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ABSTRACT

The switched mode converters grow to be popular, because of its vast applica-
tions in different fields. These are having applications mainly in micro-grid, renewable
energy power generation, battery charging, power supplies, LED drivers, aero-space
equipment, drives applications etc. Different applications require their individual set
point voltage levels according to the requirement. Depending on the applications,
various DC-DC converters have been utilized to step up/down the regulated DC
voltage from the unregulated DC voltage. In practice, buck, boost and buck-boost
converters are the most commonly used DC-DC converters for step down/up ap-
plications. Here, the accurate design analysis of these converter systems is very
important. This is main motive to work on detailed analysis, accurate modelling and
control of non-isolated DC-DC converters.

Overall, DC-DC converters can be classified as buck and boost type. In this
work, the basic non-isolated DC-DC converters such as boost, buck-boost and NIBB
(Non-inverting buck-boost) are mainly considered for analysis in different aspects.
All major non-idealities of the converter system are considered such as equivalent
series resistances (ESR) of filter elements (inductor, capacitor), resistances of input
supply, semiconductor switches and diode forward drop voltage. Overall, thesis can
be viewed as two parts, first part concentrates on design, modelling analysis of DC-
DC converters and second part focuses on their controller design.

The first part mainly concentrates on power electronic related issues like design,
modelling and analysis. This includes improved or accurate expressions of duty
cycle, inductor and capacitor for non-ideal boost, buck-boost and NIBB converter.
Here, the important discussions of maximum achievable duty cycle, voltage of con-
verter system with the given parameters and minimum input voltage needed for the
desired output are explained in detail. The exact utilization of these expressions for
power and control engineers also explained. Further, OVR (Output Voltage Ripple)
and ESR are analysed and also the effect of ICR (Inductor Current Ripple), OVR
on capacitor design discussed in detail. Moreover, the maximum permissible ESR

for specified OVR is derived. Along with this, a complete non-ideal mathematical



model is developed, which gives similar response of practical system in dynamic and
steady-state behaviour wise. The state-space average approach is used to develop
the accurate non-ideal models. These non-ideal models are compared with the ideal
models. Desired practical results are obtained by the non-ideal model with minimum
tolerance. In addition, a hybrid converter namely non-inverting buck-boost derived
hybrid converter (NIBBDHC) is proposed based on the knowledge of basic converter
topologies. The proposed topology has a feature, which can provide both DC and AC
outputs, simultaneously. Functionally as similar as conventional VSI (Voltage Source
Inverter), however, shoot through is well utilized in proposed converter. Complete
mathematical analysis is presented and are verified through simulation and practical
implementation.

The second part of thesis is related to designing a controller for DC-DC convert-
ers. Here, IMC (Internal Model Control) is used to design the PID controller. The A
tuning is proposed for DC-DC converters. The main focus is to design a general PID
controller for all types of converters and there is no need for trial and error method
to choose PID parameters. Along with this, the designed PID can achieve desired
bandwidth of the system, which is very important for the DC-DC converters. Further,
when there exist parametric uncertainties, a PID controller is designed. The best
part of this work is that, single PID controller can handle the parametric uncertainties
(interval type of uncertainties). For this, Kharitonov theorem and stability boundary
locus techniques are used. Here, a reduced polynomial approach is proposed for
DC-DC converters. Finally, all these control techniques are implemented on con-
sidered DC-DC converters through simulations and practical experiments. The con-

troller is implemented on DSPACE-1104 through Hardware in loop.
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CHAPTER 1
INTRODUCTION

This chapter introduces the work carried out in this thesis. Beginning with fundamen-
tals of power converters and categorization of DC-DC Converters. The basic theme

and objectives of current research work have also been outlined.

1.1 Revisit to Fundamentals

A power converter is the generic name for any device which converts power (pre-
sumably electrical charge) from one mode to another. A power converter is used to
take power input from a source in one form and output it into another form, more
useful at the user loads. The power conversion is converting electric energy from
one form to another, converting between AC and DC, or just changing the voltage or
frequency, or some combination of these. Based on this and from literature [1]- [4],

power converters can be classified as
1. AC to DC converters (Rectifiers)
2. AC to AC converters (AC voltage regulators or Cyclo converters)
3. DC to DC converters (Choppers)
4. DC to AC converters (Inverters)

The present thesis is completely about DC to DC converters and explained in further

sections and chapters.
1.2 DC-DC Converters: Background

DC to DC converter is a class of power converter, which converts one level of dc
voltage into higher or lower level. DC-DC conversion is important for various systems
in which power supply required from battery. Such system often contains several
sub-systems, each with its own voltage level requirement, different from voltage level

supplied by the battery. Additionally, the battery voltage diminishes as it’s stored
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energy discharged. DC-DC conversion provided to increase voltage from a partially

lowered battery voltage thereby saving the space instead of using multiple batteries.

In earlier days, linear regulators are in use for DC-DC conversion. However, linear
regulators suffer from low efficiency and high amount of power wastage. In view of
this research started in the direction of switched mode power conversion [5]. Advent
of solid state power electronics, prone to reliable and efficient power conversion. The
vital asset of switched mode converter is power conversion and voltage regulation at
high efficiency is achievable, if switches are ideal in nature. Further, semi-conductor
switches can be operated at high frequencies, which in turn effect the filter com-
ponent selection [6,|7]. The features of switched mode converters are low weight,
losses, higher efficiency and will take less space. Switched mode power converters
have applications in low, medium and high power range. Low power applications
are computers, mobile chargers, implant devices, energy harvesting, telecommuni-
cation, LED lighting etc. Medium range power applications are Plasma research,
X-ray, PV, wire less power transfer, street lighting, auto mobile head light, Radar, DC
Micro-grid, Motor drive, aerospace instruments, UPS, SMPS, power factor correc-
tion etc. High power applications will be HVDC, hybrid EV, FC-EV, Plug-in EV, V2G,

Electric train, Elevator/Escalator, Air craft, Tramway etc. [8]- [30].

DC-DC converters mainly consist semi-conductor switches and filter elements
(inductor and capacitor). Interconnection of these elements in different combinations
will lead to different switched mode power converter topologies [31]. For intercon-
nection of switches & energy storage elements, two conditions must be considered.
First, never interrupt current through inductors. Second, never short circuit the ca-
pacitor voltages. So, by using switch inductor cell, possible topologies are shown in
Figure[1.1] They are known as buck, boost & buck-boost respectively. Figure[1.1}a),
shows the buck topology, which gives output voltage less than the input. It’s features
are, continuous output current, discontinuous input current and less OVR (Output
Voltage Ripple) which requires less value of capacitance. Figure [1.1[b), shows the
boost topology, which provides higher voltages than the input. Its features are, con-

tinuous input current, discontinuous output current and more OVR which requires
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Figure 1.1: Schematic of (a)DC-DC Buck converter (b)DC-DC Boost converter
(c)DC-DC Buck-boost converter.
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Figure 1.2: Schematic of non-inverting buck-boost converter.

high value of capacitance. Figure [T.1}c), shows the buck-boost topology, which can
give both higher and lower values of output voltage than the input. Its features are,
both input, output currents are discontinuous and output voltage polarity is opposite
to input. These are the basic topologies of DC-DC converters, which are of second-

order systems.

Further, inductor with four switch cell will be used to get different type of topolo-
gies. Using this, it is possible to get all three basic converters operation in one con-
verter and there is no opposite polarity of output. This is also called as non-inverting
buck-boost (NIBB) converter. Another way it can deduced by cascade connection
of buck with boost. This is shown in Figure NIBB converter also has single
inductor, capacitor and of second order. This converter is best suited for low power
portable applications [32].

Moreover, many other DC-DC converters are reported in literature [33]- [35].
Each and every topology has its own advantages, disadvantages and useful for spe-
cific applications. So, classification of these topologies available in literature [4,31]
many different ways. However, some important classifications are discussed here.
Based on input and output magnitudes, DC-DC converters can be classified as step-
down and step-up type. In power electronics point of view, the switched mode DC-DC

converters can be classified as

e Non-isolated DC-DC Converters: There is no electrical isolation between input

4



and output. The basic advantages with these type of converters are simple
structure, light weight, low cost and suitable for low to medium power applica-
tions. EQ: Buck, Boost, Buck-Boost, NIBB, Cuk, SEPIC, etc.

e Isolated DC-DC Converters: There is a electrical isolation between input and
output by means of high frequency transformer. The basic advantages with
these type of converters are less noise, less EMI problems, suitable for multi
output topologies and high power applications. Anyway, magnetic elements
design should be precise and size of converters is more compared to non-
isolated converters. Eg: Half bridge, Full bridge, Push-pull,Forward converter

etc.

Based on the power flow directions, DC-DC converters can be classified as,

¢ Unidirectional: Simple to control and less complex in comparison to bidirec-

tional DC-DC converters.

e Bidirectional: Suitable for regenerating applications and complex control.

Further, DC-DC converters can be chosen for application based on current flow
through the inductor. If inductor current is continuous, then it is called as CCM (Con-
tinuous Current Mode) operation otherwise DCM (Discontinuous Current Mode) op-
eration. Generally, CCM operation is preferred in most of the applications. Whereas,
in specific applications such as PFC [36], DCM operation of DC-DC converter is

preferred.

1.3 Literature and Research Plan

DC-DC converters have wider applications in different fields and easy to understand,
which makes most of the researchers to work in this area, around the globe. One can
visualize the major research topics in this area are, design or analysis of converters,
mathematical modeling of converters, new topologies for specific applications and

controller design.



1.3.1 Design or Analysis of converters

The design and analysis of the DC-DC converters is an important topic of inter-
est for power electronics researchers [37]- [45]. In the literature [46]- [48], design
and analysis are carried out by considering the ideal nature of the elements mostly.
However, the elements of DC-DC converters are not ideal in practice and have cer-
tain parasitic or non-idealities [4], [49] such as equivalent series resistances (ESRs)
of inductors and capacitors, the parasitic resistances of diode and metaloxidesemi-
conductor field-effect transistor (MOSFET) during conduction and also the forward
voltage drop of the diode. The design and performance of DC-DC converters are af-
fected by these non-idealities. Inductor current ripple (ICR) and output voltage ripple
(OVR) are the two important parameters to observe with the effect of non-idealities.
Ripple or ESR analysis for some DC-DC converters have been reported in [2], [43]-
[52]. In [43] & [44], the design analysis of non-ideal DC-DC converters (Buck and
Cuk converters) presented, but input resistance is neglected. Actually, internal resis-
tance of supply or source is also an important parameter, for example batteries have

internal resistance [53], [54].

1.3.2 Modeling of converters

The modeling of the converters is an important and interesting area of research in
the field of power electronics. Modelling is an important tool to know the insight of
a system and also for detailed analysis of the system. Two types of models can be
obtained such as large signal model and small signal model. A large signal modeling
tool is necessary to study the global dynamic behaviour of switching converters and
to design robust systems. Small signal models used to predict the small signal sta-
bility of system. In the literature, many modeling techniques have been reported to
get the mathematical model of DC-DC converter such as circuit averaging technique,
state space averaged method (SSA) [4], [33], [55,96], current injected equivalent cir-
cuit approach (CIECA) [57,58], switching flow graph method (SFG) [59], averaged
switch models [60,/61], bond graph technique [62]- [64], energy factor approach [65]-
[67], fractional order modeling [68,69], relay feedback method [70] etc. All these
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techniques or methods are needed to get mathematical model of DC-DC converter.
Most of the research work in literature is found that the converter models are gen-
erally procured by considering ideal nature of elements or neglecting non-idealities
of elements. Nevertheless, consideration of non-idealities or parasitic is essential to
get accurate mathematical models. Therefore, in present work SSA method is used

to get the complete non-ideal or accurate models of the DC-DC converters.
1.3.3 New topologies for specific applications

In addition, DC-DC converter topological research majorly moves around applica-
tion point of view. In present scenario DC micro grids, smart grids and nano grids
reflect the fast growth of technology. These advanced systems insisting further hy-
brid technology from power electronic converters point of view. Many sophisticated
power electronic converters are available, in order to feed both DC and AC loads
independently from grid or renewable source [71,72]. But no converter can give both
AC and DC simultaneously. This has been shown in Figure [1.3{a), whereas Figure
[1.3(b) presents hybrid architecture to feed both AC and DC simultaneously. These
hybrid topologies are more reliable and capable (capability of using shoot through
issue effectively). The hybrid converter topologies presented in literature [73]- [76].

By studying carefully, a new hybrid converter topology is proposed in this work.

DC Bus | | | | DC Bus | |

DC-DC CONVERTER]
(BUCK/BOOST/ DC-AC HYBRID
BUCK-BOOST) CONVERTER CONYERTER
DC Load AC Load DC/AC Load

Figure 1.3: Hybrid architecture.

1.3.4 Control of DC-DC converters

Finally, another interesting and important topic of DC-DC converters is controller

design based on their mathematical models. Generally, in control theory, it may

7



be observed that one way of classifying systems is linear and non-linear. Further,
linear systems can be classified as minimum and non-minimum phase. Here, DC-DC
converters are classified in many ways as discussed before. It is important to know
the dynamic behaviour of the system, before designing a controller. So, in control
point of view, DC-DC converters (based on their transfer function models) can be

classified as

e Minimum phase (MP) converters (Eg: Buck,Forward converter etc.)

e Non-minimum phase (NMP) converters (Eg: Boost, Buck-boost converter etc.)

Many researchers have given their contribution towards the control of DC-DC con-
verters in the literature. In various control techniques, PID controller design is very
important aspect. Available methods to design PID controller are K-factor approach
[78], frequency response method [79], Z-N method [80], stability boundary locus
(SBL) method [81], PID design by internal model control (IMC) [82], PID design by
fractional order control [83], PID formulation based on capacitor current [84] etc.,
presented in the literature. As some of DC-DC converters are NMP type, specifi-
cally for these also control designs are reported in literature [85]- [90]. Further, in
the literature, optimal control like LQR-LQG [91], predictive control [92]- [94], Smith-
predictor control [125]- [127], one-cycle control [95] [96], H-infinity control [97], slid-
ing mode control [98]- [103], fractional order control [104], fuzzy control [105]- [107],
type-2 fuzzy logic control [108], neural network controller [109]- [110], neuro-fuzzy
control [111]- [112], adaptive control [113,/114] evolutionary techniques [115]- [116]
and cascaded control schemes like PI-SMC [117]- [120], IMC-SMC [121], etc., are
reported.

All these control methods have its own advantages and disadvantages depending
upon requirement. However, there is always a scope in every method to improve per-
formance of the DC-DC converters. Though there are many control methodologies,
classical PID control always been a better option [122,/123] over other controllers for

the following reasons.
e These are not involving complex calculations.
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e Many industries are still using PID for different applications.
e Simple to understand.

From the reported work, it is observed that tuning of PI/PID is an always interesting
topic of area for researchers. To the best of author's knowledge, there is no gener-
alized PI/PID design for DC-DC converters without trial and error of any parameter.
This idea has motivated to design generalized PI/PID design for DC-DC convert-
ers without trial and error of any parameter. For this purpose, IMC (Internal Model

Control) has been used.

1.3.4.1 IMC literature

IMC design scheme was proposed by Garcia and Morari [124]. Similar to Smith
predictor control scheme [125], IMC does require model and other summing blocks
for its design and thereby making it complex for implementation. The ease of imple-
menting IMC controller comes into picture when it is treated through the conventional
feedback control structure [128,129]. There are some alternate representation of
IMC structure in the form of two- or three-degree of freedom control where number
of degree corresponds to different number of attributes (tracking, disturbance rejec-
tion, robustness) independently by individual controller [130]- [132]. Recently, the
concepts of active disturbance rejection and iterative learning have opened a new
gate way to utilize IMC framework to obtain advanced control schemes [133,/134].
The power of IMC theory flashes out when it is utilized for the implementation and
tuning of PID controller [135]. In literature [136]- [138], concept of IMC has been
used in different applications. Through IMC theory, all the tuning parameters of PID
controller can be evaluated by a single parameter (generally represented by A and

therefore also known as lambda tuning in some research articles [139]).

1.3.4.2 Literature on lambda tuning

Generally, lambda selected such as less than the closed-loop bandwidth over which
the process model is valid [135]. Later on, Brosilow and Joseph [140] recommended

that filter parameter (i.e.,lambda) should be chosen such that the high frequency gain
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of the controller does not exceed 20 times of its low frequency gain. Horn et al. [141]
proposed new arrangements of filter and recommended that lambda should be less
than largest time constant in the system. Liu et al. proposed that lambda is evaluated
by minimizing a weighted function of integral square error (ISE) and the maximum
of the complementary sensitivity function [142]. Whereas, Chen et al. extracted
tuning principles based on specification of maximum closed-loop amplitude ratio of
+2 dB [143]. Further, Chen and Seborg [144] presented a direct synthesis design
method to improve disturbance rejection. Kaya [145] also suggested tuning methods

based on desired gain and phase margin specifications .

Overall, it is clear that the single tuning parameter lambda is related to the cross
over frequency of the system. Similarly, DC-DC converters speed of response is
also related to bandwidth (bandwidth should be one tenth to one fifth of switching
frequency of DC-DC converter). So, by choosing X in relation to bandwidth, it will be
better for DC-DC Converters. Therefore, in the present work, A tuning of PID design

for DC-DC converters without trial and error of any parameter is proposed.

1.3.4.3 Literature on robust PID design

Another basic requirement of controller is to make the whole system robust or in
other words is to make the system insensitive to disturbances and parametric varia-
tions. Therefore, stability analysis and robust controller design are extremely impor-
tant. Robust controller design process requires a model with uncertainties. Robust
analysis and design of controller for interval systems or systems with parametric
uncertainties is available in literature [146,(147]. Specifically, most of the robust con-
troller design for DC-DC converters has been done using H* technique [97], QFT
technique [148] etc. Even though, these control techniques function fairly, as men-
tioned before heavy mathematics, complex analysis and most of industries choice
is PID type controller. Especially, for uncertain cases, Kharitonov’s theorem [149] is

simple and useful to design PID.

In control literature, there exist Kharitonov’s theorem which is useful for stability

analysis of interval systems [149]. Recently, various simple techniques are reported
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for stability analysis of DC-DC converters based on Kharitonov’s theorem [150]-
[152]. In [153], design of classical controllers (P, Pl, PID) based on Kharitonov’s
theorem are shown. In [81,155], a new design technique based on Kharitonov’s
theorem reported for stabilization of an interval plant based on the specific stability
margin, hence robust controller can be designed. In [156,(157], robust controller de-
sign for uncertain systems using Kharitonov’s theorem has been presented. From
the literature survey, it is found that as the order of uncertain plant increases, then
the number of interval plant transfer functions will be more. Hence, it will increase
the complexity for designing of robust PID controller by using Kharitonov’s theorem.
Further, with the existing work, it is difficult to choose the PID parameters exactly. So,
this motivates authors to design robust PID controller for DC-DC converters. This is

an another contribution of this work.
1.4 Main Contributions

Based on literature survey and research plan, the important objective of this thesis
is to present the accurate design and transfer function models of non-isolated DC-
DC converters for controller design, which focus on following points: importance of
including non-idealities, control oriented analysis, obtaining PID parameters directly

from model. The main research contributions are as given below:

e The non-isolated DC-DC converter topologies such as buck, boost, buck-boost
and NIBB are designed and modelled by including all major non-idealities such
as equivalent series resistances (ESR) of inductor, capacitor, source resis-
tance, MOSFET resistance, diode resistance and diode forward voltage drop to
obtain the almost equivalent model of practical converter system. Here, some
important expressions like maximum achievable duty cycles, voltage and max-

imum permissible ESR are discussed in detail.

e The state space models of complete non-ideal models are presented. Effects
of parasitics or non-idealities on the performance of converter system are eval-
uated. The obtained steady-state and small signal models are to be analysed

in control point of view and need to deduce some important conclusions for
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closed loop operation and controller design.

e From the knowledge of basic converter topologies, with some modifications a
new converter topology is proposed. The proposed converter can give both AC

and DC outputs, simultaneously.

e Finally, from the transfer functions of modelled DC-DC converters, it is clear
that some of them are minimum phase systems (eg: buck converter) and some
of them are non-minimum phase systems (eg: boost, buck-boost converters).
A general PID design method is proposed for DC-DC converters. Along with
this, a robust PID controller is designed for DC-DC converters, when there are

parametric variations.

e The simulation results of theoretical analysis validation performed. For this, a
laboratory prototype is developed. Controller implementation has been done
on dSPACE-1104 controller board.

1.5 Overview of Thesis

The thesis is organized in six chapters, Chapter 1 explores the scope of the present
research, theoretical background of DC-DC converters, literature survey on the pro-
posed work and research objectives of the present study. This chapter will highlight
why the area under investigation in this thesis is of high and rising relevance. The
remaining part of the thesis is structured as follows:

Chapter 2 presents a non-ideal DC-DC boost converter design and modeling
by considering all major non-idealities, which gives an accurately designed model.
Duty cycle and filter elements expressions are modified. Important specifications
such as maximum possible voltage and duty cycle, minimum input voltage to get a
particular output voltage are presented. Further, detailed analysis of ICR, OVR and
ESR are discussed in detail. Effect of parasitics on plant model is analysed. It also
includes detail steady state and control oriented analysis using small signal model.
Finally, the importance of complete non-ideal is verified by comparing it with other

semi non-ideal converters. All theoretical studies are validated through experiments.
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Chapter 3 presents design and modeling of a non-ideal DC-DC buck-boost con-
verter by considering all major non-idealities. Modified formulae for duty cycle and
filter elements are derived. Important specifications such as maximum possible volt-
age and duty cycle, minimum input voltage to get a particular output voltage are
presented. Further, detailed analysis of ICR, OVR and ESR are discussed in detail.
Effect of parasitics on plant model is analysed. It also includes detail steady state
and control oriented analysis using small signal model. Finally, the importance of
complete non-ideal is verified by comparing it with other semi non-ideal converters.

All theoretical studies are validated through experiments.

Chapter 4 presents design analysis of two switch buck-boost converter or non-
inverting buck-boost (NIBB) converter by considering all major non-idealities. It can
be viewed as generalised converter, as it can be operated in buck, boost and buck-
boost modes. The expressions for output voltage, duty cycles, filter elements are
derived. These are generalised expressions, since it is shown that from these ex-
pressions, remaining basic converter (buck, boost and buck-boost) expressions are
obtainable. As there are two duty cycles, modeling and analysis are little bit differ-
ent as compared to single switch converters. Effect of parasitics on plant model or
practical system is presented. It also includes detail steady state and control ori-
ented analysis using small signal model. Further, NIBB derived Hybrid converter is

proposed and analysed. All theoretical studies are validated through experiments.

Chapter 5 presents the controller design of DC-DC converters. DC-DC con-
verters are classified based on their transfer function models and gain cross over
frequency selection is discussed in detail. Further in this chapter, main focus is to
get PID values using models obtained in previous chapters. For this, model based
controller IMC (Internal Model Control) is explored and proposed a generalised PID
design for DC-DC converters. Along with this, robust PID controller is also designed,
when all plant parameters are varying. For this Kharitonov theorem, stability bound-

ary locus are utilized. All theoretical studies are validated through experiments.

Chapter 6 summarizes the conclusions drawn from the exhaustive experimenta-

tion carried out in the present research work on “Modeling, Analysis and Control of
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Non-isolated DC-DC Converters”. This chapter also presents the limitations of the

present work and emphasizing the scope for future work in this field.

14



CHAPTER 2
NON-IDEAL PWM DC-DC BOOST CONVERTER

This chapter presents different design issues and accurate mathematical modeling
of non-ideal boost converter in detail. The steady-state and dynamic analysis of
non-ideal boost converter are explained. Various transfer functions are derived and

analyzed the effect of non-idealities.

2.1 Background and Motivation

A PWM DC-DC boost converter is a basic step-up voltage circuit having many fea-
tures, which make it suitable for variety of applications extending from low-power
portable devices to high-power stationary applications. Some of them will be in a
cellular phone (to provide proper bias to the RF amplifier) or locally to provide ad-
equate high-side bias to a dedicated circuitry, in battery-powered systems (e.g., a
12 V battery supplying an audio amplifier), solar, micro-grid, aerospace and power
supplies. The extensive application of PWM DC-DC boost converters has been at-
tracted by its less count of elements, which makes it more advantageous in terms of
simple design implementation, manufacturing [8].

In view of these applications or as everyone needs an accurate and optimal de-
sign, analysis of boost converter. Most of the research articles and information about
design analysis of boost converter presented by considering the ideal nature of el-
ements [1]- [4]. Nevertheless, the converter elements are not ideal in nature and
have non-idealities [43], [44] [49], [158]- [160]. The effect of these non-idealities or
parasitics on element design and analysis is not negligible. Specifically in aerospace
applications or power supplies, where accurate design is necessary and compact
size is required. In general, the dc output voltage is proportional to the duty cycle for
DC-DC converters [161,/162]. Therefore, in order to get the desired output voltage,
the duty cycle of the switch should be estimated properly.

The duty cycle of an ideal boost converter operating in continuous conduction
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mode (CCM) is given by
Vo -V,
Vo

where, V, is input voltage and V,, is output voltage. This equation is well known and is

(2.1)

Dideal =

derived by considering the ideal behaviour of elements [1]- [4]. However, in practical
case, duty cycle given in Eq. does not provide exact output voltage V,, for a input
voltage V,. This is due to the power loss across the non-ideal components. Further,
the knowledge of maximum achievable output voltage V, with the boost converter is
necessary before operating it in a closed-loop. Moreover, accurate design of con-
verter elements is also important to achieve desired performance. This can be done
by rigorous analysis of converter circuit and its operation. So, this chapter includes
the exhaustive analysis of non-ideal DC-DC Boost converter carried out to obtain
the accurate expressions for duty cycle, maximum achievable duty cycle, maximum
achievable voltage and modified equations for design of inductor and capacitor.

The proper estimation of output voltage ripple (OVR) is also an important issue for
DC-DC converters, especially for high performance applications such as aerospace,
military and distribution generation [8,43,/44]. In boost converter, the equivalent se-
ries resistance of output capacitor plays an important role. The low ESR capacitor
results in lesser output voltage ripple. On the other hand, large ESR increases the
output voltage ripple, hence arising the need to have a large capacitance value.
Moreover, ESR may also affect the stability of the converter. Therefore, in this chap-
ter, a nearly accurate formula of maximum permissible ESR for specified OVR and
ICR is derived. It is shown by the simulation and experimental results that if the
ESR is chosen beyond this limit, the output voltage will have more ripples than the
specified.

Once design analysis is completed, then the next most important for the convert-
ers is mathematical modeling. With which, one can get transfer function to design
controller. Most of the work in literature about boost converter modeling [4./163,/164]
presented by considering ideal nature of elements, since it is easy to understand.
Some researchers [49,/165,(166] shown interest in non-ideal modeling, but not con-

sidered all non-idealities. In this chapter, DC-DC boost converter is modelled by
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considering all non-idealities using well-known SSA (State Space Averaging) ap-
proach. Further, effect of these parameters on poles, zeros and stability of converter
is analysed. Moreover, the RHP (Right Half Plane) zero of boost converter explained
in practical way and important discussions for controller design are concluded.

The following sections discusses the detailed design issues and modeling analy-

sis of non-ideal dc-dc boost converter.

2.2 Fundamental Analysis

The preliminary equations of complete non-ideal DC-DC boost converter is pre-
sented. The schematic representation is shown in Figure [2.1fa). The circuit con-
sists of switch (S), diode (D;), inductor (L), capacitor (C') and load resistance (R).
For obtaining nearly accurate model of boost converter, all parasitic resistances are
considered such as source resistance (r,), inductor resistance (r;), switch resis-
tance (r,,), diode resistance (r,), diode forward voltage drop (v4), capacitor ESR
(r.). Further, V, is input supply, v, is output voltage, v, is voltage across capacitor,
vy, is voltage across inductor, D is duty cycle and T is total period. In comparison to
load resistance R, the parasitics values are very small. The duty cycle D is ratio of

switch ON time (¢,,) to the total time period (1" = ¢,,, + t,r;). Mathematically [3],

t t
D=—2" ==t f 2.2
= =t (2.2)

Here, we have made few assumptions [4] for analysing the PWM DC-DC boost con-
verter.

Assumption 1: PWM DC-DC boost converter is operating in continuous conduc-
tion mode (CCM). In CCM operation, converter works in two switching intervals: (a)
ON time interval, i.e.,, 0 <t < DT and (b) OFF time interval, i.e., DT <t < T .

Assumption 2: Initial charging current through inductor is zero, i.e., i;,(0) = 0 and

initial voltage across the capacitor is zero, i.e., v.(0) = 0.
2.2.1 Energy storing phase (0 <t < DT)

The equivalent circuit for boost converter during interval 0 < ¢ < DT i.e., ON period is
shown in Figure [2.1}b). In this interval, the diode (D,) is OFF and switch is replaced
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Figure 2.1: Schematic of (a)non-ideal DC-DC boost converter (b)during ON time
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by its ON time resistance (r.,). Here, the switch current (i,) is same as inductor
current (iz) and input current (i,). Diode current (i,) is zero. During this period, the
inductor stores energy, and the output capacitor alone powers the load. The wave
forms corresponding to this interval are also shown in Figure [2.1(d).

Using Kirchhoffs voltage law (KVL) and Kirchhoffs current law (KCL), the funda-

mental equations for the circuit shown in Figure [2.1b) are obtained as follows:

(vp(t))on = Ldifit(t) = —[rg+7ron +rr]ir(t) +v(t) (2.3)
(it)ox = 02— _toll) 24)
(Vo(t))on = ve(t) + 7eic(t) (2.5)

2.2.2 Energy releasing phase (DT <t <T)

The equivalent circuit for boost converter during interval DT < t < T' i.e., OFF period
is shown in Figure [2.7|c). In this interval, the switch (S) is OFF and diode (D,) is ON.
Here, the diode (D,) is replaced by its equivalent model, i.e., resistance (r;) in series
with forward voltage (vsqs). The input current (i,) is same as inductor current (i)
and switch current (i) is zero. In this interval, the stored inductive energy appears
in series with the input source and contributes to supply the output. The capacitor
charges by inductor and supply, then discharges through load. The wave forms
corresponding to this interval are also shown in Figure [2.1|(d).

