value of inductor current as gate pulse is shifted for D; + D, < 1. Slope
condition is GNNI > 0, GNFI > 0, GFNl > 0, GFFI < 0, GNNZ > O, GNF2 > O, GFN2 > 0, GFF2 < 0. Dashed
value is at D; = Dy + Dppy.

From (6.4) and (6.7), we obtain I;; < I,,. Similarly, for ir,, the equations obtained are presented in
(6.).

ir2(02)(1 = Do)Ts + [i12(0) — iza(82)1(1 — Dy — Dppy)T's (6.8a)

= i1, (1)(1 = DT, + [if5(0) — iy (1))(D1 + Dpp)Ts (6.8b)
Rearranging (6.8)), we obtain (6.9).
lira(t2) — i, (5)1(1 = Dy)Ts = [i;5(0) — i, (15)1(Dy + Dpp)Ts = [i12(0) = ifa(22))(Dy + Dpp)T, (6.9)
Solving the right side of (6.9), we obtain which is positive.
D\T(Dppi — Drp)T(Gyrz + |Grral) (6.10)

From (6.9), (6.10) and Fig. [6.1], we obtain (6.11).

iLz(tz) > lsz(l‘,z) = It2 > 1;2 = IL2 > 1;2 (611)
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6.2 Effect of Gate Pulse Shift on Average of Inductor Current

From and (6.11)), it is observed that as shifting is done, /;; increases and I}, decreases such that

I;, remains same, as shown in (6.3). Similar analysis is done for different slope conditions and duty

ratios, as shown in Fig. The relations obtained from Fig. are presented in (6.12))-(6.13).

iri(ty) > ipi(t2) > ir1(0)

i/Ll(t’l) > i/Ll(t’Z) > ilLl(O)

ir1(0)(1 = DT + [ip1(t2) — i1 (0)] D, T
= i7,(0)(1 = DT + [iy, () — i;,(OI(1 = D, — Dy)T,
Rearranging (6.13), the result obtained is (6.14).

(i21(0) = i}, (0))(1 = Dy) = [iy,(5) = i, (0)](1 — Dy — Dy) — [i1(t2) — i1(0)1D,

= (IGeni1l = |GFr1l)D2(1 — Dy — D»)

AS |Ggrywl > |Grywl in this case, i'Ll(O) > i71(0) and I}, > I;;. Hence, I, < I'Ll.

Similarly, equating the areas of iz and i/,,, the equations obtained are presented in (6.15).

ir2(t) > ia(t2) > i12(0)
i12(t)) > ip5(ty) > ip5(0)

in2(0)(1 = Dy)T = i}, (0)D1 T + iy, (1,)(1 = Dy — Dy)T
From (6.13), the relation obtained is presented in (6.16).

i15(6) > i12(0) > i;,(0)

i12(0) < ipa(t2)

(6.12a)

(6.12b)

(6.13)

(6.14a)

(6.14b)

(6.15a)
(6.15b)

(6.15¢)

(6.16a)

(6.16b)

From 1] it is concluded that i'LZ(O) < ia(tp). Hence, I, > I'LZ. Similarly, the waveforms for

Dy + D, > 1 are shown in Fig. [6.2(b)] Equating the area under curves of iy and i, the equations
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Figure 6.2: Change in average value of inductor current as gate pulse is shifted for (a) D; + D, < 1, (b)
D +D;>1 where the slope condition is GNNI > 0, GyF1 > 0, GFNI <0, Grr1 < 0, GNN2 > 0, GNFy > 0,
Grny < 0, Gppa < 0, and (¢) Dy + Dy > 1 where the slope condition is Gyy; > 0, Gyr1 < 0, Gpyy < 0,
Grrp1 < 0, GynNo > 0, Gynm < 0, Gry < 0, Grp < 0.
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6.2 Effect of Gate Pulse Shift on Average of Inductor Current

obtained are presented in (6.17]).

iri(t) > ipi(t) > i1 (0) (6.17a)
i) > i;,(t) > i;,(0) (6.17b)
i11(0)(1 = DTy = iy, (0)(1 = DT, (6.17¢)

The average values of switch currents are represented by (6.18) where y; represents the common

shaded areas.

Iy =i11(0)Dy + Gypi(1 = Dy)(Dy + Dy = DT + 1y (6.18a)
[, =i, (0)D; + Gyni(1 = D2)(Dy + Dy — DT + (6.18b)
(6.18¢c)

As Gypy1 > Gyry, therefore, I;l > [,; and I/L1 > I7.

Similarly, equating the areas of i;, and 7/,, the equations obtained are presented in (6.19).

ir2(t2) > ipa(ty) > ir2(0) (6.19a)
i,(ty) > i),(f,) > i;,(0) (6.19b)
i2(0)(1 — Do)T, = iy (17)(1 — DT, (6.19¢)

The average values of switch currents are represented by where 7y, represents the common

shaded areas.

I» = i12(0)Dy + Gypa(1 = Do)(Dy + Dy — 1T + (6.20a)

I, = i,(0)D; + 7y, (6.20b)
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6. Effect of Gate Pulse Shift on other Circuit Variables of CI-SIDO Boost

As Gypy > 0, therefore, 1;2 < I, and I'L2 < Ip,. For the waveforms shown in Fig. (6.2(c), the equations

obtained are presented in (6.21)) where y; represents the common shaded areas.

i1 (0)(1 = DT, = iy (0)(1 = DT, (6.21a)
Iy =i (0)Dy = ip1(12)(1 = Dy + Dyn1) + 73 (6.21b)
I, =i (0)D; + 3 (6.21c)

Therefore, I,; < I;l and [;; < I'Ll.

Similarly, ll 1s obtained for i;,, which concludes that 1;2 < I, and I'L2 < Ip.

inn(t)(1 = Do)T = iy, (tr)(1 — Do)T (6.22a)
Iy = i12(t2) Dy + [i2(0) — ipa2(22)1(D2 — Dyni) + Ya (6.22b)
Iy = i75(5)Ds = liy(5y) = i72(0)[(D2 = Dywi) + 74 (6.22¢)

So, the analysis for different values of slope conditions and duty ratios show that I;; < I'L1 and

’

I

1> < Ip; however the values of D; for dashed values are different for different values of slope

conditions and duty ratios. For slope conditions, Gyy; > 0, Gyp1 > 0, Gpy1 < 0, Gppy < 0,
Gynve > 0,Gyrr > 0,Gryns <0, Gepar < 0, for Dy + D, < 1, dashed value is for D, = 1 — D,, where as
for Dy + D, > 1, dashed value is for D, = D;. For slope conditions Gyy; > 0, Gygy > 0, Ggyy > 0,
Grr1 <0,Gyne > 0,Gyrr > 0, Geyn > 0, Gppy < 0, and duty ratios Dy + D, < 1, dashed value is at
D, = D, + Dpp,. Similarly, for slope conditions Gyy; > 0, Gyrr <0, Geyy < 0, Gppp <0, Gyyz > 0,
Gnr2 <0,Gpyy <0, Gppa < 0, and duty ratios Dy + D, > 1, dashed value is at D, = D; — Dy

The explanations for effect of shifting gate pulses on average values of currents are done for cases
where the slope patterns of both inductor currents i;; and i;, are taken the same. However, the pattern
of iy and iz» can take different shapes, keeping I, < I, and I, < I5.

It 1s also observed that the average value of input current, /;,, remains the same even though the

average values of inductor currents, I;; and /I;, changes as the shift is changed.
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Figure 6.3: MATLAB simulation results for change in average value of inductor current for (a) D; = 0.6 and
D2 = 0.5: ILl = 9.92, I,Ll = 10.08, IL2 = 3.29 and I/Lz = 3.12, (b) D1 = 0.5 and D2 =03 IL1 = 6.34,
I't) =646,11> = 1.70and I';p = 1.57, (c) Dy = 0.35 and Dy = 0.55: Iy = 3.74, I'p = 3.84, I;» = 4.01 and
I'Lz = 3.90, (d) D] = 0.3 and D2 =0.3: ILl = 3.26, I,Ll = 3.27, IL2 = 1.63 and I’Lz = 1.62, (e) D1 =0.7 and
Dy =0.6: Iy =17.69, ') = 17.85, 115 = 5.08 and I'; = 4.92, and (f) D; = 0.8 and D, = 0.3: I1; = 39.93,
I,Ll = 4010, IL2 =1.71 and IILz = 1.56.

6.2.2 Simulation Results

Table 6.1: Converter Parameters

Parameters Values
Vi 8V
k 0.8

Ci,=C,=C | 100 uF
fs 100 kHz
L, 150 uH
L, 100 uH
R 5Q
R, 10 Q

The analysis done is verified by simulations of CI-SIDO boost converter in MATLAB/Simulink
environment. The parameters used for simulations are presented in Table [6.1) however, the analysis
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6. Effect of Gate Pulse Shift on other Circuit Variables of CI-SIDO Boost

presented in this chapter is valid for all possible parameters. The simulation results are presented in
Fig. [6.3] In Fig. the average values of inductor currents are compared for slope conditions
Gynt > 0,Gypr > 0,Gpyy <0, Grry <0,Gyng > 0, Gypr <0, Gpya > 0, Grra < 0. The duty ratios
are D, = 0.6, D, = 0.5. The average values of i;; are I;; = 992 Aat D, = 0.5and I';; = 10.08 A
at D, = 0.6. Similarly, the average values of i, are I;, = 329 Aat D, = 0.5, and I';, = 3.12 A at
D, = 0.6. The comparisons shows that I;; < I'L1 and I'L2 < I1,, however, I;, remains same at 13.2 A.
Similarly, Fig. [6.3(d)| shows the simulation results for D; = 0.3, D, = 0.3 at D, = 0.495 and
D, = 0.505. The average values of i;; are I;; = 3.26 A at D; = 0.495 and I}, = 3.27 A at D, = 0.505.
The average values of i;, are I;, = 1.63 A at D, = 0.495, and I';;, = 1.62 A at D, = 0.505. The

results are in accordance with the analysis obtained from Fig. The results show that I;; < I'L1 and

I'L2 < Ip», however, [;, remains same at 4.89 A. Similar results are shown in Figs. |6.3(‘tﬂ, |6.3(c)|, |6.3(e)|

and [6.3()

More simulation results are presented in Table [6.2| which covers all possible slope conditions. For

all the cases, I;; < I'L1 and I'L2 < I, keeping /;, almost same. However, the value of dashed terms is

different for different slope conditions and duty ratios.

Table 6.2: Effect of Shifting Gate Pulse on Average Currents

SI. | Dy | D, Slope conditions Average currents

No. Guri | Gewt | Gz | Gewz | o) | 1) | 1, (A) | 1a(A) | 1,(A)
1 05 04| + - - + 8.62 | 635 | 645 | 2.27 | 2.17
2 | 06 |05 + - - + 1320 | 9.92 | 10.08 | 3.29 | 3.12
3 04 |05 + + - + 7.65 | 440 | 449 | 325 | 3.16
4 105 |06 - - - + 1140 | 634 | 6.46 | 507 | 493
5 0.7 | 0.6 - - - - 22778 | 17.69 | 17.86 | 5.08 | 4.92
6 | 03 |03 + + + + 489 | 326 | 3.27 1.63 1.62
7 0.8 [ 03 + - + - 41.64 | 39.93 | 40.06 | 1.71 1.56
8 105503 + - + + 9.54 | 7.84 | 7.96 1.69 1.58
9 |07 |04 + - - - 1999 | 17.70 | 17.85 | 2.29 | 2.15
10 | 0.3 | 0.6 - + - + 826 | 3.22 | 331 5.05 | 495

6.3 Effect of Shifting Gate Pulse on Output Voltage Ripple

For the given load current, the shifting of the gate pulse changes the pattern of inductor currents.
The change in inductor current changes the capacitor currents (Fig. [6.4). The capacitor currents
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Figure 6.4: The patterns of indictor currents (iz;, i L2) capacitor currents (ic1, icz) and output voltages (v,1,
v,2) for given value of load at (a) D, = 0, and D; = D,;,.

decide the voltage ripples in the output capacitor. This chapter finds how much is the effect of shifting
gate pulse on output voltage ripples. The chapter finds the conditions of output voltage ripples for

different cases of duty ratios, load currents, and coupled inductor parameters.

6.3.1 Analysing the Effect of Gate Pulse Shift on Output Voltage Ripples

This section analyses the capacitor current when the gate pulse is shifted from D, = 0 to D, = D,,;;;,.
The capacitor current determines the ripple in output voltage. Based on capacitor current patterns, two
types are observed: (i) The capacitor currents are always positive when the MOSFETs are OFF, and

(i1) The capacitor currents become negative when the MOSFETSs are OFF.

6.3.1.1 Capacitor Currents Always Positive when MOSFETSs are OFF

The Fig. shows the effect of shifting gate pulse on output voltage ripples. The figure shows

the conditions for D, = 0 and D, = D,,;, in Fig. |6.4(a)| and [6.4(b)| respectively. The slope conditions

considered are Gyn > 0, Gyr1 > 0, Gry1 > 0, Grr < 0 and Gyyy > 0, Gy > 0, Gryo > 0,
Grrz < 0. The duty ratios are such that D; > D, and D; + D, < 1. In Fig. [6.4(a), iz, is drawn with

peak value I, ,x. The capacitor current, ic; is I,; when MOSFET is ON and iz, — I,; when MOSFET
TH-2977_ 156302007
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6. Effect of Gate Pulse Shift on other Circuit Variables of CI-SIDO Boost

is OFF with peak value 11, — I,1. Vo1 1s increasing when i¢; is positive and decreasing when ic; is
negative. The duration of i-; when it is position or negative decides the voltage ripples. Similarly, i;,,

icp and v, are shown. If constant output currents are considered, (6.23)) is obtained.

AQy  1,,D\T;

Av, = = , 6.23
Yol C, C, ( 2)
AQ, 1,D,T,
Avy, = = 6.23b
Fo2 C, C, ( )

In Fig. [6.4(b)| as g is shifted to D,,;,, the pattern of iy, ic; and v, are changed. The new peak

’

value of i;; is [

Lipk- As the load is not changing as shifting is done, /,; is same. The duration for

which MOSFETs are ON and OFF are also not changing. So, the output voltage ripples are given by

(©.24).

. AQ,  1,DT,

Av, = = , 6.24
Vol C C, ( a)
. AQ,  I,D,T,
Av,y = = 6.24b
Vo2 C, C, ( )

Comparing (6.23) and (6.24), it is observed that, as the shifting is done, the voltage ripples are
same for this case.

The analysis shown in Fig. 1s also valid for other slope conditions. The value of capacitor
currents is always equal to the load currents when the MOSFET is ON, irrespective of the inductor

current patterns. So, the findings of this section are valid for all slope conditions of inductor currents.
6.3.1.2 Capacitor Currents Negative when MOSFETSs are OFF

For different values of 1,; and I,,, the output voltage ripples are observed. It is found that for
reduced load currents, the capacitor current becomes negative for some portion of duration when
MOSFETs are OFF.

In Fig. @ ir1, ic1 and v,; are shown for three values of load currents. The waveforms for D, = 0
is shown in Fig. and their corresponding conditions for D, = D,,;, is shown in Fig. [6.5(b)] It is

observed from the figure that, as the load current decreases, a point is reached where an extra portion
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6.3 Effect of Shifting Gate Pulse on Output Voltage Ripple

of i¢1 becomes negative. So in this case, the charge of capacitor is AQ + B, for D, = 0 and AQl' + B'l
for D, = D,,;,.

Due to the extra negative portions, there is slight change in output voltage ripple. However, it is
observed that AQ; >> B, and AQ1' >> B’l. So, for the loads where this conditions are possible, the
change in voltage ripple has insignificant effect on the output voltage ripples. Similar analysis is also
valid for i;,, ic, and v,,.

Also, as expected from (6.23)), the magnitude of output voltage ripples depends on the value of
load currents. For a given C,, C, values as the load currents are increased, the output voltage ripple
magnitude is increased.

4

g1 D-T 1
9 fe=DT | | L. ab—pn— oo [,
DT ! :

. ILlpk

ir1

ir1

ic1

(b)

Figure 6.5: The patterns of inductor currents iz, capacitor currents ic; and output voltages v, for different
values of loads at (a) D, = 0, and D, = D,;;,,.

6.3.2 Simulation Results

The CI-SIDO boost converter is simulated in MATLAB/Simulink using the parameters presented
in Table [6.3] The analysis presented in this chapter is true for continuous conduction mode (CCM)
of the converter. So, the parameters are selected such that CI-SIDO boost operates in CCM. In this
section, the simulation results are shown for different values of duty ratios and slope conditions. The
comparisons of output voltage ripples are done for D, = 0, and D, = D,,;,.

In Fig. [6.6] the values of inductor currents, capacitor currents and output voltages are shown for
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6. Effect of Gate Pulse Shift on other Circuit Variables of CI-SIDO Boost

Table 6.3: Simulation Parameters.

Vi 8V T, 10 s k 0.73 C,Cy | 100 uF
L 13124 uH | L, 94.61 uH | R, 80 R, 12Q
w ool U Sy e B il
92 0 L [ g2 0 —_—— = _ — j
ind 2.8/\ i gg \/\/\
— T~ . . -\
iz 12} _ -~ ~~o_ iro 1-‘21\,—’ SN_-7
1
¥ 0.06V 2 ¥
Vol 13.3\V 00113.33 0.06V.
T - 05k — — — — < — l\ —_
. Ok I T = i, 0 |
o2 |_ _ _| -ve io9 /l‘- 102 1 L _l
-~ T Vo2 | /’/’i\\
U 1L4F S _ -7 0.03V i 114y _ -~ 0.03V N
0.03 t(s) 0.0300 0.03 £(5) 0.0300

(a) (b)

Figure 6.6: Inductor currents (in A), capacitor currents (in A), output voltages (in V) for D; = 0.4 and D, = 0.3
where Dy + D, < 1 at (a) D; = 0, and (b) D; = 0.55. The slope conditions are Gyy; > 0, Gyr1 > 0, Gpyy > 0,
GFF] < 0 and GNNZ > 0, GNF2 > 0, GFN2 > O, GFFZ < 0.

D, = 0.4 and D, = 0.3 where D; + D, < 1 at D, = 0 (Fig. and D, = 0.55 (Fig. [6.6(b)).
The slope conditions are Gyy; > 0, Gypr > 0, Gpyy > 0, Grpy < 0 and Gyyy > 0, Gypr > 0,
Gryy > 0, Gppp < 0. It is observed that Av,; = 0.06 V for D; = 0 and remains same as D, is changed
to 0.55. It is also observed from the figure that ic, is becoming negative. Even though i, is negative
for some time, Av,, = 0.03 V for D, = 0 and remains same as D, is changed to 0.55. The shifting is
not changing the output voltage ripples even when capacitor current becomes negative for some time.
In Fig. ic1 1s becoming negative for some time, however output voltage ripples 0.05 V and 0.15 V
remains same for D; = 0 and D; = D,,;,,. Similar results in Fig. and Fig. shows that the ripples
remain same for D, = 0 and D, = D,,;, for different values of duty ratios and slope conditions. The
duty ratios and slope conditions of each simulation results are mentioned in the captions of respective
figures.
The comparisons of output voltage ripples for different values of duty ratios are presented in Table

As the parameters are not changed, the magnitude of voltage ripples increase with increase in
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Figure 6.7: Inductor currents (in A), capacitor currents (in A), output voltages (in V) for D; = 0.3 and D, = 0.7
where D| + D, = 1 at (a) D, = 0, and (b) D; = 0.3. The slope conditions are Gyy; > 0, Gyr1 < 0, Gpyy > 0,
GFFI < 0and GNNZ > O, GNFZ < 0, GFNZ > O, GFF2 < 0.
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Figure 6.8: Inductor currents (in A), capacitor currents (in A), output voltages (in V) for D; = 0.6 and D, = 0.5
where D; + D, > 1 at (a) D; = 0, and (b) D, = 0.55. The slope conditions are Gyy1 > 0, Gyr1 > 0, Gpyp <0,
GFF] < 0and GNN2 > 0, GNF2 < O, GFN2 > 0, GFFZ < 0.
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Figure 6.9: Inductor currents (in A), capacitor currents (in A), output voltages (in V) for D; = 0.3 and D, = 0.5
where Dy + D, < 1 at (a) D; = 0, and (b) D; = 0.4. The slope conditions are Gyy1 > 0, Gyr1 > 0, Gpyy > 0,
GFFI < 0 and GNN2 > 0, GNF2 < 0, GFNZ > O, GFF2 < 0.
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Figure 6.10: Inductor currents (in A), capacitor currents (in A), output voltages (in V) for D; = 0.4 and
D, = 0.3 for different values of loads at (a) D, = 0, and (b) D; = 0.55. The slope conditions are Gyy; > O,
GyF1 > 0, Gry1 > 0, Grp1 < 0 and Gyno > 0, GyFy > 0, Grno > 0, Grpy < 0. The loads are Ry = 8 Q,
Ry =12 Q (black), Ry = 15 Q, Ry = 16 Q (red) and R; = 35 Q, R, = 20 Q (cyan).
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6.4 Summary of the Chapter

Table 6.4: Comparison of Voltage Ripples for D; = 0 and D; = D,,;,.

SLNo | D; | D, | Avpi(V) | Avel (V) | Ava(V) | Av,y (V)
1 03]03] 005 0.04 0.03 0.03
2 0.6 03] 0.15 0.15 0.03 0.02
3 07102] 023 0.23 0.021 0.016
4 03104 005 0.04 0.04 0.04
5 05105] 0.1 0.1 0.07 0.06
6 07105 023 0.23 0.07 0.06
7 03107] 005 0.04 0.15 0.15
8 0606] 0.15 0.15 0.1 0.1
9 07]06] 023 0.23 0.1 0.1

output voltage. The comparisons are done for D, = 0 and D,

= D,,;,. These comparisons show that

the shift in gate pulse have insignificant effect on the output voltage ripples.

The simulation results of iy, ic;, v, are also shown for duty ratios D, = 0.4, D, = 0.3 with

changing loads. Figs. [6.10(a)] and [6.10(b)| are shown for D, = 0 and D, = 0.55, respectively. It is

observed that for I,; = 0.38 A, Av,; = 0.02 V which remains same for D, = 0 and D, = 0.55, even

though i is negative for some time. For 1,; = 0.89 A, Av,; increases to 0.04 V and remains same

for D, = 0 and D, = 0.55, i¢; is always positive when S;; is OFF. Similarly, for 1,; = 1.67 A, Av,;

increases to 0.06 V for D; = 0 and D, = 0.55.

The analysis shows that the output voltage ripples remain unaffected for shifting; however, it gets

affected when load currents are changed. These results are valid for all values of duty ratios and

coupled inductor parameters.

6.4 Summary of the Chapter

The following are the findings of the chapter—

(i) The chapter analyses the effect of gate pulse shift on the average values of inductor currents

and the output voltage ripples in coupled inductor single input dual output (CI-SIDO) boost

converter.

(i1) With shifting, the average values of first inductor current increases and second inductor current

decreases, such that the average values of input currents do not change.
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(111) For all the cases, it is found that the shifting of gate pulse has an insignificant effect on output

voltage ripples.

(iv) The analyses are proved analytically for different values of duty ratios and slope conditions.

(v) The analyses are validated by MATLAB simulations.
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7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter

7.1 Introduction

] The unidirectional DC-DC converters operate in two modes— continuous conduction mode
(CCM) and discontinuous conduction mode (DCM). In CCM, the inductor currents remain non-zero
for the entire switching period, T, whereas in DCM, the inductor currents become zero before the
completion of 7. The transition from CCM to DCM occurs at CCM/DCM boundary. At the bound-
ary, the inductor current becomes zero at T;. The converters operate in CCM when the load currents
are higher than the CCM/DCM boundary currents. If the load currents reduce below the CCM/DCM
boundary, the converter enters DCM.

The control of the converter is easier in CCM. Also, the output voltage does not depend on load
currents. In DCM, the output voltage depends on the load currents, and the control of the converter
also becomes load-dependent. Therefore, the DC-DC converters are preferred to be operated in CCM.
However, to ensure the CCM operation of the converter, knowledge of the CCM/DCM boundary is
necessary. If the boundary current is higher, the current range of CCM reduce. On the other hand, if
the boundary current is reduced, the load current range of the CCM operations increase. For example,
if the load range of converter is 0 — 5 A and boundary value is 2 A, the range of CCM operation is
2 — 5 A. However, if we reduce the boundary current to 0.5 A, the range of CCM operation increases
t0 0.5 -5 A.

The above discussions on DC-DC converters are true even if there is coupling between the induc-
tors of the converters. The discussions are equally applicable for any DC-DC converters as well as the
CI-SIDO converters. However, due to the presence of the coupled inductor, the CCM/DCM boundary
operation of CI-SIDO converters are much more complex than conventional boost converters.

One of the methods to reduce the CCM/DCM boundary current is to increase the inductance
values of the converter. However, the increase in inductance increases the core size of the inductor

and the overall physical size of the converter. Therefore, the motivation of this work is to increase

'Note: Major part of this chapter is reproduced from my publications: (i) Nupur and S. Nath, “Effect of Shifting Gate
Pulse on CCM/DCM Boundary in Coupled SIDO Boost Converter,” in Proc. Nat. Power Electron. Conf., Dec. 2019,
pp- 1-6. (ii) Nupur and S. Nath, “Effect of Mutual Coupling on CCM/DCM Boundary in Single Input Dual Output Boost
Converter,” in Proc. 8th Power India Int. Conf., Dec. 2018, pp. 1-6. (iii) Nupur and S. Nath, “Dependence of CCM/DCM
Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter,” accepted in IEEE Trans. Transp. Electrification.
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Figure 7.1: Change of inductor current from CCM/DCM boundary condition to CCM as g, is changed from
D, = 0 (blue) to D; = Dy (red).

the CCM operating range of CI-SIDO boost by reducing the CCM/DCM boundary current without
changing any circuit parameters like inductance value. One of the methods that is proposed in this
chapter is the shift of gate pulse. It is found that the CCM/DCM boundary depends on the gate pulse
shift. As the gate pulse is shifted, the average values of inductor current at boundary reduces. This
helps to increase the CCM operating range of CI-SIDO boost.