Using KVL and KCL, the fundamental equations for the circuit shown in Figure
2.1]c) are obtained as follows:

(v(t)orr = LYED = — Irg +rp 414+ %] i(t) = 7E-v(t) = Via+ vg(t) (2.6)
(e(@orr = 02D — g,y - el 2.7
(Vo(t))orr = ve(t) + reic(t) (2.8)
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2.3 Steady-State Analysis

For the steady state analysis of PWM DC-DC boost converter, the following assump-
tions are made.

Assumption 1: Voltages and currents are assumed constant over one switching
cycle.

Assumption 2: Voltages and currents are represented by their average (steady

state) values as follows:
iL (t) = ]L,Ug (t) = ‘/g,’UC (t) = VC

In general, the average value X of a variable x(t) over a period T is given as:
T

X = ? /.T (t)dt = onn (t) + D/.T/'Off (t) (29)
0

where, z(t) is voltage across or current through an element of the boost converter,
D" =1—- D. The terms z,,(t) and z,s/(t) represent the variable z(¢) during switch
ON and switch OFF, respectively.

According to volt-sec balance [4], in steady state, the average inductor voltage

must be equal to zero.

T ton=DT tofp=(1-D)T
Vi=2%fogydt =21 [ (vp(t))ondt+ [ (vp(t))oppdt | =0 (2.10)
0 0 ton=DT

Similarly, in steady state, according to charge balance [4] through the capacitor, the

average capacitor current must be equal to zero.

T ton=DT topp=(1-D)T
Ie = %fic@f)dt = % f (iC(t))oth + f (ic(t))OFth =0 (2.11)
0 0 ton=DT
The average output voltage is determined as follows:
T ton=DT torr=(1-D)T
Vo= % f Vo(t)dt = % (vo(t)) ondt + f (vo(t)pppdt | =0 (2.12)
0 0 ton=DT

Substitute (2.3) and (2.6) in (2.10), we get,

Vy = Vig— 72-Ve

Vi=D(Vy,—(rg+ron+r.)I)+(1—D) e =0
— (T9+TL+Td+ RJ:EC) IL
VeR (rg+rL+Dron+(1—D) (Td+R}3-T§C>>IL
R+rc — (1-D) Via— (1—D)
(2.13)
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Substitute (2.4), (2.7) in (2.11), we get,

=D (~%) + (1 D) (1~ %) =0
= 1L = (1—VB)R = (1£DD)

Here, I, is the steady-state value of load current. Substitute (2.5) and (2.6) in (2.12),

we get,

(2.14)

VO = D(VC + ]cTc) + (1 — D) (VC + ICTC)

(2.15)
=V, =V
2.3.1 Output voltage expression
Substitute (2.14) and (2.15) into (2.13), we get,
Ty + 7L+ Droy + (1 — D) rd+—RTf V.
L — _vfd—<“’ i :9) (2.16)

R+re (1-D) R(1— D)’

(rg+ 74+ Droy+D'rq) (R+1c)+ D (D'R+rc) )
o 7 = V - D V
V( D'R(R+r¢) g 1
Finally, we get output voltage expression as
_ !
N ‘/O _ [V; DVfd]D R<R+Tc) (217)
[(rg + 1L+ Drop + D'rg)(R+1.)] + [D'R(D'R + r.)]

Further, we can write,

MYV,
=V, = ! g (2.18)
%—F%[Mﬂg#—m%—rm) + M (rg —71on)] + L%
_ 1
Here, M = .
If all non-idealities are zero, then the ideal output voltage of boost converter is
1%
mzﬁ. (2.19)

In an ideal PWM DC-DC boost converter, the output voltage is a function of duty
cycle and input voltage only. However, by including non-idealities, the output voltage
V, of PWM DC-DC boost converter is not only function of duty cycle D and input

voltage V, but also the load resistance R and other parasitic elements, which is

shown in Eq. (2.17).
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Table 2.1: Parameters of DC-DC boost converter

Parameters Value
Input voltage (V) 5V

Output voltage (V,) 8.33V
Source resistance () 0.2

Inductor (L/ry)
Capacitor (C'/r.)

250 ;H/ 0.249)
200 ;iF/ 0.120

Diode forward drop (V;4) 0.5V
Diode resistance (r,) 0.03
Switch resistance (r,,) 0.05 Q
Switching frequency (f) 20KHz
Load resistance (R) 22Q0/100 W
30 T T [
---= Non-ideal with R=22Q SR | UR
o Non-ideal with R=250)
25[ ___Non-ideal with R=300 | |
— Ideal [
; voma.x
o 20} - [
.gl / P ’.....P\
3 / L4 ’t“"—"' r""o ‘
“v' \ ‘
Z 15} e
3 7% 4y
£ s
o / ¥
10} sR=stable region 7 v
UR=Unstable region e %
Dmax — ‘
0 | | | | ‘
0 0.2 0.4 0.6 0.8 1
Duty cycle (D)

Figure 2.2: Output voltage versus duty cycle for different load resistances.
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Figure 2.3: Output voltage versus duty cycle for different input voltages.

The plot of output voltage V,, as a function of duty cycle D is shown in Figure
for ideal and non-ideal cases at different load resistances (R) and other parameters
are constant. For an ideal case, the converter output voltage increases with duty
cycle. On the other hand, for the non-ideal case, the output voltage first increases
with duty cycle, reaches its maximum value, and then decreases to zero at duty cy-
cle close to unity. The output voltage is dependent on load resistance also. At a
particular value of duty cycle, as the load resistance decreases, the output voltage
also drops significantly. For any fixed duty cycle, the difference between ideal dc
output voltage and non-ideal dc output voltage increases with decrease in load re-
sistance. This is because of the increased voltage drop across the non-idealities in
practical boost converter at lower load resistance (or higher load current). As the

load resistance increasing, the V... and D,,,, are also increasing.

Reason for unstable region: DC-DC boost converter is one of the indirect energy

transfer converter. It means, energy stores first (i.e., during ON time) and releases in
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next phase (i.e., during OFF time). Moreover, reason for boost operation is that the
voltage across inductor during ON time is positive (equal to supply or input voltage)
and during OFF time must be negative (equal to input voltage minus output voltage).
This employs output voltage or capacitor stored voltage is more than the input. For
higher duty cycles (> D,...) also the explanation is same, but the stored energy is
comparatively less. This is the reason that the output voltage decreases instead of

increasing after D,,4;.

The plot of output voltage V, as a function of duty cycle D is shown in Figure
for ideal case and non-ideal case at different input voltages (V,) and other parameters
are constant. For a particular duty cycle, the difference between the output voltage
of an ideal and non-ideal boost converter becomes larger as input voltage increases.
So, in the presence of parasitics, switch should kept ON for long time to get the same
output voltage. As the input voltage decreases, V... also decreasing in non-ideal
case. This V,,... is decreases because of input voltage variation. From this, we get
the information of minimum input voltage (V,,..;,) to be applied for converter at fixed

output voltage (in regulator problems).

Therefore, it is clear that the output voltage of a practical boost converter is always
less than the ideal boost converter, if the MOSFET switch of practical boost converter
is operated at a duty cycle which satisfies the relation in Eq. (2.19). It is because,
this relation is for ideal boost converter which neglects the non-idealities present
in practical boost converter. Therefore, to achieve the desired output voltage from a
practical boost converter, duty cycle should be obtained by satisfying the input-output
voltage relationship in Eq. (2.17). This will be the practical duty cycle and greater
than the ideal one as given in (2.7).

2.3.2 Modified duty cycle expression

From previous discussion, we conclude that there is a need to develop an improved
or modified expression for duty cycle in presence of parasitics or non-idealities. The

derivation as follows:
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Figure 2.4: Output voltage of boost converter as a function of duty cycle for a

fixed output voltage when both input voltage and load resistance are varying.

Rewriting (2.18) as,
v, 1 1 1+ DT/CR V,
Vi 3 ([ oo gy ] 4 ) -

Further simplifying, we get a quadratic expression in terms of D’ as,

N ) (. J/
-

a b
+V,(rg+rL+7on) (R+7c) =0

v~
C

(VoR® + ViR (R +70)) (D)’ + (=Vo (ron — 7a) (R +1¢) — Rre) — VyR(R +7¢)) (D)

(2.20)
The solution of above quadratic equation will be,
_ 2 _
D _ bi\;b dac (2.21)
a

The practicable or realizable duty cycle falls under positive sign. Therefore, the im-

proved expression for duty cycle of a practical DC-DC boost converter is obtained as
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given in Eq. (2.22).

2 2
/ / [1+%<%”+\/[1+%<%ﬂ _4[%} [RfTCJF“/Zd] [LatrLtron ]

raeaq V
2 [Rfrc + VL::|
(2.22)
Whereas, from (2.19), the ideal formula for DC-DC boost converter is
) 1%
D, =29 2.23
ideal ‘/o ( )

This expression confirms that the actual duty cycle is not only dependent on
output voltage and input voltage as in ideal case but also depends on load resistance
and other non-ideal elements of boost converter. The duty cycle calculated using Eq.
results in exact value of output voltage V, which we desire.

The plot of input voltage V, as a function of duty cycle D for different load resis-
tances at a particular output voltage is shown in Figure 2.4] In this, other parasitics
are considered as constant. It shows that the actual duty cycle is dependent on
load resistance and at a particular value of input voltage, as the load resistance de-
creases, the required duty cycle increases. In an ideal case, it is possible to achieve
desired output voltage for any value of input, but in non-ideal case, it is not possible.
Moreover, there is a limit on minimum value of input voltage. As the load resistance

increases, the minimum value of input voltage (V;,..»,) to be applied decreases.
2.3.3 Maximum achievable duty cycle and output voltage

Figures and previous section analysis explains the importance to derive the

maximum value of duty cycle. The derivation as follows:
Rewriting (2.17),
[‘/g — D,Vfd]D/R<R -+ T’C)
[(rg + 7L + Drop + D'rg)(R+1.)| + [D'R(D'R + 1.)]

-‘/:):

From above expression, it is observed that V, is a function of D. Now, maximum
value of this expression (2.17) can be found as follows:

oV,
oD
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Therefore, by differentiating V, with respect to D and equating to zero, we get the

expression of maximum permissible duty cycle (D,,..) as follows:

[VyR? + Viari] — \/7“2 [(VyR)? + VyViars + VEra)

Dmax =
‘/gRZ + Vfdrg

(2.25)

where,

r=(rp+rq+71y) (R+r.)+Rre,mo = (rp, +7on +79) (R+7c), 73 = (ra — Ton) (R+1c)+
Rr..

By substituting Eq. in Eqg. (2.17), the maximum achievable voltage (V,,,4.) With

the given converter can be determined as,

I

[va - Dmaxvfd} D;naxR (R + 7/.C')
[(Tg + L + Dmaxron + D;naxrd) (R + TC)] + [D;naxR (D;naXR + Tc)]

‘/omax = (226)

2.3.4 Effect of parasitics

Even though the parasitics of the converter are almost constant during operation,

Table 2.2: Effect of parasitics on steady state performance

Parasitic element

max Vomas
(If it increases)
Source resistance (r,) Decreases Decreases
Inductor ESR (r) Decreases Decreases
Diode resistance (r;)  No effect No effect

Capacitor ESR (r,.) Negligible effect Slightly decreases

Switch resistance (r,,) Slightly decreases Slightly decreases

Diode forward
No effect No effect

drop voltage (V;q)

they may change when there is temperature changes because of long term operation
of converter or external means. However, Figure shows the effect of parasitics
on duty cycle versus output voltage characteristics while keeping input voltage and

load resistances as constant. These observations have been tabulated in Table 2.2
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2.4 Outcomes for Closed-loop Control

Finally from steady-state analysis, we obtain some important conclusions for closed-

loop operation of converter as follows:

1. Output voltage of a practical converter is always less than the ideal. So, to get
the exact value in both theoretical and practical cases, the improved duty cycle

expression is very important.

2. If the design parameters are known, then with this analysis we can find the
values of V... and D,,., with the converter, which plays pivotal role in closed-

loop operation.

3. Usually in closed-loop operation, the duty cycle of a boost converter will be
adjusted to increase, if the output voltage decreases with the change in load
or input voltage. When this change is large, then the converter may operate in
unstable region as shown in Figure 2.2, which leads to output voltage collapse.
So to avoid this, limit the controller output to some finite value K as shown in

Figure [2.6]
K = Dpas (2.27)

where, D,,.. < 1 and the accurate expression for D,,.. is given in (2.29).

—d L 4
A Boost /2/ A
— converter
/ v, Ao "
—— oref2
A
Voref1
Eq. (2.25)
PWM Dimax
Pulses 1+— @ Controller
0

Figure 2.6: Output voltage of boost converter as a function of duty cycle for a

fixed output voltage when both input voltage and load resistance are varying.
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4. By this analysis, the key information of input voltage range specification V..,

of the converter is observed at a constant output voltage.

5. From Table2.2]and Figure[2.5] it is clear that the input and inductor resistances
are effecting characteristics significantly as compare to other parasitics. From
this, we can conclude that while designing converter, these parameters values

should be low.

The following illustrative examples will explain the details of above discussed out-
comes:

Example 1: Consider the closed-loop operation of boost converter to achieve
steady state output value of 25V. Here we analyse the importance of ideal and non-
ideal operation. Consider the parameters as given in Table [2.1]

First consider the ideal operation. Since the elements are ideal, parasitics are
neglected. Now, we check whether the duty cycle is in the range or not. From (2.19),
duty cycle is calculated as D;q...; = 0.8. S0, by operating converter in closed-loop
with proper controller values, steady state output is achievable. Now consider the
non-ideal operation, since parasitics are present in the elements practically. From
(2.22), duty cycle obtained as imaginary value, which shows that the given steady
state output is not achievable with this converter. Also from Figure[2.2] it is clear that
the maximum achievable voltage is around 16.3 V. So, even if we operate in closed-
loop we cannot achieve the steady state output as 25 V, which is contradictory result
from the ideal operation. So, this critical information of maximum achievable voltage
(Vomaz) With the converter is necessary before operating it in a closed-loop.

Example 2: Consider the closed-loop operation of boost converter to achieve
steady state output value of 8.3V. Suppose input voltage or reference voltage is vary-
ing, then how to design closed-loop control? Consider the parameters as given in
Table 2.1l

As we have seen in example 1, V... = 16.3V, so the output value mentioned in
the problem is achievable. For this converter, D,,,, = 0.85 for R = 22Q and V, = 5V.

To achieve V, = 8.33V in open loop D,., = 0.475 required, which shows D,., <
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D..... Suppose in first case, the input voltage started decreasing gradually, then
accordingly duty cycle of the boost converter will increase (up to D,,..) to achieve
the steady state output. In second case, input voltage or reference voltage changes
suddenly, then error is large. So to minimize this error, the duty cycle may increase
to unity for instant. This will collapse the output voltage. To avoid this, the duty
cycle should be limited to D,,... Here in both cases, the input voltage is allowed
to decrease up to Vi, = 2.6V only, which is clearly observable from Figure .
This will show the importance of analysis (i.e., knowledge of D4, Vymin) for the

closed-loop operation, when sudden changes occur.
2.5 Design of Filter Elements

2.5.1 Inductor current ripple (ICR) and Inductor design

Design of inductor is an another important issue for boost converter. Generally,
inductance value mostly depends on the ICR (Ai;) and switching frequency. So, in
this section, the effect of non-idealities is analysed on inductors design and inductor
ripple current. Let z;, be inductor current ripple factor (ICRF) for inductor L, such that

A

Here, I, is average current through inductor L.
From (2.3), the rate of change of inductor current i, can be assumed constant over
one cycle in steady-state i.e.,

ANip,  Vy—Ip(rg+rL+7on)
At L

(2.29)

For ON-period At = DT, the steady state magnitude of ripple current Ai;, can be

written as
Vo —Ip(rg+ 7L + 7o)
L

Substituting value of I, from (2.14) and simplifying,

Aijp =

DT (2.30)

Ajr — DV, E_rg—l—m—l—r(m
UL, RD'

(2.31)
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Here f = = is the switching frequency of boost converter. Equation 1) can be

written as,
v, Vie 1 1 1+ 2%
i | on) + —= (T4 — Ton 2.32
v D[vojLR{(D,)Q(rg—l—rL—l—r )—i—D(rd T )]+1+% (2.32)
Substitute (2.32) in (2.31), we get,
DD'V, V. %(Tg +rp+ ron) 142
Aip = o ey L] @) + B — DLt (2.33)
Lf Vo "R L (g — Ton) 147 R(D")
Further simplifying, we get ICR expression as
. DDV, (Vig rta—Tem 1t 35
_ Zfd 2.34
:>AZL Lf (%—i‘ RD +1+% ( 3)
or
. . Vfd Td — Ton L+ ]DZB’
_ , Zfd 2.
AZL AZdeeal ( Vvo + RD/ + 1 + % ( 35)

Substituting Aij, = z,I;, = 5% into Eq. (2.34), we get the expression for inductor

L as

DR(.D/)2 Vfd Tgq—T 1+ rc/
I - Via on RD 2.36
xrf ( Vi, + RD’ + I+ % ) ( )

or

_ 14 ==,
Ved  Td=Ton | RD) (2.37)

L = Ligea | ~— 7
dl(VO+ RD 1+

Putting the values of all non-ideal elements to zero in Eq. (2.34) and (2.36), these

expressions become

‘ DDV,
AZLz'deal = Lf (238)
DR(D')’
Lidear = fo (239)

From Eq. (2.38) and (2.39), we can observe that these are same as given in various
textbooks to calculate the inductor current ripples and inductance value. However,
Eq. (2.36) and (2.34) provide the actual value of inductance L and ripple expression

to limit the current ripples within specified range in presence of non-idealities.
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2.5.1.1 Effect of parasitics on ICR and inductance

The expressions and shows that there is a additional multiplying factor
to the ideal expressions. Here, an important observation from non-ideal design is
that the value of inductance and ICR are mainly effected by the ESR of the capac-
itor though there are other parasitics also present. The plots between ESR of the
capacitor versus ICR and inductance are shown in Figures. and[2.8] From these
figures, it is observed that as the capacitor ESR increases, the ICR increases and

the inductance required also increases.
2.5.2 Design of Capacitor

Capacitor design is also the very important as inductor design for a boost converter.
The voltage across the capacitor will be taken as output voltage in boost converter.
Therefore, the capacitor design depends on the allowable OVR and switching fre-
quency. The equivalent series resistance (ESR) of a capacitor plays an important
role in design. A capacitor is modelled by its capacitance value and ESR value. In

order to design capacitance, the OVR analysis of capacitor is needed.
2.5.2.1 OVR analysis
In any DC-DC converter, the total voltage ripple (Av,) of a capacitor is sum of

e Voltage ripples due to its own capacitance (Av¢)

e Voltage ripples due to its ESR (Av,¢).

Therefore, for proper capacitor design, it becomes necessary to consider the effect of
ESR. The capacitor C' is used as filter capacitor at output stage. The voltage ripples
across this capacitor directly affect the quality of output voltage. Therefore, its design
is carried out more carefully to limit the output voltage ripples within permissible
range.

The capacitor current and different components of voltage ripples in steady state
are shown in Figure [2.9] In this figure, it can be observed that the maximum ripple
occurs during OFF time. This is because, during ON time of converter, capacitor

supplies power to load or discharges and during OFF time capacitor charges for
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Figure 2.9: Current and ripple voltage waveforms associated with capacitor C.

some time period, reaches maximum and starts discharges (i.e., after some time
period I, < I,, which means capacitor supplies power to load). As discussed earlier,

output voltage ripple Av,(t) is made up of two components as
Av,(t) ~ Ave(t) + Av,e(t) (2.40)
Voltage ripples due to ESR, Av,«(t), expressed as
Av,o (t) = reic (t) (2.41)

Voltage ripples due to capacitor, Avs(t) expressed as
t

Ave () = é / io (t)dt + Ave (to) (2.42)

0
Avc(to) is initial voltage across capacitor at ¢ = ty.

The detailed analysis is carried out as follows:
2.5.2.2 Analysis during ON time

The current through capacitor C'is

io(t) = —1, (2.43)



Therefore, the voltage ripple contribution due to capacitor ESR is
Av,e () = reic (t) = —1,r. (2.44)

The voltage ripple contribution due to capacitor itself is

AUC (t) = % /ic (t)dt + AUC (0) = —%t + A’UC (O) (245)
0

Avc(0) is initial voltage across capacitor at ¢t = 0. Therefore, total output voltage

ripple during switch ON is

Av, (1) = Ave (t) + Avee (t) = —% [t + Crc] + Ave (0) (2.46)

From Eq. (2.46), it is clear that Av,(¢) is a line equation which is shown in Figure 2.9

also. It has a minimum value at t; = DT. At t = t,, the voltage ripples obtained as

Avyo(ty) = —I,re (2.47)

1,DT

Avc(tl) = — + Avc(O) (248)

L

A'Uo,rnin = A/UO (tl) = C

[Cr. 4+ DT + Ave (0) (2.49)

2.5.2.3 Analysis during OFF time

In this duration, the capacitor current dynamics is

] —Ai; (t — DT
ic(t) = Ll(),T )

+ Imm - ]o (250)

Therefore, the voltage ripple contribution due to capacitor ESR is

AiLTC

AUTC (t) = Tcic (t) = — D’T

(t = DT) + (Ima — Lo) 7 (2.51)
The voltage ripple contribution due to capacitor itself is

ic (t)dt + Ave (DT) = —2LU=DT | Una=lo)t=DT) | Ny, (DT)

Ave (t) = ¢ 20D'T C
(2.52)

- C

-
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Avc(DT) is initial voltage across capacitor at t = DT.

Therefore, total output voltage ripple during switch-off is
Av, (1) = Ave () + Avye (1) = =2k | =D 4 (— DT | +

Uns—lo) (Cr, + (t — DT)) + Ave (DT)

(2.53)

The time t, at which value of Awv,(t) occurs maximum during switch-off is obtained
by differentiating (2.53) w.r.t time and equating it to zero as,

0Awv,

5 =0 (2.54)

Further simplifying, we get,

ty = DT — Cr. + MD’T (2.55)
AZL
Now, by substituting (2.55) in (2.51), we get,
Avy(ta) = DT (2.56)
By substituting (2.55) in (2.52), we get,
o 2y . 2
Avo(ty) = Tme Z LI DT Bin (Cr) |\ (pr) (2.57)

2C Aiy, 20D'T
and the maximum value of output voltage ripples are obtained by substituting (2.55)
in (2.53), we get,

. N2
Aon,max = AUo (t2) = 2?% (((Imm - IO) ng) + (CTC)2> + AUC (DT) (258)

Therefore, the total peak-to-peak voltage ripple will be
AUO = AUO (tg) — A’UO (tl) (259)
Substituting from (2.49), (2.58)), we get,

, SN2
o= 3884 (1w = 1 225) €1 + L (2.60

If non-idealities are zero, then Eq. (2.60) becomes:

V.DT
A, = 22
Y= "Re

(2.61)
The above simplification in detail given in Appendix B.
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2.5.3 Effect of ESR on OVR

The voltage ripple contribution of ESR and capacitor in peak-peak OVR can be ob-
tained as follows:
The OVR due to ESR is

AUTC = AUTC (t2) — AUTC (t1> (262)

Substituting Equations (2.47) and (2.56)) in (2.62), we get,

A’iL (C?‘g)

A —
Ure = T oDT

+ Lr. (2.63)
Similarly, the OVR due to capacitor is
A’Uc = AUC (tg) — AUC (tl) (264)

Substituting Equations (2.48) and (2.57) in (2.64), we get,

 (Ume-L)2D'T  Aig(Cr2)
Avg(ts) = =565 — —6p7 (2.65)

The expressions and shows that OVR is the sum of two individual
OVR’s. The voltage ripple obtained by the expressions Equation (2.60), Equation
and Equation are plotted in Figure [2.70] with the variation of ESR (r.).
From this Figure, with an increase in ESR, Awv,. increases at a faster rate than Avc
decreases, thereby causing a net increase in Av,. However, as the value of r. in-
creases beyond 7. m.x, Av,. becomes higher than Aw,, which is practically impossi-
ble. This result implies that the capacitor is no longer able to keep OVR within the
specified limit for 7. > r.m.x. S0 from Figure , ripple provided by capacitor is

obtained as negative (for r. > r.ax), Which can be observed from (2.65).
2.5.4 Output capacitor design

Let the maximum specified output voltage ripple be Awv,,,. Therefore, the value of

capacitor C should be chosen such that

Av, < Avg (2.66)
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Substitute value of Av, from (2.60), we get,

(Imax — LY (D'T)? + (Ai,Cre)? + 21,0Mi, CreD'T
2Ni,CD'T

< Avgm (2.67)

By solving the above inequality, we get,

2D <Avom —~ L,rcﬂ (e — L*(D'T)?
f AZL (A2L>2

The above expression is quadratic in C and solution is the minimum value of filter

C%2 — C [ <0 (2.68)

capacitor C for given OVR and ICR can be obtained as follows:

D | Avy — L ANy S A A A
O = = | —o 2 [ [ =220} — [ 22 2 2.69
r2 Aiy \/( Aiy ) ( Ay, )TC (2.69)

This expression is valid for ro < rcmq,. The variation in minimum value of capaci-

tance as a function of ESR is drawn in Figure From this figure, it is evident that

the required capacitor value increases with increase in ESR and after r. = r. pax, it

is not possible to maintain the output voltage ripple constraint as shown in (2.66).
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2.5.5 Maximum permissible ESR (r¢,...) and ICR effect

As discussed in previous section, the ESR of output capacitor C plays an important
role in OVR of boost converter. As the value of ESR increases, more ripples appear
in output voltage, degrading the output voltage quality. Therefore, it is necessary to
find out the maximum permissible value of ESR for maximum specified OVR.

In Eq. (2.69), Capacitor C' will have a real value (practically feasible) only if the

terms inside the root is greater than or equal to zero, i.e.,

Avgm — Lr N> [ Le — 1\
<—%Zu “C) - (—mZiL ) r2>0 (2.70)
On simplification,
r, < A]”‘”" (2.71)

Therefore, the maximum permissible value of ESR (r.m.x) for specified output volt-
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age ripple and inductor current ripple can be defined as

Av
c,max — = 2.72
e (&72)

If the ESR value of the output capacitor is greater than the r. ..., then the output

0.35 7 T T

0.3

0.25

ESR (r¢ in Q)

0.15

0.1

0.050

0 1 1 1
0 50 100 150 200

Frequency (in kHz)

Figure 2.12: ESR vs frequency.

voltage ripple will exceed the maximum defined limit. Further sections, this can be
observed by simulation and experimental results.
Further, Eq. (2.72)) can be written as,

Av
Temax = om (2.73)
’ DV, ﬁ o rg+7"L+7"on —I— I
2Lf |V, D'R L

This relation (2.73), shows that for specified output voltage ripple, the maximum
permissible value of ESR (r..m.x) iS not proportional to switching frequency. Figure
[2.12 shows the variation in r .., with switching frequency. From this, it is observed

that, as the switching frequency of converter increases, the power supply designer
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should use some specific value of ESR capacitor for the mentioned output voltage
ripple constraint. It is also to note that as frequency increases, required capacitor
value also decreases.

Substituting value of r¢ .. from Eq. into (2.69), the minimum value of

output capacitor in worst case is

C o Dllma: (Im:v - ]0)
me A@'LAvomf

From Eq. (2.72), it is clear that maximum permissible ESR depends on the ICR.
From this relation, we can observe that maximum permissible ESR will increase
as the ICR decreases for a prescribed OVR which is shown in Figure From
Eq. (2.74), it is observed that the capacitance value depends on the ICR. The plot

between capacitance required versus ICR for different specified OVR is shown in

(2.74)

Figure [2.14] From figure, it is observed that the capacitor design in boost converter
actually depends not only on specified OVR but also the ICR. Further, from ideal
analysis, it is observed that capacitance is independent of ICR and only depends on
OVR.

2.6 Experimental Results and Discussion

The previous sections analytical findings are validated by simulations and experi-
mental results. The simulations are carried out in MATLAB/Simulink software pack-
age whereas for the experimental results, a hardware prototype is developed as
shown in Figure [2.15]According to the availability, MOSFET IRFP460 and diode
MUR1560 are chosen as semiconductor switching devices. The ferrite core induc-
tors and electrolytic capacitors are used as energy storage elements. The values of
various parameters used for simulation and prototype design are given in Table [2.1]

For given specifications, using Eq. (2.1), the ideal duty cycle is calculated as 0.4,
whereas the actual duty cycle in presence of non-idealities is calculated as 0.475
using proposed relationship in (2.22). This increased duty cycle is necessary to
compensate the voltage drop occurring due to non-idealities. The value of inductor
L using ideal formula is 227 uH whereas it is 250 pH using the proposed formula

in Eq. (2.36). Therefore, the more inductance is required in the presence of non-
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Figure 2.15: Experimental set up of DC-DC boost converter.

idealities. The minimum value of capacitor C' is 200uF as calculated by Eq. (2.74).

The maximum permissible value of output capacitor ESR (r.,...) is calculated as
0.17Q2 using Eq. (2.72) to confine the output voltage ripples within 2% of output

voltage.
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Figure 2.16: Simulation result of output voltage with ideal and modified duty cycle

expressions.

The simulated output voltage responses of DC-DC PWM boost converter with

ideal duty cycle D = 0.4 and actual duty cycle D = 0.475 are obtained as shown

in Figure In steady state, the output voltage magnitude reaches to 7.32V (not
8.33V as desired). On the other hand, it is observed that if the duty cycle is 0.475 as

calculated by proposed relationship, the output voltage is 8.33V in steady state. The
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Figure 2.17: Experimental result of output voltage with ideal and modified duty

cycle expressions.

corresponding experimental results are shown in Figure [2.17]
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Figure 2.18: Simulation result of output voltage at different duty cycle D > D,,qz.

Now, the maximum permissible duty cycle and maximum achievable voltage with
the converter are also have been verified by simulation and practically. The maxi-
mum possible output voltage (V,.....) achieved by the presented converter is 16.3V at
D,nq = 0.85, obtained by substituting Eq. and (2.26), respectively. The sim-
ulation result is shown in Figure [2.18] and experimental result shown in Figure 2.79]

Here, as the duty cycle increases above D,,.., the output voltage start decreasing
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and finally reaches zero at D = 1.
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Figure 2.20: Simulation result of Capacitor and inductor current waveforms of

converter in open loop operation at duty cycle D = 0.475.

The simulation results of inductor current and capacitor current waveforms are
shown in Figure The experimental results for inductor current and capacitor
current are shown in Figure [2.21] The average inductor current (1) value is 0.704A
and inductor current ripple Aiy is 0.44A. In experimental results, the current sensor
is used for measuring inductor current which has gain of 1.8.

The D,,q. of the converter is calculated from (2.25) as 0.85 and corresponding
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Figure 2.21: Experimental result of Capacitor and inductor current waveforms of

converter in open loop operation at duty cycle D = 0.475.
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Figure 2.22: Output voltage in closed-loop operation when V.. > Vona

(a)Simulation (b)Experimental.

Vomaz 18 16.3V. From this, we concluded that if V,..; > V,,,..., then converter operates

in unstable region and output voltage collapse. So, in order to verify this practically,

we set V.., = 17V, in the closed-loop operation of converter, which resulted in output

voltage collapse as shown in Figures [2.22(a) and (b).
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Figure 2.23: Simulation result of output voltage in closed-loop operation when

sudden input voltage change (V; < Vgmin) (@)Without Dy, (D)wWith Dy, .
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Figure 2.24: Experimental result of output voltage in closed-loop operation when

sudden input voltage change (V; < Vymin) (@)without Dy, (D)with Dy,

The analysis is also carried out for changes in input voltage and reference volt-

ages. It is suggested that in closed-loop operation, vary the input voltage with in
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the range obtained (i.e., V, = 2.6V to 5V) and also to limit the controller output to
D, = 0.85. In Figure [2.24]a), the output voltage collapses, since input voltage is
decreased to V,, = 2.5V which is less than the V,,;, = 2.6V and no limiter is used af-
ter the controller. So, D > D,,,., which leads the voltage collapse. In Figure [2.24|b),
the output voltage not collapsed, since D,, . is used as limiter at the controller output.

Here the reasonis that D = D,,,,..

Vo =17V

-
o

Reference
voltage (V)
o

[ V. =83V

-
o0
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Qutput
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0 |
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Figure 2.25: Simulation result of output voltage in closed-loop operation when

sudden reference voltage change (a)without Dy;,,, (b)with Dy;,,.

In Figure a) and a), the sudden change in reference voltage (i.e., 8V
to 17V) occurs and limiter has not been used at the controller output, so the output
voltage collapsed (i.e.,D > D,,..). In Figure b) and Figure b), the output

voltage not collapsed since the controller output is limited to D, .. (i.€.,D = D,,42).

The effect of output capacitor ESR (r.) on output voltage ripples is also studied.
By this study, the importance of determining the maximum permissible ESR (rc,0.)

is highlighted. For this purpose, two different cases (7. < 7¢max @Nd 7. > e max) are

49



TS0V e N _ -7872s 200003/ Stop

1
L

Vv, = 8.8V v dov

| Scalel- X-axis! 200ms/div
Y-axis: 5V/di

L

T : g O _ -58gEs

Scafe:- X-axis: 200ms/div |
Y-axis: 5V/div F

-

[rasiai

= 8.3V

(b)

Figure 2.26: Experimental result of output voltage in closed-loop operation when

sudden reference voltage change (a)without Dy;,,, (b)with Dy;,,.

considered as discussed below-

Case 1 (r. = 0): In this case, the ESR of output capacitor (r.) is 02 which is
an ideal case. However, this is not possible in practical. The ripple contribution is
only because of capacitor itself. The simulated result of output voltage ripples are
shown in Figure[2.27a). These results show that the peak-peak magnitude of output
voltage ripple is about 0.04 V.

Case 2 (r. = 0.12 < r.max): In this case, the ESR of output capacitor (r.) is 0.12€2
which is less than the value of maximum permissible ESR. The ripple contribution is
not only because of capacitor itself and ESR also. The simulated and experimental
waveforms of output voltage ripples are shown in Figure[2.27(b) and[2.28|(a), respec-
tively. These results show that the magnitude of output voltage ripple is about 125
mV, which is within desired limit (166 mV).

Case 3 (r. = r.max = 0.17): In this case, the ESR of output capacitor (r.) is 0.172
which is equal to the value of maximum permissible ESR. The ripple contribution due

to ESR increases, resulting to increases OVR. The simulated result of output voltage
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Figure 2.27: Simulation results of output voltage ripples with aESR (r.) =0Q
bESR (r.) =0.12€2 cESR (r.)= 0.17Q2 dESR (r.) =0.312.
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Figure 2.28: Experimental result of output voltage ripples with (a)ESR (r.) =0.12Q2
(b)ESR (r.) =0.392.

ripples are shown in Figure c). These results show that the magnitude of output
voltage ripple is about 125 mV, which is within desired limit (166 mV).

Case 4 (r. = 0.3 > r.max): This case evaluates the output voltage ripples if ca-
pacitor ESR (r.) is greater than the maximum permissible ESR. Therefore, the value
of r. is kept 0.3(2 in simulation as well as in experiment. As shown in Figure [2.27|d)
and Figure [2.28(b), respectively, the output voltage ripple is obtained nearly 300 mV,
which is beyond the desired limit (166 mV). Therefore, this value of output capacitor

ESR is not suitable to have output voltage ripples within 2% range as desired.

2.7 Performance Comparison of Non-ideal Boost Converter With Other
Semi-non ideal Boost Converter Models

In most of the existing literature, researchers only considers few of the non-idealities
as it makes the calculations simple. In design and control point of view, it makes dif-
ference between complete non-ideal model and other models. To analyse the com-
parative performance of presented non-ideal boost converter, we have considered

the semi-non ideal boost converter models (i.e., models with less parasitic elements)

used in [158-160,163,/164].
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Figure 2.29: Simulation comparison of performance of different converters.

Here, basic internal model control [82] based PID controllers are designed for
semi-non ideal and complete non-ideal boost converters. Since the models are non-
identical, controller gains will be different. The simulation results of closed-loop per-
formance of the all converter models are shown in Figure [2.29] The corresponding
experimental results are shown in Figure [2.30(a) to Figure [2.30(d). In all simula-
tions, we observe that the controller improves the closed-loop performance of the
converter. Whereas, in practical system, all non-idealities will present. So when the
controller parameters implemented practically, it will not give the same result as it
gives in the simulation. Hence, there is a considerable difference between simula-
tions and experimental results.

Further, Table shows the comparison of all considered converters in terms
of various performance specifications. From this comparison, it is clear that the
complete non-ideal boost converter simulations are very near to the experimental
values. This is duo to the controller designed by using the non-ideal model. This

shows that the complete non-ideal model will resembles the practical system.
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Figure 2.30: Experimental results of boost converter for PID parameters cal-
culated from (a) complete non-ideal boost converter model (b) boost converter
model with rz, r¢, 7o, and Vyq (c) boost converter model with rr, rc (d) ideal

boost converter.
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Table 2.3: Performance comparison of non-ideal boost converter performance with other semi-non ideal converters

Boost converter _
Non-ideal model of _ Boost converter with  Ideal boost
with r7,7¢, Ton _ ]
boost converter _ rp and ro [159)/160]  converter [163}/164]
and V4 [158]
Sim Exp Err Sim Exp Err Sim Exp  Err Sim Exp  Err
Regrine (%) 0.17 022 22% 021 034 38.2% 0.24 040 40% 0.08 048 82%
Regroea(%) 022 029 24% 024 044 454% 025 048 47% 0.09 0.5 83%
t, (in ms) 19 225 15.5% 077 267 71% 067 269 75% 05 278 85%

M, (in' V) 89 892 02% 856 893 41% 90 889 12% 893 978 8.7%

Vomin (iNV) 2.6 2.7 3.7% 199 27 26% 1.78 2.7 34% - 2.7 -
Vomaz (iNV) 16.3 16.32 0.1% 21.28 16.32 23% 234 16.32 30.1% - 16.32 -
Doz 0.85 085 0.0% 089 08 44% 09 08 55% 1.0 085 15%

Sim-Simulation, Exp-Experimental, Err- Relative error, Regr.inc-Line regulation, Regr,.qq4-Load regulation, ¢,.-Rise time, M,-Peak value, Vi -Minimum input voltage in closed-loop,

Vomaz-Maximum achievable voltage, D, 4.-Maximum possible duty cycle



2.8 Mathematical Modelling

Boost converter with non-idealities to be modelled is shown in Figure[2.31] The state
space average approach is used for modeling, which is explained in Appendix A. The
most important point to be observed is that the modeling done by considering the all
non-idealities or parasitics. As depicted in Figure [2.31] which is same as Figure
2.1(a), but a current source (i.(t)) is connected to the output terminals of the con-
verter, which models the loading effect of the load subsystem (besides the resistive

load) being fed from this converter. As explained in previous sections, modeling of

¥i (f)

Figure 2.31: Non-ideal boost converter model.

non-ideal DC-DC boost converter is carried out in CCM. In this, as converter consists
of only one active switch (S) that can be ON or OFF and thus has only two modes
of operation. The equivalent circuits for these modes are already shown in Figures
[2.7)b) and (c). So, we need to write state equations for both modes of operation. For
this, inductor current and capacitor voltage as considered as states of the system.

The mathematical modeling of the non-ideal boost converter is given below:

Step 1: Writing the state equations for two modes of operation
During ON time (0 < ¢t < DT)

When switch is ON (), the equations governing with inductor current (i, ), capacitor
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voltage (v.) and output voltage (v,) are obtained as:

vp(t) = LYY = ) 410+ rp)in(t) + vy(t)

. (2.75)
= i (t) = — (B L) g () + (L) vy(t)
() = od“:hft) _ —”(’g) () (2.76)
Vo(t) = ve(t) + 1eic(t) (2.77)
Substituting in (2.77), we get,
)= et (41 -) -
= uo(t) = (72 ) velt) = (2= ) i-(0)
Substituting in (2.76), we get,
i) =~ (g ) 0~ (G ) 0 (2.79)
ig(t) = ir(t) (2.80)

Equations (2.75), (2.79), (2.78) and (2.80) can be represented in state space form

as

- T Al Bl Jl
d |ic(t) — Tt Ton L 0 in(t) 1 0 vy (1) 0
_ = + + Via
« LC(tJ { 0 C(Rl—wc)] Lc(t) [0 C’(RIE—TC)] [iZ(t) [ f}
(2.81)
- Yy C E, F
R i _Bre | |y
Uo(t)] _ [O R—H“c] [ (t)} I [O R—H‘c] [.g@)] n 0 [Vfd} (2.82)
ig(1) 1 0 ve(t) 0 0 i.(1)

During OFF time
When switch is OFF (.5), the equations governing with inductor current (i), capacitor

voltage (v.) and output voltage (v,) are obtained as:
p(t) = LEEG — _[r o 4 g i () — vo(t) + vg(t) — Vi (2.83)
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ity =M iy O (2.84)
olt) = we(t) + et (2.85)
iy () = i (1) (2.86)

Substituting (2.84) in (2.85), we get,

Uo(t) = vo(t) + 1e (z’L(t) — 2@ _ iz(t))
= () = (7 ) velt) + (2= ) in(t) — (#5) a(0)
Substituting (2.87) in (2.84), we get,
) R , 1 R ,
0= (e 10 (e ) 0~ (e ) o0 oo
Substituting (2.87) in (2.83), we get,
iL(t) — _ <(Tg+rd+g(L]%Si-ci-)rc)+RT6> ZL(t) — <ﬁ> Uc(t) + (%) Ug(t)—l—
Rr . Vid
(L(R—QCJ i-(t) — £

Equations (2.87), (2.88), (2.89) and (2.86) can be represented in state space form
as

(2.87)

(2.89)

T Ay By
. rg+rq+rrp)(R+re)+Rre . Te
a [mt)] ) P ot Biec)s L(Rﬁm] {mu) N [ Mﬁw] [w}
dt R 1 R .
ve(t) C(R+re) T C(R¥ro) ve(t) 0 © C(R+re) i-(t)
Jo
_1
L
4 V3]
0 f
(2.90)
B Yy 02 Ey Fy

[vo@)] ) [ ] {mw] N
iy(2) 10 | |ee®




Step 2: Obtain the large signal state-space averaged model
The large signal averaged state-space model of non-ideal DC-DC boost converter

can be obtained as

- o A
d |70t e < rg+ 1L+ Dry, + (1 —LD)Td >(R+rc)+(1—D)(ch) —S(I_%D)R) 90
R — +7c
dt | 5o(t) (1-D)R 3 o(t)
C(R+rc) C(R+rc)
B J
1 (1—D)Rr. o (t _ (1-D
T 2 A Q_Jg() + ( L ) [Vfd}
0 —smag] |0 0
(2.92)
- Y C FE F
o, (t U-D)Rre  _R_| |5 (¢ 0 — B | |5 (t
i ( ) _ R+re R+re L( ) + R4rc _g( ) + [Vfd} (293)
ig(1) 1 0 vo(t) 0 0 i.(t)
Where,

A=DA +(1—D)Ay,B=DB, +(1—D)B,
C'=DCy + (1 —D)Cy, E = DE, + (1 — D)E, (2.94)
J=DJ,+(1—D)Jy,F =DF + (1 - D)F,
Step 3: Linearising around a operating point and obtain the ac small signal
model
The all available time varying signals can be approximately written as sum of it's

steady-state (DC or average) value and it’s small variation around a operating point.

@@:Q+ﬁ@@@:Q+%@%@:Q+%@@@:L+L@, (2.95)
d(t) =D+ d(t),vc(t) = Vo + 0c(t), vy(t) = Vi + 04(2), v,(t) = Vi, + 0(2).
To get the steady-state (DC) and small signal (ac) models of the non-ideal DC-DC
boost converter, substitute (2.95) in (2.92) and (2.93), we get,

Steady-state (DC) model:

BESNCHE
— A B+ (2.96)
VC Iz




Vo I v,
=¢ +E| )+ F (2.97)
I Vo 1,
Small-signal (ac) model:
~ /‘\x A
d %L(t) B ( re+ 7L+ Dro, + (1 — D)ryg >(R+rc)+(1D)(ch) ey EL(t)
o= z prpn) |
et (-D)R 1 b (t)
C(R+7‘c) C(R+TC)
B B,
1 (1-D)Rr. - (Zf) ((ra—7on)(R47re)+Rre) [+ RVe—RreL4Vig(R4re)
o s el e
0~z [0 — o
(2.98)
i y C 2 5

()| _ MR | [0 4|0 T
ig(t) 1 O] 0

Step 4: Determination of steady-state values

(2.99)

The steady-state values of output voltage, input current and inductor current can also
be found by substituting (2.98)), (2.99) in (2.96) and (2.97), respectively. we get,

%

=I.=2 +1. (2.100)
v,
= I, = 2+ (2.101)

—~V, = [Vg - D Vfd]D R(R+r) (2.102)

[(rg + 7 + Drop + D'rg)(R+1.)] + [D'R(D'R +r.)]

In order to get the ideal steady-state models of the DC-DC boost converter, replace
non-idealities or parasitics with zero in (2.100)-(2.102), we get,

:Juz%%+h (2.103)
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= Iy=-2 41, (2.104)

(2.105)

2.8.1 Comparison of steady-state ideal and non-ideal models

The steady-state models of ideal and non-ideal boost converters are obtained in
previous sections. Now, for comparison of these models, parameter values are con-
sider from Table [2.1] These values substituted in relationships obtained for non-ideal
and ideal cases given in (2.100)-(2.102) and (2.103)-(2.105), respectively. The val-

ues obtained in non-ideal case are always less than the ideal case, this is due to the

power loss in non-ideal elements which is clear from Table[2.4] This has been clearly

discussed in previous sections, where these steady-state relationships are derived
analytically as given in (2.17).

Table 2.4: Steady-state values comparison of ideal and non-ideal cases at D =

0.475
Ideal case Non-ideal case
Parameter
Analytical Experimental Error Analytical Experimental Error
I (A) 0.828 0.71 16.6% 0.72 0.71 1.4%
Vo (V) 9.54 8.32 14.6% 8.33 8.32 0.1%
I, (A) 0.828 0.71 16.6% 0.72 0.71 1.4%

Step 5: Determination of various transfer functions
As per the considered input variables (v,, ., d), state variables (iz,v-) and output
variables (v,,i,) maximum twelve transfer functions are possible for non-ideal DC-
DC boost converter. Nevertheless, some important transfer functions only presented

here. In order to get various transfer functions, first need to find (s — A)~! for boost
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converter, which is given below:

1 Adj(sI—A)
s — A= Y 2.106
(o1 =) = 20 (2.106)
1 D'R
S+ R T I(Rtro)
DlR s —I— TL+7’g+Dron+Dl(Td+R”7”c)
C(R+rc) L
, . (B+re)(L+C(rp+rg+Dron+D'rg ) (Rtre)+D' Rrc)  (rg+r+Dron+D'rg)(Rtre)+D' R(D'Rtre)
s+ LO(Rtre)? s+ LC(Rtro)?
(2.107)

Now, some of the important transfer functions of non-ideal DC-DC boost converter

are derived, which are useful for controller design and analysis.

(i) Control to output voltage or Control voltage gain:
This transfer function describes the impact of variation in duty cycle (cZ(t)) on output
voltage (i,). This is derived by keeping the input voltage (¢,) and output current (i.)
variations to zero. This can be determined as follows:

Uo(8)

d(s)

By substituting (2.98) and (2.99) in (2.108), we get,

= C(sI — A)'By+ E, (2.108)

Gvd(s)‘f;g,izzo =

. —1 | ((ra=ron)(R4rc)+Rre)I+RVe—Rre L +Vig(R+7c)
Ga(s) = [(17D)ch R }Adﬂ‘sj —4) L(Rre) +
Rtre Rtre |sI — A __RIL
C(R+rc)
(2.109)
Further simplifying (2.109) and writing in terms of pole-zero form as given in (2.110)
<1 + WLI-SIPZ> (1 o wRiIPz)
Gui(s) = Ky 5 (2.110)
1+ 5o+ (ﬁ)
or in SOPTD
( + WLZPZ) — S
Gvd(s) = (de * CL)RHPZ) 26 “RHPz (21 1 1)

1+ Owp + (E)
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where,

(Vy = D'Via) (=rg — 1 — Ton) (R+71¢) + V,(D'R) +

, r,+r +Dron—|—D/r R+,

R(R+7r.)| D (Vig— L (R | 7)) (9, g ) )
+D Rr,

—L (R | r) (D)’ R

Koa =
‘ ((rg + 72 + Dron+ D'ra) (R+ 1) + D'R(D'R +12))’
(2.112)
(Vg — D/Vfd) (rg +rp +7on) (R+71:) — Vg(D'R)2—
D' (Via— L, (R | 1)) ((rg +7r, + Dr,, + D/rd) (R+r1.) + D’ch)
+I (R || r.) (D')’R?
WRHP: = L(R+r:)(=Vy+ D'Vya)
(2.113)
_ (2.114)
WLHPz = Cr. .
oy — ((rg + 7+ Dro, + D'ry) (R+r§) +D'R(D'R+r,.)) (2.115)
LC(R+r1.)
0- VLC ((rg+ 7L+ Dro, + D'rg) (R+7.)+ D'R(D'R+r.)) (2.116)

L+C((ry+7rL+ Drop+ D'rg) (R+r.) + D'Rr.)
This transfer function mainly used in controller design for regulator problems. Now,

by replacing non-idealities or parasitics with zero in (2.110), we get the ideal model
as,

L
Vo (1 - )

- N2 LC 92 L
(D) ((D,)Qs +R(D,)25+1>

(2.117)

(ii) Input to output voltage or Audio susceptibility:

This transfer function describes the impact of variation in input or line voltage (v,) on

A

output voltage (v,). This is derived by keeping the duty cycle (d) and output current

(1,) variations to zero. This can be determined as follows:

Gug(8)l;. 40 = 52—8

= CO(sI — A) "' Bisteorumn + E1stcotumn (2.118)
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By substituting (2.98) and (2.99) in (2.118), we get,

. 101
Gug(s) = [(1—D)ch R }Ad](‘ﬂ —4) [g

+

R+re R+re |SI — A|

0]
(2.119)
0

Further simplifying (2.119) and writing in terms of pole-zero form as given in (2.120),

— )
Gool(s) = K, <“J+HP2 5120
q(5) gt () ( )
where,
D'R(R+1.)
By = 7 Ty 2.121
Y (rg+rL+ Dron+D'rg) (R+71.)+ D'R(D'R+r,) ( )
- (2.122)
WLHPz = Cr. .
W, = ((Tg—i-TL—i-DT’on+Drd)(R+rg)+DR(DR+rc>) 2123)
LC(R+r.)
D Dl D/ D/
Q= VLC ((rg+ 7L+ Drop + D'rg) (R+1.) + D'R(D'R +1.)) 2124)

L+C ((rg+rp+ Droy+D'rg) (R+7.) + D' Rr,)
This transfer function is very important in designing of regulator. The effect of input

harmonics or changes on output can be found. Now, by replacing non-idealities or
parasitics with zero in (2.120), we get the ideal model as,

2, 1
Glgi(s) = =2(s) = (2.125)
9 o D ((g’(;Q S+ qopst 1)

(iii) Output Impedance:

This transfer function describes the impact of variation in output or load current (i.)

A

on output voltage (v,). This is derived by keeping the duty cycle (d) and input voltage
(v4) variations to zero. This can be determined as follows:

ZOUt(S)’ﬁg,cizo = ;OE::)) = 0(3[ - A)ilBZ”dcolumn + E?”’dcolumn (2126)

By substituting (2.98), (2.99) in (2.126), we get,

. — (1—D)Rr. Rre
Adj(sI — A" | % -
_ | 1—D)Rr. R (R+re) Rtre
Zout(8) [ e Rm] A | | T, (2.127)
C(R+rc)
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Further simplifying (2.127) and writing in terms of pole-zero form as given in (2.128))

Zout(s) — Kzo (1+“’L1;Pz1 ) (1+“’L12;Pz2> (21 28)
o +(5)
where,
K. ——R (rg + e+ Droy, + D'rg) (R+1.) + DD Rr, (2.129)
" (rg+rL+Dro,+D'rg)(R+7.)+DR(D'R+7.) '
(rg + 7y + Dry, + D/rd) (R+1.) + DD Rr,
_ 2.1
WLHPz1 I (R T 7‘0) ( 30)
1
L0 = 2.131
WLHP22 Cr. ( )
D D' D'R (D' C
oy = ((rg + 7+ Drop, + rd)(R+r§)+ R(D'R+r.)) (2.132)
LC(R+1.)
LC Dr,, + D’ R c D'R(D'R c
0 = YEO(ro + 11t Dron + D'ra) (Rt 7e) + D'R(D'R + 1)) (2.433)

L+C((ry+rL+ Drop,+ D'rg) (R+r.)+ D'Rr.)
This transfer function also very important quantity in voltage regulator design. Now,
by replacing non-idealities or parasitics with zero in (2.128), we get the ideal model
as,

V() LC -

Zguii(5) = 225 _ (2.134)
u(s) i.(s)  (1-D) (lfg)zsg + R(lfD)gs +1

(iv) Input Impedance:

This transfer function describes the impact of variation in input or line voltage (v,) on
input current (z,). This is derived by keeping the duty cycle (d) and output current (i,)
variations to zero. This can be determined as follows:

ig(s)

ixd=0 g (s)

By substituting (2.98) and (2.99) in (2.135), we get,

= Cndpow (ST — A) " Bisteotumn + E1stcotumn (2.135)

+ (2.136)
0 0




Further simplifying (2.136) and writing in terms of pole-zero form as given in (2.137))

Zy' = KZi—<1+“Lf’PZ> 2 (2.137)
Hraipt(55)
where,

(R+r.)
Kz = ; ; , 2.138
g (rg+7L+ Droy+D'rg) (R+71.)+ D'R(D'R+1.) ( )
= ! (2.139)

WLHPz = C(R—l—rc) .
oy — ((rg + 7L+ Dro, + D'rg) (R + 7“;) +D'R(D'R+r.)) (2.140)
LC(R+r.)

0= VLC ((rg+ 7L+ Drop + D'rg) (R+7.)+ D'R(D'R+1.)) (2.141)

L+C((ry+7rL+ Drop+ D'rg) (R+r.) + D'Rr.)
This transfer function is useful for cascaded converters and it plays important role

when EMI filter is added [4]. Now, by replacing non-idealities or parasitics with zero
in (2.128), we get the ideal model as,
i, 1
Z-4(s) = ig(s) CRs +

T e (e e )

2.8.2 Comparison of small-signal ideal and non-ideal models

(2.142)

Here, we compare the ideal and non-ideal small signals models of the boost con-
verter. In order to compare, the values are consider from Table [2.1] These values
substituted in relationships obtained for non-ideal and ideal cases given in (2.110)-
(2.142).

The comparison is shown in Table [2.5] From this table, it is observed that the quality
factor () is less for non-ideal model (nearly 10 times lesser the ideal value), which
tells that there will not be much peak in output. Most of the transfer functions de-
rived from non-idealities are having an extra zeros compared to their ideal models.
The steady-state gain of non-ideal models is completely different than ideal models.
Therefore, it is clear that non-idealities or parasitics make a lot difference in non-ideal

and ideal small signal models.
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Table 2.5: Transfer function comparison of ideal and non-ideal cases

Gvd(s) Gvg(s) Z()(S) Zz;Ll(s)
Parameter : : : :
Ideal Non-ideal Ideal Non-ideal Ideal Non-ideal Ideal Non-ideal
K (dB) 18.138 14.25 5.2 4.68 -22.8 4.68 -15.8 -16.3
WLHP~ - 37880 - 37880 0 2037,37.8k 206.6 205.5
WRI P~ 24250 23620 -

wp 2238.6 23244 2238.6 23244

2238.6 2324 .4 2238.6 2324.4
Q 10.83 0.979 10.83 0.979 10.83 0.979 10.83 0.979




The non-ideal model transfer functions derived in previous sections are further
analysed in control point of view and effect of non-idealities or parasitics also anal-

ysed.
2.9 Control Oriented Analysis

This section presents the importance of derived non-ideal transfer functions and cru-
cial observations made through time domain and frequency response analysis. If we
observe the considered transfer functions, they are mainly useful for voltage mode
control, which is the objective of this thesis. Further, this section reveals the im-
portance of small-signal transfer functions obtained by using state space average

approach over the respective ideal models or transfer functions.
2.9.1 Analysis of control to output voltage or control voltage gain
2.9.1.1 Parametric effect on poles and zeros

The small-signal model or control to output transfer function presented in (2.110),
shows that it is a common two pole low pass filter with two zeros. Where as,
is an ideal one, which is also the same but with one zero. Now, the effect of poles,
zeros with respect to boost converter parameters are analyzed.

The trajectory of poles and zeros of ideal and non-ideal transfer functions at dif-
ferent values of the duty cycle D is shown in Figure[2.32] In case of non-ideal model,
the LHP zero z; = ﬁ do not alter with the duty cycle as it is free from duty cycle
and obtained by the filter capacitor C' and its equivalent series resistance r¢, where
as, in ideal model there is no LHP zero. The poles locations are severely affected by
the duty cycle in both ideal and non-ideal cases. Especially, in non-ideal case, poles

are far from imaginary axis compared to the ideal case. The RHP zero z, =

WRHPz

moves towards origin with increase in the duty cycle in both the cases. At low duty
ratios, the zero is located in the right-half of the s-plane. With increase in the duty cy-
cle, the RHP-zero moves towards the origin. In non-ideal case, at one point (Shown
as small circle M), the RHP zero is crossing the origin and moving to LHP, where as
in ideal case there is no such possibility. This corresponds to a maximum possible

value of duty cycle i.e., D,,q..
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Figure 2.32: Pole zero trajectories with duty cycle variation.

Practical view of RHP zero: From control point of view, delay is introduced be-
cause of RHP zero. Practically, this can be seen as it is indirect energy transfer
converter, for charging and discharging there is a time constant (approximately %).
Hence, there will be a delay in output voltage. Further, as RHP zero moves towards
origin system becomes unstable (RHP zero moves towards origin as duty cycle in-
creases). Practically, this can be observed as duty cycle increases, converter voltage
increases up to one point and collapses afterwards.

The trajectory of poles and zeros of ideal and non-ideal transfer functions at dif-

ferent values of the load resistance R is shown in Figure 2.33] In case of non-ideal

model, the LHP zero z; = wL‘HlP do not alter with the load resistance as it is free from
R term and obtained by the filter capacitor C' and its equivalent series resistance r¢,
where as, in ideal model there is no LHP zero. The poles locations are not affected

by the resistance variation in ideal case, where as in non-ideal case its less effected.

However, the RHP zero z, = 1P moves towards inf with increase in the load resis-

WRH

tance, which means converter is more stable at higher load resistances or low output

powers. From this, it is observed that the controller design of plant should be done
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for the worst-case condition, which is at minimum load condition.
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Figure 2.33: Pole zero trajectories with load resistance variation.