The effect of gate pulse shifting is shown in Fig. for D, = 0 (blue) and D, = D, (red). As g,
is shifted from O to DT}, the inductor current patterns are changed. The following can be observed

from the figure—
* {7 is at boundary when D, = 0 as it touches O at T';.
* i;; changes to CCM at D, = D;.

* i, is operated in CCM for D, = 0 as well as D, = D;.

The load currents and output voltages remain same for D, = 0 and D, = D;.

The average value of i;,, at boundary, is denoted by I, at D, = 0, and by I'LwB at D, # 0, where
w =1 for iy, and w = 2 for i;,. The effect of gate pulse shift is also presented in Fig.
The waveforms of i;; at CCM/DCM boundary for D, = 0 and D, # 0 is shown in Fig. From

TH-2977_156302007

169



7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter

A
91 DT o 9D T,

> > ¢

N . 92T<—D;TS—>|_|

D2Ts >
. 47115“—»:'

S
- A - NG
? LIT : 1 . :
> £

Figure 7.2: The inductor currents at (a) D, = 0, and (b) D, = (1 — D).

the figure, it is found that the average values of iy, at D, = 0 is given by—

Tsvin Ll
Iyijp= ————I[D +kw/—D . 7.1
L1B 20— iDL [D L 2] (7.1)
The average values of iy, at D, # 0, i.e., D, = (1 — D) is given by—
’ Ts‘/in L,
I, =———I[D —kw/—D . 7.2
L1B 21 - kz)Ll[ 1 A 2] (7.2)

By comparing the average values of i;; for D, = 0 and D, = (1 — D), we found that it is reduced by—

Ly
i _ Il 2k _D2
(“BI—L“’) X 100% = = x 100%. (7.3)
L1B [D; +k %Dz]

For k = 0.8, 2—; = 0.65, D; = 04, and D, = 0.5, the percentage reduction in average values of iy, is
89%. This means for V;, = 10 V, L; = 100 uH, and L, = 155 uH, the average value of i;; at D, = 0
is1 Aand D, = 0.51s 0.1 A. Therefore, at D, = 0, i;; 1s in CCM when i,; is above 0.6 A while for

D, =0.5, i, is in CCM when i,; is above 0.05 A. Hence, we observe the advantages of shifting as—

* keeping all the parameters same, by introducing shift of gate pulse, the range of CCM operation

is increased significantly.

* the value of shift where the average of inductor currents are minimum depends on the waveform

patterns.

» with change in duty ratios, i.e., the voltages and coupled inductor patterns, the minimum aver-

age of inductor currents and the corresponding shift change.

Therefore, to increase the range of CCM without any additional circuit elements, the calculation of

gate pulse shift is required where the average value of inductor current is minimum. This thesis finds
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Figure 7.3: Theoretical waveforms of i;; and izp (a) for D; > D;; i1, at the boundary condition, (b) for
D\ = D»; i at the boundary condition, and (c) for D; < D,; iz at the boundary condition.
the gate pulse shift where the average value of inductor current is minimum for all possible waveforms

of CI-SIDO boost converter.
7.2 Average Value of i;,, at CCM/DCM Boundary, /;,,5 for D, = 0

The average of iy, at the boundary, denoted by 1,5, is given by (7.4).

Ts

1 .
Inp = T—flmdf (7.4)
3

0

At the edge of CCM, the pattern of i;; is shown in Fig. Using the figure, the average value
(7.4)) modifies to (7.5).

T
Inig = TS [GyniD1Dy + Gppy (1 — Dy — Dy + Dy D»)] (7.5)

Substituting the value of Gyy; and Ggpy in (/.5)), the average value of i at the edge of CCM is given

by (7.6).
T,V; [L
Iy g = ————[D; +k|—D 7.6
L1B 2(1—k2)L1[ 1 L, 2] (7.6)
Similarly, the average of i;, at boundary condition which is denoted by /5, is given by (/. 7).
T,V; L,
Iiop= —————[Dy +k[—D 7.7
128 2(1—k2)L2[ 2 \/Ll 1] (7.7)
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7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter

The values of I3 and I;,5 are same for all the three conditions of D, and D,. For example, when

D\Ts L
g = —— 35 |14k,/22 |V, 7.8
L 2(1—k2)L1( * Lz) (7.8)

The expressions and (7.7) show that it depends on k, L, L,, Vi,, V,; and V,,. Even if the

D, = Dy, (7.6]) reduces to (7.8).

value of L, is quite large, i;; goes to boundary. Due to mutual coupling, /;;5 not only depends on its
own circuit parameters, but also on the parameters of second boost- V,, and L, (and vice-versa). It is
found that I, and I;,5 depend on the values of D; and D,, however do not depend on the relative

values of D; and D, i.e. whether Dy > D,, D; < D, or D; = D.
7.2.1 Effect of changing %

The value of 1,3 depends on é—; and /7,5 depends on é—f In Fig. it is shown that with increase
in the ratio of f—;, the boundary value of i;; increases while the boundary value of i;, decreases. In
Fig. keeping the value of L, fixed, with the increase in the value of é—;, 1715 1s increased due to
decrease in L,. For example, with % = 0.8, the value of I, at 2—; =0.5,1s 1.10 A, while at é—; =2,

is 1.54 A. Keeping L, fixed in Fig. with increase in %, I;,p decreases due to increase in L;.

Calculated 1,5 Calculated I75p
13— Experiment I;;5 — — Experiment I7op
— o
12 v
i N N T
5 ~ _—
S 11 o T -
3 ..jx: -
s 1 F B
3 e =
= = -
09 i 8
0.5 1 L, 15 2

Figure 7.4: Variations of boundary currents with the change in inductance ratios for voltage ratios of 1.2.
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Figure 7.5: Effect of change in inductance ratios on the boundary condition of first inductor current for different
values of voltage ratios.
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Figure 7.6: Effect of change in inductance ratios on the boundary condition of second inductor current for
different values of voltage ratios.
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Figure 7.7: Simulation result for D; = D, = 0.5, % =1, % = 2 and iy at boundary condition: (a) Pulse

patterns and inductor currents, (b) Input and output voltages.

7.2.2 Effect of changing 5—0;

The boundary conditions of i;; and i;, depend on V,,; and V,, both. The analysis is done to study
the effect of change in V,;, on the values of /5 (and vice-versa).
In Fig. I11p is plotted for various values of “ﬁ—”i keeping V,; fixed. For given V,,;, with increase

in “f—o; the value of V,, decreases, thus, decreasing ;5. Similarly, in Fig. 1155 1s plotted for

various values of Yol increases the boundary condition because of

Vul . .
v, keeping V,; fixed. Increase in ¢

the increase in V,,;.
7.2.3 Simulation Results

The analytical expressions are validated with the simulation results. The SIDO boost converter
with the coupled inductor is simulated in MATLAB/Simulink and the results are presented. The
simulation is done for k£ = 0.9. The input voltage, V;, is taken as 10 V. The capacitors, C| and C, are
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7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter

taken equal with value 100uF. The values of L, L, V,; and V,, are changed to obtain various values

of “f—oi and ﬁ—; In Fig. the simulation is done for D, = D, = 0.5. The output voltages are equal

1 [
s 1 [

0.04 t(s) 0.04001

Figure 7.8: Simulation result for D; = 0.5, D, = 0.4, \‘;Z; = 1.2, % = 0.5 and iy at boundary condition: (a)

Pulse patterns and inductor currents, (b) Input and output voltages.

Cl?
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20

i1 (A)
Vo (V)
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. 25
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0.04 t(s) 0.04001 0.04 t(s) 0.04001

Figure 7.9: Simulation result for D; = 0.5, D, = 0.6, “jz; = 0.8, i—; = 1.5 and iy at boundary condition: (a)

Pulse patterns and inductor currents, (b) Input and output voltages.

with value 20 V, “;; =1 and é—; = 2. The current i;, reaches the boundary condition first while iy
is in CCM. The value of 11,5 is 1.08 A approximately. In Fig. [7.8] the simulation is done for D; = 0.5,
D, =04, g—"; = 1.2 and é—; = 0.5. The current iz reaches the boundary condition while i}, is in CCM.
The value of 17,5 1s 0.97 A approximately. In Fig. the simulation is done for D; = 0.5, D, = 0.6,
\% = 0.8 and i—; = 1.5. The current i;; reaches the boundary condition while iy, is in CCM. The

value of 1,5 is 1.42 A approximately. More details of the simulation results are presented in Table

@where P,1, P,, are load powers, P;, is input power, 1,1, I, are load currents and [;, is input current.
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7.2 Average Value of i;,, at CCM/DCM Boundary, /;,,5 for D, = 0

Table 7.1: Simulation results.

Fig. | iy (A) | Piy (W) | L1 (A) | Ino (A) | Poy (W) | Poo (W) | Ly (uH) | L, (uH) | Boundary

No. current
7.7 | 5.08 50.76 2.00 0.54 40.10 10.50 400 200 i
7.8/ | 3.71 37.15 0.47 1.67 9.20 27.70 200 400 ir
79 | 792 79.20 0.84 2.51 16.50 62.50 200 133.33 ir

Table 7.2: Comparison of calculated and simulated values for various é—; ratios at “j"; =0.8.

2—; 05 ] 08 | 1 5] 2
Calculated I;,3 (A) | 1.16 | 1.29 [ 137 | 1.53 | 1.66
Simulated I;,5 (A) | 1.10 [ 122 [ 1.29 | 1.42 | 1.54
Calculated 1155 (A) | 1.28 | 1.15 [ 1.10 | 1.02 | 0.97
Simulated I;,5 (A) | 1.30 | 1.16 | 1.10 | 1.01 | 0.96

Yor

The effect of the change in Vo

and i—;, on ;5 and I;,5 1s verified with simulation. The calculated

and simulated values are presented in Table. for K—; =0.8.

Teb !¢ I = Bk T -
g1 --‘r I'—'I. 0.6 I_r- 91 = m——1 X Il—ll_
= T ETETTT ] Faas ] = T T T
g2 ! 0.7 =t ;—.-JI g2 m = 0.7 o) m

ile/\‘/\/ ]
i /\//\’ i
L2 i - L2 @ :

(@) D, =0 () D, =0.5
Figure 7.10: Change of inductor current from CCM/DCM boundary condition to CCM as g; is changed from
(a) Dt =0to (b) Dt =0.5.

7.2.4 Experimental Results

This section verifies the analytical and simulation results of CI-SIDO boost converter. The wave-
forms in Fig. [7.10] show the effect of gate pulse shift on the inductor current waveforms. The exper-
iments are done for k = 0.9, L, = 100 uH, L, = 155 uH, V;,, =4V, R, = 46 Q, R, = 100 Q and
C, and C, are taken equal with value 100uF. As expected, the waveforms change from CCM/DCM
boundary to CCM as gate pulse shifts keeping other parameters same.

The inductor current waveforms at D, = 0, and D, = (1 — D;) is shown in Fig. The

experiments are done for k = 0.65, L, = 120 uH, L, =48 uH,V;, =4V, R, = 156 Q, R, = 12 Q and
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Figure 7.11: The inductor currents at (a) D; = 0, and (b) D, = (1 — D»).
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Figure 7.12: Experimental results with Ll = 2.5 for (a) D; = D, = 0.5, “2; =1, (b) D1 = 0.7, D, = 0.2,
VA =267,(c) D1 =03,Dy =04, —085

C, and C, are taken equal with value 100 uF. The reduction in the average values of iy; for D, = 0
and D, = 0.8 is 40%, which is approximately matching with the theoretical expectations from (7.3)).

The simulation waveforms presented in Fig. [7.7/for D; = D, = 0.5 is verified experimentally in
Fig. The experiments are done for k = 0.8, Ly = 120 uH, L, = 48 uH,V;, =5V, R; =85 Q,
R, = 36 Q and C, and C, are taken equal with value 100uF. The simulation waveforms presented
in Fig. [7.8|for D; > D, is verified experimentally in Fig. The experiments are done for
k=08,L =120uH, L, =48 uH,V;, =5V, R =18 Q, R, =40 Q and C, and C, are taken equal
with value 100uF. Similarly, the simulation waveforms presented in Fig. [7.9|for D, < D, is verified
experimentally in Fig. The experiments are done for k = 0.8, L; = 120 uH, L, = 48 uH,
Vie=5V,R =160 Q,R, =12 Q and C; = C, = 100uF.

The analysis is done to study the effect of change in V,, on the values of I;,. In Fig. m Irep 1S

plotted for various values of 7 0 <~ keeping V,,; fixed. For given V,, with decrease i 1n ~, the value of V,;
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Figure 7.13: Experimental results with £ = 2.5 and Vi, = 5V, Vo1 = 7.14 V for (a) 12 = 1, (b) 12 = 0.86,
© “;—”; = 0.71. The analysis is done to study the effect of change in V,, on the values of I p.
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Figure 7.14: Experimental results with % = 0.72 for (a) 2—; = 0.65, (b) E—; = 2.5. The analysis is done to

study the effect of change in IL‘—; on the values of I ;p.

increases, thus increasing I;;5. The value of /5 1s 0.28 A at “i—”; =1,0.85A at “;—"; =0.86,and 1.18 A

at “;_,,; = (0.71. The values of I3 and I,5 depend on 2—; In Fig. [7.14] it is shown that with increase in

the ratio of i—;, the boundary value of i;; increases. The value of I}z is 0.54 A at 2—; =0.65,1.18 A at

L -5,

L

7.3 Effect of Gate Pulse Shift on Average Values at CCM/DCM Boundary for
D, #0

The value of IéwB depends on the slope possibilities. The slope possibilities considered in the
chapter is Gyp, > 0 and Gpy, <0, or Gyr, < 0 and Ggy, > 0.
For example, consider the waveform with Dy > D,, Dy + D, < 1 and D, = (1 — D,) as shown in

Fig. for Gyr, < 0 and Gpy, > 0. The expression of I'LwB is formulated by finding the area under

TH-2977_156302007

177



7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter

glfm ‘ .,

2l p1. DT .

‘GFFw GFNw

iLw
t

FF—s<—F N—

~——NF

Figure 7.15: The pattern of inductor currents for D; > Dy, Dy + Dy < 1 and D; = (1 — Dy) when Gyf, < 0
and GFNW > 0.

the curve, as presented in ((7.9).

s

’ 1

I = T f irydt (7.9)
0

Solving the expression, reduces to (7.10).

’ S

I = 3 [ Grw, (D3 + DiD2) + |G, |(1 = Do)(1 = Dy = D) ] (7.10)

Substituting the values of slopes for w = 1 (i;;) from Table the expressions of I/L are obtained

1B

| (1-Dy)—2D, I
ILlB = 2(1 — kz)Ll [Dl ( (1 — Dl) ) + k\/L:ZDQl (711)

Comparing and (7.11), it is found that ((7.11) is lower because for same values of parameters,

as presented in ([7.11)).

D, is multiplied by a fractional number which makes it smaller. In all other situations, when (1-Dy) <
2D,, the negative term makes the equation smaller.

The possible values of D; is from O to 1. The Fig. @]considers D, = (1 — D,). For all the other
possible conditions, the expressions for I’L1 g and I’L2 p are presented in Table for D, = D,. However,
the analysis is true for all other value of D;. In Table the waveforms for two slope conditions are
presented for different values of D; + D,. The rows represent the average values of inductor current
at CCM/DCM boundary. This table is presented to show that the CCM/DCM boundary decreases as
the gate pulse shift is introduced.

Each expressions of I/L1 5 and I,LZB presented in Table are compared with . In each case,
it 1s found that I'L1 g < Ipip and IleB < I;pp. So, it is concluded that as D, varies from O to 1, the

CCM/DCM boundary is reduced. Whether both currents reach CCM/DCM boundary simultaneously
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7.3 Effect of Gate Pulse Shift on Average Values at CCM/DCM Boundary for D; # 0

Table 7.3: Average values of inductor currents at CCM/DCM boundary for various duty ratios and slope

conditions.
Slope condition: Gyr, > 0 and Gpy, <0
D, + D, =1 <1 > 1
9 DT ,_t
92 ] —D.T—] ¢
: N Grn.
1Lw
Pattern t
/ Vi w oL Ve | L (a=Do-20\] | 1 | Ly (D2=20-Dp)]
Ip 2(1-k2)L; (D) -k LZDZJ 2(0-K))L, Dy +k LZDZ( (1-D3) ) 2(1-k2)L; Dy +k LZDZ( D, )
, TVi 1 L TV |5, (a=D2-2D, L || _1Va |5 (D=20-D) Lp |
I 2(1—k2)L2[ Dy +k L,Dl] 2(1-12)L, DZ( (1-D3) ) +k LlDl 2(1-12)L, D2( D, ) +k L,Dl
Slope condition: Gyr, < 0 and Gry, >0
D+ D, =1 <1 > 1
91 DT L., 9 DT ; 4
g2 § —p7r— _, gt DTy .
GNFu! GFNw GNFw GFNw : .
) . 3 Grr,
Pattern | "5 o ki
d TsVin 1_ Ly TsVin  1_ Ly TsVin Ly
Is 2(1—k3)L1[ D, +k\/ L2D2] 2(1—k3)L1[ D +k L2D2] 2(1—I<2)L|[ D, +k\/ L2D2]
g TsVin _ Ly TsVin _ Ly TsVin _ Ly
Ipop m[Dz k L D] 2(1-k*) Ly (D> k\/ LlDl] 2(1-k)La (D2~ k L1D|]

or only one at a time, the analysis is same. The average value calculation procedure is same.

7.3.1 Simulation Results

The analysis is validated by simulating CI-SIDO boost converter in MATLAB/Simulink. The
values of 175, 1125, I'L1 5 and IleB are compared for different values of duty ratios and slope condi-
tions. The simulations are done for different values of D,. The parameters of the converter used for

simulations are presented in Table

Table 7.4: Simulation parameters

| Vie 10V | L 15456 uH [ L, 100.00uH |k 0.8 ] C,C, 100 uF |
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Figure 7.16: MATLAB results for D1 < Dy, D1 + D, = 1 when Gyp; <0, Gpyp > 0,Gyrr < 0and Ggyp > 0
(D1 = 0.4 and D, = 0.6) for (a) D; = 0 where iz and i at boundary, (b) D; = 0.4 where iz; and i;; in CCM,

(c) Load currents and voltages remain same as D; is changed.
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Figure 7.17: MATLAB results for D; > Dy, D; + D, < 1 when Gyr; > 0, Gpyy <0,Gypp < 0and Ggyy > 0
(D1 = 0.5 and D, = 0.4) for (a) D; = 0 where iz and iz, at boundary, (b) D; = 0.6 where iz; and i;; in CCM,

(c) Load currents and voltages remain same as D, is changed.
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Figure 7.18: MATLAB results for D; > D, D; + D, > 1 when Gyp; > 0, Gpyy <0,Gypr > 0and Gpyp <0

(D1 = 0.75 and D, = 0.35) for (a) D,

CCM, (c) Load currents and voltages remain same as D, is changed.
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7.3 Effect of Gate Pulse Shift on Average Values at CCM/DCM Boundary for D; # 0
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Figure 7.19: MATLAB results for D; > Dy, D1 + Dy > 1 when Gyp1 > 0, Gey1 < 0, Gy < 0and Gppyp >0
(D1 = 0.6 and D, = 0.5) for (a) D; = 0 where only i;, at boundary while i;; in CCM, (b) D, = 0.6 where iy,
and iz in CCM, (c) Load currents and voltages remain same as D; is changed.

The simulation results are shown for different duty ratios and slope conditions. The results for
D = 0.4 and D, = 0.6 are shown in Fig. @]where D, < D,, Dy + D, = 1 and slope conditions are -
Gyr, <0, Gpy, > 0, Gyr, <0, Gpy, > 0. The results show that for same 1,; = 0.54A, V,; = 16.67V,
I, = 0.48A and V,, = 25V (Fig. [1.16(c)), iz, and ij, are at boundary for D, = 0 (Fig. [7.16(a)),
and, in CCM for D, = 0.4 (Fig. . Thus, as D, varies from 0 to 0.4, the currents are changing
from boundary to CCM for same load currents. Similar results are shown in Fig. for D; > D,
D, + D, < 1 and slope conditions are - Gyr, > 0, Gpy, < 0, Gyp, < 0, Gy, > 0. The results for
D, > D,, D| + D, > 1 and slope conditions - Gyp, > 0, Gpy, <0, Gyp, > 0, Gpy, < 0 are shown in
Fig. where D; is changed to 0.6. The analysis is also true when only one current is at boundary
and the other in CCM, as shown in Fig. In all the cases, the boundary value is reducing as D, is
varied.

The values for 17,5, I1o5, I'L1 5 and I,LZB are calculated for different values of D; and D, and the
results are compared, as presented in Table The results are shown for D, = D;. The comparisons
show that there is significant reduction in average values of inductor currents at CCM/DCM boundary
as D, is changed from O to D;.

In previous sections, the effect of shifting is studied on the boundary value of the CI-SIDO boost
converter. The study shows that with shifting, the average value of inductor current at boundary
decreases up to a minimum value of shift, then it increases as shifting is increased further. The

analysis shows the plot of the average value of inductor currents at the boundary with respect to the
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7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter

Table 7.5: Comparison of average values of iy and iz, at CCM/DCM boundary for D; = 0 and D, = D;.

SLNo| D | D, |1, M) | L, A)][I,QA ]I, (A
0.4 | 0.6 | 0.8957 | 0.1768 | 1.1908 | 0.4758
0.55 | 0.45 | 0.8964 | 0.0921 | 1.1166 | 0.1334
0.7 | 0.3 | 0.8971 | 0.3609 | 1.0423 | 0.2089
0.7 | 0.2 | 0.8078 | 0.4950 | 0.9034 | 0.4173
0.3 | 0.6 | 0.8058 | 0.2667 | 1.1015 | 0.5652
0.5 | 0.4 | 0.8068 | 0.2121 | 1.0024 | 0.1087
0.8 | 0.3 | 0.9870 | 0.6295 | 1.1317 | 0.5761
0.3 | 0.9 | 1.0739 | 0.5348 | 1.5181 | 0.9819
0.55] 0.5 | 0.9411 | 0.1367 | 1.1860 | 0.2029

O| 0| IO N | W=

Table 7.6: Experimental parameters

| Ly 2300uH | L, 90.00uH [k 0.88 [ Ci,C, 100 uF |

shift. However, the value of shift where the boundary is minimum is not found.
7.3.2 Experimental Results

The analysis is validated by experiments of CI-SIDO boost converter. The parameters of the
converter used for experiments are presented in Table The experimental results are shown for
different duty ratios and slope conditions. The results for D; = 0.5 and D, = 0.2, V;, = 8 V are shown
in Fig. [7.20|where D, > D,, D + D, < 1 and slope conditions are- Gyr; > 0, Gry1 > 0, Gy > 0,
Gra2 > 0. The results show that for same I,; = 0.20A4, V,; = 1600V, [, =067AandV,, =10V
(Fig. [T.20), iz, and i, are at boundary for D, = 0 (Fig. [7.20(a)), and in CCM for D, = 0.5 (Fig.
[7.20(b)). Thus, as D, varies from 0 to 0.5, the currents are changing from boundary to CCM for same
load currents. Similar results are shown in Fig. [7.21|for D, < D,, Dy + D, > 1 and slope conditions
are- Gyr; < 0, Gpyy > 0, Gypa < 0, Gz > 0. The results for Dy < D,, Dy + D, < 1 and slope
conditions- Gyr; > 0, Gpyy > 0, Gypz < 0, Gpyn > 0 are shown in Fig. where D, is changed to

0.5. In all the cases, the boundary value is reducing as D; is varied.
7.4 Minimizing CCM/DCM Boundary by Shifting of Gate Pulse

The gate pulse shift is found where the average value of inductor current at CCM/DCM boundary
is minimum for all 36 conditions of CI-SIDO boost converter. For each case, the average values of
inductor current at the CCM/DCM boundary are found as the gate pulse varies from O to 1. The

average values of inductor current are compared amongst themselves to find the minimum value
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Figure 7.20: Experimental results for D; > D,, D; + D, < 1 when Gyr1 > 0, Gpy1 > 0, Gypa > 0 and
Grny > 0 for (a) D; = 0 where ir; and iz, at boundary, (b) D; = 0.5 where iz and iz in CCM, (c) Load

currents and voltages remain same as D; is changed.
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Figure 7.21: Experimental results for D; < Dy, D1 + D> > 1 when Gyr; < 0, Gpyp > 0, Gypo < 0 and
Grny > 0 for (a) D; = 0 where i) and i at boundary, (b) D; = 0.5 where iz and i;p in CCM, (c) Load

currents and voltages remain same as D; is changed.
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Figure 7.22: Experimental results for D; < Dy, D; + D> < 1 when Gyr; > 0, Gpyp > 0, Gypa < 0 and
Grny > 0 for (a) D; = 0 where i) and iz, at boundary, (b) D; = 0.5 where iy and iz in CCM, (c) Load

currents and voltages remain same as D; is changed.
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7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter

of average inductor current. The gate pulse shift corresponding to the minimum average inductor
current is found for all 36 conditions. Based on the analysis, the critical inductances are found at
CCM/DCM boundary. If the inductors are selected greater than these critical inductance values, the
CCM operation of the converter is ensured.

This section finds the average values of inductor current at the boundary for different values of
shifts. These values are then compared to find I'Lw 5,,- Lhis analysis is done for all 36 possibilities of
inductor currents.