The trajectory of poles and zeros of ideal and non-ideal transfer functions at dif-
ferent values of the inductance L is shown in Figure[2.34] In case of non-ideal model,
the LHP zero z; = ﬁ do not alter with the inductance as it is free from L term
and obtained by the filter capacitor C and its equivalent series resistance r, where
as, in ideal model there is no LHP zero. The poles locations are also affected by

the inductance variation in both ideal and non-ideal cases. However, the RHP zero

1
WRHPz

29 = moves towards origin with increase in the inductance.
The trajectory of poles and zeros of ideal and non-ideal transfer functions at dif-

ferent values of the capacitance C'is shown in Figure 2.35, The LHP zero z; = —

WLHPz

moves towards origin with the increase in capacitance, where as, in ideal model there
is no LHP zero. The poles locations are also affected by the inductance variation in

both ideal and non-ideal cases. However, the RHP zero 2, = —-— do not alter, as it

WRHPz

is free from C term.
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2.9.1.2 Time domain and frequency response analysis

o
(=3

e Ggls)

Gyip = 2518 ?
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Magnitude {dB)

Phase (deg)

Frequency (rad/s)

Figure 2.36: Frequency responses of ideal and non-ideal models.

By replacing the parameter values in (2.110) and (2.117), we get the transfer
functions of non-ideal and ideal models of DC-DC boost converter as
_ 14.25 (3758580 + 1) (_23220 + 1)

2
s s
(2324.435) + 2275.9 +1

(2.143)

vd(s

or

18.138 (— 5555 + 1)

3 .
s s
(2238.6) + 24254.598 +1

As we have seen in previous discussion, these transfer functions have RHP zero,

Guai(s) = (2.144)

which makes system non-minimum phase. Figure[2.36|and[2.37|show the frequency

and step responses of control to output transfer functions of ideal and non-ideal mod-
els respectively. The dc or low frequency gain of ideal model is G4, = 25.18dB =
18.15V/Ad, where as for non-ideal model is G4, = 22.8dB = 13.8V//Ad. From results
section, Figure [2.16] and [2.17] shows that for a change in duty cycle (Ad = 0.075),
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corresponding output voltage (V,) changes from 7.32V to 8.33V/, i.e., Av, = 1.01V.
The gain calculated as % = 13.47 ~ G4, Which shows the accuracy of non-ideal
model. Further from Bode plots, it is clear that bandwidth is limited as it is a case of
non-minimum phase system. More discussion on RHP zero can be seen in Chapter
5. It can be clearly observed that crossover frequency obtained using ideal model is
very less compared to that of non-ideal model. From step responses also it is ob-
served that non-idealities provides damping and there will not be much oscillations

as in the case of ideal.
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Figure 2.37: Step responses of ideal and non-ideal models.

2.9.1.3 Important observations for controller design

From the previous analysis of the control to output transfer function, the following

observations can be drawn for the closed-loop control design:

e For designing robust controller by considering the parametric variations, the
linear transfer function model presented in (2.110) is essential, since the model

shows the dependency of pole zero frequencies on parasitics.
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e From the transfer function, it is observed that the following condition must be
satisfied to ensure the closed-loop stability of converter.

(frup: — frRHP:) < % (2.145)

This term mostly effected by inductor and capacitor values.

e The frequency location of RHP zero (wggp.) can be calculated exactly and how
this depends on parasitics can be analysed with the expression shown (2.110).
Since, the RHP zero limits the bandwidth of boost converter, this analysis is

important.

¢ In case of non-ideal analysis, an additional LHP zero is added, which will help
for the bandwidth improvement. From the expression of LHP zero frequency

wrap., We observe that it depends on capacitor value and its ESR.

e The selection of cross over frequency should be well below the frequency of

RHP zero and frequency of LHP zero should be greater than the RHP zero.

e Effect of parasitic elements on closed-loop stability of the converter system is
observed from Table [2.6] All parasitics are providing stability in system and

improving the closed-loop performance.

2.9.2 Analysis of input to output voltage or audio susceptibility

By replacing the parameter values in (2.120) and (2.125), we get the transfer func-
tions of non-ideal and ideal models of DC-DC boost converter as

175 (555 + 1)

2
s s
(2234.435) + 2275.9 +1

Gvg(s) = (2146)

1.98
Gvgi(s) =

(2.147)

S 2 S ’
(2238.526) + 25254.598 + 1
Figures [2.38] and |2.40, show the frequency and step responses of input voltage to

output voltage transfer functions of ideal and non-ideal models respectively. The dc
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Table 2.6: Effect of parasitics on stability

Element
L C R ry nn re ron ra Via

(As it increases)

Koy x x4 4 L] X
WLHPz x J x x x J x x x
WRHP= box L o x 1t
Wp L
Q LI R T T TR

Over all closed

=
=
=
=
=
*
*
*

loop stability

fncreases, 1Slightly increases, {}Decreases, | Slightly decreases, *Negligible effect, x No effect

Magnitude {dB)
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Figure 2.38: Frequency responses of ideal and non-ideal models.
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Figure 2.40: Step responses of ideal and non-ideal models.

or low frequency gain of ideal model is G4, = 5.2dB = 2V/V, where as for non-
ideal model is G4, = 4.68dB = 1.7V/V. From Figure , it is observed that for a
change in input voltage (Av, = 1V'), corresponding output voltage (V,) changes from
8.32V to 10V, ie., Av, = 1.68V. The gain calculated as 2—;’; = 1.7 >~ G40, Which
shows the accuracy of non-ideal model. Further Bode plots, it is observed that sta-
bility (PM and GM) of non-ideal model is better compared to ideal model. Moreover,
step response also confirms that, non-ideal model is less oscillatory compared to

ideal model. From this, it is concluded that parasitics or non-idealities are improving
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Figure 2.41: Frequency responses comparison of ideal and non-ideal models.
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Figure 2.42: Output voltage change for load current change of 0.2A.

the stability of uncompensated boost converter in closed-loop under input voltage

disturbances.
2.9.3 Analysis of output impedance

By replacing the parameter values in (2.128) and (2.134), we get the transfer func-
tions of non-ideal and ideal models of DC-DC boost converter as

Z(s) = — - + 1) (m + 1) (2.148)

2
s s
(2234.435) + 2275.9 +1
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Figure 2.43: Step responses comparison of ideal and non-ideal models.

Zoi(s) = ———5 1O . (2.149)
(m538) T wasises T 1
Figures [2.41] and [2.43, show the frequency and step responses of load current to

output voltage transfer functions or output impedance of ideal and non-ideal models
respectively. The dc or low frequency gain of ideal model is 7,y = —22.18dB =
0.07Q2/Ai,, where as for non-ideal model is Z,, = 4.68dB = 1.7Q2/Ai,. Figure ,
shows that for a change in load current (Ai, = 0.2A), corresponding output volt-
age (V,) changes from 8.15V to 8.5V, i.e., Av, = 0.35V. The gain calculated as
ﬁ—g: = 1.75Q ~ Z,, which shows the accuracy of non-ideal model. At dc and low
frequencies, capacitive reactance is more and output impedance is dominated by in-
ductive reactance. As frequency increases, the capacitive reactance dominates and

makes impedance zero.
2.9.4 Analysis of input impedance

By replacing the parameter values in (2.137) and (2.142), we get the transfer func-
tions of non-ideal and ideal models of DC-DC boost converter as
2 (s) = 0.152 (527 + 1)

mn s 2 s
(2234.435) + 2275.9 + 1

(2.150)
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Figure 2.44: Frequency responses comparison of ideal and non-ideal models.
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Figure 2.45: Step responses comparison of ideal and non-ideal models.
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2 (s) = 0.1642 (55 +1)
(22388.526) + 252551.598 + 1

Figures [2.44] and [2.45] show the frequency and step responses of input current to

(2.151)

input voltage transfer functions of ideal and non-ideal models respectively. From the
Bode plot, it is observed that the input impedance is Z;, = 6.57¢2 at low frequencies
or dc and it is minimum at corner frequencies. Phase is decreasing from 0 to -90,
as frequency increasing. From step responses, it is observed that the steady state

error is zero in both cases, but ideal is more oscillatory.
2.10 Conclusions

An improved relationship for calculating the duty cycle of a non-ideal DC-DC PWM
boost converter has been developed. It has been shown that the duty cycle calcu-
lated using conventional formula results in lesser output voltage than desired. Fur-
ther, the design equations of inductor and capacitor have been modified based on
the non-idealities present in different elements. It is shown that the inductor design,
ICR, capacitor design and OVR are the interdependent on each other. So, it is con-
cluded that the ICR of the inductor has significant effect on capacitor design and
ESR of the capacitor also effects the inductor design. Moreover, it has been anal-
ysed that the ESR of output capacitor plays a significant role in output voltage ripples.
Finally, these design formulas are recommended to the power electronic engineers
in precise design of boost converter modules.

Even though the most of presented work shows open-loop operation, it will give
the crucial information of the maximum achievable output voltage and minimum in-
put voltage specification, which is the base for operating a converter in a closed-
loop, which will help control engineers in accurate control design of DC-DC boost
converter in applications such as aerospace, military etc. The dynamic performance
analysis of the converter concludes that the parasitics are improving the closed-loop
stability of the system.

Finally, from experimental results, it is concluded that the complete non-ideal
model of the boost converter is essential to evaluate the performances of new control

methodologies. Since the non-ideal model is almost as accurate as the practical
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system. Therefore, it is advised to use the presented non-ideal transfer function

model of the boost converter to design robust controllers.
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CHAPTER 3

NON-IDEAL DC-DC BUCK-BOOST CONVERTER

This chapter presents different design issues and accurate mathematical modeling
of non-ideal buck-boost converter in detail. The steady-state and dynamic analysis of
non-ideal buck-boost converter are explained. Various transfer functions are derived

and analyzed the effect of non-idealities.

3.1 Background and Motivation

A PWM DC-DC buck-boost converter is used for step up/down voltage circuit, which
is derived of basic topologies of DC-DC converters (Buck and Boost). The variety
features of buck-boost converter, which make it suitable option for different kind of
applications. Especially in PFC, solar etc., where other basic topologies suffered

from some drawbacks [167]- [170].

In view of these applications, similar to previous chapter analysis, buck-boost con-
verter also needs an accurate and optimal design, analysis. As most of the litera-
ture [1]- [4] presents the design and analysis of buck-boost converter by considering
the ideal nature of elements. Some articles [43], [44], [49], [171]- [173] presented
the analysis by including some of the non-idealities. Thus, in present work, the
component design and analysis of DC-DC buck-boost converter operating in CCM
(continuous conduction mode), performed by considering the all parasitic elements.

Here, a little overview of the existing work and explains the presented analysis.

Ideally, the duty cycle expression of buck-boost converter working in CCM is given

by [2]- [4]
[Vl

__17ol 3.1
V, + |V, (31)

Dideal =

where, V, and V, are the input and output voltages, respectively. Although, this is

widely used expression for calculating the duty cycle of buck-boost converter, but it
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does not yield the precise output voltage. The reason for this, is the loss of power
in parasitics of converter elements. Thus, in present work, a precise expression of
the duty cycle for DC-DC buck-boost converter in terms of converter parasitics is de-
rived. From this accurate expression, some vital information like maximum possible
duty cycle and achievable output voltage can be obtained. These derivations will be
useful to control and power engineers for the design and closed-loop performance
evaluation of DC-DC buck-boost converter. Along with this, the commonly used ex-
pressions for the design of inductor and capacitor [2]- [4] are also modified, which

are more accurate.

Further, the assessment of OVR is an another main concern of DC-DC power con-
verters [47,51], predominantly in sensitive applications like aerospace, distributed
generation and military [8,]22]. Generally, the capacitor's ESR plays a key role in
OVR of any DC-DC converter. However, it can be observed that OVR is approx-
imately proportional to ESR of the capacitor. Hence, in present work, the ripple
analysis is shown in detail. The maximum allowable ESR for a given OVR and ICR

is thrived and shown that beyond a ESR value, OVR is uncontrollable.

Besides this, a small signal analysis of DC-DC buck-boost converter is carried
out by considering all the non-idealities. Although a similar analysis is presented in
literature [4,149,174]. Whereas, in the current work, an extensive analysis is made
from control point of view, such as effect of parasitics on the model of DC-DC buck-
boost converter. Alongside, the transfer function model of complete non-ideal buck-

boost converter is presented.

The following sections discusses the detailed design issues and modeling analysis

of non-ideal dc-dc buck-boost converter.

3.2 Fundamental Analysis

This section presents the preliminary equations of non-ideal DC-DC buck-boost con-
verter operating in CCM. Basic non-ideal buck-boost converter system is shown in

Figure 3.1)a). In this figure elements are represented as switch (S), diode (D,), in-
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ductor (L), capacitor (C') and load resistance (R). To acquire precise model of buck-
boost converter, all parasitic resistances are considered such as source resistance
(r4), inductor resistance (r), switch resistance (r,,), diode resistance (r,), diode for-
ward voltage drop (vs4), capacitor ESR (r.). Further, V, , v,, v. and v, are input,
output, capacitor and inductor voltages, respectively. Alongside, i, i. are inductor

and capacitor currents, respectively, and D is duty cycle.

Here, we have made few assumptions [4] for analysing the PWM DC-DC buck-

boost converter.

Assumption 1: PWM DC-DC buck-boost converter is operating in continuous con-
duction mode (CCM). In CCM operation, converter works in two switching intervals:
(a) ON time interval, i.e., 0 < t < DT and (b) OFF time interval, i.e., DT <t <T'.

Assumption 2: Initial charging current through inductor is zero, i.e., i;(0) = 0 and

initial voltage across the capacitor is zero, i.e., v.(0) = 0.
3.2.1 Energy storing phase (0 < ¢ < DT)

The equivalent circuit for buck-boost converter during interval 0 < t < DT i.e., ON
period is shown in Figure 3.1[b). In this interval, the diode (D,) is OFF and switch
is replaced by its ON time resistance (r,,). Here, the input current (i,) is same as
inductor current (i;). Diode current (iy) is zero. During this period, the inductor
stores energy, and the output capacitor alone powers the load. The wave forms

corresponding to this interval are also shown in Figure [3.1d).

Using Kirchhoffs voltage law (KVL) and Kirchhoffs current law (KCL), the funda-

mental equations for the circuit shown in Figure [3.1b) are obtained as follows:

(UL<t)>ON = LdZCLhSt) = — [Tg + Ton + TL] ZL(t) + Ug<t) (32)
(it = 02t _toll) 3.9
(Vo(t))on = ve(t) + 7eic(t) (3.4)
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3.2.2 Energy releasing phase (D7 <t <T)

The equivalent circuit for buck-boost converter during interval DT <t < T i.e., OFF
period is shown in Figure [3.7{c). In this interval, the switch (5) is OFF and diode (D,)
is ON. Here, the diode (D,) is replaced by its equivalent model, i.e., resistance (r;)
in series with forward voltage (v;4). The input current (i,) is zero. In this interval, the
stored inductive energy contributes to supply the output. The capacitor charges by
inductor and supply, then discharges through load. The wave forms corresponding
to this interval are also shown in Figure [3.1)d).

Using KVL and KCL, the fundamental equations for the circuit shown in Figure
[3.1c) are obtained as follows:

(vr(t))orr = LYY = —(rp + 1 + 2= )ig (t) — 5E-ve(t) — Vya (3.5)
(o = 0750 iy ) - 0 36)
(Vo(t))orr = ve(t) + 1cic(t) (3.7)

3.3 Steady State Analysis

In this context of analysis, voltages and currents are supposed to be constant over a

switching period and are illustrated by equilibrium state values as follows:
iy (t> = ]vag (t) = ngvc (t) = Ve

According to volt-sec balance [4], in equilibrium state, the average voltage across
inductor equal to zero. Therefore, using (3.2) and (3.9), we write,

T ton=DT toss=(1-D)T
Vi=7 [uL(t)dt = (vL(t))ondt + I (n)oppdt ] =0 (3.8)
0 0 ton=DT

Likewise, in equilibrium state, according to charge balance [4], the average current
through capacitor equal to zero. Therefore, using (3.3) and (3.6), we get,

T ton=DT tops=(1-D)T
Io=2%[ict)dt=1| [ (ic(t)ondt+ [ (ic)poppdt | =0  (3.9)
0 0 ton=DT
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The equilibrium state output voltage is

T ton=DT tor=(1-D)T
Vo=gJu)dt=7| [ (®))oydt+ [ = (vo(t))oppdt | =0 (3.10)
0 0 ton=DT

Substitute (3.3) and (3.6) in (3.8), we get,

—Ip (rp+rg+ (A=
VLD[—IL(Tg—I-TL—FTon)‘FVg]+(1—D)[ L<L ’ <R+rc>>]0

—Vcﬁ — Via
r+D(rg+ron)+(1—D)(r +RRTTC I,
- e = 2 - vy ! e
(3.11)
Substitute (3.4) and (3.7) in (3.9), we get,
Io=D(=%)+(1-=D) (I, - %) =0
c ( R) ( ) ( L R) (312)

Vo I,
I-DYR — (1-D)

:>IL:(

Here, I, is the steady-state value of load current. Substitute (3.5) and (3.6) in (3.10),
we get,
VO = D (VC + ICTc) + (1 — D) (VC + [CTc)

(3.13)
=V,=Vc
3.3.1 Output voltage expression
Substitute (3.12) and (3.13) into (3.11), we get,
V,R DV, (TL+D<7’9+Ton)+<1—D> (Td+ ﬁ%)) Vo
= 9 V- . (3.14)
R4+rc 1-D R(1 - D)
(re+D(rg+1on) + D'rg) (R+1c) + D'R(D'R+r¢) :
=DV, — DYV,
= Vo DR(R+ o) g~ & V5
Finally, we get output voltage expression as
DV, — D'V D’
Ly [DV, — D'Vy D'R (R + ) (3.15)
[(re + D(ron +14) + D'ra)(R + 1)) + [D'R(D'R + )]
Further, we can write
M
V, = Vs (3.16)

- \% Tc'
1+VL:+(1+—RM)[M(T9+7’L+TM)+TL+M +%TC
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Table 3.1: Parameters of DC-DC buck-boost converter

Parameters Value
Input voltage (Battery) (V) 12V
Source resistance (r,) 0.3Q
Ferrite core inductor (L/ry) 392 1H/ 0.340)
Electrolytic capacitor (C'/r.) 100 uF/ 0.292
Diode (MUR1560) forward drop (V;4) 0.5V
Diode resistance (r,) 0.03
Switch (IRFP460) resistance (r,,) 0.05 Q2
Switching frequency (f) 20KHz
Load resistance (R) 220

Where, M = {Z.

From (3.16), the dc voltage gain of buck-boost converter is

M (3.17)

\%

fd . (14+M) Mre
It | M(rg 471+ 7Ton) +7rn +7g | TR
g

If all parasitics are zero in (3.17), then we obtain the ideal formula for calculating the
output voltage of buck-boost converter as

DV,

Vo= MV, = 2.

(3.18)

In an ideal PWM DC-DC buck-boost converter, the output voltage is a function of
duty cycle and input voltage only. However, by including non-idealities, the output
voltage V, of PWM DC-DC buck-boost converter is not only function of duty cycle
D and input voltage V, but also the load resistance R and other parasitic elements,

which is shown in Eq. (3.15).

The plot of output voltage V, as a function of duty cycle D is shown in Figure
for ideal case and non-ideal case at different load resistances (R) and other

parameters are constant. For the ideal case, the converter output voltage increases
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with duty cycle. On the other hand, for the non-ideal case, the output voltage first
increases with duty cycle, reaches its maximum value, and then decreases to zero
at duty cycle close to unity. The output voltage is dependent on load resistance.
At a particular value of duty cycle, as the load resistance decreases, the output
voltage also drops significantly. For any fixed duty cycle, the difference between ideal
dc output voltage and non-ideal dc output voltage increases with decrease in load
resistance. This is because of the increased voltage drop across the non-idealities
in practical buck-boost converter at lower load resistance (or higher load current). As

the load resistance increasing, the V... and D,,,., are also increasing.

The plot of output voltage V, as a function of duty cycle D is shown in Figure 3.3]for
ideal case and non-ideal case at different input voltages (V) and other parameters
are constant. For a particular duty cycle, the difference between the output voltage
of an ideal and non-ideal buck-boost converter becomes larger as input voltage in-
creases. So in the presence of parasitics, switch should kept ON for long time to
get the same output voltage. As the input voltage decreases, V... also decreas-
ing in non-ideal case. This V,,,.. is decreases because of input voltage variation.
From this, we get the information of minimum input voltage (V;,...,) to be applied for

converter at fixed output voltage (in regulator problems).

Therefore, it is clear that the output voltage of a practical buck-boost converter is
always less than the ideal buck-boost converter, if the MOSFET switch of practical
buck-boost converter is operated at a duty cycle which satisfies the relation in Eq.
(3.18). It is because, this relation is for ideal buck-boost converter which neglects
the non-idealities present in practical buck-boost converter. Therefore, to achieve
the desired output voltage from a practical buck-boost converter, duty cycle should
be obtained by satisfying the input-output voltage relationship in Eq. (3.15). This will

be the practical duty cycle and greater than the ideal one as given in (3.1).
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3.3.2 Modified duty cycle expression

It is easily noticeable that the output voltage of a non-ideal buck-boost converter (i.e.,
practical) is always less than the ideal buck-boost converter. Since, the relation for an
ideal case, which neglects the parasitics present in practical buck-boost converter.
So, there is a need to develop the improved expression for duty cycle, which is as

follows:

Rewriting (3.16),

Via(R + 1) + B (25 (r + 7on) + 125 + 7a) + 5% + V(R +r) = 5 (R+7c)

(3.19)

Further, above expression can be expressed as quadratic equation in terms of D’ or

1 — D, which is written as follows:

—V,R(R+r.)+
Vo(rg —rg —Ton)(R+1c) — Rre

. S
v~

b

(D)2 [VoR? + R(R 4 ro)(Vy + Va)] +D'

a

+Vo(rg+ron+rL)(R+71.) =0

S

N~
C

(3.20)
The solution of quadratic equation will be,
_ 2
D _ b+ \/2b dac (3.21)
a

The practicable or realizable duty cycle falls under negative sign. Therefore, the

improved expression for duty cycle of a practical DC-DC buck-boost converter is
obtained as given in Eq. (3.22).

_ 2 _
p—p, “-vazie (3.22)

ideal

2@3
Where,
Vo [(—Ta+Ton+1,— R 7e
=14+ -2 g
“ +Vg( R )
[V TR Vy+ Vi) [rg+ 7+ 7on
T \Va] R+ v, R ’
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The duty cycle calculated using (3.22) results in exact practical value of output volt-
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Figure 3.4: Output voltage of buck-boost converter as a function of duty cycle for

a fixed output voltage when both input voltage and load resistance are varying.

age V,. Here, two duty cycles are not able to realize the same output voltage. The
realizable value for duty cycle is obtained with minus sign. Let us consider the values
from Table then we obtain two duty cycle values as D; = 0.004 and D, = 0.601.
From these values, it is observable that D; = 0.996 is in unstable operating region of
the converter as shown in Figure (3.2), so this is not the desired duty cycle. Whereas,
other term gives the desired value (D, = 0.399). So, only one duty cycle is consid-
ered which is realizable. Further sections, validation of this analysis has been carried

out by simulations and experiments.
3.3.3 Maximum achievable duty cycle and output voltage

Figure and previous section analysis explains the importance to derive the max-

imum value of duty cycle. The derivation as follows:
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Rewriting (3.15),

V- [DV, — D'V;g]D'R (R +r,)
(L, + D(ron +74) + D'ra)(R+1.)] + [D'R(D'R + 7.)]
This can be written as given in (3.23),
v R(R+71.) (=D (Vg + Vya) + D (Vg + 2Vya) = Vya)
" D?R*4+D((ron+rg—ra—R)(R+71.) — R*) + (R+r,+rq) (R+7.)

From above expression, it is observed that V, is function of D. Now, maximum value

(3.23)

of this expression can be found as follows:

oV,
oD
Therefore, by differentiating V, with respect to D and equating to zero, we get the

0 (3.24)

expression of maximum permissible duty cycle (D,,..) as follows:

— (2 (a1b3 — blag)) + \/(2 (albg — blag))2 —4 ((Ile — agbl) (CLng — agbg)

Dmaa: mazr2 —
L 2 2 (&1b2 — agbl)

(3.25)
where,
a;=—R(R+r.) (Vy+ Via);
as =R(R+r.) (Vy,+ 2Via);
as = —Rp (R+ 1) Via; 01 = R,
by = (ron + 14 — 14 — R) (R+ 1) — R

bg = (R+TL+7”d) (R+TC).
Here, two values of duty cycles are obtained from (3.25). Two duty cycles are not able

to realize the same output voltage. Only one value of the duty cycle i.e., D,,..> (which
is obtained with minus sign) will give the desired or realizable output voltage. Let us
consider the values (from Table [3.7), we obtain two duty cycle values as D1 =
1.21, Dyaxo = 0.8526. From these values, it is clear that D,,..;(= 1.21) > 1, which
is not possible to realize. So ,only one duty cycle is considered which is realizable.

Further sections, validation of this analysis done by simulations and experiments.

By substituting Eq. in Eq. (3.15), the maximum achievable voltage (V,.q.)
with the given converter can be determined as,
[DinazVy = DinaaVial Dinaa B (R + 1)
[(r + Dinae(ron + 1) + DipaaTa) (R + 1) + [ Dy R(Dpy B + 7))

‘/omaaz = (326)
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3.3.4 Effect of parasitics

Even though the parasitics of the converter are almost constant during operation,
they may change when there is temperature changes because of long term operation
of converter or external means. However, in Figure [3.5/shows the effect of parasitics
on duty cycle versus output voltage characteristics while keeping input voltage and

load resistances constant. These observations have been tabulated in Table 3.2l

Table 3.2: Parasitic effect on output voltage versus duty cycle characteristics

Dmax ‘/omax
As 7y 1 | Il
As 7yt Il Il

Asrc T negligible effect Slightly |
As r,, T negligible effect Slightly |
Asr,T negligible effect negligible effect

As Vig 1 no effect no effect

3.4 Outcomes for Closed-loop Control

Here, from this analysis, we summarized some important observations, which are

handy in a closed-loop operation, as given below:

1. Practical buck-boost converter system always has lower output voltage com-
pared to ideal case. So, in order to get the similar duty cycle value in practical

as well as theory, the derived expression (3.22) is essential.

2. Maximum achievable duty cycle (D,,...) and maximum output voltage (Vaz)
are two crucial parameters to know for before the closed-loop operation of con-

verter.

3. From Figure [3.5] it can be observed that each parasitic element effects the
Do @and V.. It is also shown in Table [3.2]
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Figure 3.5: Output voltage of buck-boost converter as a function of duty cycle

(a) for different source resistance values (b) for different inductor ESR values (c)
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different switch resistance values (f) for different diode forward drop voltages.
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4. From Figure [3.2] it is clear that converter may operate in unstable region for
sudden changes in input or load. In order to avoid this, confine the controller
output to D,,., which is shown in Figure [3.6]

5. From Figures[3.3]and[3.4] it can be observed that the operating range of input

voltage is limited to V,,,.;,, to obtain the specific value of output.

—cL/

Buck-boost Vv
— Q
{ Y} converter /2/
g9
- 4o | Voun

voref1
Eq. (3.25)
PWM Dmax T
Pulses |+ - ontroller
0

Figure 3.6: Diagramatic representation to use limiter (limits to D,,,.) in closed-

loop operation.

The following illustrative example will explain the details of above discussed out-

comes:

lllustrative example 1: Suppose, buck-boost converter is operating in closed-loop
to get the output value of V., at steady-state. If there is sudden change of set-point

value from Vs to V,..s2, then how to get the stable operation of converter ?

From observation (2), it is clear that the maximum of V,,,... can be achieved by
the buck-boost converter at D,,.,. Let assume that V.., can be obtained at D = D,
and Dy < D,,q,. If there is sudden change in the set-point value from V, ¢ t0 V2,
then the duty cycle will be adjusted to achieve V,.s,. But, here in two different cases,
converter may lead to unstable operation. The first case will be V,.r» > V., and

second case is that the change in set point value is very large such that converter
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may forced to operate more than D,,,, for an instance. In first case, output may not
be reached to set-point value, since it is more than the achievable limit of converter.
So, at least to avoid collapse of voltage, put a limiter at the end of controller as shown
in Figure [3.6] Therefore, steady state value will be V., and there is no collapse in

voltage.

The second case is an interesting one, even though the set-point value is within
the limits, converter may become unstable. This is because, error in sudden change
may force duty cycle for an instance to operate at D5, which will be more than D,,,..
At that instance, voltage will be collapsed. So, if limiter is used, then this condition will
be easily handled. This limiter will not allow to enter into unstable region of converter

and further it will settle to V..
3.5 Design of Filter Elements
3.5.1 Inductor current ripple (ICR) and Inductor design

Design of inductor is an another important issue for buck-boost converter. Generally,

inductance value mostly depends on the ICR and switching frequency. So, in this

section, the effect of non-idealities is analysed on inductors design and inductor

ripple current. Let x; be inductor current ripple factor (ICRF) for inductor L, such
that

_ Dy

T = IL .

Here, I}, is average current through inductor L.