As the gate pulse is shifted, the CCM/DCM boundary of the CI-SIDO boost is disturbed. This
section aims to maintain the CI-SIDO boost at CCM/DCM boundary at all the values of gate pulse
shift. Therefore, to keep the converter at CCM/DCM boundary for all the possible gate pulse shift,
loads of the converter is changed as D; is varied. It is to be noted that the change in loads does not
change the slopes and patterns of the inductor currents as discussed in Chapter-4. The following sub-
section finds the expressions of average inductor currents at CCM/DCM boundaries, I’LwB at different

gate pulse shift, D,.
7.4.1 Finding Expressions of I, , for Different D,

Out of 36 conditions, one condition is selected at a time. For the given value of duty ratios, the
value of gate pulse shift D, is varied from O to 1. At each D,, the inductor current is operated at
CCM/DCM boundary. As D, is changed, the loads are also changed such that both inductor currents
are operated at CCM/DCM boundary. Then the area under curve is found at each D, using (7.12).

T

7’ 1

Towp = 7- f iwpdt (7.12)
0

Here, an example of D; < D, and D + D, < 1 is taken with slope condition Gyy,, > 0, Ggp,, < 0,
Gnrw > 0, Gpyyy > 0, as shown in Fig. The CCM/DCM boundary expressions at D, = 0 is given
by—

T,

I = ? GNNWDI (D,—Di+ 1)+ GFNW (1=Dy)(Dy—Dy) |- (713)
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7.4 Minimizing CCM/DCM Boundary by Shifting of Gate Pulse
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Figure 7.23: The inductor current waveforms at CCM/DCM boundary as D; is varied from O to 1.
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7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter

Table 7.7: Expressions of I'LwB for D1 < Dy and D; + D, < 1 as D; varies from O to 1.

Fig. No. 1.5
Gwn, D1 (D2 — Dy + 1) T,
723 { +Grw, (1= D1) (D2 = D) } 7z
Gww, D1 = D) (D2 - Dy + 1)
7.23(b) { +Gp, (D + Dy = D1) (1= Dy) } L
+Gnr, Di(Dy + 1)
7.23(c) {Grn, D2 (1= D1) + Gyr, Di(D2 + D} 2
7.23(d) | {Grw,Da(D2 + Dpp,) + Gyr, Di (D1 + Dppn)} &
7.23(e) {Grn,D2 (1+ D)) + Gyr, D (1 - D)} &
GNNW (D, +D2 - 1)(D] - D2 + 1)
7.23(f) { +Grn,, (1+D1)(1 = Dy) } L
+Gyr, (D1 = Dy = Dy + 1) (1 = Dy)
Gyn, D1 (D1 =Dy + 1) T,
[23(e) { +Grw, (D2 = D) (1+ Dy) } 2
GNNWD] (Dy =Dy +2D, - 1) T,
23y { +Grn, (D1 + Dy + D} = DiDy — 2D D) } K

As the gate pulse shifts in the range 0 < D; < D, the converter changes to CCM. To operate the
converter at CCM/DCM boundary, R; and R, are changed. The CCM/DCM boundary expression is
given by—

’ TS
I = ?

Gyn, (D1 = D,) (D — Dy + 1) + Ggn, (D; + Dy — Dy) (1 = D)) + Gyp, D(Dy + 1) |-

(7.14)

Similarly, the expressions of I'LwB are formulated as D; is varied from O to 1 for D; < D, and
Dy + D, < 1. The obtained expressions are presented in Table [7.7, The rows represents the figure
number corresponding to each shift. The column represents the average values of the inductor cur-
rents at CCM/DCM boundary. The table is presented to show the effect of gate pulse shift on the
CCM/DCM boundary of the CI-SIDO boost converter and on the analytical expressions of the induc-
tor current average values at CCM/DCM boundary. It is found that the area under curve depends on

the following—
* the slope of inductor current in the states corresponding to the shift.
* duration of the states corresponding to the shift.

It is found that the magnitude of Gy, 1s greater than magnitude of Gypy, Grnyw if Gypy > 0, Gy > 0
and magnitude of Ggp,, is greater than magnitude of Gyp,,, Gryy if Gyry < 0, Gpy,y, < 0. So, the area
under curve is lower for lower values of slopes. If the value of slope is lower, the area under curve of

inductor current waveforms are also lower.
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7.4 Minimizing CCM/DCM Boundary by Shifting of Gate Pulse
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Figure 7.24: Graphical comparison of average values at CCM/DCM boundary within D,,;, for Gyr, < 0 and
GFNW > 0.

The ripples are minimum in D,,;, range where slopes of inductor currents are minimum. So, I'Lw B

is minimum in the range, D,,;,. Within the range, D,,;,, the average of currents can be different as D,

is changed. The value of D, at which average of inductor current is minimum is denoted by D,,, such

that D, € Dmin-

7.4.2 Finding I'Lw 5,, and corresponding D,,

’

This subsection finds the minimum average of inductor currents at CCM/DCM boundary, 7, .

The average values are formulated at different D, which varies from O to 1. The average values at

The expressions of 1,

different shifts are compared to find the minimum average value, I, LB

LWB»m 1

which is obtained for D; < D, and Dy + D, < 1, as presented in Table are compared. The

comparisons show that I’Lmen is obtained for Fig. d). The value of 1, B, 18—

, TV, Gyri D} L Gryi D3
I118,, = > + - —|. (7.15)
™ 2(1 =k*)Ly [IGFpi| (1 = Dy) Ly |Gpril (1 = Dy)
The value of 1}, 5, 18—
) , D> D?
ILQB _s TSVL; [k 2 GNF2 1 + GFN2 2 :| (716)
m2(1 = k)L Li|Gpral (1 =Dy)  |Grpal (1 — Dy)

The corresponding values of gate pulse shift are—

D] + DPPW if GNFWDITS > GFNWDZTS
D,, = (7.17)

Di + Dpp,, it Gyp,D\Ts < Gpy, DT

where Dpp,, Dpp, are presented in Table
The analysis shows that Ilean lies in range D,,;,. So, for different values of duty ratios and
slope conditions, the graphical comparisons of I;,5 are done within D,,;,. An example is shown in

Fig. with Gyr, < 0 and Ggy, > 0, D; > D,. The comparison shown that extra areas with value
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7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter
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Figure 7.25: Graphical comparison of average values at CCM/DCM boundary within D,;, for Gyr, > 0 and
GFNW < 0.

(IGFr,|=|IGNF, VD Ts(1-=D—D;)T occurs at D, = 1-D,. Therefore, minimum CCM/DCM boundary
occurs at Dy. Similarly, Fig. shows that extra (Gyn, — Gnr, )(1 — D2)T(D; + D, — 1)T occurs at
D, = Dy, so that minimum CCM/DCM boundary occurs at 1 — D,. The value of D,, for all 36 cases of
CI-SIDO boost are presented in Table [/.8| where the average value of inductor currents at boundary is
minimum. The values of I'Lmen for all 36 cases are presented in Table ﬂ The rows of Table and
Table represent the possible slope conditions of CI-SIDO boost converter. The columns of Table
represent the gate pulse shift where average values of inductor current at CCM/DCM boundary is

minimum whereas the minimum analytical expressions are presented in fourth column of Table

Table 7.8: D,, in 36 conditions of CI-SIDO boost

Slope conditions

Crro | Crv, (D1 + D7) D
<0 >0 > <, =1
=0 >0 <1 D
<0 =0 > 1
>0 <0 > <, =1
>0 =0 <1 1-D,
=0 <0 > 1
Dy + Dpp,, if
>0 >0 <1 Gnr,D1 > Gy, D2
else Dy + Dppy,
D1 =] DNNW if
<0 <0 >1 |GNF, (1 = D2) > |G, (1 — Dy)
else D1 — Dyyw

Table 7.9: [ in various conditions
LWB”U’!

ZIOPG congltlons (D, + Dy) 25T,

NF, FN,

>0 | >0 <1 GyrwD3 |1+ 22|+ Gy, D3| 1 + S22 |

<0 | <0 >1 | Gypo(l = Do) |1+ B2l 4 Gy, (1 - D)) |1+ (e
>0 <0 >, <, =1 GnrwD1 (1 = Dy) + |GEny| D2 (1 = Dy)

<0 >0 > <, =1 \Gnrwl Dy (1 = D3) + GpyyD, (1 — Dy)

=0 <0 > 1 GyywD2(Dy + Dy — 1)

=0 >0 <1 GrnwDo(1 = Dy)

>0 =0 <1 GNFWDI(I - Dz)

<0 =0 > 1 Gyyw(1 = Dy)(Dy + Dy — 1)
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7.4 Minimizing CCM/DCM Boundary by Shifting of Gate Pulse

7.4.3 Usability Analysis

The advantages of the gate pulse shift on the CCM/DCM boundary of the CI-SIDO boost converter
is explained using the following examples.

Example I: For the following specifications of the CI-SIDO boost converter, find the effect of gate
pulse shift on the CCM/DCM boundary currents and powers. V;, = 10V, Ly = 100 uH, L, = 155 uH,
k=0.8,V, =1667V,V,, =20V, T, =10 us.

Solution: With the given specifications, D; = 0.4 and D, = 0.5. Using and (77), Inp=1A
and I, = 1.25 A. The corresponding load currents are /,;3 = 0.6 A and /55 = 0.625 A. Now, the
gate pulse g, is shifted by 0.5. The value of I'Ll 5 = 0.11 A and I;l p = 0.07 A. Therefore, we observe
that the boundary i, decreases from 0.6 A to 0.07 A, i.e., boundary power 10 W to 1.17 W. Similarly,
if we shift g, by 0.4, the value of I’LzB = 0.09 A and I;ZB = 0.045 A. The boundary i,, decreases
from 0.625 A to 0.045 , i.e., boundary power 12.5 W to 0.9 W. Therefore, we observe that there are
significant reduction in the boundary currents and powers as the gate pulse is shifted.

Example 2: Suppose the CI-SIDO boost converter is to be maintained in CCM above 50 W. The
input voltage available is 12 V. The output voltages to be maintained are 30 V, 20 V. Find the lowest
critical inductors, L1, L.» such that CCM operations are ensured above 50 W.

Solution: For V;,, = 12V, V,; =30V, V,, = 20 V, the duty ratios obtained are D; = 0.6 and
D, = 0.4. Lets assume k = 0.8 and i—; = 2.5. As the CI-SIDO boost converter reaches boundary at
50 W, the boundary load currents obtained are— i,;3 = 1.67 A and i,;p = 2.5 A. The corresponding

’

I, and ILZB are 4.167 and 4.167. Using the expressions of I'L1 z» Leri obtained is 3.76 uH. Since

L

I, = 2.5, the corresponding L., obtained is 1.5 uH. In this case, the value of s

is 10.68 A.

Using the expressions of I,

12p» Lero Obtained is 3.86 pH. Since é—; = 2.5, the corresponding L.,

and I,

is 1.62 A. As the values of I, .

obtained is 9.64 uH. In this case, the value of I'L 1B

1B are

minimum for the second case, we choose L.,; = 3.86 uH and L., = 9.64 uH. Therefore, to maintain

the CI-SIDO boost converter in CCM, the inductance values should be above these critical values.
Keeping all the circuit conditions same, the critical inductance values at D, = 0 are L., =

70.36 uH and L., = 28.14 uH. Therefore, we observe that L., has reduced from 70.36 uH to

3.86 uH. Similarly, L., has reduced from 28.14 uH to 9.64 uH.
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7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter

Table 7.10: Simulation parameters

| Vie 5V ]k 08]L 12000uH [ L, 48.00uH |[C, 100uF | C; 100 uF |

The analysis presented above is still valid if the input/output voltage/current/power demand changes.
It is again presented in Example-3.

Example 3: For V;,, =4V, V, = 6.67V,V, =8V, the duty ratios obtained are D; = 0.4 and
D, = 0.5. Lets assume k = 0.7 and é—; = 0.5. As the CI-SIDO boost converter reaches boundary at
100 W, the boundary load currents obtained are— i,;5 = 15 A and i, = 12.5 A. The corresponding
I'L1 p and I,LZB are 25 A. Using the expressions of I'L1 p» Ler1 obtained is 0.24 uH. Since % = 0.5, the
corresponding L., obtained is 0.48 uH. In this case, the value of I'L2 518 8.53 A.

Using the expressions of I,

1>p> Lero Obtained is 0.16 pH. Since % = 0.5, the corresponding L.,

obtained is 0.08 uH. In this case, the value of I'LIB 1s 73.31 A. As the values of I'LIB and ;423 are
minimum for the first case, we choose L.,; = 0.24 uH and L., = 0.48 uH. Therefore, to maintain the
CI-SIDO boost converter in CCM, the inductance values should be above these critical values.

Keeping all the circuit conditions same, the critical inductance values at D, = O are L.,; = 1.06 uH
and L., = 1.4 uH. Therefore, we observe that L., has reduced from 1.06 uH to 0.24 uH. Similarly,
L.,» has reduced from 1.4 uH to 0.48 uH.

Therefore, it can be observed that the analysis presented in the thesis is applicable to all possible
values of duty ratios, input/output voltage/current/power demand changes. The analysis actually helps

to design the CI-SIDO converters at the optimum design conditions.
7.4.4 Simulation and Experimental Results

A laboratory prototype of a CI-SIDO boost converter is designed in the laboratory, which is shown
in Fig. The converter is designed using MOSFETSs with part number IRFP9ON20DPBF and
diodes with part number RHRP30120. The converter parameters are presented in Table The
gate pulse is generated using FPGA kit— NI sbRIO 9637. Using current and differential probes, the
current and voltage waveforms are measured in a mixed domain oscilloscope (MDO). This section
presents the trend of the average values of inductor currents at the boundary as D, varies from 0 to

1. This section also compares the CCM/DCM boundary load currents for D, = 0 and D, = D,
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Figure 7.26: Reduction of I'LWB as D, varies from 0 to 1 for Sector (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 7,
(h) 8, () 9.

experimentally.

For the selected coupled inductor in Table[7.10] the sectors are formed as shown in Fig. [3.2] The
values of ryr1, 'nr2, FEN1, TEN2 Obtained are 0.44, 0.34, 0.56, and 0.66. By changing the duty ratios,
the converter is operated in different sectors. For each sector, the average values of inductor currents
at CCM/DCM boundary is found in Matlab simulations as D, varies from 0 to 1. The plots of I'L1 B
and I/L2 p versus D, for all the sectors are shown in Fig. The trends show that the average values
are minimum for a particular value of D, called D,,. The shift, D,, is same as obtained in Table

The experimental results are presented for four slope conditions of CI-SIDO boost converter. For

D; = 0.3 and D, = 0.3 in Fig. the CI-SIDO boost converter operates in Sector 1 with slope

conditions — Gyr; > 0, Gey1 > 0, Gy > 0, Gpya > 0. When D, = 0, the CI-SIDO boost converter
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Figure 7.27: The inductor current waveforms at CCM/DCM boundary for (a) D; = 0, (b) D; = 0.47, and (c)
D; =0.42.
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Figure 7.28: The inductor current waveforms at CCM/DCM boundary for (a) D; = 0, (b) D, = 0.56, and (c)
D, = 0.65.
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Figure 7.29: The inductor current waveforms at CCM/DCM boundary for (a) D; = 0, (b) D; = 0.8.
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7.4 Minimizing CCM/DCM Boundary by Shifting of Gate Pulse
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Figure 7.30: The inductor current waveforms at CCM/DCM boundary for (a) D; = 0, (b) D, = 0.30.

operates at CCM/DCM boundary with i,; = 0.40 A, i,, = 0.60 A. Keeping the load currents same, if
D, changes from 0 to 0.47 (D,, for i;;), the CI-SIDO boost converter changes to CCM. To operate the
CI-SIDO boost converter at CCM/DCM boundary for D, = 0.47, the loads need to be reduced. For
ip1 = 0.15 A, i, = 0.30 A, the converter changes from CCM to CCM/DCM boundary as shown in
Fig. [7.27(b) Similarly, if D, is changed to 0.42 which is D,, for i, the converter goes to CCM/DCM
boundary for i,; = 0.20 A, i,, = 0.20 A as shown in Fig. It is found that the average values of
i,1 has reduced by 62.5% at D, = 0.47 and 50% at D, = 0.42. The average values of i,, has reduced
by 50% at D, = 0.47 and 66.67% at D, = 0.42.

Similarly, the waveforms are shown for Sector 9 in Fig. [7.28] with slope conditions — Gyr; < 0,
Grv1 <0, Gry1 <0, Geyz < 0. In this case, D,, for both the currents are different. D,, for i;; occurs
at 0.56 as shown in Fig. and D,, for iz, occurs at 0.65 as shown in Fig. The average
values of 7,3 has reduced by 66.67% at both shifts D, = 0.56 and D, = 0.65. The average values of
i,»p has reduced by 60% at D, = 0.56 and 62.5% at D, = 0.65.

The waveforms for Sector 3 is shown in Fig. with Gynr1 > 0,Gry; <0,Gryt > 0,Gryn <0
for D; = 0.7 and D; = 0.2. The slopes of i;; and i;, are same and D,, values for both the currents
are same, i.e., D,, = (1 — D;) = 0.8. The values of i, is reducing from 0.20 A to 0.12 A and i3 is
reducing from 1.0 A to 0.48 A. In Fig. @ the waveforms are shown for D; = 0.3 and D, = 0.5
with the slope conditions Gyr; < 0, Gpy1 > 0, Gpyy < 0, Geyz > 0. Again in this case, the slopes

of i;; and i;, are same and D,, values for both the currents are same. The value of D,, in this case is
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7. Dependence of CCM/DCM Boundary on Gate Pulse Shift in Coupled SIDO Boost Converter

Table 7.11: Comparison of load currents at CCM/DCM boundary for D; = 0 and D; = D,,.

Fig. | Dy | Dy | Lig(A) | 1, (A) | Al | lop (A) | 1,5 (A) | Alpp
7.26(a)(| 0.3 | 0.3 0.27 0.07 74.07% 0.46 0.17 63.04%
7.26(b)|| 0.6 | 0.3 0.22 0.05 77.27% 0.6 0.05 91.67%
7.26(c)[| 0.7 | 0.3 0.19 0.05 73.68% 0.66 0.06 90.91%
7.26(d)|| 0.4 | 0.4 0.32 0.05 84.37% 0.52 0.16 69.23%
7.26(e)|| 0.6 | 0.4 0.24 0.02 91.67% 0.56 0.09 83.93%
7.26(f)| | 0.7 | 0.4 0.20 0.03 85% 0.65 0.07 89.23%
7.26(g)[| 0.4 | 0.5 0.34 0.08 76.47% 0.48 0.23 52.08%
7.26(h)|| 0.6 | 0.6 0.27 0.08 70.37% 0.46 0.18 60.87%
|7.26(i)| 0.7 1]0.6 0.23 0.09 60.87% 0.49 0.18 63.26%

D, = 0.3. The values of i, is reducing from 0.60 A to 0.40 A and i, is reducing from 0.60 A to
0.20 A.

Therefore, it is found that for Sector 1 and 9, the values of D,, are different for iz; and i;,. However,
for Sector 3 and 7, the CCM/DCM boundaries of both the currents are minimum at the same D,,. All
the experimental verifications show that the CCM/DCM boundary reduces significantly with the shift
in gate pulse for all the sectors.

The reduction in average values of i;; and i;, at CCM/DCM boundary for D, = 0 and D, = D,,
are compared in Table The percentage reduction is calculated for both i;; and i;, with respect to
the average values of iy, and i;, at CCM/DCM boundary for D, = 0. By only the gate pulse shifting,
there is significant reduction in the average values of i;; and i;, at CCM/DCM boundary. For these

experimental results, the maximum reduction in 7,3 and 1,55 is 91.67%.
7.5 Summary of the Chapter

The following are the findings of the chapter—

(i) For non shifted cases, the CCM/DCM boundary condition depends on duty ratios of two boost
converters, however, it does not depend on its relative value, i.e. whether duty ratios are greater,

smaller or equal.

(i1) With the increase in inductance value of either boost, the CCM/DCM boundary condition of

the other decreases, whereas it increases with an increase in output voltage.

(iii) By introducing the gate pulse shift, the CCM/DCM boundary of the CI-SIDO boost converters
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are reduced without increasing the inductance values. The shift decreases the average inductor
current at CCM/DCM boundary, thus, decreasing the critical inductances of the CI-SIDO boost

converter.

(iv) If the CCM/DCM boundary is known as per the application, then using the shift found in this

chapter, the values of the critical inductances are reduced.

(v) The gate pulse shift, D,, is found where the average inductor current at CCM/DCM boundary
is minimum for all 36 cases of CI-SIDO boost converter. The obtained D,, is presented in Table
The shift in gate pulse reduces the boundary currents and powers. The range of CCM

operations are increased as the CCM/DCM boundary is decreased.

(vi) The expressions of minimum average inductor current at CCM/DCM boundary for all 36 cases
are presented in Table [7.9] These expressions help to calculate the critical inductances at

CCM/DCM boundaries.
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8. Effect of Coupling on Discontinuous Conduction Mode of CI-SIDO Boost Converter

8.1 Introduction

[]The general analysis of CI-SIDO boost converter in CCM is already presented in the previous
chapters. The optimum design method of CI-SIDO boost converter is proposed in Chapter-5. Power
electronic converter is usually designed for rated conditions. So, the values of different passive el-
ements (like L;, L,, etc.) are chosen at the design stage according to the rating of the converter.
However, the converter may not operate in rated conditions always. The load of the converter may
reduce while operating, leading to the DCM of the converter. Therefore, this chapter evaluates the
performance of the CI-SIDO boost converter in DCM.

The CI-SIDO boost converter has two different duty ratios, output voltages, loads, and inductance
values. In interleaved boost converter, the duty ratios of two phases are equal, inductance values are
also equal, and the load is common. So, the DCM approach adopted for interleaved boost converter
does not apply to the CI-SIDO boost converter. The number of DCM operating modes of CI-SIDO
boost converter is much more than the coupled inductor interleaved boost [[71]. The DCM analysis of

CI-SIDO boost is compared with the interleaved boost converter in Table 8.1}

Sa1

N

AT [—=
v,

24l ion
1d1

ip1 | R4
+

V1 p— %Vtﬂ
_ o T
SpB1

Figure 8.1: CI-SIDO boost converter when (a) S pp; is ON and iy is negative (shown in red colour), (b) S pp;
is OFF (shown in black colour).

The chapter evaluates the effect of coupling on the DCM analysis of CI-SIDO boost (Fig. [8.1).
The converter has so many different operating modes due to the coupled inductors, two different
duty ratios, and two unequal loads. Furthermore, the turning ON of the body diode due to coupling

further adds to the feasible operating modes. Also, the variation of input voltage affects both the boost

"Major part of this chapter is reproduced from my publications: (i) Nupur and S. Nath,“Effect of Coupling on Dis-
continuous Conduction Mode of Coupled Inductor SIDO Boost Converter” in IEEE Trans. Power Electron., vol. 37, no.
5, pp. 4991-5002, May 2022. (ii) Nupur and S. Nath, “Effect of Coupling on Input-Output Voltage relations in DCM of
SIDO Boost Converters,” in Proc. 10th Nat. Power Electron. Conf., Dec. 2021. (iii) Nupur and S. Nath, “Numerous
Patterns of Inductor Currents in DCM of Coupled SIDO Boost Converter” in Proc. 47th Annu. Conf. IEEE Ind. Electron.
Soc., Oct. 2021.
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8.1 Introduction

Table 8.1: Challenges in DCM analysis of CI-SIDO boost versus interleaved boost

Basis of comparison (68/169][71] this analysis

Topology Interleaved Boost CI-SIDO Boost

Relations between D], Dz, L], Lz D] = D2 = D, L] = L2 = D] * D2, L] * Lz
L

Output voltage V, is common, i.e., only | V,;, V,; are different and in-
one output dependent

Slopes of iy, io Same Different

Number of DCM waveform pat- | 10 21*

terns for i;; and i,

Forced turning ON of power diodes | k k, i—;

depend on

Turning ON of body diodes depend | k k, i—;

on

Boundaries of DCM operating “/,— k “f—l V—z i—; k

modes depend on

Voltage and current stress always less than or equal | may increase or decrease
to CCM conditions depending on Ly, L,, k

Duty ratio depends on Vins Vo, k, 1, Vins Voi, Voo, k, Ly, Lo, %,

lol
Voltage gain depends on Vins Vo, k, D, i, Vin, Vor, Voo, k, Ly, Lo, i—;,
io1, D1, Dy

* number increases if both boost converters in DCM and gate pulse shift are considered.

converters of the CI-SIDO boost converter because of the common input. This chapter assumes that
the first boost converter is in DCM while the second boost is still in CCM to show the effect of the
DCM operation of the first boost on the CCM operation of the second boost. However, the approach
presented in this chapter can be extended to CI-SIDO boost when both are in DCM.

The waveforms of inductor currents iz, i;» and voltage across inductors v, , v;, are shown in Fig.

B.2] From the figures, we found that—

* Both iz, and i;, are at boundary for a given load currents i,; and i,,, as shown in Fig. [8.2(a).

As the load current i,; decreases from the boundary condition, i;; goes to DCM as shown in

Fig. [8.2[b).

* As iy goes to DCM, iy, shifts from boundary to CCM without any change in i,, as shown in

Fig. B2(b).

In Fig. [8.2](b), we observe that i;; is becoming negative.

* Even if i;, of Fig.[8.2]is in CCM, its slope changes in state F'Fp.
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Figure 8.2: (a) Both inductor currents iz and iz, are at boundary for a given load currents, (b) As the first load
current decreases, i;; goes to DCM. This shifts iz, to CCM from boundary, without any change in the circuit.

As the load current i, decreases from the boundary condition to enter DCM, the waveforms of the
inductor currents are changing. It is also observed that i;; is becoming negative for some portion of
the switching period. The change in the input voltage is expected to affect both the boost converters
because of the common input voltage. This chapter aims to find the causes of the above behaviours of
the CI-SIDO boost converter in detail. All these effects are related to the effect of coupling. Therefore,
this chapter presents a detailed analysis of the CI-SIDO boost converter when the first boost is in DCM
while the second boost is still in CCM. This assumption helps in better understanding the effect of
coupling on DCM analysis of CI-SIDO boost converter.

It is to be noted that the CI-SIDO boost is analyzed with a non-shifted gate pulse, i.e., g1, g> starts
simultaneously. The advantage of the gate pulse shift is in the ripple reduction for CCM operation.
In CI-SIDO boost, it is found that the value of shift where inductor current ripples are minimum is
not fixed even in CCM unlike interleaved boost converters. As the CI-SIDO boost enters DCM, the
inductor current waveform patterns become more complex. So, the process of finding the optimum
shift for DCM is again becoming a function of several other parameters. The controller design for
this type of shifting is more complex. For any controller, precisely generating this shift is going to be

very difficult. Also, during DCM operation, the values of inductor currents become very small. So,
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8.2 Circuit Description of CI-SIDO Boost Converter in DCM

the amount of ripple is not a concern in DCM. So, to keep it simple, we have chosen to operate the
converter for non-shifted gate pulse, i.e., g1, g- starts simultaneously for DCM.

If the gate pulse of the CI-SIDO boost converter is given a shift, there are conditions when forced
turn ON of the power diode takes place. When v;, = V;, — V5, S 41 is not turned ON forcefully. For
via = Vi, the forced turn ON of S, takes place if (8.1)) is satisfied.

Vi 1

v > =
(I +kyP)

8.1

8.2 Circuit Description of CI-SIDO Boost Converter in DCM

This section presents the circuit description of the CI-SIDO boost converter, which includes the

conditions of turning ON of body diodes and the formation of sectors.
8.2.1 Circuit Description of CI-SIDO Boost Converter

The topology of the CI-SIDO boost converter is shown in Fig. [8.1} The converter has two MOS-
FETs, S, S 2, and two diodes, S 1, S 2. The converter is the combination of two boost converters
with a common input voltage V;, and two outputs V,;, V,,. A coupled inductor replaces the individ-
ual inductors with a coupling coefficient k, and windings L; and L,. The first inductor current i;;
enters DCM, keeping i;, in CCM. The first load current i,; is varied to analyze the DCM operation
of CI-SIDO boost, keeping i,, unchanged. Due to the presence of coupled inductor, the body diode
S pp1 turns ON when i;; operates in DCM. When § pp; turns ON, negative current flows through it, as
shown in Fig. (in red colour). When iy, is positive, the current flows through S,; as shown in Fig.

[8.1] (in black colour).
8.2.1.1 Condition to turn ON Body Diode of MOSFET

The analysis of CI-SIDO boost converter in Fig. [8.1]is done to find the condition of turn ON of
S pp1- The voltage across the S, is given by v, = V;,, — v;;. When first boost is in DCM, i;; = 0.

So, vy = —k | /é—;vm where vy, can take two values, i.e., V;, or V;, — V,, as second boost is in CCM.
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8. Effect of Coupling on Discontinuous Conduction Mode of CI-SIDO Boost Converter

Table 8.2: Slopes of inductor currents in four states when the first boost is in DCM while the second boost is
in CCM

Inductor
NN FF NF FN
current
L L L L L L
; G (142 Var G o (142 Wi Vor k7L Vi) oo (144 2 Vi R Ver G o (142 WiV
L1 NN1 — (l—kz)L] FF1 — (l—kZ)Ll NF1 — (l—kz)Ll FN1 — (l—kz)L]
] (1+k\/g)v,-,, (l+k\/g)v,-,,—(Voz+k\/ng) (1+k‘/g)v,,,—v,)2 1+k %)vm—k\/?vo1
i Gy = oL Grr = =B Gyr = —en Grn = — on
iLl = Os
irn
Vin — Vin—Vy — ViV — Vi
CCM, Gnva = 7 Grryy = 2= Gnry = Grnay = 7
S pp1
OFF
ir) nega-
tive, ira | Gwwniy, = Guni Grri,, = Gnri B B
CCM,
S pp1
ON Gynayy = Gvne Grray = Ghr2
Accordingly, v;; is given by —
L .
1+ k L_I)Vin ifvi, =V,
2
Vi = (8.2)

(1 +k %)Vin = k\/gvrﬁ if vio = Vin = Vi

To turn ON S pp1, vi1 < 0. As v, is always positive when v;, = V;,, for v,; < 0 we obtain the condition

as —
L L
(A +ky| =)W —k | =2V,, <O,
i 4
L 8.3
v, N (8.3)
= - <
2 (I+k7)

Therefore, it is found that when v;, = V;,, the body diode is never ON. For v;, = V;, — V,,, body

diode is ON when (8.3) is satisfied.
8.2.1.2 Formation of Sectors in DCM

The values of slope in each state are presented in Table The rows of the table represents the
inductor currents conditions when first boost is in DCM and second boost in CCM. The columns of
the table represent the slopes in four states of the converter. This table presents the inductor current

ripple expressions for all four states and the assumed inductor current possibilities. The table shows
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8.2 Circuit Description of CI-SIDO Boost Converter in DCM

that—
* Guynis Gani,ps Ganves Gangy, Gang,, are always positive as Ly, Ly, k, Vi, Vo1, Vo are positive.
* Grri, Grra, Grpa, are always negative as V;, < V1, Vi, < Vo

* Grni, Gryas Gyri, Gy can taken both positive as well as negative values depending on the

voltages and coupled inductor parameters.

Using Table [8.2] for Gry; < 0, we have—

( +k ) zn_Vol

<0
(1-k>)L,
(8.4)
Vin 1
=y, < ——— (= rdrn1)
o1 (1 " k\/g)
Thus, we find that-
<0 for 3= < rdpy,
GFNl =0 at “;—"; = rdFNl (85)
>0 for \‘//(': > rdFm

Similarly, for Gpy, < 0 we have—

(1 +k LZ) ,,,—k\/fzvo1

(1-12) L,

(8.6)
k\/7 (= rdrn2)
Vor (1+k\/7 )
Vin

Vir < rdNF1 for Gyrr < 0 and % < rdNF2 for Gym < 0, where

k\/g 1
—ZL, rdyp = Ty
(1 + k\/;;) (1 + k\/;f)

Similarly,

rdyp; =
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Figure 8.3: Sector diagram for DCM analysis of CI-SIDO boost converter.
It is also found that rdyr, < rdyr, the proof of which is as follows—
L
kN 1
< =0<k<l (8.7)
(1 +k %) (1 +k %)
2] 1

Similarly, it can be proved that rdpy, < rdpy;. Plotting these values in “;—": Versus “f—z plane, we obtain

the sector diagram shown in Fig. [8.3] As shown, nine different sectors are possible for DCM analysis
of CI-SIDO boost converter. Each sector has different waveform of inductor currents due to different
“,/—‘0'”1 and “;—"; ratios. It is also found that the condition to turn ON body diode in |i is the same as the
conditions of Sectors 1, 2, and 3. Therefore, the body diode is turned ON in these sectors as marked

in the sector diagram of Fig.
8.3 Effect of Coupling on DCM Operation
8.3.1 Effect of Body Diode on DCM Operation of CI-SIDO Boost Converter
This section presents the effect of the body diode on the DCM operation of the converter.
8.3.2 DCM Operation When Body Diode is Turned ON

When body diode, S ppg; is turned ON, the currents iy, iy, i;;, becomes negative for some values
of i,,. This section analyses the effect of negative currents on the slopes and average values of i, y, ij»,

iq1, L, Iin, denoted by their corresponding capital letters.

TH-2977_156302007

204



8.3 Effect of Coupling on DCM Operation

8.3.2.1 Effect on Slopes of i, , i;2, ig1, ia2, i;; When Body Diode is Turned ON

When the condition of turning ON of body diode in (8.3) is satisfied, the body diode turns ON.
The effect of negative currents on the slopes of iy, ij», i1, is» are explained using the waveforms
of Fig. As discussed in Section the body diode is turned ON when vy, = V;, — V.
Therefore, for the duration of FN,, i;; = 0 and the slopes of i;, changes. The voltages across the

inductor windings in F'N, is given as-

L
Vi =~k L—lm, (8.8a)
2

di L
vy = (1= kz)de—I;z - k\/L—jVu (8.8b)

Substituting the expression of v;; in v;,, the expression reduces to-

p
Vg = Lz% (8.9)

Therefore, for state F'N, where v;, = V,, the slope of i;, called Gy, is given by-

V.
G = 8.10
2, = T (8.10)

After the duration FN,, S pp; turns ON and ipp; starts flowing in negative direction. This duration
is called FFpp. Even though S pp; conducts in this state, Gppi,, = Gypi and G, = Gyra, as
presented in Table[8.2]

As the slopes of iy, i;, changes, the waveforms of iy, iz, i;;, changes as shown in Fig.
As the current ipp; becomes negative upto 7'y with negative slope Grry,,, it remains in the negative
direction at the starting of the next switching cycle with a positive slope of Gy, for NN,p. If the
duration of NN,p is smaller than DT}, S, turns ON with positive iz;. The currents iy, i;, increases
with their respective positive slopes Gyyi, Gyyz upto DT, After that iy, i;, decreases with their
respective negative slopes Gy, Grya. Thus, in this way the cycle repeats.

The slopes of input current in CI-SIDO boost converter is the sum of slopes of the inductor currents
in the corresponding state. At boundary in Fig. i;, starts from O as i;; and i;, starts from 0.

When S pp; is ON in Fig. [8.1] i;, starts from a negative value as the sum of i;; and i;p att = 0 is
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Figure 8.4: The theoretical waveforms of g1, g2, VL1, ir1, la1, ir1> VL2, i12, Ld2, i2, and ij, for a constant V,1, V,»
at (a) CCM/DCM boundary, (b) when S pp; is OFF, (¢) when S pp; is ON.

negative. As aresult, i;, becomes negative for some portion of 7 when S pg; is ON.
8.3.2.2 Effect on Average Values of i, |, i;5, i1, iz, i;; When Body Diode is Turned ON

To shown the effect of turning ON of body diode on the average values of iy, i;s, ig1, iz, ONE
set of waveform is shown in Figs. where V,; and V,;, is kept same and V;, is changed
such that body diode S pp; turns ON and negative current flows through it. The average values are
compared with the condition when both i;; and i;, are at boundary as in Fig. As the voltages
V,1 and V,; is to be maintained constant, the duty ratios D;, D, changes in response to the change in
input voltage V;,. For a given V,, the first boost converter enters from CCM/DCM boundary to DCM
by reducing the load current, i,;. As the average value of i, is the load current i,;, therefore, the
average value of i, is decreasing as the converter enters from boundary to DCM. The average values

of iy, i.e., I decreases as the load current i,; decreases from the boundary value. This is evident
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from the waveforms of i;; from Figs. [8.4(c) and [8.4(a)l

As the second boost is not changed while the first enters from boundary to DCM, the load current
of i,, remains the same. Consequently, the average value of i;, does not change. The average values
of ij,, i.e., I}, remain approximately the same as the load current of the second boost, i.e., i,; is not
changed. The average value of i;, can become negative if the sum of average values of i;; and i;, are

negative.
8.3.3 DCM Operation When Body Diode is Not Turned ON

When i;; is in DCM, but body diode, S gp; is not turned ON, the CI-SIDO boost converter operates
in DCM without any negative current. This section analyzes the effect of i;; = 0 on the slopes and

average values of iy, i12, ig1, g, Lin-
8.3.3.1 Effect on Slopes of i}, i;2, i415 ia2s i;» When Body Diode is Not Turned ON

The waveforms are shown in Fig. [8.4(b)] The inductor currents iy, iz, starts from O with their
respective slopes Gyyi, Gyyz 1n the state NN. After this state, S, turns OFF and i}, i;, decreases
with slopes Gry1, Gryz in the FN state. However, i;; becomes 0 before turning OFF of S ,,. So, this
state where S;; is OFF, i;; = 0, and S, is ON, is called FN, state. The slopes of i;, in this state
is given by Gryp, as presented in Table @ The next state is FFy where both S;;, S,, are OFF and

iy = 0. Using (8.9) in FN, and FF, the slopes of iz, is given by—

Vi
o 8.11
FN2, L, ( a)
Vin - Vo
Grpy, = ——2 (8.11b)
L,

When S pp; is OFF in Fig. [8.4(b)] i;, starts from a positive value as the sum of i;; and if, at t = 0 is

positive. Therefore, the sum of i;; and i;, are never negative, resulting in a positive i;,.

8.3.3.2 Effect on Average Values of i; |, i;2, i1, iz, i;; When Body Diode is Not Turned ON

Similar to Section [8.3.2.2] the average values of iy, iz2, ig1, isx When S pg; is OFF (Fig.

is compared to its boundary case (Fig. [8.4(a)). The comparisons show that the average values of iy,

i; decreases as i, is decreased. This is clearly shown in Fig. [8.4(b) where the base as well as the
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height of i;; graph decreases compared to i,; at boundary in Fig. [8.4(a). The average values of i,
remains same as i, is not changing. As a result, the variation in average values of iy, is insignificant
compared to the average values of i;;. In this case, the average values of i;; is never negative. As the

average value of i;, is the sum of average values of i and i;,, therefore it is never negative.

8.3.4 Effect of Change in Input Voltage, L.oad currents, and Duty Ratios: Different Modes of
CI-SIDO Boost

In the CI-SIDO boost converters, the output voltages V,,;, V,; is to be maintained based on the

Vin Vin

applications. If V;, changes, the values of g, 7=

change. This changes the sector of operation of
CI-SIDO boost converter as shown in Fig. [8.3] The change in sector changes the waveforms of iy,
ir2, which is actually affecting the DCM operation of the CI-SIDO boost converter. Therefore, each
sector is analyzed, and the range of V;,, i,;, and D; are formulated for each sector. The formation of
different modes is also discussed, followed by the grouping of sectors based on a similar i;; pattern.
The voltage and current stress on semiconductors are analysed, followed by the analysis of the output

voltage gain.
8.3.4.1 Formation of Modes and Grouping of Sectors Based on Similar i;; Patterns

As discussed earlier, the inductor current waveforms of all nine sectors are different from each
other. For a given V,,, V,,, the range of V;, for each sector is formulated using Fig. For example,

the range of V;, for Sector 1 is—

0< Vm < Voz.rdel, 0< V,-n < Vol.rdFNz,
(8.12)

= 0< V,-n < min(Vol.rdFNz, Voz.rdel).

Similarly, the range of V;, for all other sectors are formulated and presented in Table The rows
of the table represent all the 9 sectors and modes of the CI-SIDO boost and the columns represent the
range of V;, for each sectors and the modes. This table brief the effect of change in the common input
voltage of CI-SIDO boost.

Within a sector, the inductor current patterns further change depending on the load currents and

duty ratios. Therefore, modes are formed within the sector. Sectors 1, 2,4, 5,7, 8 is divided into three
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Table 8.3: Range of input voltage in different modes of DCM in CI-SIDO boost converter

Sector | Modes Range of V;,

la

1 1b 0 < Vi, <min(V, rdpna, Voordyer)
Ic
2a

2 2b max(V,i.rdpn, 0) < Vi, < min(Vy.rdpyt, Voo .rdnrr)
2c

3 3 max(V,,.rdpn1,0) < Vi, < min(Vq, Voo rdyrr)
4a

4 4b max(V,,.rdrns, Vyo.rdyrr) < Vi, < min(V,;.rdens, Voo .rdyes)
4c
Sa

5 5b max(V,i.rdpya, Voo.rdyry) < Viy < min(V,1.rdeny, Voo.rdyrs)
5c

6 6 max(V,i1rdeny, Vorrdyr) < Vi < min(V,, Viardyrs)
7Ta

7 7b m.ax(O, Vorrdygs) < Vi <

min(V,1.rdgnz, Vo)

Tc
8a

8 8b max(V,.rdens, Voo.rdyrs) < Viy < min(V.rdent, Vo)
8c

9 9 max(V,irdpny, Vorrdyr) < Vi <min(V,, Vi)

modes whereas Sectors 3, 6, 9 has only one modes. For example, the physical meaning of Sector ‘1’
Mode ‘1a’ is that its inductor current slope conditions are Gyy; > 0, Gypy < 0, Gpyy < 0, Gppy < 0,
Gyve > 0, Gy <0, Geyay < 0, Grpp < 0, the load range 1S i,11, < ip1 < ip14, and the range of duty
ratiois Dy, < D; < tyy.

This chapter analyses CI-SIDO boost with i;; is in DCM, keeping i;, in CCM. Due to this con-
sidered assumption, the sectors of the CI-SIDO boost converter is divided into four groups based on
the similar patterns of i;;. The analysis of one waveform from each group is sufficient to show the
behaviour of i;; for each group.

The durations of states of each inductor current waveform pattern are discussed here. For a given

value of coupled inductors, output, and input voltages, the slopes of the CI-SIDO boost converter are

TH-2977_156302007

209



8. Effect of Coupling on Discontinuous Conduction Mode of CI-SIDO Boost Converter
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Figure 8.5: The theoretical waveforms of g1, g2, ir1, izo When operating in modes (a) 1a, (b) 1b, (c) 1c, (d) 3,
(e) 4a, (f) 4b, (g) 4c, and (h) 6.

known. For the required #zr, the waveform of i; from Mode la of Fig. gives—

_|Gyril(1 = Ds = tpp)

) = , 8.13
NNpp G (8.13a)
(D5 — tywy, — trrizl)
try = S (8.13b)
A+ Gl
|G Fwil |G rril
INN =N H > (8.13¢)
NGl T Gl
D, = tyn,, + tnnN, (8.13d)
. T,
lo1 = ?[tFF(tFF + tr)IGrr1| + tnntrNG N - (8.13¢)

Now, at CCM/DCM boundary, we have tyy,, = trr,, = 0, trpr = (1 = D3), Dy = tyy + tpy. The

obtained values of i,; = i,1;; and D = tyy at the CCM/DCM boundary are—

T

5 [tvn (D2 = tay)Gynt + (1 = Do)(1 = tyn)|IGrril]

Dy|Gpnil + (1 = D))IGEril
Gnni + Grni .

(8.14)

where, tyy =

Therefore, i;; remains in DCM when i,; < i,1;,; and D; < tyy as presented in Table @ Now, the
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Table 8.4: Different sectors and modes in CI-SIDO boost converter when iy is in DCM while i;5 is in CCM

Sec- | Mo- | Slopes of | Range of | Range of | sequence | Slopes of
tor | des i i) D, of states i
1 la @1 91 o1 -0
2 2a -1
L L ¢-11 2-1 /-1 -l
2 2b -1
L] le ¢m | g | om |20
2 2¢ -1
3 3 B ¢-111 9-11 o -1 -1
4 4a L1
> 4P-° ¢ | 91v | gwv |7
7 7a -1
8 8a -1V
4 4b -1
-II
> o -1 ¢-V 9-VN o/ -V A
7 7b -1
8 8b -1V
4 4dc L1
y evi | ovi | avi 7M1
7 Tc -1
8 8¢ LIV
-1I
6 6 -1V ¢-1 -1 o/ -IV 4
9 9 S-IV

I Gypy > 0, Grpyyy < 0; -1 Gypyy <0, Gpyy > 0
-l Gypw < 0, Gpyy < 0; L-1V: Gygyw > 0, Gy > 0
C-Lipr1p < lot <loipgy Z-1: Dy, < Dy < tyy
C-1I: 0 < iy <ipryp; Z-111: 0 < Dy < Dy,
C-IV: ip14p < o1 <lpipg; -1V: Dy, < Dy < tyn
C-1: = ip1pq; D-11: = Dy, €-V: = ip14p; Z-V: = Dy,
C-VI: 0 < iy <ipigp; Y-VI: 0 < Dy < Dy,

/-I: NN,p > NN - FN - FF — FFyp
&/-1I: NN,p = NN —» FN — FFyp
o/ -1Il: NN,y = NN - FN — FNy — FF,p
/-IV: NN —» FN — FF — FF,

2/-VN: NN - FN — FFy, «/-VNI. NN - FN —» FN, — FF,

D, = (1-D2)Grr1—DGFpi D, = DyGrni
Lpa GnN1—GFni ’ Lap GnN1+GFN
— IGEn1 (D2 TsGyn1 =G r1l(1=D2)T)?

Dy, = DyGEnN1+(1-D2)GnE) i
1b GNN1+GFN12 ’2 ollb 2T(IGrn11+Gnn1)?
i — IGEN1IG N D3 T s — DolGrni+(1-D)IGFril
ol4b = 23 GynmHGmI2? NN Gnn1+Grni

lolpa = % [t (D2 = tyw)Gnt + (1 = Da)(1 = tyn)IGFril]
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8. Effect of Coupling on Discontinuous Conduction Mode of CI-SIDO Boost Converter

details of Mode 1b is obtained using Fig. as follows—

G 1-D
tuNyy = % (8.15a)
NN
D, —t
ty = 2 In), (8.15b)
(1 + |GFN1|)
G D, —t
try = o, Gﬁ””), (8.15¢)
IGrnvil (1 + _IGpml)
D; = tyn,, + tan, (8.15d)
. e
lo] = ?tFN|GFN1|- (8.15¢)
Finding the values of i,; = i,;y, and D; = D;,, at Mode 1b, we obtain—
. |Genil(D2T Gyt = IGypil(1 = Dy)T)
Lol1p = > ) (8.16a)
2T(IGpn1l + Gani)
D,G + (1 - D,)G
Dy, = 2Grnt + ( 2) NF1 (8.16b)

Gyni + Geni

Therefore, i;; remains in Mode 1a when i,;1, < ip1 < ip1p¢ and Dy, < Dy < tyn. Ati, = iy, and
D, = D,,,, the converter is at Mode 1b. After that if i,; < 7,11, and D, < D;,,, the converter operates
in Mode 1c. As this analysis assumes that only i;; is in DCM, the ranges of i,; and D is also valid
for modes of Sector 2, i.e., Mode 2a, 2b, and 2c. Similarly, the range of V,, i,1, D for all the sectors
and modes are presented in Table[8.4] The rows of the table represents the sectors and modes of the
CI-SIDO boost. The columns represent the slopes of iz, range of i,;, D;, sequence of states, slopes
of i1, in each sector and mode. The aim of this table is to give the range of load currents, duty ratios,
sequence of states details of all the sectors and modes of CI-SIDO boost when first boost is in DCM
and second boost is in CCM.

The analysis of other sectors show that Sector 3 has only one pattern as shown in Fig.
Also, from Fig. [8.3] and Table [8.4] we find that Sector 6 and 9 has same waveform of i;; with only
one waveform pattern as shown in Fig. [8.5(h)] Similarly, out of Sectors 4, 5, 7, 8, the waveform of

Sector 4 is shown in Figs. B.5(e)l 8.5()| [8.5(g)] which has three operating modes. The value of i,
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8.3 Effect of Coupling on DCM Operation

corresponding to Modes 4b is given by-

IGrn1|Gyy D3 T
2(Gyn1 + IGrm1)?

(8.17)

lolap =

Therefore, this subsection shows that the CI-SIDO boost converter has nine sectors which are
grouped into four groups based on similar i;; patterns. Also, Sector 1, 2, 4, 5, 7, 8 is further divided
into three modes. The waveforms from each mode and group are presented in Fig. For each
waveform, the duration of states are presented in Table [8.5] The rows represent the modes of the CI-
SIDO converter. The columns represent the duration of each state, the input-output voltage relations,
the voltages across the MOSFET and diode in each state. The aim of this table is to present the input-
output voltage relations, the voltage and current stress details of CI-SIDO boost when first boost is in
DCM and second boost is in CCM.

The summary of the sectors, modes, and the group of sectors are presented in Table[8.4] The sec-
tors are a group of similar inductor current waveforms based on the inductor current slope conditions.
Within the sectors, the inductor current patterns are further changing with load currents and duty ra-
tios. For one inductor current slope condition, one particular type of waveforms pattern represents
one mode. From Table [8.4] it is clear that four groups of sectors are possible based on the similar

inductor current pattern.
8.3.4.2 Voltage and Current Stress on Semiconductors

As the load currents in DCM is very small compared to CCM, the peak values of MOSFETSs and
diodes are less compared to CCM. Therefore, the current stress on the MOSFETSs and diodes are less

compared to CCM. The peak values of MOSFET current for all the modes are—

illmin = O’ (8183)

imax = GNN1INNT s (8.18b)
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8. Effect of Coupling on Discontinuous Conduction Mode of CI-SIDO Boost Converter

Table 8.5: Duration of states, output voltage gain, and voltage stress on semiconductors of CI-SIDO boost
converter in DCM

modes | Duration of states Input-output relations Viimax = mMax{} Vil max = Min{}
IFFyp = (I = Dy,
t - Guri(1-Dy)
NNpp Gnni
1b, ‘ _ (D2—INN,, —1FN,) Vo _ 1 V,, -V,
NN - = Gvvi . ® - — 0 o
2b (1+ gL Vi (D2=D1) ’
frn = Guni (D2—tnn,p —tFNy)
FN = (Gl 1+ ONNLy
GENL
TFFyp = 1 - D),
t — Gnr1(1-Dy)
Ic e (Dr— fNNGNf;:rN) V. 1ty (1+k %1)
2 Iy = #’ ﬁ N N . Vo1, q2Vin} {=Vo1,42Vin — Vor}
c (1+ gL
try = Guni (Dz—tNN!?D—fFNO)
N |Grnil (1_,,“(;1}'1\1;‘)
P IGnri[(T=Da—tFF)
bD G >
(Da~tyn, NA;IFF‘GFH‘)
3 t — bD IGNN1] Vo _ 1 \% _
FN 1_1GEn1l ’ Vin (tFN+IFF) ol ol
Gt
— FFE1l __ EN1
INN = TFFiG ] = TFN Gy |
4a,
Sa, | tyy = %m, Va o 2 tm,(1+k\/7) L %[FFOM Vor, Vo1, ¢2Vin
Ta, ten = D, — NN Vin (tFF+tFEN) (tFF+fFN) Vin qzvm {7 -V, - C]lVo2
8a
4b, J
5b, | trr = (1-D2), tFN{l+G;Z1} = ova Dz(“k\/g)—k\/g i k\/g(l—DﬂM Vot Vo1, 42Vin
7b, D, tyy = % Vin (D2-Dy) (D2=Dy) Vi ¢ Vin — Vo1 —q1Ve
8b
4c, .
5¢, | trry = (1=Do), tyy = (F;[,VVI;,FN’ Voo _ Dy+iy—k [T ey Hirry) Lk o7, Vo @Vin — q1 Vo2, @Vin = Vor — 1 Va2,
Tc, | ten{l + ng:} = D, — tr, Vin tEN fen Vin q2Vin, Vol @2Vin = Vo1, = Vo
8c
6.9 | W= —lciglj\‘/t:f:gﬁl)[)z, Vo _ 1"”0“*"\/%) & %’FFUM Vols =Vo1,42Vin
’ tey = Dy — tyn Vin (trr+irN) (trF+tEN) Vin Vi — @1V Vo —q1Ve2
L
0= kB g= (L kR
The peak values of diode current are given by-
GunitnnT s + GenitenT s for Sector 3, 6, 9
Lilmax = (819)
GynitynT for other sectors
The maximum current through the body diode is given by-
iDBimax = GFF1ptFF,p T s (8.20)

The maximum voltage across the MOSFET and diode depends on the coupled inductor parameters.