(3.27)

From (3.2), the rate of change of inductor current i, can be assumed constant over

one cycle in steady-state i.e.,
Air, B —]L(Tg +rp + T’(m) + Vg

= 7 (3.28)
For ON-period At = DTy, the magnitude of ICR (Aiz) can be written as
Aip = Yo~ ]L(Tg; rLtTon) pyp (3.29)
Substituting value of I, from and simplifying,
nip = 2V Vs _TorL ¥ ren (3.30)

Lf |V, RD'
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Here f = % is the switching frequency of buck-boost converter. Equation 1) can
be written as,
Vo _ DVia | (ret D (gt ren) + Dra) (Rt re) # DR(D R A7) g4,
V, D DD'R(R+r¢) '
Substitute (3.31) in (3.30), we get,
1%
v 1+V4j+$<§(rg+m+rm)+rd+m)
AZL - Lf + Dr. _ D(Tg+7'L+7’on) ’ (3.32)
D'(R+re) R(D')
Further simplifying, we get ICR expression as
o Vo [DVig ratr, DR+,
Nip = -2 . :
' Lf{ v, R T Rin (3.33)
or
. . Via TatrTL D'R+r,
Aij, = Aip, — . :
L YLideal |: ‘/; D'R D’ (R + Tc):| (3 34)
Where,
. D'V,
AiLideqr = If (3.35)
Substituting Ai;, = 2,11 = —xLﬁ into (3.33), we get the inductor (L) expression
as,
RD’ D/Vfd rq+ T D'R + 7.
L= . .
fo( V, + R + R+, (3.36)
or
Via ratrp D'R+r,
L - Lz ea — . . 7
¢ llvo D'R D/(RHCJ (3.37)
Where,
" 2
R(D
Lideal = ( ) . (338)
rrf

From Eq. (3.35) and (3.38), we can observe that these are same as given in various

textbooks to calculate the inductor current ripples and inductance value. However,
equations (3.36) and (3.33), gives the actual value of inductance L and ICR in pres-

ence of non-idealities.
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3.5.1.1 Effect of parasitics on ICR and inductance

The expressions obtained are analysed and observed that capacitor ESR has notice-
able effect on ICR and inductor design, which is shown in Figure 3.7 The expres-
sions (3.34) and (3.37) reveals that there is a additional multiplying factor to the ideal

expressions. Here, an important observation from non-ideal design is that the value

of inductance and ICR are mainly effected by the ESR of the capacitor though there
are other parasitics also present. From Figure[3.7] it is observed that as the capacitor

ESR increases, the ICR increases and the inductance required also increases.
3.5.2 Design of Capacitor

Capacitor design is also the very important as inductor design for a buck-boost con-
verter. The voltage across the capacitor will be taken as output voltage in buck-
boost converter. Therefore, the capacitor design depends on the allowable OVR and
switching frequency. The equivalent series resistance (ESR) of a capacitor plays an
important role in design. A capacitor is modelled by its capacitance value and ESR

value. In order to design capacitance, the OVR analysis of capacitor is needed.
3.5.2.1 OVR analysis

In any DC-DC converter, the total voltage ripple (Awv,) of a capacitor is sum of

e Voltage ripples due to its own capacitance (Av¢)

e Voltage ripples due to its ESR (Av,¢).

Therefore, for proper capacitor design, it becomes necessary to consider the effect of
ESR. The capacitor C' is used as filter capacitor at output stage. The voltage ripples
across this capacitor directly affect the quality of output voltage. Therefore, its design
is carried out more carefully to limit the output voltage ripples within permissible
range. The capacitor current and different components of voltage ripples in steady

state are shown in Figure [3.8] As discussed earlier, output voltage ripple Auv,(t) is
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Figure 3.8: Waveforms of switching pulse, capacitor current and ripple voltages.

made up of two components as
Av,(t) ~ Ave(t) + Av.c(t)
Voltage ripples due to ESR, Auv,.«(t), expressed as
Av,o (t) = reic (t)

Voltage ripples due to capacitor, Avs(t) expressed as
1 t
Avo (1) = & / io (t)dt + Ave (fo)
0

Ave(tp) is initial voltage across capacitor at ¢ = .

The detailed analysis is carried out as follows:
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3.5.2.2 Analysis during ON time
The current through capacitor C' is
io(t) = 1,. (3.42)
Therefore, the voltage ripple contribution due to capacitor ESR is
Av,c (t) = reic (t) = Lre. (3.43)

The voltage ripple contribution due to capacitor itself is

t

Ave (t) = % /ic (t)dt + Ave (O) = %t + Ave (0) . (344)

0
Awvc(0) is initial voltage across capacitor at ¢ = 0. Therefore, total OVR during ON
time is

Av, (1) = Ave (t) + Avee (t) = 2 [t + Cre] + Ave (0). (3.45)

Qls

From (3.45), Auv,(t) represents a line equation. Only minimum value exists for this

expression, i.e., att; = DT. At t = t1, the voltage ripples obtained as

Avrc(tl) = L,r. (346)
1,DT
Avo(ty) = 22—+ Auc(0) (3.47)
Ay mnin = Av,y (1) = 15 (Cro+ DT] + Avg (0) (3.48)

3.5.2.3 Analysis during OFF time

The capacitor current equation during off time expressed as

 Aig(t—DT)

io (t) e (e — 1,). (3.49)

Therefore, the voltage ripple contribution due to capacitor ESR is

AiLTC

AUTC (t) = Tcic (t) = DT

(t — DT) — (I — ) 7. (3.50)
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The voltage ripple contribution due to capacitor itself is

t
Av =1 t)dt + Ave (DT
clW)=z ] el o (D7) (3.51)

Aip (t—DT Ioe—1o)(t—DT
— ;gD,T> — Uma=l)=PT) 4 Aye, (DT).

Ave(DT) is initial voltage across capacitor at ¢ = DT'. Therefore, total OVR during
OFF time is

Av, (t) = Ave (t) + Avye (t)

= 31 [“PIE 4 (¢ — DT)| - L2 (O + (¢ — DT)) + A (DT).

(3.52)

The time t, at which value of Av,(t) will become maximum during off time and is

given by
ty = DT — Cro + MD’T, (3.53)
AZL
and at t = t,, the voltage ripples obtained as
Air (Cre)?
Avye(tz) = —% (3.54)
(L — L)D'T | Aig(Cre)?
Avollz) = 2C A, 20D'T (3.59)
Avo,max = AUo (t2)
, N2 (3.56)
S (((Im ~1) gg) + (CTC)Q) + Ave (DT).
Therefore, the total peak-to-peak voltage ripple will be
Av, = Av, (t3) — Av, (t1) (3.57)
From (3.48) and (3.56)) the total voltage ripple (peak-to-peak) will be
Av, = A, (t2) — A, (t1)
, SN2 : (3.58)
_QAéLDJ: (((Imar - ]o) %ﬁ) + (Cfrc)z) - IOTC
If all parasitics are zero, then (3.58) becomes
V,DT
Av = — RO (3.99)

The simplification details to get ideal formula (3.59) mentioned in Appendix B.
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3.5.3 Effect of ESR on OVR

The voltage ripple contribution of ESR and capacitor in peak-peak OVR can be ob-
tained as follows:
The OVR due to ESR is

|Avrc| = AU?"C (tQ) - A,UT’C (tl) (360)

Substituting Equations (3.46) and (3.54) in (3.60), we get,

’AUT‘C‘ - CD,T +[orca (361)
Similarly, the OVR due to capacitor is
|Ave(ts)] = Ave (t2) — Ave () (3.62)

Substituting Equations (3.47) and (3.55) in (3.62), we get,

Ima—1I,)2D'T  Air(Cr2
|AUC(t2)| - ( 2CA2L - QIég)/T) . (363)

The total OVR is given by Eq. (3.58). The OVR expressions (3.58), (3.61) and (3.63)
versus ESR (r.) is depicted in Figure [3.9(a). This plot reveals that, Av. decreases

with an increase in ESR, at a slower rate than Awv,c increases, thereby overall in-
crement in Av,. Nevertheless, an impracticable things also occurs in a condition
re > Temax. OINCE, i this condition, the total ripple Av, becomes lesser than Av,c.
Conclusively, it can be noted that the capacitor is no longer able to filter the ripples

(or) keep OVR within the prescribed limit.
3.5.4 Output capacitor design

Let, Av,,, is the specified OVR for capacitor C design. Then, the procedure as
follows:
|Av| < Ao - (3.64)

Substituting values from (3.58) ,

: _ 2
2CA(11L—J;>) ((Umz —1L,) —(ii5)> + (Crc)z) + Iore < Avgp, - (3.65)
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Figure 3.9: Different voltage ripple variation with ESR.

Above inequality can be simplified as,

22— ¢ (2(1;D) (Avozi—LforC» + ((Im -1, %)2 <0 (3.66)

This is quadratic constraint in C'y, which is solved to find the minimum value of output

capacitor as

1 D) AUOK._IOTC:E
Cp= L0 \/ N : : (3.67)
fTC (Avomf[orc) _ (Im1710> 7«2
Aig, Aig, ¢

This expression gives the minimum value of filter capacitor C for specified OVR and
ICR.

3.5.5 Maximum permissible ESR (r¢.,..) and ICR effect

In previous section, it is emphasizing that the capacitor ESR takes significant part
in OVR of buck-boost converter. More ripples at output means more ESR and de-
grading the voltage quality. Hence, the calculation of allowable ESR value (r. .x) for

given Av,,, is important.
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Figure 3.12: ESR vs frequency.

Equation (3.67)), gives a real value (since C should be real value) only when pa-

rameters inside the square root are greater than or equal to zero, i.e.,

Avg — Lo\ (e — 1\ ?
(“’Z—“r) . (’”A—ZL) 2> 0. (3.68)
On simplification,
re < A[U(””. (3.69)

Hence, 7. max for prescribed Awv,,, and Ai;, can be determined as

A
Te,max = Ivom . (3 . 70)

This analysis can be extended with simulation and practical experiments in further
sections. The elaboration of this analysis done in such away that the effect of ESR

on OVR in different conditions like 7¢ > r¢ max @Nd 7¢ < 7¢ max-
Further, to obtain the capacitor value in worst case, substitute (3.70) into (3.67),
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we get,
DIImz (Imz - Io)
Nig AV f

Generally, capacitor ideal design (3.59) reveals that there is no effect of ICR, but from

Chron = (3.71)

(3.71), itis clear that ICR also effects the capacitance design. This phenomenon can
be observed from Figure [3.10]

3.6 Experimental Results and Discussion

Figure 3.13: Experimental set up of DC-DC buck-boost converter.

In previous sections analytical findings are validated by simulations and experi-
mental results. The simulations are carried out in MATLAB/Simulink software pack-
age whereas for the experimental results, a hardware prototype is developed as
shown in Figure [3.13|According to the availability, MOSFET IRFP460 and diode
MUR1560 are chosen as semiconductor switching devices. The ferrite core induc-

tors and electrolytic capacitors are used as energy storage elements. The values of
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various parameters used for simulation and prototype design are given in Table 3.1]

& 0.4 T .
° Improved duty cycle Eq. (3.22)
3 D,.. =0.399
o Ideal duty cycle Eq. (3.1) 2ctuz]
5.0.38
2 D, = 0.368
-
o
0.36 : ' '
.-\-..'5 | | | |
- V, = -6V
= v -6 I I I |
So
8 S TW
g 8 I I | IVO - _7v
) 0.008 0.01 0.012 0.014 0.016

Time (sec})

Figure 3.14: Simulation result of output voltage with ideal and modified duty cycle

expressions.

Beginning with steady state analysis, from (3.22), the improved expression for duty
cycle is calculated as 0.399, where as through ideal calculation (3.1)), 0.368 are ob-
tained to get a output of —7V. This has been verified through simulations as shown in
Figure[3.14] These simulations are validated through experiment results as shown in
Figure[3.15 Here, with ideally calculated value, less output value obtained (i.e.,—6V)
than expected (i.e.,—7V), where as with the proposed duty cycle relation expected
value obtained. This increase in duty cycle value is to compensate the voltage drop

across parasitics.

Here, the maximum permissible duty cycle and maximum achievable voltage with
the converter are also have been verified by simulation and practically. The maximum
permissible duty cycle of buck-boost converter in presence of parasitics (as per Table
is D.. = 0.8526. The corresponding simulation and experimental results have
been shown in Figure and Figure respectively. From this figure, it is very
clear that the converter operates in unstable region when D > D,,,. and reaches
to zero at D = 1. Alongside, the V,,,.. for this converter is —28.7V. Therefore, this

information is crucial for engineers to operate converter in a closed-loop.
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Figure 3.15: Experimental result of output voltage with ideal and modified duty

cycle expressions.
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Figure 3.16: Simulation result of output voltage at different duty cycle D > D,,qz.

Now, the observations made on steady state analysis for closed-loop operation
are tested. Suppose, reference voltage has been set for V,,.;, = —30V and then
started the operation. The output will reach to zero, which is clearly observed from
simulation and experimental results as shown in Figure [3.18 This is because the

reference is more than the maximum achievable voltage of the converter.

Next, analysis is also carried out for changes in input voltage, when converter

is operating in a closed-loop. Suppose, the step change in input voltage value is
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Figure 3.18: Output voltage in closed-loop operation when Vi..r > Vona

(a)Simulation (b)Experimental.

very large (i.e., V, = 12V to 2.6V), then the output will become zero as shown in

Figure (a) and corresponding experimental results is shown in Figure (b).
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Figure 3.19: Simulation result of output voltage in closed-loop operation when

sudden input voltage change (V,; < Vymin) (a)Without Dy, (D)With Dy,

Since, the duty cycle corresponds to the sudden step change is more than D,,,.
(sometimes may be D = 1). For the same case, now a limiter is added at the
controller output and then the same operation has been carried out. Now, the output
has not become zero and system is stable, which is shown in Figure [3.19(b) and
corresponding experimental results is shown in Figure [3.19](b). Since, the controller
output is limited to D,,.., which is calculated from (3.25).

In another case, let the converter is operating in a closed-loop. Suppose, the step
change in reference voltage value is very large, then the output will become zero as
shown in Figure (a) and corresponding experimental results is shown in Figure

3.22|(a). Since, the duty cycle corresponds to the sudden step change is more than
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Figure 3.20: Experimental result of output voltage in closed-loop operation when

sudden input voltage change (V; < Vgmin) (@)Without Dy, (D)with Dy, .

D (SOmetimes may be D = 1). For the same case, now a limiter is added at the
controller output and then the same operation has been carried out. Now, the output
has not become zero and system is stable, which is shown in Figure [3.21|b) and
corresponding experimental results is shown in Figure [3.22| (b). Since, the controller

output is limited to D,,..., which is calculated from (3.25).

Further, the modified relations for inductor and capacitor are verified. The ideal cal-
culated value of inductor L is 360 uH, whereas through modified expression (3.36)
is 392.3 uH. Hence, the inductance required is more in existence of parasitics. The
minimum required capacitance C' obtained as 100uF from Eq. (3.71). Figure 8.23|
and Figure depict the simulation and experimental results of inductor and ca-
pacitor current wave forms. The steady-state I, value is 0.549A and Ai, is 0.59A.
In Figure [3.24] the measured current is output of a current sensor having gain as 20

and for capacitor current sensor gain is 2.5.

Now, coming to the ripple analysis, from Eq. (3.70), the r. .. is obtained as 0.2562
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Figure 3.21: Simulation result of output voltage in closed-loop operation when

sudden reference voltage change (a)without Dy;,,, (b)with Dy;,,.

to keep the output voltage ripples within 3% of output voltage. The effect of r. on OVR
is observed and the necessity of maximum permissible ESR (r..q.) is highlighted.
Two different cases (r. < re.max and r. > r.ma.x) are taken for demonstration as

discussed below-

Case 1 (r. = 0): In this case, the ESR of output capacitor (r.) is 092 which is
an ideal case. However, this is not possible in practical. The ripple contribution is
only because of capacitor itself. The simulated result of output voltage ripples are
shown in Figure [3.25(a). These results show that the peak-peak magnitude of output
voltage ripple is less than 0.04 V.

Case 2 (r. = 0.2 < r.max): In this case, the ESR of output capacitor (r.) is 0.2
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Figure 3.22: Experimental result of output voltage in closed-loop operation when

sudden reference voltage change (a)without Dy;,,, (b)with Dy;,,.

which is less than the value of maximum permissible ESR. The ripple contribution is
not only because of capacitor itself and ESR also. The simulated and experimental
wave forms of output voltage ripples are shown in Figure [3.25(b) and Figure [3.26(a),
respectively. These results show that the magnitude of output voltage ripple is about
200 mV, which is within desired limit (210 mV).

Case 3 (r. = r.max = 0.256): In this case, the ESR of output capacitor (r.) is 0.256¢2
which is equal to the value of maximum permissible ESR. The ripple contribution due
to ESR increases, resulting to increases OVR. The simulated result of output voltage

ripples are shown in Figure c). These results show that the magnitude of output
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Figure 3.23: Simulation result of Capacitor and inductor current waveforms of

converter in open loop operation at duty cycle D = 0.4.
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Figure 3.24: Experimental result of Capacitor and inductor current waveforms of

converter in open loop operation at duty cycle D = 0.4.

voltage ripple is about 210 mV, which is within desired limit (210 mV).

Case 4 (r. = 0.3 > r.max): This case evaluates the output voltage ripples if ca-
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Figure 3.25: Simulation results of output voltage ripples with (2)ESR (r.) =02
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Figure 3.26: Experimental result of output voltage ripples with (a)ESR (r.) =0.2Q
(b)ESR (r.) =0.392.

pacitor ESR (r.) is greater than the maximum permissible ESR. Therefore, the value
of r. is kept 0.32 in simulation as well as in experiment. As shown in Figure [3.25(d)
and Figure [3.26{b), respectively, the output voltage ripple is obtained nearly 300 mV,
which is beyond the desired limit (210 mV). Therefore, this value of output capacitor

ESR is not suitable to have output voltage ripples within 3% range as desired.

3.7 Experimental Validation of Complete Non-ideal Small Signal Model
of Buck-Boost Converter

The comparative performance of complete non-ideal buck-boost converter with other
the semi non-ideal buck-boost converter models (i.e., transfer function models with
less parasitics) studied experimentally. For this purpose, model based controller
such as IMC (Internal Model Control)-PID [82], designed for all models. It is observ-
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able that, the transfer functions will differ each other and also PID values. Figure
3.27|, demonstrates the closed-loop performance of the all models. Figures a)-

(d), shows the analogous experimental results.

It is noticeable from simulations that the converter performance has improved by
controller designed by respective models. Nevertheless, all parasitics will effect the
practical system. The implementation of respective controllers will not produce the
similar results as in simulations. Besides, this performance is compared through
tabular form as shown in Table by considering various specifications. This com-
parison signifies that, the simulation of complete non-ideal model is almost similar to
the experimental values. This is due to the PID parameters are evaluated by con-
sidering the complete non-ideal small-signal model of buck-boost converter, which is

almost same as the practical system.

1] Withali non=-ideatities

— 1 ldeal

-1 With ] and e url‘y
|

—+ With all non-idealjties except r,

L2

Output voltage (V)

0 1 2 3 4 5 6 7
Time (ms)

Figure 3.27: Simulation comparison of performance of different converters.
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Figure 3.28: Experimental results of buck-boost converter for PID parameters
calculated from (a) complete non-ideal model (b) model with all non-idealities

except r4 (c) model with 71, r¢ (d) ideal model.
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Table 3.3: Performance of non-ideal buck-boost converter in comparison with other converter models with less non-idealities

Non-ideal model of Buck-boost converter _
Buck-boost converter with ldeal buck-boost

buck-boost converter with 77,7, Ton

rr and r. [171] converter [172]
(presented in paper) and V4 [173]
Sim Exp Err Sim Exp Err Sim  Exp Err Sim  Exp Err
t, (in ms) 2.1 2.13 1.0% 2.1 2.31 10% 2.1 241 14.7% 21 259 23.3%
M, (in V) 7.0 7.1 1.0% 7.0 7.0 0.0% 7.0 75 7.1% 70 7.9 12.8%
Vomae (iNV)  28.7 28.2 1.7% 38.2 28.2 26% 413 28.2 31.7% - 28.2 -
Do 0.8526 0.8526 0.0% 0.88 0.8526 3.2% 0.89 0.8526 4.3% 1.0 0.8526 17.2%

Sim-Simulation, Exp-Experimental, Err- Relative error, ¢,.-Rise time, M ,-Peak value, V,,,,4.-Maximum obtainable voltage, D, ,.-Maximum duty cycle



3.8 Mathematical Modeling

Buck-boost converter with non-idealities to be modelled is shown in Figure[3.29 The
state space average approach is used for modeling, which is explained in Appendix
A. The most important point to be observed is that the modeling done by consider-
ing the all non-idealities or parasitics. As depicted in Figure [3.29, which is same as
Figure a), but a current source (i,(t)) is connected to the output terminals of the
converter, which models the loading effect of the load subsystem (besides the resis-

tive load) being fed from this converter. As explained in previous sections, modeling

|y D :_I

3

Figure 3.29: Non-ideal buck-boost converter model.

of non-ideal DC-DC buck-boost converter is carried out in CCM. In this, as converter
consists of only one active switch (S) that can be ON or OFF and thus has only two
modes of operation. So, we need to write state equations for both modes of opera-
tion. For this, inductor current and capacitor voltage as considered as states of the

system. The modeling as follows:

Step 1: Writing the state equations for two modes of operation
During ON time (0 < ¢t < DT)
When switch is ON (S), the equations governing with inductor current (i, ), capacitor

voltage (v.) and output voltage (v,) are obtained as:

UL(t) = Ldlgt(t) = - [7”9 + Ton + TL] ZL<t) + Ug(t)

_. e X (8.72)
= ip(t) = =TT (1) 4+ 2u,(2)

123



i(t) = C NG (3.73)

Uo(t) = ve(t) + 7eie(t) (3.74)

Substituting (3.73) in (3.74), we get,

%m:ww+mCﬂ§—u®

(3.75)
= 0o(t) = FR-ve(t) — pei(t)
Substituting (3.75) in (3.73), we get,
mw:—agggmw—agfauw (3.76)
ig(t) = ir(?) (3.77)

Equations (3.72), (3.76), (3.75) and (3.7/7) can be represented in state space form

as

- X Al Bl Jl
d |ic(t) — T Ton L 0 in(t) 1 0 vy () 0
_ — + + Vg
dt L(J(t)] [ 0 C(RIH")] Lc(t) 0 C(Rirc)} LZ@] [ f}
(3.78)
- Yy Ch Ey By
mﬂFfm}F@JOIﬁ]Fq+o[m} 579
ig(1) 1 0 ve(t) 0 0 i.(t) 0

During OFF time (DT <t < T)
When switch is OFF (S), the equations governing with inductor current (i), capacitor

voltage (v.) and output voltage (v,) are obtained as:

wp(t) = LEEG — — (rp 4 rg) i (£) — volt) — Vi (3.80)
ity =2 iy O (3.81)



0olt) = v(t) + eie(t) (3.82)

ig(t) =0 (3.83)
Substituting (3.81) in (3.82), we get,

vo(t) = ve(t) + 7o (z’L(t) _ el iz(t)>

(3.84)
= vo(t) = (75 ) velt) + () inlt) — () a0
Substituting (3.84) in (3.81), we get,
R 1 R
N S PSR S R _
M=™W T SR T Em Y (3.89)
Substituting (3.84) in (3.80), we get,
iL(t) — (Td—l—rLL)((]};_:-TTCc))—&-ch@'L(t) — —L(Rirc)vc(t) + —L(grrc)iZ(t) — % (3.86)

Equations (3.86), (3.85), (3.84) and (3.83) can be represented in state space form

as

- T Ay By
i ir(t) _ _(m—&-TLL)(ij?;c))—&-ch _L(R]:zi-rc) ir(t) N 0 % ’Ug(t)
W ee) et ~cmrg) [vel) 0 —omeg] |0
Ja
_1
||
0 f
(3.87)
) ) 02 E2 F2

[voos)] : [ ] {w) . [o ] [vg@} .
ig(t) 0 0 | ve) 0 0 ir(t)

Step 2: Obtain the large signal state-space averaged model
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The large signal averaged state-space model of non-ideal DC-DC buck-boost con-

verter can be obtained as

- o A
d [iww] | et D lstro) + (1= Dyrg [Rerora-miie LT g
% B = L L(R+re)
Uc(t) (1-D)R . 1 T)C(t)
C(R+re) C(R+rc)
B J
D (1-D)Rr. = 1-—
T L(B+r. Uy(t) - (T)
0 —emeo] L (t) 0
(3.89)
5o (t (1-D)Rr, R i (t 0 —-fre 0. (t
’ (t) _ | RTre R L(t) L R+re _.9< ) + [Vfd} (3.90)
0 D 0 | |oe®] [0 0 | [&()
Where,

A=DA; + (1—D)Ay,B=DB, + (1 — D)B,
C = DC, + (1 — D)Cs, E = DE, + (1 — D)E, (3.91)
J=DJ,+ (1—D)Jy,F =DF, + (1 - D)F,

Step 3: Linearising around a operating point and obtain the ac small signal
model
The all available time varying signals can be approximately written as sum of it's

steady-state (DC or average) value and it’s small variation around a operating point.

in(t)=1Ir +A%L<t>, ig(t) = Iy + g (1), o) = I +i(t), 8- (1) = L + 1. (t), (3.92)
d(t) = D+ d(t),vc(t) = Vo + 0c(t), vy(t) = Vi + 04(t), v,(t) = Vi, + 0o(2).
To get the steady-state (DC) and small signal (ac) models of the non-ideal DC-DC
buck-boost converter, substitute (3.92) in (3.89), (3.90), we get,

Steady-state (DC) model:

il L)
——A' B +J (3.93)
VC Iz
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Vo Iy, Vg
=C +F +F (3.94)
I, Vo I
Small-signal (ac) model:
~ ?x A
d %L(t) - < r+Dlryg+ 7o) + (1 —D)ry ><R+rc)+(1D)(ch) DR %L(t)
- | = L L(R+rc) R
e (t) (1-D)R 1| [Pe()
C(R+rc) C(R+rc)
B B,
D (1-D)Rr. 0, (1) ((ra—rg—ron)(RA7e)+Rre) [+ RVe—Rre L+ (Vy+Via) (Rtre)
|z L(R+ch) ég i L(R;;C) [d(t)}
0 —smey] L= (t) ~ R
(3.95)
i y C E By
N 1—-D)Rr. 2 re ~ Rrc.l
Bo(t) _ ( R+3~c 7en | | () n 0 —zre| | %(®) n ~Rire [J(t)}
ig(t) D 0 | |ve(t) 0 0 i.(t) I
(3.96)

Step 4: Determination of steady-state values
The steady-state values of output voltage, input current and inductor current can also
be found by substituting (3.99), (3.96) in (3.93), (3.94) as follows:

v, I

= o 4 i 97

S I= (3.97)
DV, DI,

=l =5r (3.98)

N ‘/O: [D%—DVfd]DR(R+TC> (399)
(L, 4+ D(ron +74) + D'rg)(R+7.)] + [D'R(D'R + 7.)]
In order to get the ideal steady-state models of the DC-DC buck-boost converter,

replace non-idealities or parasitics with zero in (3.97)-(3.99), we get,

= (3.100)



DVy DI,
D'R D’

= I, = (3.101)

DV

=V, = (3.102)

3.8.1 Comparison of steady-state ideal and non-ideal models

In order to compare the ideal and non-ideal models, converter parameters are con-

sider from Table[3.1] These values substituted in relationships obtained for non-ideal

and ideal cases given in (3.97)-(3.99) and (3.100)-(3.102) respectively. The values
obtained in non-ideal case are always less than the ideal case, this is due to the

power loss in non-ideal elements which is clear from Table[3.4] This has been clearly
discussed in previous sections, where these steady-state relationships are derived

analytically.

Table 3.4: Steady-state values comparison of ideal and non-ideal cases at D =

0.399
Ideal case Non-ideal case
Parameter
Analytical Experimental Error Analytical Experimental Error
I, (A) 0.6 0.5 20% 0.52 0.5 3.8%
V, (V) 7.96 7 12% 7 7 0%
I, (A) 0.24 0.2 16.6% 0.2 0.2 0%

Step 5: Determination of various transfer functions
As per the considered input variables (v,,i.,d), state variables (iz,vc) and output
variables (v,,i,) maximum twelve transfer functions are possible for non-ideal DC-
DC buck-boost converter. Nevertheless, some important transfer functions only pre-

sented here. In order to get various transfer functions, first need to find (s7 — A)~*
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for buck-boost converter, which is given below:

(S] . A)fl _ Adj(sI—A)

[sT—A|
i
1 D R
S+ SR L(R+tro)
’
D'R | 124D HTon) +D (ra+Rlre)
o C(R+rc) L
. (R+rc)(L+C’(TL+D(rg+ron)+D/'rd)(R+Tc)+D/RrC) (TL+D(Tg+ron)+D/rd)(R+TC)+D/R(D/R+TC)
s°+ LC(R+re)2 s+ LC(R+rc)2

(3.103)
Now, some of the important transfer functions of non-ideal DC-DC buck-boost con-
verter are derived, which are useful for controller design and analysis.
(i) Control to output voltage or Control voltage gain:
This transfer function describes the impact of variation in duty cycle (cZ(t)) on output
voltage (v,). This is derived by keeping the input voltage (7,) and output current (i)

variations to zero. This can be determined as follows:

Gual9)]s, 1.0 = foff = C(sI — A) "By + Ey (3.104)

By substituting (3.95), (3.96) in (3.104) we get,

((ra—rg—ron)(RA7e)+Rre) [+ RVe—RreL+(Vo+Via) (Rtre)

/ Adj(sI—A)1 L(R+rc)

— | D'Rr R | Adlsl=4) ~ c

Gvd(8> - |:R+7’cc R+Tc] ISI—Al _ RIL
C(R+rc)

ot
(3.105)
Further simplifying (3.105) and writing in terms of pole-zero form as given in (3.106)

) (1 )
WLHPz WRHPz

Gvd(s) = de(

’ (3.106)
1+ oo+ (i)
where,
Vy (D2 (ry + 7on) + (2D = 1)y, = (D) (R + 7))
Koy —D Vyq ((1+D) (rg +7on) +2r,+D (rg+ R || rc)) 2 (3.407)
((re + D(ron +14) +D'rg) (R+7:.) + D'R(D'R+1.))
v, (DQ(rg Y 7o) + (2D — V)i — (D)V(R + rd))
~D'Vig (14 D)(rg 4 ron) +2rp + D' (14 + (R || 7.
S — 7a (( )(r ) L (ra+ (R | rc))) (3.108)

L(DVy = D'Via)
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1

WLHP: = Cr (3.109)

b= \/((m + D (ron +14) + D'ra) (R +§C) +D'R(D'R+r.)) 3.110)
LC(R+r,.)

0= YLO(rL+ Dlron try) ¥ Dra) Rt r) FDORWRAT) g4y

L+C((rp+ D (ron +14) +D'rg) (R+1.) + D'Rr,)
This transfer function mainly used in controller design for regulator problems. Now,

by replacing non-idealities or parasitics with zero in (3.106), we get the ideal model

as,
D
Goails) = 2(s) = i <1 R<D'>28) (3.112)
- d (D/)2<Lcs2+ L s—l—l)
(D')* R(D')*

(ii) Input to output voltage or Audio susceptibility:
This transfer function describes the impact of variation in input or line voltage (9,) on

output voltage (v,). This is derived by keeping the duty cycle (d) and output current

(i,) variations to zero. This can be determined as follows:

ONE _
Gvg(s)‘%z,dio = % = C(S[ - A) 1Bl“"tcolumn + El”column (31 13)

Vg\S

By substituting (3.95), (3.96) in (3.113) we get,

Gog(s) = [(I—D)ch R ]Adj(S]_A)_l [f] + {0] (3.114)

Ri-re R4 |SI — A| 0

Further simplifying (3.114) and writing interms of pole-zero form as given in (3.115)

14— )
G, =K, < “LHPz) 11
) e e () &1
where,

Ky — DD R(R+r.) (3.116)

(rg +70+ Droy, +D'rg) (R+71.) + D'R(D'R+ 1)

1
WrLHPz = C

(3.117)

Te

130



b= \/((rL + D (1 +75) + D) (R+ 1) + DR(D'R+ 1)) 3.118)
LC(R+r.)
0— VLC ((r, + D (ron +1y) + D'rg) (R+71.) + DR(D'R+r,)) (3.119)

L+C((rp +D (ron+1y) + D'rg) (R+71.)+ D' Rre)
This transfer function is very important in designing of regulator. The effect of input

harmonics or changes in output can be found. Now, by replacing non-idealities or
parasitics with zero in (3.115), we get the ideal model as,

3, D
Glogils) = =2(s) = (3.120)
Vg D' ((522524— R(g,)23+1)

(iii) Output Impedance:
This transfer function describes the impact of variation in output or load current (i.)
on output voltage (5,). This is derived by keeping the duty cycle (d) and input voltage

(0,) variations to zero. This can be determined as follows:

ZOUt(S>|f)g7cZ:0 = ’1}0(8) = C(S] - A)71B2”dcolumn + EQ"dcolumn (3121)

i.($)

By substituting (3.95) and (3.96) in (3.121), we get,

. — (1—D)Rr. Rre

Adj(sl — A) ! 7 : — 5
— (1_D)R7"c R (R+rc) R+7re -1 22
Zout(5) [ Ritre R+rc] |sI — A| B 0 8122)

C(R+rc)
Further simplifying (3.122) and writing in terms of pole-zero form as given in (3.123)
Zout(s) — Kzo (1+wLHPz1>(1+wL12{Pz2> (3123)
1+Q3P+<é>

where,

Ko (re. + D (ron +14) + D'rg) (R+7.) + DD'Rr, 3.124)
T (rp+D(ront+ry) +Drg) (R+1.) + D'R(D'R+r.) '

(1L + D (ron +1g) + D/rd) (R+7r.) + DD Rr,

— 3.125

WLHPz1 LCr, (R + 'f’c) ( )
1

WLHP=2 = Ao (3.126)
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b= \/((rL + D (Fon +14) + D'ra) (R + ;nc) +D'R(D'R+r,)) 3.127)
LC(R+r,)
0= VLC ((r, + D (ron+1g) + D'rg) (R+71.) + DR(D'R+r.)) (3.128)

L+C((r, + D (ron+74) +D'rg) (R+7.) + D Rr.)
This transfer function also very important quantity in voltage regulator design. Now,
by replacing non-idealities or parasitics with zero in (3.123), we get the ideal model

as,

Zouti<5) - % ) - e 7 (3129)

(iv) Input Impedance:
This transfer function describes the impact of variation in input or line voltage (7,) on
input current (i,). This is derived by keeping the duty cycle (d) and output current (i,)

variations to zero. This can be determined as follows:

_ Ig(s) _ Contyon (5T — A) " Breteotumn + Ereteotumn (3.130)

=0 y(s)

By substituting (3.95), (3.96) in (3.130) we get,

T Adj(sI — A" | £ 0
Z-(s) = [D 0] o4 [o] + H (3.131)

Further simplifying (3.131) and writing in terms of pole-zero form as given in (3.132)

Zzﬁl(s)

Zig(s) == KZi—(H““?Pz) : (3.132)
Hraipt(a5)
where,
Ky = D (R +re) (3.133)

(rp + D (ron +14) + D'rg) (R+7r.)+ D'R(D'R+r.)

1
WLHPz = m (3.134)
s ((r. + D (ron +7y) +D'rg)(R+71.)+D'R(D'R+r.)) (3.135)
8 LC(R+7,)° '
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B VLC ((r + D (ron +1g) + D'rg) (R+71.) + DR(D'R+r,))
a L+C((rp+D(ron+r1y) +D'rg) (R+7r.)+ D Rr.)

This transfer function is useful for cascaded converters and it plays important role

Q

(3.136)

when EMI filter is added [4]. Now, by replacing non-idealities or parasitics with zero

in (3.132), we get the ideal model as,
Z71(s) = ig(s) _ D*(CRs+1) (3.137)
Ug(s) R(D/)Q ((LC s2 4 RLC s+ 1)

CORANCO

3.8.2 Comparison of small-signal ideal and non-ideal models

In order to compare the small signal models of ideal and non-ideal plants, the con-
verter parameters are consider from Table These values substituted in relation-
ships obtained for non-ideal and ideal cases given in (3.106)-(3.137).

The comparison is shown in Table 3.5 From this table, it is observed that the
quality factor (Q) is less for non-ideal model (nearly 5 times lesser the ideal value),
which tells that there will not be much peak in output. Most of the transfer functions
derived from non-idealities are having an extra zeros compared to their ideal models.
The steady-state gain of non-ideal models is completely different than ideal models.
Therefore, it is clear that non-idealities or parasitics make a lot difference in non-ideal

and ideal small signal models.

The non-ideal model transfer functions derived in this section will be further anal-

ysed from control point of view and effect of non-idealities or parasitics also analysed.
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Table 3.5: Transfer function comparison of ideal and non-ideal cases

Gvd(s) Gvg(s) ZO<3) Zz‘;l(s)
Parameter : : :
Ideal Non-ideal Ideal Non-ideal Ideal Non-ideal Ideal Non-ideal
K (dB) 30.44 29.34 -3.5 -4.1 -20.18 3 -34 -34.5
WLHP» - 50000 - 50000 0 1387,50k 450.5 4545
WRHP» 50680 54450 -

wp 3119.7 3031.6 3119.7 3031.6

3119.7 3031.6 3119.7 3031.6
Q 6.67 1.5 6.67

1.5 6.67 1.5 6.67

1.5




3.9 Control Oriented Analysis

This section presents the importance of derived non-ideal transfer functions and cru-
cial observations made through time domain and frequency response analysis. The
transfer functions, which are discussed, mainly useful for voltage mode control, which
is the objective of this thesis. Further, this section reveals the importance of small-
signal transfer functions obtained by using state apace average approach over the

respective ideal models or transfer functions.

3.9.1 Analysis of control to output voltage or control voltage gain
3.9.1.1 Parametric effect on poles and zeros

The small-signal model or control to output transfer function presented in (3.106),
shows that it is a common two pole low pass filter with two zeros. Where as, (3.112)
is an ideal one, which is also the same but with one zero. Now, the effect poles,

zeros with respect to buck-boost converter parameters are analysed.

The trajectory of poles and zeros of ideal and non-ideal transfer functions at differ-

ent values of the duty cycle D is shown in Figure [3.30] In case of non-ideal model,

the LHP zero z; = —'— do not alter with the duty cycle as it is free from duty cycle

LHPz

and obtained by the filter capacitor C' and its equivalent series resistance r¢, where
as, in ideal model there is no LHP zero. The poles locations are severely affected by
the duty cycle in both ideal and non-ideal cases. Especially, in non-ideal case, poles

are far from imaginary axis compared to the ideal case. The RHP zero z, = —!

WRHPz

moves towards origin with increase in the duty cycle in both the cases. At low duty
ratios, the zero is located in the right-half of the s-plane. With increase in the duty cy-
cle, the RHP-zero moves towards the origin. In non-ideal case, at one point (Shown
as small circle), the RHP zero is crossing the origin and moving to LHP, where as
in ideal case there is no such possibility. This corresponds to a maximum possible

value of duty cycle i.e., D,,...

The trajectory of poles and zeros of ideal and non-ideal transfer functions at dif-
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Figure 3.30: Pole zero trajectories with duty cycle variation.
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Figure 3.31: Pole zero trajectories with load variation.

ferent values of the load resistance R is shown in Figure [3.31] In case of non-ideal

model, the LHP zero z; = ﬁ do not alter with the load resistance as it is free from

136



R term and obtained by the filter capacitor C' and its equivalent series resistance r¢,
where as, in ideal model there is no LHP zero. The poles locations are not affected

by the resistance variation in ideal case, where as in non-ideal case its little effected.

However, the RHP zero 2z, = —1

WRHPz

moves towards inf with increase in the load resis-
tance, which means converter is more stable at higher load resistances or low output
powers. From this, it can be observed that the controller design of plant should be

done for the worst-case condition, which is at minimum load condition.

The trajectory of poles and zeros of ideal and non-ideal transfer functions at differ-

ent values of the inductance L is shown in Figure In case of non-ideal model,
the LHP zero z; = —¢

WLHPz

do not alter with the inductance as it is free from L term
and obtained by the filter capacitor C' and its equivalent series resistance r¢, where
as, in ideal model there is no LHP zero. The poles locations are also affected by

the inductance variation in both ideal and non-ideal cases. However, the RHP zero
1

WRHPz

Z9 =

moves towards origin with increase in the inductance.
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Figure 3.32: Pole zero trajectories with inductance variation.
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Figure 3.33: Pole zero trajectories with capacitance variation.

The trajectory of poles and zeros of ideal and non-ideal transfer functions at differ-
ent values of the capacitance C'is shown in Figure The LHP zero z; = —1

WLHPz

moves towards origin with the increase in capacitance, where as, in ideal model there
is no LHP zero. The poles locations are also affected by the inductance variation in

both ideal and non-ideal cases. However, the RHP zero z, = —~— do not alter, as it

WRHPz

is free from C term.

3.9.1.2 Time domain and frequency response analysis
By replacing the parameter values in (3.106) and (3.112), we get the transfer func-
tions of non-ideal and ideal models of DC-DC buck-boost converter as

_ 29.29 (50(8)00 + 1) (_54250 + 1)
S 2 S
(3119.7) + gmis3 T 1

(3.138)

vd(s

33.22 (—==5- 41
Guai(s) = (= i + 1) (3.139)

(30§1.6)2 + 2o + I
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Figure 3.34: Frequency responses of ideal and non-ideal models.
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Figure 3.35: Step responses of ideal and non-ideal models.
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As we have seen in previous discussion, these transfer functions have RHP zero,
which makes system non-minimum phase. Figure and Figure show the
frequency and step responses of control to output transfer functions of ideal and non-
ideal models, respectively. The dc or low frequency gain of ideal model is G4, =
30.44dB = 33.26V/Ad, where as for non-ideal model is G4, = 29.34dB = 29.3V/Ad.
From results section, Figure and Figure [3.15, shows that for a change in duty
cycle (Ad = 0.031), corresponding output voltage (V,) changes from —6V to —7V/,

i.e., Av, = 1V. The gain calculated as AA”; = 30.1 ~ G4, Which shows the accuracy
of non-ideal model. Further from Bode plots, it is clear that bandwidth is limited as it
is a case of non-minimum phase system. More discussion on RHP zero can be seen
in Chapter 5. It can be clearly observed that crossover frequency obtained using
ideal model is very less compared to that of non-ideal model. From step responses
also it can be observed that non-idealities provides damping and there will not be

much oscillations as in the case of ideal.
3.9.1.3 Important observations for controller design

From the previous analysis of the control to output transfer function, the following

observations can be drawn for the closed-loop control design:

e For designing robust controller by considering the parametric variations, the
linear transfer function model presented in (3.106) is essential, since the model

shows the dependency of pole zero frequencies on parasitics.

e From the transfer function, it is observed that the following condition must be

satisfied to ensure the closed-loop stability of converter.

(frup: — frRuP:) < % (3.140)

This term mostly effected by inductor and capacitor values.

e The frequency location of RHP zero (wggp.) can be calculated exactly and how

this depends on parasitics can be analysed with the expression shown (3.106).
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Since, the RHP zero limits the bandwidth of buck-boost converter, this analysis

is important.

¢ In case of non-ideal analysis, an additional LHP zero is added, which will help
for the bandwidth improvement. From the expression of LHP zero frequency

wrap., We observe that it depends on capacitor value and its ESR.

e The selection of cross over frequency should be well below the frequency of

RHP zero and frequency of LHP zero should be greater than the RHP zero.

e Effect of parasitic elements on closed-loop stability of the converter system is
observed from Table [3.6] All parasitics are providing stability in system and

improving the closed-loop performance.

Table 3.6: Effect of parasitics on control to output transfer function

Elements

(As it increases)

Kod x x4 L X
WLHPz x § x x x | x x X
WRH P> box b4 L x0T
Wp S S L
Q L S R T SN R 2R

Over all closed

loop stability

frlmproves, 1Slight improvement, {|Decrement, | Slight decrement, *Insignificant, xNo effect

3.9.2 Analysis of input to output voltage or audio susceptibility

By replacing the parameter values in (3.115) and (3.120), we get the transfer func-
tions of non-ideal and ideal models of DC-DC buck-boost converter as
0'62 (50[5)00 + 1)
S 2 S
(3119.7) + 4818.3 + 1
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Gug(s) = (3.141)




Gugi(s) = — 2'66348 . (3.142)
(3031.6) + 20222.2 + 1

Figure [3.36]and Figure[3.38|show the frequency and step responses of input voltage
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Figure 3.36: Frequency responses of ideal and non-ideal models.
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Figure 3.37: Output voltage change for input voltage change of 1V.

to output voltage transfer functions of ideal and non-ideal models, respectively. The
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dc or low frequency gain of ideal model is G4, = —3.55dB = 0.66V//V, where
as for non-ideal model is G4, = —4.1dB = 0.62V/V. From Figure [3.37} it can
be observed that for a change in input voltage (Av, = 1V), corresponding output

voltage (V,) changes from —7V to —6.4V, ie., Av, = 0.6V. The gain calculated

Amplitude

0 L L L
0 0.005 0.01 0.015 0.02 0.025

Time {sec)

Figure 3.38: Step responses of ideal and non-ideal models.

A
Bode plots, it is be observed that stability (PM and GM) of non-ideal model is more

as A—Z; = 0.6 ~ G40, Which shows the accuracy of non-ideal model. Further from

compared to ideal model. Moreover, step response also confirms that, non-ideal
model is less oscillatory compared to ideal model. From this, it can be concluded
that parasitics or non-idealities are improving the stability of uncompensated buck-

boost converter in closed-loop under input voltage disturbances.

3.9.3 Analysis of output impedance

By replacing the parameter values in (3.123) and (3.129), we get the transfer func-
tions of non-ideal and ideal models of DC-DC buck-boost converter as

L4 (g + 1) (se00 + 1)
S 2 S
(3119.7) + 4818.3 +1
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Figure 3.39: Frequency responses comparison of ideal and non-ideal models.
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Figure 3.40: Output voltage change for load current change of 0.2A.

Zoi(8) = ———5 - (3.144)
(s518) + 50933 + 1

Figure and Figure show the frequency and step responses of load current
to output voltage transfer functions or output impedance of ideal and non-ideal mod-

els, respectively. The dc or low frequency gain of ideal model is Z,,y = —20.18dB =
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Figure 3.41: Step responses comparison of ideal and non-ideal models.

0.10852, where as for non-ideal model is Z,, = 3dB = 1.419. Figure shows
that for a change in load current (Ai, = 0.35A4), corresponding output voltage (V)
changes from —7V to —6.5V/, i.e., Av, = 0.5V. The gain calculated as ﬁ—;’: = 1.430 ~
Z 0, Which shows the accuracy of non-ideal model. At dc and low frequencies, capac-
itive reactance is more and output impedance is dominated by inductive reactance.

As frequency increases, the capacitive reactance dominates and makes impedance

zero.
3.9.4 Analysis of input impedance

By replacing the parameter values in (3.132) and (3.137), we get the transfer func-
tions of non-ideal and ideal models of DC-DC buck-boost converter as

2 (s) = 0.018 (=7 + 1)

o RNER (3.145)
(3119.7) + 4818.3 + 1

0.02 (&2= +1)

S 2 S
(3031.6) + 20222.2 + 1
Figure and Figure show the frequency and step responses of input current
to input voltage transfer functions of ideal and non-ideal models respectively. From

-1

Zimi(8) = (3.146)
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Figure 3.43: Step responses comparison of ideal and non-ideal models.
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the Bode plot, it is be observed that the input impedance is Z;, = 55.56¢2 at low
frequencies or dc and it is minimum at corner frequencies. Phase is decreasing from
0 to -90, as frequency increasing. From step responses, it is be observed that the

steady state error is zero in both cases, but ideal is more oscillatory.
3.10 Conclusions

An improved duty cycle relationship for a non-ideal DC-DC PWM buck-boost con-
verter has been derived and also demonstrated that the ideally calculated duty cycle
results in lower output voltage than the anticipated value. Further, the modified de-
sign equations of inductor and capacitor by considering the all parasitics have been
presented. Here, from analysis, it is observed that inductor, capacitor design, ICR
and OVR are associated with each other. From this, it is inferred that, ICR has defi-
nite role in capacitor design and capacitor ESR also has significant role on inductor
design. Alongside, the ripple analysis concludes that the ESR of output filter capaci-
tor effects more on OVR. Conclusively, it is recommended to design engineers to use

these modified expressions in accurate design of buck-boost converter modules.

Although, most of the work presents open-loop operation, it gives the critical in-
formation about specifications such as the maximum achievable output voltage and
duty cycle respectively, which are essential for closed-loop operation and also helpful
to engineers in control design of DC-DC buck-boost converter in applications such as
military, aerospace etc. Overall, parasitics are enhancing the stability of closed-loop

system, this can be negotiated from small-signal analysis.

Eventually, experimental results confirms the importance of non-ideal model of
the buck-boost converter to estimate the performances of new control techniques.
The non-ideal model is resembling the practical system. The analysis of controller
performance is very easy. Since, all parasitic effect is very clear on transfer function
model, it is easy to observe the robust performance of the converter under parametric

variations.
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CHAPTER 4

NON-IDEAL NON-INVERTING DC-DC BUCK-BOOST
CONVERTER

This chapter presents different design issues and accurate mathematical modeling
of non-ideal non-inverting buck-boost converter (NIBB) in detail. The steady-state
and dynamic analysis of non-ideal NIBB converter are explained. Various transfer
functions are derived and analyzed the effect of non-idealities. Further, NIBB de-
rived hybrid converter is proposed. The proposed converter design and analysis is

presented in detail and compared with other hybrid converter topologies.

4.1 Background and Motivation

A PWM DC-DC NIBB converter is also used for step up/down voltage, similar to
basic buck-boost converter, which is derived from basic topologies of DC-DC con-
verters (Buck and Boost). The basic difference is that it does not invert output volt-
age, where as basic buck-boost or cuk converter invert the output, which results in
complicated auxiliary power supply and drive circuit [175]. In comparison to SEPIC,
ZETA converters, which are of higher order (fourth order or contain two inductors
and capacitors), NIBB is a second order and leading to high power density [176]. In
addition, the stress on switches in other (Cuk, SEPIC, ZEta etc.) topologies is more

(i.e., the sum of input and output voltages).

In view of these advantages, similar to other converters this also need accurate
analysis and optimal design. After going through literature, a very few researchers
[32], [177]- [181], worked on this and specifically with ideal nature of elements only.
Thus, in present work, the component design and analysis of DC-DC NIBB converter
operating in CCM (continuous conduction mode), performed by considering the all

parasitic elements.
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NIBB converter, which is formed by cascade connection of buck with boost con-
verter and its output voltage expression is similar to buck-boost converter but with
positive polarity, which is given in (4.1)

1
v,— -2y 4.1
°T1-D, ¢ (4.1)

The above expression is obtained by considering ideal nature of elements [179].
From this expression, it is found that it has two duty cycles. This expression also

reveals that it can be operated in three different modes as shown Table 4.1]

Table 4.1: Operating modes of NIBB converter

Mode of operation D, D,
Buck Oto1 0

Boost 1 Oto 1

Oto 1

Buck-boost Oto1
and always D, < D,

The non-ideal analysis and modeling shown in previous chapters are of converters
with single switch. Since there is more than one switch, it is a little different from
previous chapters. For NIBB also maximum achievable voltage and duty cycles are

derived in further sections, which are very important for closed-loop operation.

NIBB converter is similar to buck and boost converters, therefore, design of induc-
tor and capacitor also similar to them. The design for inductor and capacitor along
with ripple analysis is given for NIBB converter. Further, another interesting part
of this work is that the mathematical modeling of NIBB converter since, it is having
two switches. Complete modeling is carried out by including all non-idealities as

discussed in the previous chapters.

Alongside, a hybrid converter is proposed based on NIBB converter, which can
give both ac and dc outputs simultaneously. The detailed operation of NIBB derived
hybrid converter and advantages over the existing hybrid converters presented. The

control method to generate pulses for switches also explained.
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The following sections discuss the detailed analysis of non-ideal dc-dc NIBB con-

verter and proposed hybrid converter.

4.2 Fundamental Analysis

Similar to previous converters, this section presents the preliminary equations of
non-ideal DC-DC NIBB converter operating in CCM. Basic non-ideal non-inverting
buck-boost converter system is shown in Figure [4.1}a). In this figure, elements are
represented as switches (S; and S,), diodes (Dy; and D), inductor (L), capacitor
(C) and load resistance (R). To acquire precise model of non-inverting buck-boost
converter, all parasitic resistances are considered such as source resistance (r,),
inductor resistance (r), switch resistances (r; and ry,), diode resistances (r4; and
rq2), diodes forward voltage drop (vsq and vyq), capacitor ESR (r.). Further, V, , v,,
v. and vy, are input, output, capacitor and inductor voltages respectively. Alongside,
i1, i. are inductor and capacitor currents respectively, and D,, D, are duty cycles of

switches Sy, S>. The most important condition for the operation is always D, < D;.

Here, we have made few assumptions for analysing the PWM DC-DC NIBB con-

verter.

Assumption 1: PWM DC-DC NIBB converter is operating in continuous conduction
mode (CCM). In CCM operation, converter works in three switching intervals: (a)
Mode-I interval, i.e., 0 < t < D,T, (b) Mode-Il interval, i.e., D;T <t < DT and (c)
Mode-lll interval, i.e., D;T <t < T [4].

Assumption 2: Initial charging current through inductor is zero, i.e., i;,(0) = 0 and

initial voltage across the capacitor is zero, i.e., v.(0) = 0.

4.2.1 Mode-l Operation (0 < ¢t < D,T)

The equivalent circuit for NIBB converter during interval 0 < ¢ < D,T i.e., when
both switches ON is shown in Figure [4.1)b). In this interval, the diodes (D, and
Dg,) are OFF and switches are replaced by their ON time resistances (r,; and ry»).

Here, the input current (i,) is same as inductor current (1) and diode current (i4) is
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zero. During this period, the inductor stores energy, and the output capacitor alone

delivers power to the load.

Using Kirchhoffs voltage law (KVL) and Kirchhoffs current law (KCL), the funda-

mental equations for the circuit shown in Figure [4.7|b) are obtained as follows:

(UL(t))Ml = Ldthgt) = — (T’g + 71+ 1+ 7‘52> ’iL(t) + Ug<t> (42)
(ie(t))ars = od”;it) - —“Og) (4.3)
(Vo(t)) a1 = ve(t) + 7eic(t) (4.4)

4.2.2 Mode-ll Operation (D,T <t < D;T)

The equivalent circuit for NIBB converter during interval D;T < t < DT ie., S; is
ON and S, is OFF is shown in Figure [4.7)c). In this interval, the switch (S,) is OFF
and diode (D,,) is ON. Here, the diode (D) is replaced by its equivalent model, i.e.,
resistance (rq) in series with forward voltage (vsq2). The input current (i,) is same
as inductor current (iy). The stored inductive energy appears in series with the input
source and contributes to supply the output. The capacitor charged by both inductor

and input supply, then discharges through load.

Employing Kirchhoff’s voltage law (KVL) and Kirchhoff’s current law (KCL) to the
Figure 4.1]c), we get,

(0 (£))ary = LEED — ((rg + g L A Ta) (R’i—)> in(t) — (%) (1)
"‘Ug(t) — Vfdg

(4.5)

(s = 01 = i) - 20 (46)
(Vo(t)) a2 = ve(t) + 1eic(t) (4.7)
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4.2.3 Mode-lll Operation (D7 <t < T)

The equivalent circuit for NIBB converter during interval Dy <t < T i.e., S; and S,
are OFF as shown in Figure 4.1)d). In this interval, the switches (S; and S,) are OFF
and diodes (D4 and D) are ON. Here, both diodes are replaced by its equivalent
model, i.e., resistance in series with forward voltage. The input current (i,) is zero.
In this interval, the stored inductive energy contributes to supply the output. The

capacitor charges by inductor and then discharges through load.

Using KVL and KCL, the fundamental equations for the circuit shown in Figure
[4.1]d) are obtained as follows:

(UL(t))Mg = L% = — <(7”d1 +1rg + T’L> + (R]?:;c)> iL(t) - ((RTRTC)) Uc(t) (48)
Vi1 — Viae
(s = 0L — gy 1y — 2o (49
(Vo(t)) a3 = Ve(t) + 7eic(t) (4.10)
4.3 Steady State Analysis

In this context of analysis, voltages and currents are supposed to be constant over a

switching period and are illustrated by equilibrium state values as follows:
i (1) = I, 09 (1) = Vg, ve (t) = Vo

According to volt-sec balance [4], in equilibrium state, the average voltage across
inductor equal to zero. Therefore, using (4.2), (4.5) and (4.8), we write,

Vi, = Da(vi(t))an + (D1 — D2)(vr(t)) a2 + (1 — Di)(vr(t))ms =0 (4.11)

Likewise, in equilibrium state, according to charge balance [4], the average current
through capacitor equal to zero. Therefore, using (4.3), (4.6) and (4.9), we get,

Io = Ds(ic(t)) a1 + (D1 — D2)(ic(t)) vz + (1 — D) (ic(t)) s = 0 (4.12)
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The equilibrium state output voltage is
Vo = Da(vo(t)) a1 + (D1 — D2)(vo(t)) ar2 + (1 — D1)(vo(t)) i3 (4.13)

Substitute (4.2), (4.5) and (4.8) in (4.11), we get,
VL = D2 [—]L (’I“M1) + ‘/g] + [D1 — DQ] [_[L (’I“MQ) - LBVe Vfdg + Vg}

R+rc
+[1 — D] [_IL (rar3) = Viar — Va2 — 154:/7‘00] =0

N RVe  DiVy— DiVia — DyVias — I, [Daran + (D1 — Do) rags + D;TMB}
R+ reo N DIQ

(4.14)
where,

vl =Tg+Ta+rL s, e = rg+rsi+r+ra2+ R || e, rvs = rp+raiHra+ R | re.

Substitute (4.3), (4.6) and(4.9) in (4.12), we get,

Vo Vo Vo
V. I
L= o o 4.15
"7 RD, D, (4.19)

Here, I, is the steady-state value of load current. Substitute (4.4), (4.7), (4.10) in
(4.13), we get,

V, = Do [VC + ICTc] —+ [Dl — Dg] [VC + [CTC] + [1 — Dl] [Vc + [Crc]
=V,=Vc

(4.16)

4.3.1 Output voltage expression

Substitute (4.15) and (4.16) in (4.14), we get,

R‘/o D1‘/9 — Dllvfdl — D;Vfdg — R‘;;; [DQT‘Ml —f— (D1 — DQ) T M2 + D/IT‘Mg}

= = 7
R+re D,

(4.17)

(RDIZ)2 - DQTMl - (D1 - D2> Thro — Dll’f’M3

: — DV, — D Vg — DLV,
D,R (R + rc) 2Vg — Fatydl T Habfd2

=V,
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Finally, we get output voltage expression as

v DyR (R + re) [D1Vy — D\Vigi — DyVias) (4.18)
(Do (rarn — rare) + Dy (rare — mag3) + 7us) (R+ 1) + ((1 _DQ)R>2

If we operate converter in buck mode (D, = 0) of operation, then the output voltage

of converter will be

R(R+r.)[D1Vy— (1 — D1) Vit — Vyao
[Dy (ry —r3) + 73] (R+r.) + R?