Compared to their CCM values, the voltage stress may increase or decrease depending on the coupled

inductor parameters. The maximum voltage stress on MOSFET, diode is presented in Table
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8.3.4.3 Output Voltage Gain Analysis

By applying the volt-second balance for v;; in Mode 1a (Fig. where the body diode is ON,

the input-output voltage relations are formulated as—

Vin(l = tpn — trp) + (Viy — Vo1 )ty + trp) = 0, (8.21a)

Vo 1
= 8.21b
Vin  (trn + tpF) ( )

Now, applying volt-second balance for v;; in Mode 4b (Fig. [8.5(f)) where the body diode is not ON,

the input-output voltage relations are formulated as—

T
VinDy + (Viy = Vo1 )(D2 = Dy) + k L—I(Voz - Vi)1=Dy)=0 (8.22a)
2
L L L
v Dol +k L—;)—k\/;; k\/L:;(l -Dy)y
_ Yo _ + (8.22b)
W (D, — Dy) (D, —Dy) V;

The input-output voltage relations of all the remaining waveforms are presented in Table Itis
found that the input-output voltage relations in DCM depends on both the output voltages in addition

to the coupled inductor values. As ij, is in CCM, the input-output voltage relation is same as CCM—

Voo 1
= } 8.23
Vie (1 —=Dy) 8.23)

8.3.5 Simulation and Experimental Verifications

8.3.5.1 Simulation Verifications

The CI-SIDO boost converter is simulated in MATLAB/Simulink. The coupled inductor selected
is Ly = 48.00 uH, L, = 120.00 uH and k = 0.8. The converter is operated with switching frequency
of 100 kHz. Suppose, the output voltage to be maintained is V,; = 10 V and V,, = 15 V. For the
given values of Ly, L,, k, V,, V,,, the range of V;, is formulated for all the sectors using column 3 of
Table [8.3] It is found that the feasible range of V, is obtained for Sector 1, 4, 5, 8, and 9 only. The
respective range obtained are 0 < V;, < 5.04,5.04 < V;,, < 5.58,5.58 < V;, < 6.62,6.62 < V;, < 6.64,

6.64 < V;, < 10. Therefore, as V;, varies from 0 to 10 V the sectors of the converter changes.
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Figure 8.6: (a) For a constant output-input voltages, the average value of iy decreases as i, is decreased. The
negative average values of iy is due to S pg; ON (Sector 1), (b) The average value of iy increases as input
voltage is decreased, and (c) D; decreases as i, is decreased in DCM.
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Figure 8.7: For a constant output-input voltages, the average value of i decreases as i, is decreased for (a)
Sector 9, and (b) Sector 4, 5, 8. There is no negative I as S pp; is never ON. The average value of i | increases
as input voltage is decreased in both the cases, and D; decreases as i, is decreased in DCM for (c) Sector 9,
(d) Sector 4, 5, 8.

The waveform of I;; vs i, is shown in Fig. For i,, higher than CCM/DCM boundary, I;;

is a straight line passing through the origin with slope (1-11)1)' As i,; decreases and enters DCM, Mode
la starts. The converter remains in Mode 1a until i, is greater than (8.16). As i,, decreases further
below (8.16)), the converter enters Mode 1c. It is found that /;; is negative for some values of i,; due
to the turning ON of S pg;. The dotted lines represent the /;; values in CCM. It is found that the value
of I;; in DCM has decreased from the boundary values. As the V;, is increased, the converter remains
in Sector 1, however, I;; is decreased and CCM/DCM boundary is increased. This is shown in Fig.
3.0(b),

It is to be noted that as V;, is changed, D, also changes because of the common input voltage V;,.
However, as V,; and R, are not changed. i,, is not changed. Consequently, there is no significant
change in I}, as i, is changed.

The D, vs i,; is shown in Fig. The graphs show that as i,; decreases from CCM/DCM

boundary, the constant D, starts decreasing. As V;, is increased, D; decreases. As expected, in DCM
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8.3 Effect of Coupling on DCM Operation

the duty ratios become load dependent.

Similar simulation graphs are shown for Sector 9 in Fig. and Fig. The graphs in
Fig. and Fig. show that as V;, is changed, the sector of the converter is changed. For
Vi, = 5.3 V the converter operates in Sector 4, which changes to Sector 5 and 6 as V;, further changes
to6.3Vand 6.6 V.

The analysis in all the sectors show that the effect of turning ON of S pp; does not change I,
much. Though it depends on the L, L,, k, Dy, D,, V;,, the average value I;; becomes negative only

in Sector 1 for very small values of ;.
8.3.5.2 Experimental Verifications

To verify the sectors and modes presented in the chapter, a 100 W laboratory prototype of CI-
SIDO boost converter is designed, as shown in Fig. [3.4(b)] The converter is made using MOSFETs
with part number IRFP9ON20DPBF and diodes with part number RHRP30120. The input voltage V;,
given is 4 V which is taken from a regulated DC supply of 64 V, 20 A. The capacitors of 100 uF are
used. The rheostats are used as a load to the CI-SIDO boost converter that is changing for different
modes. The currents and voltages are measured using current and differential probes in a four-channel
mixed domain oscilloscope. Though the analysis presented in this chapter is valid for any parameters
of a coupled inductor, this chapter presents the experiments for a ferrite core coupled inductor with
k=0.8,L, =48 uH, and L, = 120 uH. The gate pulses g; and g, are generated using an FPGA kit
numbered NI sbRIO 9637, which is programmed in the LabView platform.

The values of rdpy1, rdpns, rdyg1, rdyrs are obtained as 0.66, 0.56, 0.34, 0.44 respectively. For
given V;, = 4 V, the ranges of V,;, V,, are obtained for each sector and mode. The values of V,,
is varied by changing R, D, as first boost is operated in DCM and V,, is varied by changing D, as
second boost is operated in CCM.

For sector 1, the ranges obtained are 0 < (V;,/V,;) < 0.56, and 0 < (V;,/V,») < 0.34. The example
of mode 1a is shown in Fig. 8.8(a)| for V;,/V, = 0.55, V;,/V,» = 0.32 such that D, D, obtained are
0.18, 0.7 and R,, R, obtained are 24 Q, 90 Q. The mode 1b is shown in Fig. [8.8(b)|for V,,/V,; = 0.55,
Vin/V,o = 0.32 such that D;, D, obtained are 0.18, 0.7 and R;, R, obtained are 50.4 Q, 90 Q. The

TH-2977_156302007

217



8. Effect of Coupling on Discontinuous Conduction Mode of CI-SIDO Boost Converter

e

Spp1 ON
(d
7Y 7 - 3ok } — e h - R A ;-g
LI =y -— e g e - - = 2 = — (S P
v i1 “"5::{9:051 ON + - l1 g"“fON "'"h__""- ._ﬂ{;;:hf--"-‘ /\\\.ﬁr\'.,ﬂ" \
. m | : m
W L2 S, i IL2 | o
E - 1 ] E ] T T
() ® (8) (h)
:l- g1 ™ ™ :II-.gl ™, ™ ‘:." 91_-|.I 3 ; 3 g1 i, .
o 02 [ ) e o] = o ) e e = =, e e ——
d A .
ir1 JlLuII"W- LPe W -fl'L'l—-u,.-u"——,-n-l"'-l-u,.--*-
A A b
M Jip 2 ’ SlL2 Sl
B | T TN T E K & E | T
(1) Q) (k) @
¥ e | w—
= (o e— et e -T——: — -IJTZ ' ' -E I |
| — 11 i i L1 i
'7:1_‘-"""""-"-"'"‘-_'-"'" f_-ﬁl\f' l'l.-"l'--L .,,lh""i' hv "-H-- by i B i Wi
FiLZ +..|'::;-“l‘_r = iLZ = L2
. B | = E 5 A Ko 4 | T
(m) (n) (0) ()
:1& _ﬂ:_' | ‘Igl . 1 1:“.91 [ 1“91 1
7 PR o el ] 7 S 0 ™
,-:Ll A Y i1 | lr1 lr1
e i T ey e ke P i e, g e P
a"."-'*'--'-"'i'ﬂ"——lh'-'i'—-- e e e gy, g _ i i
®lo | I,,-l—L;'''*r'—.--'-‘*-"—n.»-"-"-'—. <., =7
4 = T E 4 E 4 I : ¥ 3
(@) (r) (s) Mode 8b (®
A e
57 — —

(w)

Figure 8.8: Experimental results of CI-SIDO boost converter in operating modes (a) 1a, (b) 1b, (c) 1c, (d) 2a,
(e) 2b, () 2c, (g) 3, (h) 4a, (1) 4b, (j) 4c, (k) 5a, (1) 5b, (m) 5c¢, (n) 6, (0) 7a, (p) 7b, (q) 7c, (r) 8a, (s) 8b, (1) 8c,

anfi (U877 156302007

218



8.3 Effect of Coupling on DCM Operation

mode 1c is shown in Fig. for V,,/V,1 = 047, V,,/V,, = 0.32 such that D;, D, obtained are
0.18, 0.7 and R, R, obtained are 125.8 Q, 90 Q. Likewise, all the other modes are generated in
the experiments. The experimental results for the remaining sectors are presented in Fig. As
discussed earlier, we observe that the body diode S pg; is ON in Sectors 1, 2 and 3 only. In all the
remaining sectors, there is no turning ON of the body diode S pp;. The ringing in the experimental

results is due to the parasitic inductances and capacitances present in the circuit.
8.3.6 Findings

The following are the findings of the analysis, simulation, and experiment of CI-SIDO boost

converter—

» Effect of DCM operation of the first boost on the second when second boost is at boundary
or CCM: As the first boost enters DCM, the slopes of i;; and i;, changes in each state. This

changes the waveforms of iz, i1z, ig1, ia2, lin- The formulated slopes are presented in Table [8.2]

* Conditions to turn ON body diode: When the first boost is in DCM and the second boost in

CCM, it is found that the body diode turns ON in Sectors 1, 2, and 3 only. The condition to turn

ON S pp is given by (8.3).

» Effect of body diode on the average values of inductor currents, diode currents, and input
current: The average value of i;; may become negative when S pg; is ON depending on the
values of k, Ly, Ly, V1, Vo, Vip. As the average values of i;, is the sum of the average values
of i;; and iy, its value can take negative values depending on the average value of i;; and ij,.

When S pp; is OFF, i;; is never negative. Therefore, negative i;, is also not possible.

 Effect of change in input voltage: In practical applications where output voltages are maintained
constant, the effect of variation in V;, is found. It is found that for a given k, L, L,, V,;, and
V.2, the range of V;, exists for each sector. As V;, increases, the converter may remain in the
same sector or may change the sector. In both the case, as V;, increase, average values of iy,

decrease.
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8. Effect of Coupling on Discontinuous Conduction Mode of CI-SIDO Boost Converter

» Effect of change in load current and duty ratio: As the load current of the first boost decreases
and enters DCM, the average values of the first inductor current also decrease. As the second
load current is not changed, there is no significant change in the average values of the second
inductor current. With the decrease in i,;, D decreases in DCM whereas D, changes with V;,

as it is in CCM.

» Voltage and current stress on semiconductors: The current stress decreases compared to the
CCM operations. However, the voltage stress depends on the voltages and coupled inductor

parameters.

* Qutput voltage gain: The input-output voltage relations depend on the input voltage, both out-

put voltages, and coupled inductor parameters.

The analysis presented in this chapter helps the designers with the choice of components. As
the voltage gain of the converter increases many times in DCM, the voltage ratings of the output
capacitors also get affected. The selection of MOSFETSs and diodes also change depending on their
voltage blocking capabilities and the currents carrying capabilities of the body diodes. Also, all the
waveforms of the CI-SIDO boost converter that is presented in this chapter will help the system

operator to design the controller for the CI-SIDO boost converter in DCM.

8.4 Numerous Patterns of Inductor Currents when both Boost in DCM

This section presents the DCM analysis of CI-SIDO boost when both the inductor current enters
DCM. The DCM analysis of the CI-SIDO boost converter depends on the inductor current waveforms.
As discussed in Chapter 2, the CI-SIDO boost converter has 36 different inductor current waveforms
depending on the duty ratios, coupled inductor parameters. For each waveform, the DCM analysis
is separate as DCM operation depends on the waveform patterns. The duty ratios also becomes load
dependent in DCM.

There are many possibilities by which the two inductor currents reach zero. With a slight change
in the point where inductor current reaches zero, the patterns of both inductor current change. Due

to the presence of the coupled inductor, a small change in one inductor current tremendously affects
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Figure 8.9: Coupled inductor equivalent circuit.

Table 8.6: Slopes of inductor currents in four states

Inductor current NN FF NF FN
] (1+k \/g)v,»,l (1+k %)Vm—(vmk\/gv,,z) (1+k \/g)v,»,,—k Ve (1+k %)V,-H—Vm
ir1 Gyni = oL Grr1 = =L Gyr1 = . T Gpnt = Ton
] (1+k\/?)vi,, (l+k %)Vm-(vaﬁk\/?v,,l) (1+k\/g)v,-n-v,,z 1+k\/?)v,,,-k 2V
i Gyn = on Grry = (3 Gyry = en Grny = —on
irg =0,i,>0 Gynay = 12 Grray = Vi"L_ZV"Z Gy, = 2272 Grwy = 12
ir=0,i; >0 Gyni, = ‘Z—'I” Grri, = Vi”iy‘” Gyriy = ‘Ii—'l" Grniy = V"'ZIV"]

the other inductor current. The DCM analysis of all 36 possibilities is very tedious. In Chapter 4,
it is mentioned that the operation of CI-SIDO boost converter is preferred when the inductor current
slopes are opposite to each other, i.e., called Sector 5. Therefore, the DCM analysis of the CI-SIDO
boost converter is presented for Sector 5. However, the approach is valid for all the possibilities of
CI-SIDO boost converter.

In this section, the DCM analysis of the CI-SIDO boost converter is analyzed for Sector 5. The
analysis covers all possibilities of DCM for Sector 5. It is found that for Sector 5 only, eight different
DCM possibilities are there. This chapter analyses all these eight inductor current patterns. The
input-output voltage relations are also formulated for these waveforms.

The slopes of inductor currents, when either of them becomes zero, are formulated using the
equivalent circuit diagram of the coupled inductor as shown in Fig. Due to coupling, the

voltages and currents are related as—

di L
v = (1= KDL, d—;‘ —k+/ L—;sz, (8.242)
dipp L,
= 1—k2L——k,/— . 8.24b
vio = ( )L, 7 L VL1 ( )

Therefore, as the inductor current becomes zero, the voltage across the inductors only depend on
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8. Effect of Coupling on Discontinuous Conduction Mode of CI-SIDO Boost Converter

other winding voltages. The slopes of inductor currents when either current becomes zero are added
in Table[8.6] Two rows with i;; = 0 and i;, = 0 is added to Table[8.2]to make Table[8.6] The columns
of the table represent the slopes of inductor currents in four states of CI-SIDO boost. The aim of the
table is to present the inductor current slopes in all the four states of CI-SIDO boost when both the
boost enters DCM. It is found that G yy,,, and Ggr,, are also positive and negative, respectively. While
Gnrw, and Gryy, can take positive as well as negative values depending on voltages and coupled

inductor parameters. When both the inductors are non-zero, i.e., i;,, > 0, vy, is given by—

Vin 1f S 4, ON,
Viw = (8.25)

Vin = Vow 1f S, OFF.

It is found that the DCM operation of the CI-SIDO boost converter depends on the inductor current
waveforms. The CI-SIDO boost converter has 36 different possibilities of inductor current waveforms
depending on the voltages and coupled inductor parameters as discussed in Chapter 2. The behaviour
of each waveform in DCM is different. The patterns again change with the change in the point
when each inductor current reaches zero. With a small change in the point when the inductor current
reaches zero, the pattern of both the inductor current change. Therefore, this section analyses the
DCM analysis for slope conditions Gyy; > 0, Grpy < 0, Gypy > 0, Gpyr < 0, Gyna > 0, Gy < 0,
Gyrr < 0, Gpyy > 0. As discussed this slope condition is called Sector 5. This section covers all

possible DCM waveforms of Sector 5.
8.4.1 Possible Inductor Current Waveforms of CI-SIDO Boost with both Boost in DCM

This section finds the possible inductor current waveforms in DCM for slope conditions Gyy; > 0,
Grr1 <0,Gnrp > 0, Gryt <0, Gyya > 0, Gppa < 0, Gypa < 0, Geyo > 0. The durations of each
states are formulated and input-output voltage relations are found for each case.

The first set of waveforms for D; < D, are shown in Fig. [.I0] Based on the possible slope
conditions of i;; and i;,, the feasible inductor current waveforms are drawn in DCM. As Ggpny > 0,
iz can not become zero in F'N state. The current i;, can become zero in F'F state only. However, iy,
can become zero in FN and FF states both. When both i;; and i;, are at CCM/DCM boundary, the

waveforms look like Fig. When i;; is becoming zero in FF state, before i;,, is shown in Fig.
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Figure 8.10: Possible DCM waveforms of CI-SIDO boost converter for D; < D, with slope conditions Gy >
0,Grr1 <0,Gyr1 > 0,Grnt <0,Gyn2 > 0, Grr2 <0, Gyrz <0, Gryg > 0.
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Figure 8.11: Possible DCM waveforms of CI-SIDO boost converter for D, > D, with slope conditions Gyy; >
0,Grr1 <0,Gnr1 > 0,Grn1 <0,Gyn2 > 0, Grpa <0, Gyrz <0, Gryz > 0.

When i;, is becoming zero in FF state, before i;, is shown in Fig. In Fig.

ir1 is becoming zero at D, T, while i, becomes zero in FF state. The waveforms when i;; becomes
zero in F'N state before D, T, while i;, becomes zero in FF state is shown in Fig. As the
inductor current waveforms are changing, the voltage across the inductor windings are also changing.
This changes the input-output voltage relations of CI-SIDO boost converter.

Similarly, all the possible waveforms for D; > D, in DCM is presented in Fig. [8.11] In this case,
Gyr1 > 0, therefore, iy; can reach zero in F'F state only. Whereas i;, can become zero in NF as well
as F'F states. When both the inductor currents are at CCM/DCM boundary, the waveforms are shown
in Fig. When i becomes zero in FF state before iy, the waveforms look like Fig.
Whereas if i;, becomes zero in FF state before i;;, the waveforms look like Fig. In Fig.
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8. Effect of Coupling on Discontinuous Conduction Mode of CI-SIDO Boost Converter

ir» becomes zero at DT whereas i;; becomes zero in FF state after i;,. Similarly, in Fig.
ir> becomes zero before DT, whereas i;; becomes zero in F'F state after i;,. Consequently,
the voltage across the windings also change.

In Fig. B.10(b)} 11, iz both increases for tyyT, with slopes Gyyi, Gywa, respectively. After S
turns OFF, i;; decreases with the slope Ggy; and i;, increases with the slope Ggy, for tpyT,. When
S also turns OFF, i, i;, both decreases with their respective slopes Ggri, Ggrp. This duration
is called trrT,. However, i;; becomes zero before Ty while i;, is still non-zero for tgf,T;. In this
duration, the slope of i;, change, which is called Grp,,. Then i;, also becomes zero before T;. When
both the inductor currents are non-zero, v;; and v;, are according to @ Then for tpp,, T, vi1 and
vy, are zero. In Fig. @L trr, and tgf,, are known based on the load currents i,;, i,,. The duration

of other states are formulated as follows—

atyy + bitey = i, (8.26a)

artyny + batpy = ¢p, where, (8.26b)

ar = (Gym +|Grril), b1 = (IGFrril = |GFnil), (8.26¢)

¢1 = |Grril(l = trr, = trry)s @2 = (Gyna + |GER2), (8.26d)

by = (IGrnal + |Grrtrn, €2 = |Grral(l = trRy = trFy) + |G R, lEFF,- (8.26¢)

This is a linear equations in two variables, the solutions of which is given by—

(bac1 — bicr)
tyw= ———, 8.27
Y= (arhs - azby) (8:272)
(arc) — ajcy)
tpy = —— 8.27b
N (axby — albz)’ ( )
tFF = 1 _ZNN_IFN_IFFO_tFFoo' (827C)
D = tyn, (8.27d)
D, = tyy + tey. (8276)

The input-output voltage relations are formulated using the volt-seconds balance. Using the volt-
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seconds balance for v;;, we obtain—

L
Viat + (Voo = Vidk | oty = (Vor = Vid)(tew + trr), (8.28)
2
Ll L1
= Vi(twn +tpy + trr — k L_tFFo) = Vor(tpn + trp) — Viok L—IFFO (8.28b)
2 2
Similarly, using the volt-seconds balance for v;,, we obtain—
Vinltnn + ten) = (Voo = Vi)(ter + trry), (8.29a)
= Vi(tny + ten + tpp + trr,) = Voo(trr + ter,) (8.29b)

The waveforms in Fig. is a special case of Fig. [8.10(b)] when tzp,
Therefore, reduce to the following—

ar = (Gyni + |Grr1l)s

by = (IGrril = IGFmil)

¢1 = |Grril,

ar = (Gynz + |GFral)s

by = (IGrnal + |G rr2l)trEw,

¢z = |Grpal.

The input-output voltage relations in (8.28), (8.29) reduce to—

Vin = Voi(ten + trr),
Vin = Voolrr,
- Vin = Vol(l - D])a

Vin = VOZ(I - D2)

= 0 and tFFoo = 0.

(8.30a)
(8.30b)
(8.30c)
(8.30d)
(8.30e)
(8.301)

(8.30g)

(8.31a)
(8.31b)
(8.31c)

(8.31d)

Similarly, a;, a,, b, b,, c1, c; for all the other waveforms are presented in Table The rows

represent the pattern number and the columns represent the values of the parameters and the input-
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8. Effect of Coupling on Discontinuous Conduction Mode of CI-SIDO Boost Converter

Table 8.7: Input-output voltage relations in DCM analysis of CI-SIDO boost converter

Pattern | Values of a,, a,, by, b,, ¢y, ¢ Input-output relations
ar = (Gyn1 +|Grril), by = (Geril = |GEnil),
5 ¢1 = |Grril(1 = trp, — trry) + G rr1ylter, Vinltww + ten + trr + trry) = Vor(ten + trr + trry), Vie(tvw +

ay = (Gyna +IGrral), by = (IGrnal + |G rral), €2 = | tpy + tpp — kﬂf—fl‘ﬁo) = Voatrr — Vork \,li_?tFFo
|Grral(1 = trr, — trry,)

5 | = Gt e (G Grpaly | Vo 1w = k[ Bten) = Vot = Vik [, Vil +
c2 = |Grra (1 = trry) ten + thry) = Voolrry

b o= Gt o= (Gl Gppaly, | Vv Fien Bt~k [Bten) = Voo Vot B,
¢2 = |Grro|(1 = trry) — (IGrNn2| + |G RE2, DN, Vinltyn + tew + ey + tery) = Vorlrr
a; = (Gyni +|Grril), b1 = (IGnril + IGEF1D),

5 ¢1 = |Grril(1 = trry = trry) + |G rr1yltrF,, Viiltny + typ + tpp — k\/gtFFO) = Voater — Vyok \/gtFFO),
ay = (Gyn2 + |Grral), by = (IGrral = |Gyral)s Vinltyn + tyr + ter + trpy) = Vooltng + tpr + ter,)

¢ = |Grpal(1 = trp, — trry)

a1 = (G +1Grril), b1 = (Gl + |GEri),
¢1 = 1Grrl( = trr, = trr)s @ = Gz +1Gppal), | Vinww & e+ e + ew) = Vorltr o Trero), Vinllw + twr +

6
by = (IGFpal = IGyr2l)s tpp — k'\,é_ftFFg) = Voltyr + trr) — Vork \,li_ftFFo)
¢2 = |Grpal(1 = trr, — trry) + Grrotrr,
_ L _
5 | @ =G+ 1Grrul)y b = (Gl + (G, e = | Vol & twr + Trr) = Vortrrs Vil + tur = ky[Ritrr) =

G 1 -1t L ar = Gywo, by = —|G ,c =0 L
|G rri,l( FFo)» Q2 NN2> D2 |Gnral, c2 Vootnr — Voik /L_T,FF“

a; = (Gynt +|GrripD)s b1 = Gyl +1GEri))s €1 = Vit + e +ing, +1rE,) = Voitrrys Vie(tvn +ive —k /%[FFU—
8 |GFF1|(1=trF)—(GFF1|+HIGNF1,DINF,> @2 = Gana, 7 7
by = —|Gnpal, 2 =0 kv = Vortnr = Vork | T trR,

output relations of each pattern. This table presents the input-output voltage relations of CI-SIDO
boost converter for all the possible waveforms of sector 5 when both the boost are in DCM. The
input-output voltage relations are also presented for all the possibilities of Sector 5. The duty ratios

of CI-SIDO boost converter when both currents are in DCM of Sector 5, for D; > D, is given by—

D] =IyN T+ INF, (8323.)