V:)buck = (4 1 9)

If we operate converter in boost mode (D; = 1) of operation, then the output voltage
of converter will be

(1 —=Do) R(R+re) [Vy — (1 — D) Vyao)
(DQ (7’1 — 7”2) + 7“1) (R + T’C) + ((1 — DQ) R)z

This is the expression for non-ideal boost converter as given in (2.17). In order to

(4.20)

‘/oboost -

get the single switch buck-boost (D; = Dy = D) operation, then the output voltage of
converter will be

D/R (R + Tc) [D‘/g — D/ (Vfd1 + Vfdg)]

> (4.21)
[D(2r1 —r9) + D'r3] (R+1r.) + (D'R)

V;buck —boost —

The analysis of output voltage to duty cycle can be done in similar way to previous
chapters. Thus, this analysis will be the same, since it can be operated in buck,

boost and buck-boost modes.

If all parasitics are zero in (4.18), then we obtain the ideal formula for calculating
the output voltage of non-inverting buck-boost converter as given in (4.). In an ideal
PWM DC-DC NIBB converter, the output voltage is a function of duty cycles and input
voltage only. However, by including non-idealities, the output voltage V,, of PWM DC-
DC NIBB converter is not only function of duty cycles D;, D, and input voltage V,
but also the load resistance R and other parasitic elements, which is shown in Eq.
(4.18).

The plot of output voltage V, as a function of duty cycles D,, D, is shown in Figure
for non-ideal case at different load resistances (R) and other parameters are
constant. In general for ideal case, the converter output voltage increases with duty

cycles in boost and buck-boost conditions. On the other hand, for the non-ideal case,
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Table 4.2: Parameters of DC-DC NIBB converter

Parameters Value

Input voltage (V) 12V

Output voltage (V) 15V

Source resistance () 0.3Q

Inductor (L/ry) 500 pH/ 0.3492
Capacitor (C'/r.) 160 pF/ 0.120
Diode forward drop (Vya1, Viae) 0.5V

Diode resistance (741, 742) 0.03 Q2

Switch resistance (1, 742) 0.05 Q
Switching frequency (f) 20KHz

Load resistance (R) 220/100 W

the output voltage first increases with duty cycles, reaches its maximum value, and
then decreases to zero at duty cycles close to unity. Here, it is clear that the output
voltage depends on load resistance, whereas it is not the case in ideal case. The
difference from the ideal to non-ideal is because of the increased voltage drop across
the non-idealities in practical NIBB converter at lower load resistance (or higher load

current).

The plot of output voltage V, as a function of duty cycle D is shown in Figure
for NIBB converter at different input voltages (V) and other parameters are constant.
For a particular duty cycle, the difference between the output voltage of converter
becomes larger as input voltage increases. So in the presence of parasitics, switches
should kept ON for long time to get the same output voltage. As the input voltage

decreases, V,,... also decreasing.

The plot of input voltage V, as a function of duty cycles D; & D, is shown in Figure
for NIBB converter at different output voltages (V,) and other parameters are
constant. As the input voltage decreases, the duty cycles required to keep switch

ON also increases and reaches a point where no duty cycle combination will achieve
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Output voltage (V)

Figure 4.2: Output voltage vs Duty cycle at different load resistances.

the required output voltage value. This input voltage value is considered as the
lower limit of the NIBB converter operation for given specifications. From this, we get
the information of minimum input voltage (V,,..»,) to be applied for converter at fixed

output voltage (in regulator problems).

4.3.2 Modified duty cycle expression

It is easily noticeable that the output voltage of a non-ideal NIBB converter (i.e.,
practical) is always less than the ideal NIBB converter. Since, the relation for an
ideal case, which neglects the parasitics present in practical buck-boost converter.
So, there is a need to develop the improved expression for duty cycles. But, there
are two duty cycles for NIBB converter, compared to other basic converters. So,
here with different combinations of duty cycles, same voltage can be achieved. So,
in order to derive modified expression for duty cycles, first fix one duty cycle and then

derive expression for other duty cycle and vice versa.
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Case l:

First, we will fix D; as constant and derivation for D, as follows:

Rewriting (4.18),

RV,  Dy[R(D\V,— Di\Viar) + Vs (ro —13)] — (D5) RViay — Vi [Dy (rass — rasa) + 7an)

R +re R(Dy)
(4.22)

Further, it can be expressed as quadratic equation in terms of (D, or 1 — D) written

as follows:

(D5)? [R2V, + R (R + o) Viaa] = (D) [R+ el |[R (DiVy = DiViar) + Vo (ran = 7an2)|

~

a b
+ ‘/o [Dll (TMg — ’I“MQ) + ’I“Ml] [R + 7“0] =0

g
c

(4.23)
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The solution of above quadratic equation can be determined as,
;o btV —4
D, = > e (4.24)
a

The practicable or realizable duty cycle falls under positive sign. Here, conditions for
operating NIBB converter is that the calculated D, cannot be more than the chosen

or fixed D;.
Case ll:

Now, we will fix Dy as constant and derivation for D; as follows:

Rewriting (4.18),

v, [(RD;)2 + [Dy (ran — ra2) +rars] (R + Tc)] +R(R+rc) Dy [Viar + DyVyae]

= D; [R(R+71¢) Dy (Vy— Viar)] = Vo (ras — rass) (R + 1)
(4.25)
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Further, it can be written as

Vo [(RDS)” + (D2 (ran = ra2) + 7ass] (R + 70)| + R (R + ) D [Vyar + DyViae]

Dy = [R(R+rc) Dy (Vg + Vi) = Vo (rae — mus) (R4 re)

(4.26)
Here, conditions for operating NIBB converter is that the calculated D, should be
more than the chosen or fixed D,, otherwise increase D, and calculate D, till we get

the condition D; > D,.

The possible operating region or feasible duty cycles for the operation of NIBB
converter for given specifications (from Table [4.2) is shown in Figure 4.5 This region
is obtained by the modified duty cycle expressions given in (4.24) and (4.26). In
Figure [4.5, complete triangle ABC refer to ideal case, i.e., all the non-idealities or
parasitics set to zero. The shaded part of triangle ABC in Figure [4.5]is feasible duty
cycles with the considered parameters. Figure 4.6 shows, the obtainable voltages of

NIBB converter. In Figure 4.6} voltage surfaces shown at different load values.
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Figure 4.5: Possible operating region of NIBB converter.
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4.3.3 Maximum achievable duty cycle and output voltage

Generally, the buck mode of operation in NIBB converter will not have any limits on
duty cycle and output voltage. NIBB converter operation is mainly limited by duty
cycle, when it operates in boost and buck-boost modes. The maximum achievable
voltage will be at (D1 . & Domax) and depends on mode of operation. This is also
clear from Figure where it is noticed that, as the load resistance increasing,
the maximum value of output voltage V,,... is increasing and corresponding duty
cycles Dinac & Donay are also increasing. So, here we obtain the expressions for
maximum achievable duty cycle and output voltage of the NIBB converter for the

given specifications.

In order to get maximum achievable duty cycle, rewriting eq. (4.18) as,
DyR (R +1.) [D1Vy — DyViar — DyViaso)
(D (rars — Tas2) + D1 (rarz — 7agz) + 7asz) (R +7e) + (1 — Dy) R)?
From this expression and operation of converter (D, < D;) suggests that it has

V;):
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different operational limits or maximum value of duty cycle (D;....) depending on the
value of Dy, which means D, can be maximum equal to D,. But, this is true only up
to certain value of D, thereafter the maximum value of D, changes. Hence, here
we find the maximum value of duty cycle (Ds...x) corresponding to the D;. This will
be the maximum achievable output voltage of the NIBB converter operating in boost

or buck-boost mode.

Now, maximum value of this expression (4.18) can be found as follows:

v,

= 4.27
0D, 0 ( )

Therefore, from (4.27), we get the expression of maximum permissible duty cycle

(D2 max) as follows:

’ 2 /
a<D2> +b (DQ) te=0 (4.28)
Finally, we get maximum possible duty cycle expression as

, B —b+Vb? — 4dac

2max 2

D

(4.29)

where,
a= R*[D\V, — D\Via1] + Vi [ra — 1] [R+ 1) ;
b=2Via [r1 — Dy (ra —r3)] [R+ 7 (4.30)
c=—[D1Vy— D\Viar] [r1 — Dy (ra — 13)| [R+ 7).

From output voltage expression and overall operation of NIBB converter, the max-

imum voltage occurs at Din.c = 1 and Dy = Doy The maximum achievable

voltage of the converter will be

v | _ (1 _DQmaX)R(R—i_TC) (‘/;;_ (1 _DQmax> Vfd2)
O Prma Damax) (D) (= 1) +71) (R4 7) 4 (1 — Damax) R)?

(4.31)

The operational limits of D; and D, are shown in Figure for given specifica-
tions. The maximum achievable duty cycles and corresponding voltages are also
mentioned. Further, in Figure 4.6, the maximum achievable voltage at different load

values also indicated.
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4.4 Outcomes from Steady State Analysis

Here, from this analysis, we summarized some important observations, which are

handy in a closed-loop operation, as given below:

1. Practical NIBB converter system always has lower output voltage compared to
ideal case. So, in order to get the similar value in practical as well as theory,
the derived expression (4.24) and (4.26) are essential.

2. Maximum achievable duty cycles (D1 max & D2 max) @nd maximum output voltage
(Vomaz) @re two crucial parameters to know for before the closed-loop operation

of converter. These are the maximum possible values in overall operation.

3. Since the parasitics effect on output voltage, it is not possible to get the full
output value in conventional buck converter. Whereas, this is possible through
NIBB converter. In boost and buck-boost modes of operation, sudden changes
in load or input may lead to collapse of output. This can be avoided by adding

limiter (= D1 max OF = Damay) at the controller output as shown in Figure [4.7]

—cL/

_'l Non-inverting Buck- /2/ Vv,

;4|— Y, boost Converter

! —/C‘ D Vorefz
Voref1
D1max or|
PWM DZmax
Pulses |+— |C -<+—— Controller
0

Figure 4.7: Closed loop operation.

4. From the analysis, it can be observed that each parasitic element effects the

maximum achievable duty cycles (D1 azr & D2maz) @aNd Vias.
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5. By this analysis, the key information of input voltage range specification V.,

of the converter is observed at a constant output voltage. This can be observed

from Figure [4.4]

4.5 Design of Filter Elements
4.5.1 Inductor current ripple (ICR) and Inductor design

Design of inductor is an another important issue for NIBB converter compared to
other single switch converter. As NIBB converter operated in three modes, induc-
tance required is calculated in all modes and finally the worst case value is chosen
for operation. Generally, inductance value mostly depends on the ICR and switching
frequency. In this section, the effect of non-idealities is analysed on inductors de-
sign and inductor ripple current. Let x; be inductor current ripple factor (ICRF) for

inductors L, such that Ai;, = x.1;.

For Mode-I of operation, At = D,T, the steady state magnitude of ripple current

Ai; can be written as

1
Aiy = {% I (rg + TL; rs1 + 7“52)] D,T (4.32)

Substituting value of I, from (4.15) and simplifying

Aiy = DL?JY [% _ DT ”];Dzsl a “2} (4.33)
Here f = ,_lp is the switching frequency.
Eq. can be written as
Vy _ (Da(ra=72) + D1 (r2 = 75) +75) (R+7) + (D3R)" | DiVian + D)Vi (4.34)

v, DiD,R (R + 1) DV,

Now using equation (4.34), eq. (4.33) is simplified further and the expression of

inductor ripple current Ai,, is obtained in final form as follows:

_ DaDoVo [ 0atrarapsitrararspsralarelt [R]" | i DLV
DLf (D) R(R+re) AT

(4.35)
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or

[D2(r1—r2)+D1(re—r1—r3)+rs](R+re)+ [Dl2 R] :
(D)’ R(R-+re)

Aip = Nipsgea { + DA VeantDaVias } (4.36)

D4V,

From this, the inductance can be calculated as

! Nk / /
L = 3222‘/0 |: [Dz(n—r2)+D1(rz—/rlz—rg)-&-ra}(R-&-rc)-&-[DQR] L DIVfdl;‘rDQVfdg } (4.37)
1Aip f (P2) R(Retre) Dy
or
Sk / ’
I e Y
(D3)" R(R+re) DyVo

For Mode-II of operation, At = (D; — D,) T, the steady state magnitude of ripple

current Ai;, can be written as

Ve Vi RV, Ipry
AZL = |: I R+ ro 7 :| (Dl D2> T (439)

Substituting value of I, from (4.15) and simplifying

(Dr=D)Vo [Vy Vi R 1
Lf Vo Vo R+rc RD/2

Now using equation (4.34), eq. (4.40) is simplified further and the expression of

Aij = (4.40)

inductor ripple current Aiy is obtained in final form as follows:

[DQ(rl —r2)+D’1r3] (Rtre)+ (DQR) ?

Ai; = _ / (D1+D2)'D/21/%(R+rc) (4.41)
DLy +D1Vfd1+(D1+D2) Vide DR
(D1+D2) Vs (D1+Ds) (R+rc)
or )
[DQ(m —r2)+D’1r3] (Rtre)+ (D;R)
Aip, = Nigigeql , (D1=+Dy)' Dy R(FR+re) (4.42)
+D1Vfd1+(D1+D2) Vidz DiR
(D1+D2)'V, (D1+Ds) (R+rc)

From this, the inductance can be calculated as

(DuD, — DyDy) v, | L22rr b (Rtre+(DhR)

Ly = - , (D1+D2)/D;5(R+TC) (4.43)
D\ Aig f D\Vi+(D14+D2) Viao DiR
(D1+D2)'V, (D1+D2) (R+re)

or )

[Dg(rl —r2)+Dl1r3] (Rtre)+ (D;R)
Lyirr = Lititidear , (D1+D2)/D;5(R+”) (4.44)

+D1Vfd1+(D1+D2) Vide DiR
(D1+D2)'V, (D1+D2) (Rtre)
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For Mode-lll of operation, At = (1 — D,)T, the steady state magnitude of ripple

current Ai; can be written as

. —Viar — Via RV, Iprs|
Aip = - - DT 4.45
' { L L(R+ro) L ] ! (4.45)
Substituting value of I, from (4.15) and simplifying
. DV, [ Vi + Via R T3
Nip = =12 |- - SLE 4.46
LETLY { v, R+rc RDQ] (4.46)
or
. . Viar + Viaz R T3
Aif, = Aig; - — — . 4.47
L U Lideal |: ‘/O R + ro RD2:| ( )
From this, the inductance can be calculated as
DV, R Viai +Viee 1o +ra +7a
Ly = 22 |- - - : 4.48
MIE= N f { R+ro v, RD, } (4.48)
or
R Viat +Viae 1L+ 7Ta1 + Tan
L =L » — — — ) 4.49
MIII MIIIideal |: R + ro V;) RD2 :| ( )
Now, the final inductance for the operation of converter is selected as follows:
L = Max {LMla L, LMHI} (4-50)

The expressions (4.37), and shows that there is a additional multiply-
ing factor to the ideal expressions. Here, an important observation from non-ideal
design is that the value of inductance and ICR are mainly effected by the ESR of
the capacitor though there are other parasitics also present. From these expres-
sions, it is observed that as the capacitor ESR increases, the ICR increases and the

inductance required also increases.
4.5.2 Design of Capacitor

Capacitor design is also the very important aspect. So, the capacitor design for NIBB
converter is derived in this section. The capacitor design depends on the allowable
OVR and switching frequency. The equivalent series resistance (ESR) of a capacitor
plays an important role in design. A capacitor is modelled by its capacitance and

ESR values. In order to design capacitance, the OVR analysis of capacitor is needed.
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Figure 4.8: Current and ripple voltage waveforms associated with capacitor C' in

boost and buck-boost modes.

4.5.2.1 OVR analysis

In any DC-DC converter, the total voltage ripple (Awv,) of a capacitor is sum of

e Voltage ripples due to its own capacitance (Av¢)

e Voltage ripples due to its ESR (Av,¢).

Therefore, for proper capacitor design, it becomes necessary to consider the effect of
ESR. The capacitor C is used as filter capacitor at output stage. The voltage ripples
across this capacitor directly affect the quality of output voltage. Therefore, its design
is carried out more carefully to limit the output voltage ripples within permissible

range.

The capacitor current and different components of voltage ripples in steady state

are shown in Figure [4.8] As discussed earlier, output voltage ripple Auv,(t) is made
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up of two components as
Avy(t) ~ Ave(t) + Av,o(t) (4.51)
Voltage ripples due to ESR, Auv,¢(t), expressed as
Av,e (t) = reic (t) (4.52)

Voltage ripples due to capacitor, Avc(t) expressed as
t
Ave (1) = é / e (8)dt + Ave (k) (4.53)
0

Awvc(tp) is initial voltage across capacitor at ¢ = t.
The NIBB converter can be operated in buck, boost and buck-boost modes. Now,

we will derive in detail for each mode which is given below:
A. Buck-boost mode:

To operate NIBB converter in buck-boost mode i.e., D; = 0 — 1 and D, varies
from 0 to < D;. Most importantly, the condition is Dy < D;. The detailed analysis is

carried out as follows:
4.5.2.2 Analysis during Mode |
The current through capacitor C'is
io(t) = —1I, (4.54)
Therefore, the voltage ripple contribution due to capacitor ESR is
Avc (t) = reic (t) = —Lore (4.55)

The voltage ripple contribution due to capacitor itself is
1 / I
Avo (1) = & / io (1)t + A (0) = = 2+ Auc (0 (4.56)
0

Avc(0) is initial voltage across capacitor at ¢ = 0. Therefore, total output voltage

ripple during M-I period is
A’Uo (t) = AUG (t) + AUTC (t) = —% [t + CTC} + A’UC (O) (457)
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From Eq. (4.57), it is clear that Av,(¢) is a line equation which is shown in Figure [4.8|

also. It has a minimum value at t; = D,T. At t = t,, the voltage ripples obtained as

Avrc(tl) = _Iorc (458)
1,D>T
Ave(ty) = — 02 + Avg(0) (4.59)
I,
Avo,min = Avo (tl) = _E [CTC + DZT] + AUC (0) (460)

4.5.2.3 Analysis during Mode 11

In this duration, the capacitor current dynamics is

. Imax - [min2
= cmax w2 G DT+ Die — L, 4.61

Therefore, the voltage ripple contribution due to capacitor ESR is

Imax - [min
Av,o(t) = reic(t) = ( (D = DQ;;TC [t — D3T'] + (Imin2 — o) Tc (4.62)

The voltage ripple contribution due to capacitor itself is

t

Ave(t) = & [ ic(t)dt + Ave(DoT) = smes—tuns [t — D,TY?

J (4.63)
+Imi;g—fo [t _ DZT] + A’UC(DQT)

Ave(D,T) is initial voltage across capacitor at t = D,T.

Therefore, total output voltage ripple during switch-off is

2
Au, (t) = Avc (1) + Avye (1) = s |20 +re(t - DaT)| +

—(]miné_l‘)) (Cre + (t — DoT)) 4 Ave (D2T)

(4.64)

From Figure [4.8} it is clear that there is no maximum or minimum of the wave form.
But Eq. (4.63) can be used to determine the value of Ava (D, T).

-[max - -[min
A'UC(DlT) = TQ

Imin2 - -[0

[Dy — Do] T + c
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4.5.2.4 Analysis during Mode Il

In this duration, the capacitor current dynamics is

. _(-[max_-[minl) (t_DlT)
1 t) = 7 + Ima:p - ]0 (466)
c(®) DT

Therefore, the voltage ripple contribution due to capacitor ESR is

(-[max - ]minl) Te
DT

Avye () = reic (t) = — (t — DiT) + (Inaw — L) 7 (4.67)

The voltage ripple contribution due to capacitor itself is

t

Ave (t) = 1 f ic (t)dt + Ave (DT = — Umax—Tmin1))(t=D1T)" (Imam—lfg(t—DlT) + Ave (DiT)

CDlT 20D T
(4.68)
Avc(D4T) is initial voltage across capacitor at t = DT
Therefore, total output voltage ripple during switch-off is
— — (Imax_lmin ) (t—DlT)2
A0, (£) = Ave (1) + Avye (1) = — e loms) [EBTE 4y (¢ DlT)] * e

Umas=Lo) (O, 4 (t — DiT)) + Ave (DiT)
The time ¢, at which value of Av,(t) occurs maximum during switch-off is given by

(Imaz - Io) /

to=D/T—-Cr.+ ———>"-D,T 4.70
? ! re (Imax_lminl) ! ( )

(]Inax - Iminl) (OT’?)

Avrc<t2) = CD'T
1

(4.71)

([max - [o)2D/1T ([max - Iminl) (CTQ)
A t - - / <
velt) = o a1 20D;T

and the maximum value of output voltage ripples are obtained as

+ Ave(DyT) (4.72)

’ 2
max {minl DT
Avo,max = Av, (tg) = % (((Imaz - [o) m) + (CTc>2) + Avg (D1T>
(4.73)

Therefore, the total peak-to-peak voltage ripple will be

Av, = Av, (t2) — A, (1) (4.74)
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Substituting from (4.60) and (4.73), we get

2
[maxflmin max —do 4 2 2 [max [rnin 710 D1—D2)T
Avy = ¢ 20D,T . klmlax— ;1) (DiT)" + (Cre) 1 M 50 MDD 4 T
(4.75)

For buck-boost mode operation, when D; is very close to D,, the later term in (4.75)

is very small and observed that it does not effect the value, so this can be written as

Av, — Umox—Tuin1) [( Inax—1Io >2(D/1T)2 + ((]rc)ﬂ + Ir, (4.76)

QCD;T Imax*Iminl

This expression is very similar to buck-boost converter ripple expression in section
3.

B. Boost mode:

To operate NIBB converter in boost mode i.e., D; = 1 and D, varies from 0 to 1.
So, the wave forms for this mode will not the same as given in Figure [4.8] The wave
form is given in Figure [2.9)and remaining design analysis for this is same as DC-DC

boost converter as given in Chapter 2, Section 2.5.2.
C. Buck mode:

To operate NIBB converter in buck mode i.e., D, = 0 and D; varies from 0 to
1. So, the wave forms for this mode will not the same as given in Figure 4.8, The
corresponding wave forms for this mode is given in Figure[4.91 Though, this analysis
is same as the DC-DC buck converter as given in [44]. This is explained here in brief
as follows: From this figure, the operating conditions will be Dy = 0, 1,1 = lnine =
I.in and I, = 0. So, we have only Mode Il and Mode lll. The equations for Mode II

can be written as

i) = I (4.77)

Amﬁ)<mﬂj 5 (4.78)
mww—é?[iT—q+Awm> (4.79)



-

Gate
pulse
(1)

¥

=

Gate
pulse
(52)

=

Capacitor
=

voltages (V) Current (A)

Ripple
(=]

Figure 4.9: Current and ripple voltage waveforms associated with capacitor C in

buck mode.

. t 1 Aigt |t
Av,(t) = Aipre [DlT - 5} + 5C [DlT - 1} + Awv.(0) (4.80)

In this period (i.e., Mode II) only, it has minimum ripple value. So, differentiate (4.80)
and equate to zero, we get ¢; as

DT
h="1 — Cre (4.81)

Substituting (4.81) in (4.80) (i.e.,t = t1), we get the minimum ripple as

N . [DiT o
AUo,min - AUo(tl) - AZL |: 80 + 2D1T:| + A’UC(O) (482)

Now, from Figure [4.9] the equations for Mode Il can be written as

~Aip (t— DiT) | Ai

io (1) =~ D) | S (4.83)
1

Ave (1) = _AW’% <,tT_ D) Azg"’ (4.84)
1
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Ave (t) = _MLz(éB?%T)Q + 820D 4 Ave (D T) (4.85)

Av, (t) = — Atz [ U=DITE 4y (1~ DIT)] + &L (Cr, + (t — DiT)) + Ave (DiT)
(4.86)
In this period (i.e., Mode Ill) only, it has maximum ripple value. So, differentiate (4.86)

and equate to zero, we get , as

ty — (H%)T — Cre (4.87)

Substituting (4.81) in (4.80), we get the minimum ripple as

D;T+ C’ré
8C " 2D|T

AUo,max = Avo(t2) = _AZL |: :| + Avc(DlT) (488)

So, finally in buck mode, the total output voltage ripple will be

1 N Cr%f]

4.
8fC ' 2D\D) (4.89)

Aty — Avy (t2) — Avy (1) — Ai [

4.5.3 Effect of ESR on OVR

This analysis is same as the sections 2.5.3 and 3.5.3 from chapters 2 and 3 respec-

tively.
4.5.4 Output capacitor design

Let the maximum specified output voltage ripple be Awv,,,. Therefore, the value of

capacitor C should be chosen such that
Av, < Avgp, (4.90)

A. Buck-boost mode:

Substitute Av, from (4.76)) in (4.90), we get,

2
Imaxflmin max —do 4 2 2 Imax Imin *Io D1—-D2)T
( ZCD;T . |:(Imlax—frrin1> (DlT) + (CTC> + ( L 220 et 2) +IorC < A'Uo?n
(4.91)
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By solving the above inequality, we get,

;N2
2,.2 2D/ Avom—1Ior (Imax_lo)2(D1T) (Imax+1min 710)(D —D )IDIT‘2
CTC_C[TI< Aig C)}Jr (Big)? + 2 =0
(4.92)

Expression (4.92) is quadratic in C and solution is the minimum value of filter capac-

itor C for given OVR and ICR, which can be obtained as follows:

’ 2 2
C — & Avom —IoTe :l: Avom —Iore _ Ie—1o 7,.2 _ ([max+[min2_lo)(Dl_D2)7"g
mn fr2 Air Aip, Aig, c Air,

(4.93)
For buck-boost mode operation, when D; is very close to D, the later term in (4.93)
is very small and hence this eq. (4.93) can be written as

Av,,, — 1,7 Av,, — Lr.\> I —TI\?
om o' c :l': om o' cC _ max (0] 2 4.94
Air \/( Air, ) ( Air > TC] (4.94)

This expression is very similar to buck-boost converter ripple expression in section

D

—

Cmn[ ~

3. These expressions are valid for r¢ < r¢ maz-
B. Boost mode:

The boost mode is same as to DC-DC boost converter as given Chapter 2, Section

2.5.4. This can be written as C,,,,,;;.
C. Buck mode:

Substitute Av, from (4.89) in (4.90), we get,

1 Orz f
Ad cf
“ [&fo DD

} < Avgn, (4.95)

By solving the above inequality, we get,

<0 (4.96)

02,2 2D, D) [Avom D, D),
2

/ Aip, 4f2

The above expression is quadratic in C' and solution is the minimum value of filter

e+

capacitor C for given OVR and ICR, which can be obtained as follows:

DD} [ Avop DD} [Av,m1]1?  DiD)
Conmirr = ——1 [ =22 — , - 4.97
i fri { Aip, } \/{ fré | Aig 42 ( )
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This expression valid for r¢ < r¢ -

Finally, capacitor is chosen from these expressions such as

C = Max {Cmnly CmnHa CmnHI} . (498)

4.5.5 Maximum permissible ESR (r¢ ...) and ICR effect

As the value of ESR increases, more ripples appear in output voltage, degrading the
output voltage quality. Therefore, it is necessary to find out the maximum permissible

value of ESR for maximum specified OVR.
A. Boost and Buck-boost modes:

In Eq. (4.94), Capacitor C will have a real value (practically feasible) only if the

terms inside the root is greater than or equal to zero, i.e.,

2 2
om — dolc [mx - ]o
(MA—¢L”> _( o~ ) 2> (4.99)

On simplification, we get,

< Avg,

o [mz

Te

(4.100)
Therefore, the maximum permissible value of ESR (7. max) for specified output volt-
age ripple and inductor current ripple can be defined as

e max A[%m (4.101)

If the ESR value of the output capacitor is greater than the r. .., then the output

voltage ripple will exceed the maximum defined limit.

Substituting value of 7¢ax from Eq. (4.101) into (4.94), the minimum value of

output capacitor in worst case is

C _ Dlljma: (Imx - ]o)
e AZ'LA?Jomf

(4.102)

From Eq. (4.102), it is clear that maximum permissible ESR depends on the ICR.

This complete analysis is same as Chapters 2 and 3.

B. Buck mode:
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In Eq. (4.97), capacitor C' will have a real value (practically feasible) only if the

terms inside the root is greater than or equal to zero, i.e.,

’ 2 ’
[ I [A H gz =Y (4.109)
On simplification,
T Ao,
re <24/ DDy Al (4.104)

Therefore, the maximum permissible value of ESR (r.m.x) for specified output volt-

age ripple and inductor current ripple can be defined as

/ A,UO’VTL
L Aig

Tc,max = 24/ DD (41 05)

If the ESR value of the output capacitor is greater than the r. ..., then the output

voltage ripple will exceed the maximum defined limit.

Substituting value of 7¢ax from Eq. (4.105) into (4.97), the minimum value of

output capacitor in worst case is

1 Aip

Cmn = HAvom

(4.106)

4.6 Experimental Results and Discussion

The previous sections analytical findings are validated by simulations and experi-
mental results. The simulations are carried out in MATLAB/Simulink software pack-
age whereas for the experimental results, a hardware prototype is developed as
shown in Figure 4.10] According to the availability, MOSFET IRFP460 and diode
MUR1560 are chosen as semiconductor switching devices. The ferrite core induc-
tors and electrolytic capacitors are used as energy storage elements. The values of

various parameters used for simulation and prototype design are given in Table [4.2]

Beginning with steady state analysis, from (4.24)), the improved expression for duty
cycle is calculated as 0.53, where as through ideal calculation (4.1)), 0.44 are obtained
to get a output of 15V. This has been verified through simulations as shown in Figure

4.11] These simulations are validated through experiment results as shown in Figure
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Figure 4.10: Experimental set-up.
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Figure 4.11: Simulation result of output voltage with ideal and modified duty cycle

expressions.
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Figure 4.12: Experimental result of output voltage with ideal and modified duty

cycle expressions.

3.15, Here, ideally calculated value has given less output value (i.e.,13V) than ex-
pected (i.e.,15V), where as the proposed duty cycle relation given as expected. This

increase in duty cycle value is to compensate the voltage drop across parasitics.