D = tyy. (8.32b)

8.4.2 Simulation Results

The DCM of the CI-SIDO boost converter is simulated in MATLAB Simulink. This section
verifies all the DCM waveforms that are discussed in this section. The analytical expressions of
input-output voltage relations are also demonstrated.

Depending on the output voltages to be maintained and the available input voltage, the duty ratios,

and the load currents are found using the slope expressions and the durations of each state. In this
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Figure 8.12: MATLAB simulation results of possible DCM waveforms of CI-SIDO boost converter for D; <
D, with slope conditions Gyy; > 0, Grr1 < 0, Gyrpr > 0, Geyt < 0, Gynz > 0, Grrp < 0, Gypy < 0,
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Figure 8.13: MATLAB simulation results of possible DCM waveforms of CI-SIDO boost converter for D; >
D, with slope conditions Gyyi1 > 0, Grr1 < 0, Gyrr > 0, Geyt < 0, Gynz > 0, Grrp < 0, Gypy < 0,
GFNZ > 0.

chapter, the simulations are done such that the output voltages are maintained at 8 V, 12 V, and 8 V,
13 V with the input voltage of 5 V. However, this analysis is valid for any values of input-output
voltages as long as the DCM operation is ensured. The output capacitors of 100 uF are used.

For D| < D,, the coupled inductors used are L, = 48 uH, L, = 120 uH, k = 0.8. In Fig.
to maintain the output voltages of 8 V and 12 V, with load currents i,;, = 0.43 A, i,, = 0.11 A,
the duty ratios obtained are D, = 0.25, D, = 0.52 for tgp, = 0.1, tpp, = 0.1. Similarly, for load
currents i,; = 0.32 A, i,, = 0.13 A, the duty ratios obtained are D, = 0.30, D, = 0.38 for tgp,, = 0.1,
trr, = 0.2, as shown in Fig. For D| > D,, the coupled inductors used are L; = 120 uH,

L, = 48 uH, k = 0.8. In Fig. [8.13(a)} to maintain the output voltages of 13 V and 8 V, with load
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Table 8.8: Comparisons of Analytical and Simulation Results

Pattern | V,; | Vo | Vi, Analytical Simulation
No. [ W) | WM W] D Dy | Ri(Q) | Rp(Q) | i1 (A) | inn(A) | D Dy | Ri(Q) | Ry (Q) | o1 (A) | inn (A)
1 8 12| 5 0.25 | 0.52| 18.46 | 105.78 | 0.43 0.11 0.25 | 0.52 | 18.50 | 105.80 | 0.42 0.12
2 8 12| 5 0.30 | 0.38 | 2495 | 91.89 | 0.32 0.13 0.30 | 0.38 | 2495 | 9190 | 0.32 0.13
3 8 12 | 5 0.03 | 0.53 | 240.8 | 292.57 | 0.03 0.04 | 0.03 | 0.53 | 240.80 | 292.60 | 0.03 0.04
4 8 12 | 5 |0.025|0.52 | 367.48 | 292.57 | 0.02 0.04 | 0.025 | 0.52 | 367.50 | 292.57 | 0.03 0.05
5 13 | 8 5 0.37 | 034 | 83.72 | 24.73 0.14 0.32 | 0.37 | 034 | 83.70 | 24.75 0.14 0.30
6 13| 8 5 0.55 | 0.25 | 126.88 | 18.11 0.10 044 | 0.55 | 02512690 | 18.12 | 0.12 0.44
7 13 | 8 5 0.55 | 0.03 | 322.36 | 212.95 | 0.04 0.03 0.55 | 0.03 | 322.40 | 212.98 | 0.04 0.03
8 13 | 8 5 0.55 | 0.03 | 32292 | 317.13 | 0.04 | 0.025 | 0.55 | 0.03 | 322.90 | 317.15 | 0.05 | 0.026

currents i,; = 0.14 A, i,, = 0.32 A, the duty ratios obtained are D, = 0.37, D, = 0.34 for tpp,, = 0.1,
trr, = 0.2. Similarly, for load currents i,; = 0.10 A, i, = 0.44 A, the duty ratios obtained are
D, = 0.55, D, = 0.25 for tgf,, = 0.1, trr, = 0.1, as shown in Fig. The details of all the other
simulation results are presented in Table[8.8]

The analytical expressions of input-output voltage relations derived using Table[8.7]are verified by
comparing them with the simulation results. For the given values of output voltages, the durations of
each state are formulated in terms of the input voltages. The relations between input-output voltages
in Table[8.7] finally help to calculate input voltage. The obtained duty ratios and the loads are used for
the MATLAB simulations. The duty ratios, and the load currents obtained analytically is compared

with the simulation results in Table[8.8] The analytical and the simulation results are matching.
8.5 Summary of the Chapter

The following are the findings of the chapter—

(i) As the first boost enters DCM, the slopes of i;; and i, changes in each state. This changes the

waveforms of iy, ir2, ig1, la2, Iin. The formulated slopes are presented in Table [8.2]

(i1)) When the first boost is in DCM and the second boost in CCM, it is found that the body diode

turns ON in Sectors 1, 2, and 3 only. The condition to turn ON § pg, is given by (8.3).

(iii)) The average value of i;; may become negative when S pp; is ON depending on the values of k,
Ly, Ly, V,1, Voo, Viu. As the average values of i, is the sum of the average values of iz and ij,,
its value can take negative values depending on the average value of i and i;,. When S pp; 1s

OFF, iy, is never negative. Therefore, negative i;, is also not possible.
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8.5 Summary of the Chapter

(iv) In practical applications where output voltages are maintained constant, the effect of variation
is V;, is found. It is found that for a given k, Ly, L,, V,;, and V5, the range of V;, exists for each
sector. As V;, increases, the converter may remain in the same sector or may change the sector.

In both the case, as V;, increase, average values of iy decrease.

(v) As the load current of the first boost decreases and enters DCM, the average values of the
first inductor current also decrease. As the second load current is not changed, there is no
significant change in the average values of the second inductor current. With the decrease in

io1, D1 decreases in DCM whereas D, changes with V;, as it is in CCM.

(vi) The current stress decreases compared to the CCM operations. However, the voltage stress

depends on the voltages and coupled inductor parameters.

(vii) The input-output voltage relations depend on the input voltage, both output voltages, and cou-

pled inductor parameters.

(viii) The two inductor currents can reach zero in many different possible ways. A small change in

how inductor currents become zero affects the performance of the CI-SIDO boost converter.

(ix) The duty ratios in DCM depend on the duration of the states. The loads are calculated by finding

the area under the curve of the diode current plots.
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9. Conclusions and Future Scope of Work

9.1 Conclusion

The three coupled inductor single input dual output (CI-SIDO) converters- CI-SIDO buck, CI-
SIDO boost, and CI-SIDO buck-boost are analysed in this thesis. This type of CI-SIDO converter
can efficiently generate two different DC voltage levels from only one available DC input voltage
with a reduced number of components, reduced losses and increased efficiency. The physical size of
the CI-SIDO converters is also reduced due to the introduction of an inversely coupled inductor. The
windings of the inversely coupled inductors are such that the flux due to one winding cancels the flux
due to the other winding, thus, reducing the core size of the converter.

The analysis of the CI-SIDO converters shows that the converters operate in four switching states.
The slopes of both the inductor currents in all four states are different from each other. The slopes
and the current ripples depend on the input, and output voltages, duty ratios and coupled inductor
parameters. The current ripples do not depend on the load currents, output power and load demands.
It is found that the CI-SIDO converters have 36 inductor current slope possibilities. It is difficult
to analyze each pattern of all CI-SIDO converters separately. An approach is presented to unify the
analysis of CI-SIDO converters by forming sectors of duty ratios. It is found that 16 sectors of duty
ratios are possible for CI-SIDO converters. The sector formation unifies the patterns of inductor
currents, input current, and the expressions of current ripples for any values of output input voltage
and coupled inductor parameter. It is also found that the sector formations of CI-SIDO boost and CI-
SIDO buck-boost converters are the same. These converters always form nine sectors irrespective of
the coupled inductor parameter values. In the CI-SIDO buck converter, all nine sectors are not formed
simultaneously. Amongst nine sectors, which sector gets formed depends on the coupled inductor
parameter values. If the coupled inductors are changed, the dimensions of nine sectors change in
CI-SIDO boost and CI-SIDO buck-boost converter, while in CI-SIDO buck, the sector which gets
formed also changes, in addition to the change in the dimension of the sectors.

The thesis finds that the current ripples are reduced by introducing the gate pulse shift. The
values of gate pulse shift are found for all the sectors of duty ratios of CI-SIDO buck, boost and

buck-boost converters. The current ripple reductions for CI-SIDO converters are also extended to
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9.2 Future Scope

coupled inductor single input triple output (CI-SITO) boost converters. A detailed analysis of the
CI-SIDO boost converter to achieve maximum ripple cancellation in input current is performed under
continuous conduction mode (CCM). A method is proposed to design the CI-SIDO boost converter
with the zero ripple input current. In the case of operating conditions where absolute zero ripples in
input current are not possible, a design method is proposed such that the input current ripple remains
within a desired specified limit. It is further found that there is no undesirable effect of gate pulse
shifting on any of the variables of the CI-SIDO converter, such as the average value of inductor
current, input current, and output voltage ripples.

By introducing the gate pulse shift, the CCM/DCM boundary of the CI-SIDO boost converters is
reduced without increasing the inductance values. The shift decreases the average inductor current
at CCM/DCM boundary, thus, decreasing the critical inductances of the CI-SIDO boost converter.
The range of CCM operations is increased as the CCM/DCM boundary is decreased. The thesis
finds the gate pulse shift where the average inductor current at the CCM/DCM boundary is minimum
for all 36 cases of CI-SIDO boost converter. The expressions of minimum average inductor current
at the CCM/DCM boundary are also found for all 36 cases. The CI-SIDO boost converter is also
analysed for the discontinuous conduction mode (DCM) operation. As the converter enters DCM,
the body diode of the MOSFETs turns ON, making the inductor currents negative. The sectors in
which the body diode turns ON are identified. The current stress decreases compared to the CCM
operations. However, the voltage stress depends on the voltages and coupled inductor parameters. The
input-output voltage relations depend on the input voltage, output voltages, load currents and coupled
inductor parameters. It is observed that the two inductor currents can reach zero in many different
possible ways. A small change in how inductor currents become zero affects the performance of the

CI-SIDO boost converter.
9.2 Future Scope

Some possible directions in which the present work can be extended are—

* The zero ripple input currents in CI-SIDO converters are an important factor to be considered

while designing converters. This research work only presents the zero ripple input current
TH-2977_156302007
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conditions for the CI-SIDO boost converter. A unified approach can be obtained where zero

ripple input currents are obtained for all the CI-SIDO converters.

* The CCM/DCM boundary and DCM analysis presented for the CI-SIDO boost converter is
equally applicable to all the CI-SIDO converters. The investigation is carried out without any
assumptions; therefore, it can be extended to CI-SIDO buck and CI-SIDO buck-boost. How-

ever, this requires experimental verifications.

* The effect of gate pulse shift on DCM analysis of CI-SIDO needs further investigation. It is
observed that the converter frequently goes into DCM due to reduced load currents. Thus, it is

also desirable to know the effect of gate pulse shift on DCM analysis of CI-SIDO converters.

* The closed-loop control of the converter is required to regulate the output voltages against the
line and load variations. The impact of closed-loop control on the proposed design method

needs analysis.

* To design controllers, power electronic converters are linearized using state-space averaging
methods. The generalized state-space averaged equations for CI-SIDO converters are available
in the literature. The implementation and experimental verifications of gate pulse shift on the

modelling and design of CI-SIDO converters are needed.

* The CI-SIDO converters are extensively used in microprocessors, electric vehicles, hybrid en-
ergy sources, battery charging and portable electronic devices. Implementation of CI-SIDO

converters in these applications needs experimental verifications.
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A. Numerous Patterns of Inductor Current Waveforms in CI-SIDO Boost Converter

A.1 All Possible Inductor Current Waveforms

A.1.1 When Gyr,, and Gy, are positive or negative

This section illustrates different sequences of states obtained, as D, is varied from O to 1, for

different conditions of Dy, D, (Figure[A.T]- Figure [A.8) when Gyr,,, Gry, are positive or negative.
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Figure A.1: Different sequences A-I, A-11,... and dif-
ferent patterns of ir,, waveforms for (i) Gyr, > O,
Gry, < 0 (blue dashed lines), (ii) Gyr, < 0, Gry,, >
0 (black dash-dotted lines) when (D + D,) = 1 and
Dy > D, (i.e. SR-7) as D, varied from O to 1.
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Figure A.2: Different sequences D-1, B-I,... and dif-
ferent patterns of ir,, waveforms for (i) Gyr, > 0,
Grn, < 0 (blue dashed lines), (ii) Gyr, < 0, Grn, >
0 (black dash-dotted lines) when (D; + D;) = 1 and
Dy < D, (i.e. SR-8) as D, varied from O to 1.
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Figure A.3: Different sequences D-II, B-I,... and Figure A.4: Different sequences D-II, B-I,... and dif-
different patterns of iz,, waveforms for (i) Gy, > 0, ferent patterns of ir,, waveforms for (i) Gyr, < O,
Grn, > 0 (red solid lines), (ii) Gyr, > 0, Gry, <0  Gpp, < 0 (magenta solid lines), (ii) Gyr, > 0, Gry, <
(blue dashed lines), (iii) Gy, < 0, Gy, > 0 (black O (blue dashed lines), (iii) Gyr, < 0, Grn, > 0 (black
dash-dotted lines) when (D + D,) < 1 and Dy = D,  dash-dotted lines) when (D; + D) > 1 and D; = D,
(i.e. SR-3) as D; varied from O to 1. (i.e. SR-6) as D, varied from O to 1.
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Figure A.5: Different sequences D-1, B-I,... and dif- Figure A.6: Different sequences A-I, A-IL,... and dif-
ferent patterns of i, waveforms for (i) Gyr, < 0, ferent patterns of iy, waveforms for (i) Gyr, < O,
Grn, < 0 (magenta solid lines), (ii) Gyr, > 0, Gpy, < 0 (magenta solid lines), (ii) Gyr, > 0, Grn, <
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Table A.1: Aiy, in different sequences for (D + D;) < 1 and Dy > D; (i.e. SR-1)

Seq.—f————f———f———fAlfwa —————————————— D,
GnFy, > 0,GFEp,, >0 ‘ GnFy, > 0,Gppn,, <0 ‘ GnFyy <0,Gpp,, >0
Al | o @ ai) 0
A-I1 aq aq a1 0< D, < D1
A-HI (0] (07 a1 (D] - Dz)
B-I | a1 > Aipy, >f1 | a1 > Aip, > B | @i > Aig,y > B1o | (D1 = D) <Dy <Dy
CIl | B Bii B2 D,
B > Aig, > i Bui Bi2 Dy < Dy <(Dy + Dpp,,)
C-II | Bu B2 (D1 + Dpp,)) < Dy <(Dy + Dpp,,)
Y1 <Aipy < B | Bii Bz (D1 + Dpp,) < D; < (1 - Dy)
C-III | g, Bii B2 (1-D,)
B-II ﬁl < AiLW < a1 ,311 < AiLW < ap ﬁlZ < AiLw <api (1 — Dz) < D, <1

a1 = Gyn, DT + Gr, (D1 — D)Ts, aq1 = Gyy, DaT

B1 =Gyrp, DT + Gpn, Do T,

v1 = Max{Gnr, DTy, Gry, D2 T}

B = Gyr,DiTy,

B2 = Gpy, Do T

Table A.2: Aip,, in different sequences for (D + D») < 1 and D < D; (i.e. SR-2)

Seq.~77777777777777AlfL’”f 7777777777777 D,
GnrF,, > 0,GFEp,, >0 GNFy, > 0,Gpp,, <0 GnFy, <0,GFrp,, >0
D-1 (0%) (0%} (0%)) 0
B-1 ar > Aipy, > B | a1 > Aipy > B | a2 > Aigy >0 | 0< D, <Dy
C-1 | B i B2 D
B2 > ANipy > y2 | Pai B Dy < D; < (D1 + Dpp,)
C-11
72 B B (D + Dpp,) < D; < (D + Dpp,)
Y2 <Aipw < B2 | Ba B2 (D1 + Dpp,) < D; < (1 = D2)
CII | B> Bai B (1-Dy)
B-1I ﬁz < AiLW <@ ﬁ21 < AiLW < a1 ,822 < AiLW <@ (l - Dz) < Dt < (1 + D1 - Dz)
G-I (0%) @21 (¢%) (1 + Dl - DZ)
G-I an 21 (0%} (1+D;—-Dy)<D; <1

@ = Gy, D1 Ts + Gy, (D2 — DT, a1 = Gyn, D17

B2 = Gyr, D1 Ts + Gpn, Do Ty,

B21 = Gnr, D

v2 = Max{Gnr, DTy, Gy, D> T}

1 TA‘ B

B2 = Gpn, DT

Table A.3: Aij,, in different sequences for (D + D) = 1 and D| = D; (i.e. SR-9)

TH-2977 1

Seq. f-------- Bl D,
GnFy, > 0,GEpn,, <0 ‘ GNFy, <0,Gppn,, >0
D-II | ag 02 0
B-1 | a9 > Aipy >B9 | ag > Aip, >S9 | 0< D, <D
F | By Bo D,
B-II | Bog < Aipy, <ag | Bo < Al <@g | Dy <D, <1
Qg = GNNWDITJ
Bo = Gnr, DTy

56302007

240




A.1 All Possible Inductor Current Waveforms

Table A.4: Ai;,, in different sequences for (D + D;) < 1 and Dy = D; (i.e. SR-3)

Seq.—ffffffffffffffmfb‘f 7777777777777 D,
GnFy, > 0,GEp,, >0 ‘ GnFyy > 0,GFEp,, <0 GnFy, <0,GEp,, >0
D-II a3 a3 a3 0
B-1 | @3> Aip, >B3 | a3 > A, >B31 | a3 > Al >3 | 0< D, <Dy
Cl | B Bs31 B3 D
,83 > AiLW > V3 [)’31 ,332 Dy < D; < (D +%)
C-IL | y3 Bsi B (D1 + Dpp,) < Dy < (D1 + Dpp,)
y3 <Aip, < B3 | B B3 (D1 +Dpp,) <Dy < (1= D)
CIII | B; Bsi B3z (1-Dy)
B-II ,33 < AiLW < Qa3 B31 < AiLW < a3 ,832 < AiLW < @3 (1 - Dz) < Dt <1
a3 = Gyn, D1 T,

B3 = Gyp, Di1Ts + Gpn,D1Ts,  B31 = Gyp,D1Ts, P32 = Gpn, D1T;

v3 = Max{Gyp,D1Ts, Gy, D> T}

Table A.5: Aip,, in different sequences for (D + D;) > 1 and Dy > D; (i.e. SR-4)

Seq.~77777777777777Alfwa 7777777777777 D,
GNFy, <0,GEp,, <0 ‘ GnFy, > 0,GFEp,, <0 GnFy, <0,GFEp,, >0
A-1 41 (07} a4 0
A-II @41 a4 @41 0< Dt < (D1 - Dz)
AT | ay ay @41 (D1 = D»)
B-I | @41 > Aipy >Ba1 | s> Aipy >4 | ag1 > Aigy, > B4 | (D1 —D2) <D, <(1—-Dy)
E-1 | Ba 4y Ba (1-Dy)
Bar > Aipy > ys | & Ba (1 = D2) < D; < (D1 = Dyw,)
E-Il | 4 La Ba (D1 = Dyn,) < Dy < (D1 - Dyw,)
Y4 < Aipy < Bar G4 Ba (D1 = Dyw,) < Dy < Dy
E-III | B4 44 Ba D,
B-II ,341 {4 < AiLW < Q4 ,84 < AiLw < @41 D1 < Dt <1

a4 = Gyn, D2 T + Gyp, (D1 — Dy)T,
Bs=Gyn, (D1 + Dy — DT + Gy, (1 = DT, Ba1 = Gyn, (D1 + Dy — DT, By = |Gpn, (1 = DT

a41 = Gyy, Do T

{4 = Gyn, (D1 + Dy = DT + Gyp, (1 = D)Ts, {42 = |Gyr,|(1 — DT
Y4 = Max{|Gyr,|(1 — D2)T,|Gep, (1 — DT}

Table A.6: Aiy,, in different sequences for (D + D;) = 1 and D < D; (i.e. SR-8)

TH-2977_156302007

Seq b oo oo B ] D,
GNFy, > 0,GEp,, <0 W GNFyy <0,Gppn,, >0

D-1 asgy ag 0

B-I | ag; > Aip, >Bs | ag > Aip, >7vs | 0< D, < D

F Bs Y8 D,
B-II ﬂg < Aip, <ag Ys < Aip,, <ag | Dy <D; <(1+ Dy —Dy)
G-1 | ag ag (1+Dy—-D»)
G-II | ag; ag (1 +D;—-Dy)<D, <1

ag = Gyn,D1Ts + Gpn, (D2 — DT, agy = Gyy, D1T,

Bs = Gnr, DTy
vs = Gry, D2 T
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Table A.7: Aip,, in different sequences for (D + D;) > 1 and D < D; (i.e. SR-5)

Seq.—ffffffffffffffAlfwa 77777777777777 D,
GnFy, <0,GFEp,, <0 ‘ GnFy, > 0,GFEp,, <0 ‘ GNFy, <0,Gppn,, >0
D-1 s Qas| as 0
B-I | as1 > Aipy >Ps1 | as1 > Aipyy >45 | as > Aip, >85 | 0<D, <(1-Dy)
E-1 | Bsi s Bs (1-Dy)
Bs1 > Aipy, > ys | {5 Bs (1-Dy) < D; < (Dy — Dyn,)
E-Il | vs gs Bs (D1 - Dyn,) < D; < (D1 = Dyn,)
vs < Aip, < Bsi s Bs (D1 = Dyw,,) < D, < Dy
E-IIT | Bs, s Bs D,
B-II ﬂ51 < AZ'LW < s 4’5 < AiLW < as1 ,85 < AiLW < as D1 < D, < (1 + D1 - D2)
G-1 | as asi as (1+D; - D»)
G-1I sy as] as (1+Dy-Dy)<D;< 1

as = Gyn, DT + Gpn, (D2 — D1)T,

as1 = Gyy, D1 T

Bs = Gyn, (D1 + Dy — DTy + Gpy, (1 = DT, Bs1 = Gyw, (D1 + Dy — DT
{5 = Gyn, (D1 + Dy — DT + Gyp, (1 = DT,

vs = Max{|Gnr,|(1 — D)T,|Gpw, (1 = DT}

Table A.8: Aip,, in different sequences for (D + D) > 1 and D; = D; (i.e. SR-6)

Seq. | —=- - e Al ] D,
GnFyy <0,Gpp,, <0 GNFy, > 0,Gpn,, <0 GNFy, <0,Gpp,, >0
D-II | as @1 @61 0
B-I | ag1 > Aipy > P61 | @61 > Aipy >4 | @61 > Aipy > s | 0< D, < (1 -D»)
E-I | Ba Lo Bs (1 -Dy)
Be1 > Aipy > s 6 Be (1 -Dy) < D; < (D) —Dyp,)
E-IT | v g6 Be (D1 = Dyn,,) < D; < (D1 — Dwn,)
Y6 < Aip,, < Pe1 o Be (D1 - Dyw,) < D; < Dy
E-TIL | Be: G Bs D
B-1I ﬁﬁl < AiLw < Qg1 46 < AiLW < Qg1 ,86 < AiLW < Qg1 D1 < D; <1
as1 = Gyy, D1 T,

Bs = Gyn, (D1 + Dy — DT + Gy, (1 = DT, Be1 = Gyn, (D1 + Dy — DT
46 = Gyn, (D1 + Dy — DT + Gyp, (1 — DT,
Y6 = Max{|Gyr,|(1 — D2)Ty,|Gpy, (1 — DT}

Table A.9: Ai,, in different sequences for (D + D) = 1 and D > D; (i.e. SR-7)

Sequ o-coooo B ] D,
GNFy > 0,GFEp,, <0 GnFyy <0,Gpp,, >0

A-1 a7 a7 0

A-11 a7 a7 0< Dt < (D1 - Dz)
A-III (0%} 71 (D] - D2)

B-1 a7 > AiLw >ﬁ7 a7 > AiLw > Y7 (Dl - Dz) < Dt < D1

F | B Y7 D

B-II ﬂ7 < A, <ag Y1 < Aip,, < an D, <D, <1

a7 = Gyn, D2 T + Gyr, (D1 — D)Ts, a71 = Gy, DaT
B71=Gnr, DT

Y71 = Gpn, DT
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A.1 All Possible Inductor Current Waveforms

A.1.2 When Either Gy, or Ggy,, are Zero

4
g |[——Dim ———] .,

NF - NN - FN ‘ E-I

i Lw EC

g2 ‘: DT, [~— Dy T,

L 1 1 -t
NN NF : FN ; E-111
i Lw L" e
t
(e) Dt:Dl
go T: DT ‘[: D2T, — _,
~—NN—"==— NF— FF ~—FN —™ B-II

(f) Di<Di<1

Figure A.9: Different sequences D-II, B-I.... and dif-
ferent patterns of i, waveforms for (i) Gyr, = O,
Grn, < 0 (red solid lines), (ii) Gyr, < 0, Gpy, = 0
(black dash-dotted lines) when (D; + D,) > 1 and
Dy = D, (i.e. SR-3) as D, varied from O to 1.
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Ts

D-II
t
t
B-1
t
(b) 0<Dy< Dy
g2 T« Dy Ts N S — .
. ¥ . C-I
t
t
C-1I
t
NF FF : FN ¢ C-1I11
t
t
B-11

(f) (1-D2)<D:<1

Figure A.10: Different sequences D-II, B-I,... and
different patterns of iz,, waveforms for (i) Gyr, = 0,
Grn, > 0 (red solid lines), (ii) Gy, > 0, Gpy, = 0
(black dash-dotted lines) when (D; + D,) < 1 and
Di = D, (i.e. SR-6) as D, varied from O to 1.
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A-1
t
t
A-TI
t
t (b) 0<D¢<(D1-D3)
(b) 0<D<(1-D>) T
T g2 | DiTs | DTy | .
92 | DiTe [ D:Ts ], NF NN CFN - AL
3 : B : 1 :
it
t
g2 2] DT, . ¢
~NN > NF ~NN—==—FN— Il B-1
............... L~ iLw F ‘
e e ' &) (Dr-Da)<Di<(1D3)
\ (d) (1-D2)<Dy<Ds L_ (d) (D1-D2)<Dy<(1-D2)
; | Dy Ts | ]
g2 —— 2% ] DoTs — & : Ntb { NND2TS =i
NN bl W o : : e J1
t
i
g2 DT DT, —=_,
L N :
B-II E-II
iLw € g T L
\ (f) D1<D;<(14+D1-Ds) (f) (1-D2)<D:<(14D1-D2)
g | DoT. ; DTy E g2 1727%—*! Dth_,l: .
NN - FF - FN . e NN ; NF ~FN™ E-I11
7:Lu) . . t Z'Lw : = ¢
\ (8) De=(1+D1-Ds) (g) Di=(14D1-D>)
g2 | Do Ts | DuTs = . g2 D2Ts | Do - .
NN "FN'@ FF FN NN ~-NF— FF FN B-11
o RN i ‘ L

tLw

(h) (14+Dy-Ds)<Dy<1 (h) (1+D1-D2)<D:<1

Figure A.11: Different sequences D-1, B-I,... and dif- Figure A.12: Different sequences A-I, A-IL,... and
ferent patterns of iz, waveforms for (i) Gyr, = 0, different patterns of ir,, waveforms for (i) Gyr, = 0,
Grn, < 0 (red solid lines), (ii) Gyr, < 0, Gy, =0  Grp, < 0 (red solid lines), (ii) Gyr, < 0, Gy, = 0
(black dash-dotted lines) when (D; + D) > 1 and (black dash-dotted lines) when (D; + D;) > 1 and
Dy < D; (i.e. SR-5) as D, varied from O to 1. Dy > D, (i.e. SR-4) as D, varied from O to 1.
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A.1 All Possible Inductor Current Waveforms

(¢) Di=(D1-Ds)

g2 L DTy e|=—DaT—]

LLw

(d) (Dl-D2)<Dt<D1

oo Ldor, | AT

-— Nf———><—FN—><— [ —>

(f) Dy <bf,<(1—D2)

g2 | DT, “*DZTS:‘
NF FF :

FN—=

(h) (1-D2)<D;<1

Figure A.13: Different sequences A-I, A-Il,... and
different patterns of iz,, waveforms for (i) Gyr, > 0,
Gry, = 0 (red solid lines), (ii) Gyr,, = 0, Gry, > 0
(black dash-dotted lines) when (D; + D>) < 1 and
D; > D, (i.e. SR-1) as D; varied from O to 1.
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(C) Dt—Dl
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(e) Di=(1-D2)
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(g) Di=(1+D1-D3)

92 FE DyTe —] DT =,
FN

~—NN—FN~ FF

(h) (14Dy-D3)<Dy<1

Figure A.14: Different sequences D-I, B-I,... and dif-
ferent patterns of iz,, waveforms for (i) Gyr, = 0,
Gry, > 0 (red solid lines), (ii) Gyr,, > 0, Gpy, = 0
(black dash-dotted lines) when (D; + D) < 1 and
D < D, (i.e. SR-5) as D, varied from O to 1.
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A. Numerous Patterns of Inductor Current Waveforms in CI-SIDO Boost Converter

Table A.10: Aiy,, in different sequences for (D; + D;) < 1 and D; > D; (i.e. SR-1)

Seq.~777777777AlLW7 777777777 D,

Grpy = 0,Grnyy >0 W Grpy > 0,Grnyy =0
A-1 a1 aq 0
A-11 a1 aq 0< D, < (D1 - Dz)
A-III a1 (03] (D] - Dz)
B-I | ai1 > Aipy >B1io | a1 > Aip, >Bn | (D1 =D2) <D, <Dy
C1 | B2 Bii D
CII | B B Dy <D, <(1-D»)
C-II | Bin B (1-Dy)
B-II BIZ < Aip, <aq 1811 < Aip, <a (1-Dy)<D, <1

@ = Gyn,D2Ts + Gyr, (D1 — DT, a1y = Gyy,DaT,
ﬂll = GNFleTsy ﬂlz = GFNWDZTS

Table A.11: Aiy, in different sequences for (D; + D) < 1 and D; < D5 (i.e. SR-2)

Seq.ffffffffffAlef 777777777 D;
GnFy, =0,GFEp,, >0 GNFy, > 0,GEp,, =0
D-1 023 (e 0
B-I | ar > Aip, > B2 | @y > Aip, >B1 | 0< D, < Dy
CI1 | Bn Bai D
C-II | B Bai D
C-III | B B (1-Dy)
B-11 ﬂzz < AiLW < @ ﬁ21 < AiLW < a1 (1 = Dz) < Dt < (1 Bla D1 - Dz)
G-1 [0%) @71 (1 + D — Dz)
G-I (0%} arq (1+Dy—-Dy)<D; <1

@y = Gyn,D1Ts + Gepn, (D2 — D1)Ts, a3 = Gyn, D1 T
B> = Gyrp, DiTs + Gpn, Dy T,  B21 = Gyp,D1Ts, P22 = Gpn, Do T

Table A.12: Ai,, in different sequences for (D] + D) < 1 and D; = D5 (i.e. SR-3)

Seq.»fffffffffAlef 777777777 D;
Gnr,y =0,GEn, >0 Gyry > 0,Gryyy =0
D11 | a3 @3 0
B-I | @3> Aig,, >B3 | a3 > Aip, >3 | 0<D; < Dy
C1 | B Bai D,
CII | B Bai (1-Dy)
C-I | B3 Bai (1-Dy)
B-II ﬁ32 < Al'LW < a3 ﬂ31 < AiLW < a3 (1 - Dz) <D, < 1

a3 = GNNWDITS
B31 = Gy, D1 T, B3 = Gry,DrTs
v3 = Max{Gnr, DT, Grn, DT}
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A.2 Variations of Ai;,, Within Sequences C-II and E-II

Table A.13: Aij,, in different sequences for (D; + D) > 1 and D; > D; (i.e. SR-4)

Seq. B ] D,
GnFy, =0,Gpy,, <0 GnF,, <0,Gpy,, =0
A-1 (o7} (o7} 0
A-IT a4 [ 0< D, < (D1 - DQ)
A-IIT Q4 Q4 (Dl - Dz)
B-I | ay> Aipyy >B41 | s> Aipyy >4y | (D1—Dp) <Dy <(1-Dy)
E-l1 | B4 4y (1-Dy)
E-Il | Bu 44 D
E-IIl | B4 4 D,
B-1I B41 {4 < AiLw <@y D] < D, <1

ay = GNNH Dsz
Ba1 = Gyn, (D1 + Dy — DT
4y =Gyn, (D1 + Dy = DT

Table A.14: Aij,, in different sequences for (D) + D;) > 1 and D; < D; (i.e. SR-5)

Seq. fp=-----1--- Bl _______] D,
Gnryy = 0,Gry,, <0 l Gnr,, <0,Gry,, =0
D-1 @51 sy 0
B-1 | as; > Aipy > 51 | as1 > Aipy > 45 0< D, <(1-D»)
E-I | Bsi Bsi (1-Dy)
E-II | Bsi Bsi (1-Dy)
E-IIT | Bsi Bsi D,
B-1I ,351 < AiLW < 51 ﬁ51 < AiLW < 5] D, <D, < (1 + Dy — Dz)
G-I (0231 5] (1 + Dl = Dz)
G-11 a5 (07231 (1 +D — Dz) < Dt <1

as; = Gyy, DT
Bs1 = Gwn, (D1 + Dy = T

Table A.15: Aip,, in different sequences for (D; + D>) > 1 and Dy = D; (i.e. SR-6)

Seq. | — === Al ] D,
GNFy =0,GEp,, <0 GnF,, <0,Gpy,, =0
D-II (0731 Qe 0
B-I1 | @e1 > Aipy >P61 | @61 > Aipy >4 | 0< D, <(1-Dy)
E-l | Bai Bsi (1-Dy)
E-Il | Beai Bei D,
E-IIl | Be Be1 D,
B-II ,861 < Al'LW < Qg1 ﬁﬁ] < Al.Lw < g1 Dl < Dt <1

as1 = Gyy, DTy
Bs1 = Gyn, (D1 + Dy — DT

A.2 Variations of Ai;,, Within Sequences C-II and E-II

The analysis of ripple Ai,, show that, in most of the sequences for different slope conditions, Aiy,,
either only increases or only decreases or remains constant. However, in sequences C-II and E-II, it
is observed that Aiy,, first decreases, then remains constant for some range and then increases. So,

sub-ranges of sequences C-II and E-II are explored here.
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A. Numerous Patterns of Inductor Current Waveforms in CI-SIDO Boost Converter

o [

1Lw

(©) (D1+Dppw)<Di<(D1+Dppw)

g2 1 DT 1 DoTs :l

<D Ts—>;<—w
. w

() (D1+Dppy)<Di<(1-D3)

Figure A.15: Variation of Aiy,, in sub-ranges of D; <
D; < (1 = Dy) i.e. sequence C-1I, for Gyf, > 0,
Grn, > 0 when (D +D5) < 1 (Table[A.2]of Appendix

A).
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[} 1
g1 ! D1 Ts ! (1-D1)Ts—_ .
: T :
92 E_Df,n_.} DT .
———
o (1= D1)Ts

(@) (1-D2)<D¢<(D1—=DNNw)

e o —— .

ir1

92 1:4 DTy ! D>Ts

i1

iL1

(e) (D1—DNNw)<Dt<D1

Figure A.16: Variation of Ai,, in sub-ranges of (1 —
Dy) < Dy < Dy ie. sequence E-II, for Gyr, < 0,
Grn, < 0when (Dy+D;) > 1 (Table[A.5]of Appendix

A).
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B. Input Current Ripple Minimization

B.1 Calculation of D,,;, for i;, as D, varies from 0 to 1

This appendix presents different waveforms of i;;, i;, and i;, as D, is varied from O to 1, for all
the 16 sectors. The waveforms are shown for all possible D and D, values. The section also shows

the ripple expressions of iy, i, and i;, as D, is varied from O to 1, in Table B.T|to Table

Table B.1: Sector 1 for D; + D, < 1 and D > D».

Fig. No. | 2 ______ |/ A4 N Lo Adig D,
Gnr1 > 0,Gpyy >0 Gnp2 > 0,Gpnz >0 GNrFin > 0, GEpin > 0
(a) g (031 Qin 0
(b) an an Qin 0<D,<(D; - D)
(© ai an Qlin (D1 —Dy)
(d) i > Aipgg >Bu | > Ai > B | @in > Al > Pin | (D1 —Dy) <D, <D
(e B Pz Biin D,
Bu > Qi > yu | Bz > Az > yiz | Prin > Alin > YViin | Di <D < (D1 + Dppin)
() pall Y12 Yiin (D1 + Dppin) < Dy < (D1 + Dppin)
yu <Aig < B | yi2 <Aipp < Bra | Yiin < Aiin < Prin | (D1 + Dppin) <Dy < (1-D2)
(2 B P2 Biin (1 -Dy)
(h) B < Aipy <an | B2 < Aipy <@y | Piin < Aiig <anin | 1 =D3) <D, <1

a1y = GynDaTs + Gypi(Dy = Dy)Ts, aia = GynaDaTs + Gypa(Dy — D2)Ty, atjn = GyninDaTs + Gyrin(Dy — D2)Ts
Bt = GyriD\Ts + GrniDaTs,  Bia = GypaDiTs + GenaDoTs, Biin = GnrinD1 Ts + GrninDaT s
i1 = Max{Gyr1D1Ts, GrniDaTy), vi2 = Max{GypaDiTs, GrnaDa Ty}, i = Max{GyrinD1Ts, GrninD2 T}

Table B.2: Sector 2A for Dy + D, < 1 and D; > D».

Fig No. f - = - - — - - — - 4% — - — | ] D,
Gyp1 > 0,Gry) <0 Gyp2 > 0,Gpyn >0 GnFin > 0. Gpnin > 0
(2) iy an Qlin 0
(b) aiy an Qin 0<D,<(D) - D)
(©) an an Qi (D1 —Dy)
(d) i > Aipg >pu | @ > A > B | @iin > Al > Pin | (D1 —Dy) <D, <D
©) P11 Bz Biin D,
i B2 > Aira > yi2 | Buin > Aiiw > Yiin | D1 <Dy < (D1 + Dppin)
() P Y12 Viin (D1 + Dppin) < Dy < (D + Drpin)
P11 Y12 <Airy < B2 | Yiin < Aiiy < Brin | (D1 + Dppin) < D; < (1= Dy)
(2 Pl P2 Biin (1-Dy)
(h) o1 < Aip <an | P2 < Aipy <ann | Pin < Alin <ann | (1 -Dy) <D, <1
a1 = GynD2Ts + Gyri(Dy — Do)Ts, ana = GyneDaT's + Gyra(Dy — D2)Ts, avin = GninD2T's + Gyrin(Dy — D2)Ts
put =GnpiDiTs, B2 = GypaDiTs + GenaDaTs, Brin = GnrinDiTs + GaninDa T

Y12 = Max{Gnpa D1 Ts, Grna Do T}, Vi = Max{GnrinD1T's, GrninDa2T s}
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B.1 Calculation of D,,;, for i;, as D; varies from 0 to 1

Table B.3: Sector 2B for D1 + D, < 1 and D; > D;.

Fig. No. | A A Ai ] D,
Gyp1 > 0.Gpyy <0 Gypa > 0.Gpya >0 GFin > 0. Gppin <0
(@) a1 @12 in 0
(b) @y a2 @in 0<D; <(Dy - Dy)
© @ @12 @in (D1 - Dy)
(@) @y > Ay >pun | > Ay > B | @in > Al > prin | (D1 —D2) <Dy < Dy
() pii P2 Plin D,
P Pz > Aix > yi2 | piin Dy < D; < (D +Dpp2)
() P11 Y12 Plin (D1 + Dpp2) < Dy < (Dy + Dppa)
Pii Yi2 <Ay < Bia | piin (D1 +Dpp2) <Dy < (1-D»)
(2) P B2 Plin (1-Dy)
(h) pit < Aipyp <an | P2 < Aip <a | prn < Alip <ain | (1-Dy) <D, <1

ai = GyniDaTs + Gyri(Dy — D)Ts, @ia = GynaDaTs + Gyra(Dy — D2)T, avin = GuninD2Ts + Gyrin(Dy — D2)Ts
p11 =GNriDiTs,  Bi2 = GypaDiTs + Gena Do T, prin = GnrinDi T
Y12 = Max{GnpaD\Ts, Gena Do T}

Table B.4: Sector 3 for D; + D, < 1 and D; > D,.

Fig. No. | Mg A Ai ] D,
Gyrt > 0,Gryg <0 Gyra > 0,Grng <0 GNFin > 0, GEnin <0
(@) an an Qlin 0
(b) a an QAlin 0<D; <(D; - Dy)
(©) an an Qlin (D1 — Dy)
d a1 > Aipy >pu | @ > A >pi | @i > Al > piin | (D1 = D2) <Dy <Dy
(e) Pii P12 Plin D,
(®) Pii P12 Plin Dy <D <(1-Dy)
(€] pii P12 Plin (1-Dy)
(h) p11 < Aipy <an | pr2< Aip <an | Prn < Al <ain | (1=Dy) <D, <1

a1 = Gy DaTs + Gypi(Dy — Do)Ts, @iz = GynaDaTs + Gyra(Dy — Do)T, avin = GyninDaTs + Grin(Dy = D2)Ts
pu1 = GyeiDiTs,  p12 = GypaDiTs, prin = GNrEinD1Ts

Table B.5: Sector 4A for D; + D, < 1 and Dy > D».

. Ai Ai Ai;
Fig. No. = £ _ - ___ N |- - R D,

GnF1 > 0,Grny >0 Gnra <0,Grxg >0 Gyrin > 0, Grnin > 0

(a) aj) €12 Qlin 0

(b) ai €12 Qlin 0<D; <(D1 - D)

(c) ai) €12 Qlin (D1 — D)

@ @1 > Aipy >pu | €2> Aipp >Tin | @iin > Al > Biin | (D1 = Dy) <Dy <Dy

() Bii T2 Biin D,
Bu>Aip > yn | T2 Btin > Ay > Yiin | D1 <D, < (D1 + Dppin)

] Y1 1 Yiin (D1 + Dppin) < Dy < (D1 + Dppin)
Y <Aip < B | 2 YViin < Ay < Biin | (D1 +Dppin) <Dy < (1-Dy)

(2) B 712 Biin (1-Dy)

(h) B < Aipy <an | T2 < Aipp <ann | Pin < Alip <ain | 1-Dy) <D, <1

ai = GyniDaTs + Gyri(Dy — Do)Ts, €12 = Gyna Do Ts, @iin = GyninDaTs + Gyrin(D1 — D2)T
Bi1 = GNriDiTs + GrniDaTs, 712 = GrnaDaTs, Biin = GyrinD1Ts + GryinDaTs
v = Max{GnpiD1\Ts, GeniDaTs), ¥im = Max{GnrinD1Ts, GeninDaT s}

TH-2977_156302007

251



B. Input Current Ripple Minimization

Table B.6: Sector 4B for D1 + D, < 1 and D; > D,.

. Ai Ai Ai;
Fig. No. [ =4 _ _____ ™ f2 7T R D,

Gyt > 0,Gpyy >0 Gyra <0,Gpya >0 Grin <0.Gpyin > 0

(@) an €12 €lin 0

(b) ai €12 €lin 0<D, < (D -Dy)

(©) a1 €12 Elin (D1 —D»)

d i > Aigy >pu | €n> Aipp > 712 | €in > Alip > Tiin | (D1 — D) < D: <D

(e) B 712 Tlin D,
Bu>Ain > yu | T2 Tlin Dy < Dy < (D1 + Dpp1)

() Y T12 Tlin (D1 + Dpp1) < Dy < (Dy + Dpp1)
Yu <Aip < Bun | T2 Tlin (D1 +Dppy) < Dy < (1= Dy)

(g Bu Ti2 Tlin (1-Dy)

(h) B < Aipy <an | T2 < Aipp <ap | Tin < Al <@ | (1-Dy) <D, <1

an

= Gyn1 DT + Gyri(Dy — Do)T,

Bu = Gnri DI Ts + Grni Do T,
Y11 = Max{Gyp1 DTy, Gpyn1 DT}

€12 = Gyna DT, €1in = GaninD2Ts

712 = GrnaDaTs, Tiin = GrninDaT's

Table B.7: Sector SA for D; + D, < 1 and Dy > D».

Fig' NG -2l | S . Al ______ | D,
Gnrp1 > 0,Gpyy <0 Gnp2 <0,Gpyz >0 GNFin > 0, GEpin > 0
(@) ai €12 Qlin 0
(b) ai €12 Qlin 0< D, < (D1 —Dy)
(©) an €12 Qin (D1 — Dy)
()] i > Aiyg >pu | €n> Ainp >1i2 | @in > Al > Piin | (D1 = D2) <Dy < Dy
(e) pii T2 Biin D,
P11 12 Biin > Al > Yiin | D1 < Dy < (D1 + Dppin)
() P11 T Yiin (Dy + Dppin) < Dy < (D1 + Dppin)
P i Yiin < Aijy < Biin | (D1 + Dppin) <D, < (1= Dy)
(g) P11 T12 Biin (1-Dy)
(h) o1 < Aipg <an | T2 < Ay <an | fin < Ay <ajip | 1=Dy) <D, <1

a1y = GynDaTs + Gyri(Dy — Do)Ts, €12 = GynaDaTs, @iin = GyninDaTs + Gypin(Dy — D2)T s

p11 = Gyp1 D1 T,

Yiin = Max{GyrinD1Ts, GrninD2T s}

712 = GrnaeDaTs, Prin = GrrinD1 Ts + GrninDaT s

Table B.8: Sector 5B for D; + D, < 1 and Dy > D;.

Fig. No. [ 21 1/ e SRR — D,
Gyr1 >0.Gpyt <0 Gy <0.Gpya > 0 O = i <0

(a) a €12 Qlin 0

(b) i) €12 Qlin 0< D, <D -Dy)

(©) an €12 Qlin (D) — Dy)

d @i > Aipy >pu | €n> Aipp > 712 | @in > Al > piin | (D1 = Dy) <Dy <Dy

(e) P T2 Plin D,

() Pui T12 Plin Dy <D <(1-Dy)

(2) P T2 Plin (1-Dy)

(h) pu < Aipg <an | T2 < Aipp <ann | prn < Ay <aiin | (1-Dy) <D, <1
a1 = Gy D2 Ts + Gypi(Dy — Do)Ts, €12 = GunaDaTs, @tin = GninD2Ts + Gnrin(Dy — D2)Ts

pu = Gnpi DTy,

TH-2977_15630200

7

712 = Gene DT, prin = GurinD1 Ts
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B.1 Calculation of D,,;, for i;, as D; varies from 0 to 1

Table B.9: Sector 5C for D1 + D, < 1 and D; > D;.

Fig. No. | Bip_ ! U Al ] D,
Gyrt > 0.Gpyy <0 Gnra <0.Gpyp >0 GFin <0.Gpyin >0
(a) ar €12 €lin 0
(b) ar €12 €lin 0< D, <(D;—Dy)
() ai) €12 Elin (D1 — D)
d a1 > Aipy >pu | €n> Aipp >Tin | €in > Al > Tin | (D1 —Dy) <D <D
() Pl T2 Tlin D,
() Pl 712 Tiin Dy <D, <(1-Dy)
(g P11 T Tlin (1-Dy)
(h) pi < Aipy <an | T2< Aipy <anp | T < Al <@ | (1-Dy) <D, <1

a1 = Gy D2Ts + Gypi(Dy — Do)Ts, €12 = Gyna Do T, €1in = GyninD2T's
pu = GyriDiTs, 712 = GrnaDaTy, Tiin = GrninDa T

Table B.10: Sector 5D for D; + D, > 1 and Dy < D».

L AY) AY) Ai;
Fig.No. [ 2% 8w % ] D,

Gnr1 > 0,.Gpyp <0 GNF2 <0.Gpyz >0 GNFin <0, GFNin <0

(a) Vil o Viin 0

(b) vit > Aigg > | 012> Aipy >4 | Vie > Al > v | 0< Dy < (1 -Dy)

©) 11 {12 Ulin (1 -Dy)
M1 {12 Ulin > Aijp > X1in | (1= D2) < D; < (Di — Dynin)

(@ mi {12 Xlin (D1 = Dnnin) £ Dy < (D = Dynin)
Uit {12 X1in < Al < Uljn | (D1 = Dynin) <Dy < Dy

(e M1 {12 Ulin D,

(f) i < Aipy <vi | Lip < Aipy <001 | Uiin < Al <Vijn | D1 <Dy < (1 + Dy = Dy)

(2) Y1 o2 Vlin (I+D; - D»)

(h) Vi1 o2 Viin (1+D;-Dy) <D <1

vit = GyniD1Ts, Vi = GyninD1 T

Viin = Gawin(D1 + Dy = DT

Xtin = Max{|Gyrin|(1 = D2)T, |G rninl(1 — D1)Ts}
12 = Gyna(Dy + Dy = DT + Gryo(1 = DT
1 = Guni(Dy + Dy = DT + Gypi(1 = Do)T
012 = GNve D1 T + Grna(Dy — DT

Table B.11: Sector 6A for D; + D, > 1 and D < D;.

; Ai Al Ai;
Fig. No. | =fL ______ 15 2= in i _ | D,

Gnp1 > 0,Gpyy <0 Gnp2 <0.Gpyy <0 GNFin <0, GFNin <0

(a) Vil Vi Viin 0

(b) viit > Aigg > | via > Aipp > v | Vie > Al > v | 0<D < (1=Dy)

(©) N v Ulin (1-Dy)
M1 vz > Aipp > X1z | Vtin > Alip > X1in | (1= D2) < Dy < (D1 = Dypin)

() mi X12 Xlin (D1 = Dnnin) < Dy < (D1 = Dynin)
ni X12 <Aipy < v | Xiin < Aliy < Utin | (D1 = Dynin) < Di < Dy

(e) N vi2 Ulin D,

() n < Aipy <vip | via < Aipy <vip | Viin < Al <vi | D1 <Dy < (1 + Dy = Dy)

(2) vl vi2 Vlin (1+D;-D»)

(h) Vil Vi Viin (1+Dy-Dy) <D, <1

vit = GyniDiTs, vi2 = GynaDiTs, Vi = GyNinD1 T

vi2 = Gyna(Dy + Dy = DT, viin = Gyyin(D1 + Dy = DT

x12 = Max{|Gypa|(1 = Do)Ts, |Grn2l(1 = DTk, x1in = Max{IGyrinl(1 — D2)Ts, |G rninl(1 — D1)T s}
1 = Gynvi(D1 + Dy = DT + Gypi(1 = D)T g

TH-2977_156302007
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B. Input Current Ripple Minimization

Table B.12: Sector 6B for Dy + D, > 1 and D; < D».

. Ai Ai Ai;
Flg.No.——L—Ll—————————l—“——————————l”i ———————— D,
GNF1 > 0.Gpyp <0 GNp2 <0.Gpyy <0 GNFin >0, GFNin <0
(a) Vi Vi Viin 0
(b) vit > Aigg > | via > Aipp >vip | Vie > Al > | 0< D < (1= Dy)
(C) 1 U2 Mlin (1 _DZ)
N Uiz > Ay > x12 | Miin (1= D2) < D; < (D1 — Dyp2)
(@) Uiy X12 Min (D1 = Dyw2) < Dy < (D1 = Dww)
N X12 <Aipp < vip | Niin (D) - Dyn2) < D < Dy
(e) N U2 Nin D,
() i < Ay <y | vip < Ay <vip | Miin < Aliy <Vi | Di <D <(1+ Dy = Dy)
(2 Vi Vi Viin (1+D;—-Dy)
(h) vii vi2 Vlin (1+D1-Dy) <D, <1

vit = GyniDh T,

vi2 = Gywva2(Dy + Dy — DT
x12 = Max{|Gyral|(1 — Do), |Grnal(1 — Dy)T '}
i = Gynvi(Dy + Dy = DT + Gypi(1 = D)Ts, Niin = GyNin(D1 + D2 — DT + Gyrin(1 = D2)Ts

via = Gnva DTy,

Viin = GyNinD1T

Table B.13: Sector 7 for D; + D> < 1 and Dy > D».

Fig. No. | 21 |4 S . | Sin ] D,
Gnp1 <0.Gpyy >0 Gnp2 <0.Gpy2 >0 GnFin <0, Gpnin > 0
(2) €11 €12 Elin 0
(b) €1 €12 €lin 0<D,<(D-Ds)
(©) €11 €12 Elin (D1 = Ds)
(d) €1 > Aipy > | €2> Ay >712 | €in > Al > T1in | (D1 —D2) <D, <Dy
(e) i T12 Tlin D,
® T Ti2 Tiin D1 <D <(1-Dy)
(2) T Ti2 Tlin (1-Dy)
(h) T < Aipy <eén | T2 < Aipp <€ | Tiin < Aiip <€ | (1=Dy) <D, <1

€11 = Gyn1D2Ts, €12 = GynaDa Ty, €1in = GaninDa T

711 = Grn DT,

712 = GrneDaTs, Tiin = GpninDaTs

Table B.14: Sector 8A for D; + D, > 1 and D < D».

" Ai Ai Ai;
Fig. No. =4l _ _____ 121 L2__ = R D,

Gyri <0,Gryt <0 Gyra <0.Gpya >0 Grin <0, Gryin <0

(a) Vil o1 Viin 0

(b) vit> Aig >vn | o> Aipp >4 | Vie > Al > vim | 0< D, < (1 -Dy)

() v (1o Ulin (1-Dy)
v > Ai > x| {2 Ulin > Al > X1in | (1= D2) < D; < (D1 = DNin)

(d) X1 {2 Xlin (D1 = Dwnin) < Dy < (D1 = Dynin)
xu <Aip < vy | 4 Xtin < Al < U1in | (D1 = Dynin) < Dy < Dy

(e) Ui {12 Ulin D,

(H) vl < Aipy <vip | {2 < Aipy <opp | Vi < Ay <viig | D1 <Dy < (1 + D1 = D»)

(2 Vi1 o Viin (1+Dy—Dy)

(h) Y11 o Viin (1+Dy-Dy)<D; <1

vi1 = Gyni D1 T,

vy = Gyyi(Dy + Dy = DT
x11 = Max{|Gnril(1 = D2)T5, |Grnil(1 = DT} x1in = Max{|Gnril(1 = D) T s, |G pninl(1 — D1)T5}
{12 = Gyna(Dy + Dy = DT 5 + Gpyo(1 = DT
o012 = G2 D1 Ts + Grya(Dy — DT

TH-2977_156302007

Viin = GNNinDl T.x'
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B.1 Calculation of D,,;, for i;, as D; varies from 0 to 1

TH-2977_156302007

Table B.15: Sector 8B for D1 + D, > 1 and D; < D,.

. Ai Ai Ai;
Fig. No. e O e | A D,

Gnr1 <0.Gpyp <0 GNF2 <0,Gpn2 >0 GNFin <0, GENin >0

(a) Vil o O lin 0

(b) vit > Aigg >vi | o> Ay > 4o | 0> Al > i | 0< D < (1 -Dy)

(©) v {12 Siin (1-Dy)
v > Aipg > x| (i Liin (1= Dy) < D; < (D1 — Dynin)

() X1 {2 Liin (D1 = Dynin) < Dy < (D1 = Dywin)
X1 <Aipg < vy | {io Llin (D1 — Dynin) < Di < Dy

(e) vl {12 Siin D,

() v < Aipy <vip | {2 < Aipp <o | Liin < Ay <0 | D1 <Dy <(1+ D) = Dy)

(€3] Vi1 o2 T lin (1+Dy—Dy)

(h) vii [t} T lin (I+D;-Dy)<D <1

vi1 = Gyn DT
vi1 = Gywi(D1 + Dy = DT

x11 = Max{|Gyp1|(1 — DTy, |Gryil(1 = DT}
{12 = Gyna(Dy + Dy — DT + Grya(1 = DT, $1in = Gyyin(Dy + Dy = DT + Gryin(1 — DT
012 = Gyna D1 T + Grna(Day — DT, 01in = GyninD1 Ts + Grnin(D2 — D1)T s

Table B.16: Sector 9 for D; + D, > 1 and Dy < D;.

. AY) AL Ai;,
Fig. No. | =2l ______ J - B occooadls R —— D,
Gyr1 <0,.Gpyy <0 Gy <0,Gpy2 <0 GyFin <0, Gpnin <0
(a) Vi V12 Ylin 0
(b) vit > Aigg >vi | vio > Aipy > vy | Vi > Al > v | 0< D < (1-Dy)
(©) U1 v12 Ulin (1 =Dy)
v > Aigg > x| viz > Airp > x12 | Utin > Alig > X1 | (1= D2) < Dy < (D1 = Dyyin)
(d) X11 X12 Xlin (D1 = Dynin) < Dy < (D1 = Dynin)
X1 < Aipg < v | xi2 < Aipp < via | Xiin < Al < Utin | (D1 = Dyyin) < Di < Dy
(e) U1 V12 Ulin D,
(€3] vl < Aipy <vip | via < Aipp <vip | Viin < Aiiy <vi | D1 <D, < (1 + Dy = Dy)
() vl Y12 Vlin (1+ Dy =Dy)
(h) Vil Vi Viin (1+Dy-Dy) <D, <1
vit = GyniD1Ts, vi2 = GyvaDiTs,  Viin = GaninDi T

v11 = Gyni(Dy + Dy — DTy, vip = Gyna(Dy + Dy — DT, viin = Gyyin(Dy + D2 — DT
xu = Max{|Gypi|(1 — D2)Ts, |Gryil(1 = DT}
x12 = Max{|Gnral(1 = D2)Ts, |Grnal(1 = DT}, x1in = Max{|Guril(1 — Do) Ty, |Grninl(1 = D1)Ts}
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B. Input Current Ripple Minimization
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(h) (1—-D2)< Dy <1

Figure B.1: The patterns of i;; (black dashed), i;  Figure B.2: The patterns of iz (black dashed), iz, (blue
(blue dash-dot) and i;, (red solid) in sector 1 as D;  dash-dot) and i;, (red solid) in sector 2A as D, varies

varies 5em 018302007 from Oto 1.
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B.1 Calculation of D,,;, for i;, as D; varies from 0 to 1
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Figure B.3: The patterns of i;; (black dashed), i;,  Figure B.4: The patterns of iy (black dashed), iz, (blue
(blue dash-dot) and i;, (red solid) in sector 2B as D;  dash-dot) and i;,, (red solid) in sector 3 as D; varies from

TH-2077 ‘56305987 ot
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Figure B.5: The patterns of i;; (black dashed), i;, Figure B.6: The patterns of iy (black dashed), i;, (blue
(blue dash-dot) and i;, (red solid) in sector 4A as D, dash-dot) and i;, (red solid) in sector 4B as D, varies

varies 5em 9486302007 from Oto 1.
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Figure B.7: The patterns of i;; (black dashed), i;,  Figure B.8: The patterns of iy (black dashed), iz, (blue
(blue dash-dot) and i;, (red solid) in sector 5A as D;  dash-dot) and i;, (red solid) in sector 5B as D, varies

TH-2077 ‘56305987 from 0o 1
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B.1 Calculation of D,,;, for i;, as D; varies from 0 to 1
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Figure B.11: The patterns of i;; (black dashed), i;;  Figure B.12: The patterns of iy; (black dashed), i
(blue dash-dot) and i;, (red solid) in sector 6A as D;  (blue dash-dot) and i;, (red solid) in sector 6B as D,

TH-2977_Vfé]§§6%69 to 1. varies from O to 1.
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B.1 Calculation of D,,;, for i;, as D; varies from 0 to 1
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Figure B.15: The patterns of i;; (black dashed), i;;  Figure B.16: The patterns of i;; (black dashed), i
(blue dash-dot) and i;;, (red solid) in sector 8B as D;  (blue dash-dot) and i;, (red solid) in sector 9 as D; varies
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B. Input Current Ripple Minimization

B.2 Sector wise slope cancellation and ripple cancellation in i;,

This appendix shows the patterns of iy, iy, and i;, at D, = D,,;,,. The states are shown where

slope cancellation and ripple cancellation occurs. Examples from all 16 possible sectors are shown in

Figures[B.17]to[B.32]

91 DlTS ‘ | 9 DlTs ‘ »
D i —] T ¥ - — - t
(D#opmm - (Do DT DTS

<«—NF—» FF < FN—» FF | <«— NF—»rreFN—»FF

) A e GFF1
L1 ;

v
t . Slope Cancellation

’iLQ 'iLQ

t

>

Figure B.17: No slope cancellation and conditional ~ Figure B.18: The slope cancellation in FN and condi-

ripple cancellation in sector 1 for D; = Dy;y,- tional ripple cancellation in sector 2A for D; = Dy;,.
1 A
g1 |<7D1T4>| I: " I e DT, I_= t
- . g2 ¢ 1 s '
(Di40) br_ oo (DiA0) DIt D] .,

> —>e J
N oy gl <~—NF <FN-*FF

ir1 :\:/
> 1

ir1

A .
Slope Cancellation

Tin

>t >t
Figure B.19: The slope cancellation in FN withno  Figure B.20: No slope cancellation with no ripple can-
ripple cancellation in sector 2B for D; = D,,;,. cellation in sector 3 for D; = Dpip.
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B.2 Sector wise slope cancellation and ripple cancellation in i;,

9N DT, [
T, Tt

PR S S vy e I A v oy e s,
<+— ) Nf—>»Fre4—FN—>»FF, T ‘

g2 ‘ ‘
oy D oY R v e I

<+« NF—> FF HFNH FF’

i1

v m

iL2

\J
~+

t
. o Figure B.22: The slope cancellation in NF with no rip-

Figure B.21: The slope cancellation in NF and con- ple cancellation in sector 4B for D;D .

ditional ripple cancellation in sector 4A for D, =

Dmin-

A
g1 D11, A
= e = o [,

%T@—h

DﬁéO ﬁ-iDtT m >

T =

Figure B.23: The slope cancellation in both NF and
FN with ripple cancellation in sector 5A for D, =
Dmin-

Figure B.24: The slope cancellation in both NF and
FN with ripple cancellation in sector 5B for D; = Dy;p,.
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B. Input Current Ripple Minimization

A
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DiTs— sl DT
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(D170)

> 1

Figure B.25: The slope cancellation in both NF and
FN with ripple cancellation in sector 5C for D, =
Dmin-

A
. |%D1TH — [,
<+« T,
el b TW
(Dt#()\ t 2 > ¢

NNe——N[F———>NN<+—FN-—+>

> 1

Figure B.27: The slope cancellation in NF and con-
ditional ripple cancellation in sector 6A for D, =
Dmin-
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Figure B.26: The slope cancellation in both NF and

F'N with ripple cancellation in sector 5D for D,
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Figure B.28: The slope cancellation in NF with no rip-

ple cancellation in sector 6B for D; = D,;,.
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B.2 Sector wise slope cancellation and ripple cancellation in i;,
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Slope Cancellation

Figure B.29: No slope cancellation with no ripple  Figure B.30: The slope cancellation in FN and condi-

cancellation in sector 7 for D; = D,;,.. tional ripple cancellation in sector 8A for D; = D,;;;y.
gt g
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Figure B.31: The slope cancellation in FN with no  Figure B.32: No slope cancellation and conditional rip-
ripple cancellation in sector 8B for D, = D,,;y,. ple cancellation in sector 9 for D; = D,,;,.
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All the sectors and modes of CI-SIDO boost
converter when i; ; is in DCM and i;, is in
CCM
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C.1 Durations of All the States of CI-SIDO Boost converter in DCM

C.1 Durations of All the States of CI-SIDO Boost converter in DCM

This appendix shows the waveforms of all the sectors and modes of CI-SIDO boost converter. The

durations of all the states are also derived for each sectors and modes.

C.1.1 Sector 1 and 2
C.1.1.1 Modes 1a and 2a

The waveforms of Mode 1a is shown in Fig. |C.1(a)|and Mode 2a is shown in Fig. [C.1(b)l Using

the figure, the analysis is presented below-

Dy = tyn,, + tny + tEN,

Gunitan,, = Gyri(1 = Dy — tpp),

_|Gyril(1 = Dy = trF)
— tNNbD =

b

Gym
|Ganiltny = |Grnilten + |G prilter, (C.1)
G
(D2 = tyN,, = tFF %)
= IrNy = )
1+ |GFN1|)
Gl

D = tyn,, + tyn,
. T3
Iy = 7[(tFF X |Grrpil X tpp) + (teny X (tnwGant + trelGrri])].

At CCM/DCM boundary, we have tyy,, = tpr,, = 0, tpr = (1 = D,), D, = tyy + tpy. The obtained

values of i,; = i,1;,; and D; = tyy at the CCM/DCM boundary are—

. T,

o1bd = = [tvn(D2 = tnn)Gnt + (1 = Do)(1 = tyn)|Grril]

Dy|Grnil + (1 = Do)IGppi|
Gnyni + Geni .

(C2)

where, tyy =

Therefore, i;; remains in Mode 1a when i, 1, < i,1 < i1 and Dy, < D; < tyy.
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C. All the sectors and modes of CI-SIDO boost converter when i;; is in DCM and i, is in CCM

A
g1 | DT .
A . o
92 D2Ts |

G
NN, L FFyp.

L1 g Grrl -—

: ; "NN «—FN—>p ‘
GnN2 G b GNng,D . Fr GFFII,D
i FN2 Grra . Grna GFr2X
= 1 e G2 Grrop~ .t

(a) Mode 1a (b) Mode 2a

Figure C.1: The theoretical waveforms of g, g2, ir1, ir2, when operating in Mode 1a and 2a of CI-SIDO boost
converter.

C.1.1.2 Modes 1b and 2b
The waveforms of Mode 1b is shown in Fig. and Mode 2b is shown in Fig.

trry, = (1 = D),

Guwnitan,, = Gyri(1 = D»),

1-D
— R Gyri( 2)

b

GNNI

Inn + ten = Dy — tyn,, — TFFyp

P Gynitvn
FN = —=—>
Gl (C.3)

b _ (D2 = tyN,, = tFF,p)
NN — GNNI )

(1+ lGFNll)
£ Gyni (D2 = tnn,, = tFF,p)
FN — ’

G Gnn1
IGrnil (1 + g2

Dy = tyn,, + N,
_ T
Lol = ?s[tFN X |Grnil X ten].
Finding the values of i,; = i,1y, and D; = D;,, at Mode 1b, we obtain—

i = IGrn1 (D2 TGy — IGyril(1 = Dy)T )2
2T(IGFn1l + Gyni)? ’

D, = DyGpyy + (1 = D2)Gyry
v Gynt + Gy '

(C4)
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C.1 Durations of All the States of CI-SIDO Boost converter in DCM

Ati,; =1i,, and D| = D,,,, the converter is at Mode 1b. After that if i,; < i,;y, and D, < Dy,,, the

converter operates in Mode Ic.

A
0 O] [.,
. : A
92 DT, [, & DT
‘7GT54‘>3 A — Tt
A NN1
NNoo_Z” Gew KPR 92 [ DoT, | =t
s b ¢+ . |NNvp: GrN1  <FFEyps
GnNup L ip1 <IN > ~i
g 3 NN G :
‘ GFN2 ‘ GNN]_bD GFN2 ‘ FFlyp -
; ¢ . \. ; ‘
L2 NN2 FF2,p\ ZL2m
(2) Mode 1b ®) Mog®

Figure C.2: The theoretical waveforms of g1, g2, i11, iz2, when operating in Mode 1b and 2b of CI-SIDO boost
converter.

C.1.1.3 Modes 1c and 2¢

The waveforms of Mode 1c¢ is shown in Fig. and Mode 2c is shown in Fig. [C.3(b)}

A
9 DTy A
\ > ¢ 91 D]_Ts |
92 D2Ts‘ > ¢ A » t
o - e[ DT |
GNN1 Gran g T > ¢
; : N v e
leT /\FNO GFri,p ! ANN
L s Lo D Gpnt FFyp
» INNZ > FFp -t i X" »
NN,p FN N N*F N*>™FN, Lt
GNN2 GNNI‘ GFN20 GNFlbD
4 "\ Gry2, ‘ —5 3
ZMM ir2 L Cws . Grrags~ t
> ¢ >
(a) Mode 1c (b) Mode 2c¢

Figure C.3: The theoretical waveforms of g1, g2, ir1, iz2, When operating in Mode 1¢ and 2c of CI-SIDO boost
converter.
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C. All the sectors and modes of CI-SIDO boost converter when i;; is in DCM and i, is in CCM

trr,, = (1 = Dy),

Gynitan,, = Gyri(1 = Dy),

Gyri(1 =D
— oy, = NF1( 2)

b

GNNI

Inn + ten = Dy — tyn,, — tEN»
P Gnnitvw
FN — ’
|G Enl (C.5)
(D2 — tyn,p — trN,)

Gnn1
(1 + |GFn1l )

Iny =

_ Gyni (D2 —tyn,, — tEN,)

iy G Gnn1
|Gl (1+ |GFN1|)

Irn

D, = tyn,, + N,

I
I, = E[IFN X |Grni1l X ten].

C.1.2 Sector 3

The waveforms of CI-SIDO boost converter in Sector 3 is shown in Fig. The durations are
derived as presented below-

Dy = tyn,, + tny + tEN,

IGyril(1 = Dy — tpp)
GNN]tNNbD = GNF](I —D2 = [FF) — tNNbD — NF1 2 FF

b

Gnyni

\Gyniltnn + |Geniltrny = |Grriltrr,

(D2 — tyn,, — lFF%) (C.6)
ey = 1 Gl : )
|Gl
fuw = trp IGrril ton |GFN1|’
|G il |Gl

. T
Io] = ?S[(IFF X |Grril X tpp) + tey X (tnnGant + teelGrri))]-
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C.1 Durations of All the States of CI-SIDO Boost converter in DCM

At CCM/DCM boundary, tyy,, = trr,, = 0, trr = (1 = D), and tyy + tpy = D,. The boundary values

of load currents and duty ratios are—

. T,
o1bd = = [tvn (D72 — tyn)Gynt + (1 = Do)(1 — tyn)|Grpil]

|Grril(1 — Dy) — GpniDs
where, tyy = . (C.7)
w (Gt — Grnr)

Dlhd = tNN-

Therefore, to operate the converter in Sector 3, i, < iy, and Dy < Dy,,,.

A
91 [ DiTy ] A :
A . 9
g2 DT, | [,
e >t
NN =
A
111 <—>éD ‘ GFNl : <—b>D >
GNNI;,D GFN2 FFlyp
. GNyg ~ N GFr2,p
tr2 Grra :
> ¢
(a) Mode 3

Figure C.4: The theoretical waveforms of g1, g2, ir1, izp, when operating in Sector 3 of CI-SIDO boost
converter.

C.1.3 Sector4,5,7,8
C.1.3.1 Modes 4a, 5a, 7a and 8a

The waveforms of Modes 4a, 5a, 7a and 8a are shown in Figs. [C.5(a)} [C.5(b)} [C.5(c) and [C.5(d)

respectively.

Iny + 1ty = Dy
tpn = Do —tyn

Ganitny = Grnitey + IGrriltrr
(C.8)
(Gant + Gen)itny = Geni Do + |Grrilter
_ Gpn1Da + |Grpiltpr
Iny =
(Gwnt + Grni)
T

lo] = ?S[tFF~|GFFl|-tFF + tpn (Guni-tnn + |GFrFil-trr)]
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C. All the sectors and modes of CI-SIDO boost converter when i;; is in DCM and i, is in CCM

At CCM/DCM boundary, tgr = (1 —D,), the boundary values of load current and duty ratios are given
by—

. T,
lolba = > [tun (D2 — tyn)Gynt + (1 = Do)(1 — tyw)IGrpil]

Dy|Gpnil + (1 = Do)IGEpi|

GNN2

where, tyy = (C.9
Gynvi + G
Dy = tyn
Therefore, i;; remains in Mode 4a when i,14;, < ip1 < ip15¢ and Dy, < Dy < tyy.
9 DT, e, O[T ] e, O[T .
9: [ DgTy : 9 DT, : % Dty ] :
% 2 e - W
i1 : ‘ imm iri L
~ NN—~FN>=FF = ! +NN—=FN=—FF NN PN =—pF—= 1
: . ) 0

Grn:
i FA\ZI GFF‘2 GFFZ
‘ ‘ o

(a) Mode 4a (b) Mode 5a (c) Mode 7a (d) Mode 8a

Figure C.5: The theoretical waveforms of gy, g2, ir1, iz, When operating in Mode 4a, 5a, 7a and 8a of CI-
SIDO boost converter.

C.1.3.2 Modes 4b, 5b, 7b and 8b

The waveforms of Modes 4b, 5b, 7b and 8b are shown in Figs. [C.6(a)], [C.6(b)l [C.6(c)| and [C.6(d)

respectively.

Iny +try = Dy
tpp = (1 = Dy)

Gynitnn = Geniten

P Grnitry (C.10)
NN =~
Gwni
G
tenfl + L } =Dy
NN1

. S
Iyl = ?[IFN-GNNI vl
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C.1 Durations of All the States of CI-SIDO Boost converter in DCM

Finding the values of i,; = i,14, and D; = D,,, for Mode 4b, we obtain—

IGrn1lGap DT s

i14p = :

M0 (G + |Genil)? (C.11)
p, = DG
Ly Gyni + Gt

Ati, = ing4, and Dy = Dy,,, the converter is at Mode 4b. After that if i,; < i,14, and D; < Dy,,, the

converter operates in Mode 4c.

91 | D1Ts t
g D1 T, > .
. t 92 DyT : t
92 DoT i -—T—————
. T Grn1
NN+—FN—><—FF—> 1 NN EN - s
) _ Grr, ¥ Grr2,
2 m/ ZLsz
t t t
(a) Mode 4b (b) Mode 5b (c) Mode 7b (d) Mode 8b

Figure C.6: The theoretical waveforms of g1, g2, ir1, iz2, When operating in Mode 4b, 5b, 7b and 8b of CI-
SIDO boost converter.

C.1.3.3 Modes 4c¢, 5¢, 7c and 8c

The waveforms of Modes 4c, 5c, 7¢ and 8c are shown in Figs. [C.7(a)} [C.7(b)] [C.7(c)| and [C.7(d)

respectively.

Iny +tey = Dy — tpy,
trr, = (I = Dy)

Guynitvn = Geniten

P Grnitry (C.12)
NN = ———
Gyni
G
tendl + =) = Dy — tpy,
Gyni

lo] = ?S [trn.G w1 vy ]
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C. All the sectors and modes of CI-SIDO boost converter when i;; is in DCM and i, is in CCM

91 [] DiT. 9 | DT,
" g1 | DiTs — ¢ L -
: DiT; Tt g2 DoT. | ; 92 DT, ] ;
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. / . ir1 V\ ) / ] ir1 | Gyt . L.,
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(a) Mode 4c (b) Mode 5c¢ (c) Mode 7c (d) Mode 8¢

Figure C.7: The theoretical waveforms of gy, g», i1, iz2, When operating in Mode 4c, 5S¢, 7c and 8c of CI-
SIDO boost converter.

C.1.4 Sector 6 and 9

The waveforms of Modes 6 and 9 are shown in Figs. [C.8(a)} and [C.8(b)] respectively.

Iny + ey = Dy
trv = Do —tyn

Gynvityy + Genitpny = |Grrilter
(C.13)
(Gnnt — Gen)tnn = |Grriltrr — Geni D2

_ |Grriltrr — Gpni Dy
INN =
(Gynt — GEnr)

) T
lp] = ?S[IFF-lGFFll-tFF + tpn (Gani-tvny + |G rrilter)].

At CCM/DCM boundary, tpr = (1 — D;). Therefore, the boundary load current and duty ratio reduces
to—

. T,
lolba = > [tn (D7 = tyn)Gynt + (1 = Do)(1 = tyn)IGrpil]

|GFF1|(1 - D2) - GFN1D2
where, vy = . (C.14)
N (Guni — Grn)

led = INN-

Therefore, to operate the converter in Sector 6 and 9, i,; < i,1,4 and Dy < Dy, ,.
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C.1 Durations of All the States of CI-SIDO Boost converter in DCM

A A
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Figure C.8: The theoretical waveforms of g1, g2, i1, iz2, When operating in Sector 6 and 9 of CI-SIDO boost
converter.
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PCB Design of CI-SIDO Converters and
Pulse Generation in LabView FPGA
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D.1 PCB Design of CI-SIDO Converters

D.1 PCB Design of CI-SIDO Converters

The PCB design of CI-SIDO boost converter is presented in Fig. [D.1] The MOSFETs used are
IRFP9ON20DPBF and diodes used are RHRP30120. The gate driver used are HCPL-3120.

5
A ‘g
r ;
ﬁ.&

Figure D.1: PCB board of CI-SIDO boost converter.

D.2 Pulse Generation in LabView FPGA

The pulse is generated by NI single board RIO 9636, programmed in LabView. The second pulse
is started at a delay from the starting point of the first pulse. This delay is the D, which is changed

from O to 1. The screen shot of the code is shown in Figs. [D.2]and[D.3]

TH-2977_156302007

279



D. PCB Design of CI-SIDO Converters and Pulse Generation in LabView FPGA

m-&

L]
L]

Figure D.3: Screenshot for pulse generation after the delay is given.
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