D =1
W 1 lm.sx
4] D1 — Dz = 1
S o9 D, =09 D,|=0.95
(4] -
—_ D, ex = 0.817
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£
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Time {sec)

Figure 4.13: Simulation result of output voltage at different duty cycle Dy >

D2maxa Dlmax =1.

Here, the overall maximum permissible duty cycles and maximum achievable volt-
age with the NIBB converter are also have been verified by simulation and through
experiments. The maximum permissible duty cycles of NIBB converter in presence
of parasitics (as per Table[4.2) is Dinax = 1, Damax = 0.817. The corresponding sim-
ulation and experimental results have been shown in Figure and Figure
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Figure 4.14: Experimental result of output voltage at different duty cycle Dy >
DZmax; Dlmax =1.

respectively. From this figure, it is very clear that the converter operates in unstable
region when Dy > Dy, to Dy = 1 and Dy, = 1. Alongside, the V.. for this
converter is 32.17 V. Therefore, this information is crucial for engineers to operate

converter in a closed-loop.
Operation as a conventional buck-boost converter:

The basic advantage discussed earlier in this chapter is that there is no inversion
of output voltage. So, in order to show this, first we will see the similar operation as
we have seen in the chapter 3. Alongside, we will discuss the additional benefits of
using NIBB converter over the buck-boost converter. In chapter 3, we designed the
converter to get the output voltage of 7 V. So, here also if we design NIBB converter
to get the same voltage, the parameter obtained are almost same as for buck-boost
converter as given in Table [3.1] The simulation results are shown in Figure [4.15

This is same as we got previously with inversion of output voltage.

The same voltage we get in different possible combinations of duty cycles with the

NIBB converter, whereas with basic buck-boost converter, this is not possible. Here,
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Figure 4.15: Simulation result of output voltage with ideal and modified duty cycle

expressions.
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Figure 4.16: Experimental result of output voltage with ideal and modified duty

cycle expressions.

we see in detail about this point. Some possible duty cycle combinations are A(D; =
0.655, Dy = 0), B(D; = 0.5, Dy = 0.268) etc. The inductor and capacitor required
for first combination are L = 230mH, C' = 35uF’ respectively. So, these values are
very less in comparison to the buck-boost converter. This is also called pure buck
mode of operation. For the next combination, inductor and capacitor required are
L = 350mH, C = 60uF, which are also less. So, with NIBB converter, we have

option to choose best possible design.
Operation as a conventional boost converter:

Now, we will see the similar operation as we have seen in the chapter 2. Along-
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side, we will discuss the additional benefits of using NIBB converter over the basic
boost converter. In chapter 2, we designed the converter to get the output voltage
of 8.3 V. So, here also if we design NIBB converter to get the same voltage, the pa-
rameter obtained are almost same as for boost converter as given in Table 2.1} The

simulation results are shown in Figure 4.17] This is same as we achieved previously

with inversion of output voltage.

g ! D, =1.0
g 0.8
2 0.6 .
%‘ 0'4 Dz(;dga;) = O'F UZ(BC(ua!} =0.479
0O V-4l |
8.57
5 23 . m—
o2 Il
=) %7-5 V, =7.3V
©% ﬁ
- 7| I |
0.02 0.03 0.04 0.05 0.06 0.07 .08

Time (sec)

Figure 4.17: Simulation result of output voltage with ideal and modified duty cycle

expressions in boost operating mode.

Figure 4.18: Experimental result of output voltage with ideal and modified duty

cycle expressions in boost operating mode.

The same voltage we get in different possible combinations of duty cycles with the

NIBB converter, whereas with basic boost converter this is not possible. Here, we
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see in detail about this point. Some possible duty cycle combinations are A(D; = 0.7,
D, = 0.69), B(D; = 0.8, D, = 0.61) etc. The inductor and capacitor required for
first combination are L. = 330mH, C = 311uF, respectively. So, these values are
different in comparison to the boost converter. For the next combination, inductor
and capacitor required are L = 310mH, C' = 135uF, which are also different. So,

with NIBB converter, we have option to choose best possible design.

4.7 Mathematical Modeling

NIBB converter with non-idealities to be modelled is shown in Figure [4.79] The state
space average approach is used for modeling, which is explained in Appendix A.
The most important point to be observed is that the modeling done by considering
the all non-idealities or parasitics. As depicted in Figure which is same as
Figure [4.1fa), but a current source (i.(t)) is connected to the output terminals of
the converter, which models the loading effect of the load subsystem (besides the

resistive load) being fed from this converter.

fta L . Va2
S
—AA—L O afA—N—
3 v, T _DI -+ I—'V\/\v
’ k Dy Faz .
____________________________ I(__
. i
g
§r. | £
o1 2 +
's | S T R3y,
—— V! =~ pre 7 = G)u
+ =
D
! § Fe2

Figure 4.19: Non-ideal NIBB converter model.

As explained in previous sections, modeling of non-ideal DC-DC NIBB converter
is carried out in CCM. The converter consists of two active switches (S; and S,)

and thus has three modes of operation.The equivalent circuits for these modes are
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already shown in Figures [4.1|b)-(d). So, we need to write state equations for all
modes of operation. For this, inductor current and capacitor voltage as considered

as states of the system. The modeling as follows:

Step 1: Writing the state equations for three modes of operation
Mode-I Operation (0 < ¢ < D,T)
When both switches are ON, the equations governing with inductor current (i;), ca-

pacitor voltage (v.) and output voltage (v,) are obtained as:

vi(t) = Ldigt(t) = —(rg +rs+rr+re)ir(l) + vy(t)

_ (4.107)
- iL(t) _ _(rg-i-rsl-iL-rL-ﬁ-rsz)iL(t) + MT(t)
o Adue(t) ()
io(t)=C > i.(t) (4.108)
Vo(t) = ve(t) + 1eic(t) (4.109)
Substitute (4.108) in (4.109), we get,
— _v®) _
0o(t) = ve(t) + e (=252 — i-(1)) @110)
= Uo(t) = iy ve(t) — reeyia(t)
Substitute (4.110) in (4.108), we get,
o 1 R ,
Ue(t) = —mvc(t) - mlz(t) (4.111)
ig(t) =L (1) (4.112)

Equations (4.107), (4.111), (4.110) and (4.112) can be represented in state space

form as

- T A1 Bl Jl

d iL(t) _ (Tg+7"s1-|L-7’L+7"32) 0 iL(t)
— = +
dt | yo(t) 0 — i | ve()
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Yy Ch Ey Fy

quRE[mﬂ+Fﬁ1ﬁq+rhm} N
i (1) 10 | le®| o o ||ao] o

Mode-Il Operation (D,T <t < D,T)

When S, is OFF and S; is ON, the equations governing with inductor current (i),

capacitor voltage (v.) and output voltage (v,) are obtained as:

o (t) = LU0 = — ((ry 7 + 7+ 1) + e ) int) — (kg ) wel®)

(4.115)
+Ug(t) — Vfdg
ielt) = 020 i (1) - ”0}? —il(t) (4.116)
Vo(t) = ve(t) + 1eic(t) (4.117)
Substituting (4.116) in (4.117), we get,
Vo(t) = ve(t) + e (iL(t) - uoét) - iz(t)) (4.118)

= w(t) = () ) + () int) - (#22) a0

Substituting (4.118) in (4.116), we get,

)= (s ) 10~ (s ) 0 - (s ) 0 @119

Substituting (4.118) in (4.115), we get,

d retr, rr+rs1)(R+re)+Rre \ -
in(t) = — (( o Tzt LLJ(erLlZE) o)+ ) ir(t) — (ﬁ) Ve(t) + (1) vg(t)

(4.120)
T . Viaz
+ (ol ) ia0) — 22

ig(t) =ip(t) (4.121)

Equations (4.120), (4.119), (4.121) and (4.118) can be represented in state space
form as
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R 1
C(R+rc)

. (rg+rae+rr++rs1)(R+re)+Rre .
d {%(f)] _ [( = LL(RJJC) ) L(R}irc)] [ZL(t)] n F
0

Yy Cy Ey Fy

Uo(t) _ R]?:vfc Rfrc ZL(t) + 0 _R]?:;C
ig(t) 1 0 ve(t) 0 0

Mode-lll Operation (D7 <t < T)

T A, By

When both switches are OFF, the equations governing with inductor current (i),

capacitor voltage (v.) and output voltage (v,) are obtained as:

/I)L(t) = Ldlgt(t) = — <(7"d1 + Tq2 + T’L) + (éi_—rip)> ZL(t) - (ﬁ) Uc(t)

—Viar — Via
i) = 020 iy g

Vo(t) = ve(t) + 7eic(t)
Substitute (4.125) in (4.126), we get,
vo(t) = ve(t) + 7o (z’L(t) _ ol z’z(t))
= () = (72 ) velt) + (2= ) in(t) - (#22) ia(0)
Substituting (4.127) in (4.125), we get,

. R ] 1 R )
lt) = (m) i(t) - (m) elt) = (m) (1)
Substituting (4.127) in (4.124)), we get,

. T T rr)(R4+re)+Rre \ - re .
in() = — (et e ) iy (1) — (s ) welt) + (s ) 00

_ Viar  Viyao
L L
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(4.124)

(4.125)

(4.126)

(4.127)

(4.128)

(4.129)



iy(t) =0 (4.130)

Equations (3.86), (3.89), (3.84) and (3.83) can be represented in state space form
as

T As Bs
. ra1+rge+rr)(R+re)+Rre . T
Pl {u(t)} ) {(“”L(ﬁm ) L(R%] {w)] N [o %} [vg@)]
dt R .
vo(t) C(Pﬁrc) _C(R1+rc) vo(t) 0 "~ C(R+re) i:(t)
J3

1
+ [ K Vi + Ve
(4.131)
) C’3 E3 F3

b s | R e
ig(t) 0 0 | [ve(®) 0 0 i.(t)

Step 2: Obtain the large signal state-space averaged model

|:Vfd1 + Vfd2:|

(4.132)

Since there are two duty cycles, the averaged model can be obtained as follows:

A= DyAy + (D1 — Dy) Ay + (1 — Dy) A
B = DyB; + (D) — Dy) By + (1 — D) Bs
C = DyCy + (Dy — D5) Cy + (1 — Dy) Cs
E = DyE + (Dy — D)) Ey + (1 — Dy) Es
F = DyFy + (Dy — Do) Fy + (1 — Dy) F3
J = DoJy + (D1 — Dy) Jy + (1 — Dy) Js

(4.133)

The large signal state space averaged model of NIBB converter obtained as
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~ s A

(1-D3)R 1

C(R+rc) C(R+rc)

B J

it | (raa+rp+Di(rg+rs1)+D2(rs2—ra2)+(1=D1)rg1) (R+rc)+(1—D2)(Rre) __(1-Do)R
i ir(t) _ L(R+rc) L(R+rc)

Dy (1-D2)Rr. U (t) _ (1
+ [L L(Bre) ] { I + E)L) [Dindl + D/gid2]

0 - C(Rirc) i-(t)
(4.134)
) Y C B r
’ljo(t) B (1_RD+226RTC Rf?“c EL(t) 0 —%rﬁc @g(t) 0
Lg(t)] | b 0 | |vet) " 0 0 () - 0 [Vfd1+vfd2]
(4.135)

Step 3: Linearising around a operating point and obtain the ac small signal
model
All the available time varying signals can be approximately written as sum of it’s

steady-state (DC or average) value and it's small variation around a operating point.

ip(t) = I +ap(t),ig(t) = I, +14(t),io(t) = I, 4 1o(t), i-(t) = I, + i.(t),
di(t) = Dy + dy(t), ds(t) = Dy + da(t), vc(t) = Vi + de(t), vy(t) = Vy + 0,(t),

o(t) = Vi, + o(t).
(4.136)

To get the steady-state (DC) and small signal (ac) models of the non-ideal DC-DC
NIBB converter, substitute (4.136) in (4.134) and (4.135), we get,

Steady-state (DC) model:
1 V.
lo—at (B 4+ (4.137)
VC Iz

‘/g]
+F (4.138)

Small-signal (ac) model:
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Where,

§(t) = C2(t) + Ba(t) + Endy (t) + Egpda(t)
By = (A} — A))X + (By — By)U
By = (Ay — A3) X + (By — B3)U
a = (Az = Ag) X+ 3) (4.140)
Egp = (C1 — Co)X + (B — Ey)U
Ep = (Cy — C3) X + (B — E3)U
A
_ ((rd2+rL+D1(rg+m)+Dz(m—r42)+(1—D1)rdl)(R+rc)+(1—D2)<ch)) _(A=Dy)R| [=
L(R+rc) L(R+rc)
(17D2)R 1
C(Rtre) ~ C(R+re)
B By
—Ds)Rre ~ —rg—rs1+741) I +Vy+V, i
N [% S T ] {%(t)] N [( Ll =t
0 —C(RP;TC) i,(1) 0 |

Baa
((rdz_7'52)(R"‘Tc)+R7’C)IL+RVC_R7’012+Vfd2(R+Tc)-
L(R+rc)
RIy,
_<C(R+7‘c)) a
(4.141)
Ea
Sre | g (¢ 0l ;.
Rtre Ag) N [dﬁ)}
0 Zz(t) IL
Ea
_(RT’CIL>-
| N\ |:dA2(t>i|
0
(4.142)

Step 4: Determination of steady-state values

The steady-state values of output voltage, input current and inductor current can also
be found by substituting (4.141), (4.142) in (4.137), (4.138) respectively, as follows:

=

I

Vo
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DV, Dil,
= l=5 k" Dy

(4.144)

v DyR (R +7e) [D1Vy — DiVigt — DyVias] (4.145)
(Dg (rarn — ar2) + Di (e — ras) +7us) (R+1e) + ((1 = Dy) R)2
In order to get the ideal steady-state models of the DC-DC NIBB converter, replace

non-idealities or parasitics with zero in (4.143)-(4.145), we get,

Vi 1

I, = =2 - 4.14

= 1L Dy'R + D’ ( 6)
Do D1l
[, = 2o 4.147
= gi D2/R + DQ’ ( )
D1V,

= 4.148
= Vo =1 ( )

4.7.1 Comparison of steady-state ideal and non-ideal models

In order to compare the steady-state ideal and non-ideal models, parameter values
considered from Table [4.2l These values substituted in relationships obtained for
non-ideal and ideal cases given in (4.143)-(4.145) and (4.146)-(4.148), respectively.

The values obtained in non-ideal case are always less than the ideal case, this is

due to the power loss in non-ideal elements which is clear from Table [4.3] This has
been clearly discussed in previous sections, where these steady-state relationships
are derived analytically as given in (4.13).

Step 5: Determination of various transfer functions
As per the considered input variables (v,, i., di, d»), state variables (iz, v~) and output
variables (v,, i,), maximum sixteen transfer functions are possible for non-ideal DC-
DC NIBB converter. Nevertheless, some important transfer functions only presented
here. In order to get various transfer functions, first need to find (s7 — A)~! for NIBB
converter, which is given below:
Adj (s — A
[sI — A" = é(lffll)
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Table 4.3: Steady-state values comparison of ideal and non-ideal cases

|deal case Non-ideal case
Parameter : ) : :
Analytical Experimental Error Analytical Experimental Error
Iy, (A) 1.7 1.5 13% 1.45 1.5 3.4%
Vo (V) 17.8 15 18% 15 15 0%
I, (A) 1.2 1 20% 1.01 1 1%
DyR
s+ C(R1+rc) T L(R+ro)
D,R req(R+rc)+ D)y Rre
TRy ST L(R+rc)
= ) — (4.149)
o | (Rt7e)(L4C(req(R4ro)+DyRrc)) req(R+re)+DyR(DyR+.)
57+ LO(Rtr0)? 5+ LO(Rtre)?

where, ro, = 1, + 140 + Di(1g + 1rs1) + Da(rso — ra2) + D/lrdl.

Now, some of the important transfer functions of non-ideal DC-DC NIBB converter
are derived, which are useful for controller design and analysis.

(i) Control to output voltage or Control voltage gain:

This transfer function describes the impact of variation in duty cycles (d;(t), da(t))
on output voltage (v,). This is derived by keeping the input voltage (9,) and output
current (z,) variations to zero. This can be determined as follows:

Guan(8)ls, i dy=0 = 20—(8) =C(sI — A)'Bpp + Ea (4.150)

2(s)

By substituting (4.141) and (4.142) in (4.150), we get,

) ((rag—rs2)(R+re)+Rre)I+RVe—Rrel.+Viga(R+re)
_ D! Rre Adj(sI-A)~ L(R+re) Rr.l
Gyd2(5) - [RQJFTC %] [sI—Al RIL, T [_ <R+rf>]
— \C(R+r.)
(4.151)

Further simplifying (4.151) and writing in terms of pole-zero form as given in (4.152),
we get,

(1 + waIPz) <1 o WRZPZ)
Gvd2 = de? 2 (41 52)
1+ 5o + (ﬁ)
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where,

Repsry [ (PVo = DWVian = DiVim) v+ (DiVy = DiVi) (Do)’
. T\ 4DV — L (R | 7)) ra — L (R | ) (D) B2
e (req (R4 1) + DyR (D3R + 7«0))2
(4.153)
(D1V, = DiViar — DyVias) s + (D1Vy — DyViar) (DyR)”
N\ D (Viee = L (R o) roe = L (R | 72) (D) R 4150
WRIPE = L(R+ 7o) (D1Vy — DiVia1 — DyVya) '
here,

Tyl = (—D1 (rg +751) =1L — T2 — Dllrdl) (R+ 1)
Tvo = ((TL +7a2 + Dy (151 +74) + Do (rs2 — raa) + D'lrdl) (R+7.)+ D;ch)

1
= 4.155
WLHP2 Cr. ( )
B (req (R+r.)+ DyR (D;R + rc)) 4.156
Wp = 3 (4.156)
LC(R+r.)
0 VLC (req (R+70) + D4R (DR + 7)) w157
B L+C (req(R+ 1) + DyRr,) ’
Now,
Guar(5)l5, 7. ds=0 = O(e) _ C(sI — A)"'Ba + Ea (4.158)
’ di(s)
By substituting (4.141) and (4.142)) in (4.158) we get,
(=rg—rs1+ra)IL+Ve+Viar
_ D;ch Adj(slfA)_l L
Guar(s) = | Defre on | Al ' + o] (4.159)

Further simplifying (4.159) and writing in terms of pole-zero form as given in (4.160)

<1 + waIPz)
Gvdl - del 2
L+ g+ ()
wp wp
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where,
Vy ((rr 4 a1 + Darsa + Dyras) (R + 1))
DyR(R+ ) +Viar ((rg + 70 + rs1 + Dorgs + DIQTdZ) (R+7.))
+ (Vg + Viar) (D/zR (DlzR + Tc)) + Viaz (Dlz (R+71e)(rg +70 — sz))

Ko =
o (rea (R+72) + DyR (DR 4 12))
(4.161)
! (4.162)
WLHPz = Cr. .
oy — [l (B + DR (Db +10)) (4.163)
LC(R+r,)
VIC (g (B4 1) + Dy (DyR+12)
" (4.164)

L+C (req(R+ 1)+ DyRr,)
These transfer functions mainly used in controller design for regulator problems.
Now, by replacing non-idealities or parasitics with zero in and (4.160), we
get the ideal model as,

Gvdﬂ(s)—%(s)— - Ve - (4.165)
1 ! L 2
b (<D;>23 +R(D;fs“)
) DV, (1 - %s)
Coain(s) = 2(s) = R(D2) (4.166)

Dl 2( L,0252+ L, 25+1)
(B2 i+ o)

(ii) Input to output voltage or Audio susceptibility:

This transfer function describes the impact of variation in input or line voltage (9,)
on output voltage (,). This is derived by keeping the duty cycles (d;(t), d»(t)) and

output current (i.) variations to zero. This can be determined as follows:

INE _
Gvg(S)bZ cil 622:0 = # = C(SI — A) 1Blstcolumn —+ Elstcolumn (4167)
o By(s)
By substituting (4.141) and (4.142) in (4.167), we get,
Adj(sI — A" | B 0
— | (1—=D2)Rrc R
Glg(s) = |Uspedfee _r_] s | o], (4.168)
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Further simplifying (4.168) and writing in terms of pole-zero form as given in (4.169),

we get,

(1+52)

= K,,——“Lpz) :

Coo() e (4.169)
where,
K D\D,R (f% + rc/) (4.170)
Teq (R + 7nc) + DR (DQR ™ 7“0)
1
vuips = - (4.171)
wp = (req (R+71e) + DyR (12)2R tro)) (4.172)
LC(R+7.)
VIC (e (R 10) + DyR (D3R + 1)

) (4.173)

L+C (req(R+ 1)+ DyRr,)
This transfer function is very important in designing of regulator. The effect of input

harmonics or changes on output can be found. Now, by replacing non-idealities or
parasitics with zero in (4.169), we get the ideal model as,

Gogi(s) = 22(s) = Da (4.174)
Yo Dy L2 4 L s+ 1)
(Dy) R(D,)

(iii) Output Impedance:

This transfer function describes the impact of variation in output or load current (i.)
on output voltage (¢,). This is derived by keeping the duty cycles (d;(t), d»(t)) and
input voltage (¢,) variations to zero. This can be determined as follows:

N _
Zout(8)|f1g,6217522=0 = % ((8)) = C(S] - A) 1B2”dcolumn + EQ”dcolumn (4175)

By substituting (.747) and @.142) in (#.175), we get,

(I—DQ)RTC o R’I‘c
L(R+rc) + R+re (4_1 76)

; 1
Zout(S) = [(1—D2)ch R :|Ad] (SI — A)
Fare Rl [s] — A ~ Ty 0

+7re

Further simplifying (4.176) and writing in terms of pole-zero form as given in (4.177),

we get,

Zo(s) = K, o) o) (4.177)
aup (@)
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where,
D, D.
Ko = Rl re) & DaDy I (4.178)
Teq (R + Tc) + DQR (D2R + TC)

Teq (R +7e) + DDy Ry,

WLHP21 = LR+ r) (4.179)
_ (4.180)
WLHPZZ—CTC .
e (& Dl D/ C
Y, = (reg (R+71e) + 213(22}%+7~)) (4.181)
LC(R+r,.)
LC (reqg (R+1.) + DyR (DyR + 1,
Qz\/ (s 2f (DBt re)) (4.182)

L+C (reg(R+ 1)+ DyRr,)
This transfer function also very important quantity in voltage regulator design. Now,
by replacing non-idealities or parasitics with zero in (4.177), we get the ideal model
as,

0o(8) LC —&

Zowi(8) = = = — (4.183)
i,(s) (D2)2 (;,3252—1- R(g;>2s+1

(iv) Input Impedance:
This transfer function describes the impact of variation in input or line voltage (v,) on
input current (i,). This is derived by keeping the duty cycles (d;(t), d»(t)) and output

current (i,) variations to zero. This can be determined as follows:

= —Zg<8) - CQndr0w<SI - A)ilB]_Sicolumn + Elstcolumn (4'1 84)

=0 g (s)
Dy
L] + H (4.185)
0 0

Further simplifying (4.185) and writing in terms of pole-zero form as given in (4.186),

we get,

Z;(s)

m

By substituting (4.141)) and (4.142) in (4.184), we get,

_ Adj(sI — A)™!
1 _
Zal9) =Dy o] =17

Z-(s) == Ky Homies) | (4.186)

o s s
1 Qup (WP )

195




where,

2
Ky = Di(R+re) (4.187)
Teq (R+7c) + DyR (DyR + 1)
_ (4.188)
CLHP: = C(R + 1) '
o (R+1.) + DyR (DSR + .
y = | Lea Bt o) + DR (DyfR 4 ve)) (4.189)
LC(R+r,.)
VLC (req (R+70) + D4R (DyR + 7))
Q- (4.190)

L+C (req(R+ 1)+ DyRr,)
This transfer function is useful for cascaded converters and it plays important role
when EMI filter is added [4]. Now, by replacing non-idealities or parasitics with zero
in (4.186), we get the ideal model as,

) D} (CRs +1)
k) = 2= (4.191)
RO fopy s * o+

4.7.2 Comparison of small-signal ideal and non-ideal models

In order to compare the small signal ideal and non-ideal models, the parameter val-

ues considered from Table [4.2] These values substituted in relationships obtained

for non-ideal and ideal cases given in (4.152)-(4.191). These non-ideal model trans-

fer functions derived in this section will be further analysed in control point of view

and effect of non-idealities or parasitics also analysed.
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Table 4.4: Transfer function comparison of ideal and non-ideal cases

Goar(5) Goaz(8) Gg(s) Zo(8) Zi(s)
Parameter : : :
Ideal Non-ideal Ideal Non-ideal Ideal Non-ideal Ideal Non-ideal Ideal Non-ideal
K (dB) 25.53 22.52 38 25.2 1.3 1.5 -2.6 -0.002 0.088 0.09
WLHP~ - 52080 - 52080 - 52080 0 52080,1.3k 284.1 282.5
WRHP= - - 9720 8703 - - - - - i}

wp 1661.6 1767 1661.6 1767 1661.6 1767 1661.6 1767 1661.6 1767

Q 5.8 1.05 5.8 1.05 5.8 1.05 5.8 1.05 5.8 1.05




4.8 Control Oriented Analysis

This section presents the importance of derived non-ideal transfer functions and
crucial observations made through time domain and frequency response analysis.
These transfer functions are mainly useful for voltage mode control, which is the
objective of this thesis. Further, this section reveals the importance of small-signal
transfer functions obtained by using state apace average approach over the respec-

tive ideal models or transfer functions.

4.8.1 Analysis of control to output voltage or control voltage gain
4.8.1.1 Parametric effect on poles and zeros

The small-signal model or control to output transfer function presented in (4.152),
shows that it is a common two pole low pass filter with two zeros. Where as,
is an ideal one, which is also the same but with one zero. This is similar to boost or
buck-boost transfer function. Another transfer function presented in (4.160), shows
that it is a common two pole low pass filter with one zero. Where as, is an
ideal one, which is also the same but with no zero. This is similar to buck transfer

function.

Since these transfer functions are similar to basic buck, boost and buck-boost
converters, the pole-zero plots are similar and observations are also same. Please

refer chapter 2 and chapter 3.

4.8.1.2 Time domain and frequency response analysis

As explained earlier, this analysis also similar (as in chapter 2 and chapter 3), but
some important observations made through the step and Bode plots. The analysis
is done at three different conditions, such as A(D; # Dy,D; > D), B(D; = D),
C(Dy = 1,D,).

By replacing the parameter values in (4.160) and (4.165), we get the transfer func-
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tions of non-ideal and ideal models as

22.53 (g5 + 1
Goar(s) = (i + 1) (4.192)

(555)° + 1o + 1

25.53
S 2 S )
(1661.6) + grss 1

These are very similar to buck transfer functions, which are of minimum phase type.

Figure and Figure show the frequency and step responses of control to

output transfer functions of ideal and non-ideal models respectively. The dc or low

Goari(s) = (4.193)

frequency gain of ideal and non-ideal models at all conditions is almost same. The

gain crossover frequency is more for condition 'C’.
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Figure 4.22: Frequency response of ideal and non-ideal models (v/ds).

By replacing the parameter values in (4.152) and (4.166)), we get the transfer func-

tions of non-ideal and ideal models of DC-DC NIBB converter as

Conn(s) = 25.13 (5:%; 1) s(—ﬁ +1)
() + 1963 + 1
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38.03 (—55; + 1)
S 2 S ’
(1661‘6) + 9718.8 + 1
These are very similar to boost or buck-boost transfer functions, which are of non-

minimum phase type. Figure and Figure show the frequency and step

responses of control to output transfer functions of ideal and non-ideal models re-
spectively.

Gvd2i<5) = (4-1 95)

The basic advantage of this analysis is that, converter parameters can be designed

by observing these plots such that the better performance can be achieved.

4.8.2 Analysis of input to output voltage or audio susceptibility

By replacing the parameter values in (4.169) and (4.17/4), we get the transfer func-
tions of non-ideal and ideal models of DC-DC NIBB converter as

1.31 (52080 + 1)
S 2 S
(W) t 62 T 1
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1.489

S 2 S ’
(1661,6) + 9718.8 +1
Figure [4.24] and Figure [4.25] show the frequency and step responses of input to

Ggi(s) =

(4.197)

output voltage transfer functions of ideal and non-ideal models, respectively.

From plots, it is observed that, dc gain of the system is less for operating point
C and better stability. Another way, boost mode of operation is giving better perfor-
mance compared to other operating points. This option is available with only NIBB

converter.

4.8.3 Analysis of output impedance
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Figure 4.26: Frequency response of ideal and non-ideal models (v/i.).

By replacing the parameter values in (4.177) and (4.183), we get the transfer func-

tions of non-ideal and ideal models of DC-DC NIBB converter as

2.64 (35 +1) (55355 + 1
Zy(s) = — ((;3‘2;2 N )(_520?; . ) (4.198)
1767 1876.2
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Zoi(5) = ——5 L0 (4.199)
(1661.6) + 9718.8 +1

Figure and Figure show the frequency and step responses of output impedance

transfer functions of ideal and non-ideal models, respectively.

From plots, it is observed that, the dc or low frequency gain and stability parame-
ters are better for operating point C. At dc and low frequencies, capacitive reactance
is more and output impedance is dominated by inductive reactance. As frequency

increases, the capacitive reactance dominates and makes impedance zero.

4.8.4 Analysis of input impedance

By replacing the parameter values in (4.186) and (4.191), we get the transfer func-
tions of non-ideal and ideal models of DC-DC NIBB converter as,

7 (s) = 0.088 (5555 + 1)
m S 2 S
(W) + 1563 T 1
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0.1 (557 +1)

S 2 S
(1661.6) + 9718.8 + 1
Figure and Figure(4.29] show the frequency and step responses of input impedance

transfer functions of ideal and non-ideal models, respectively.

Z(s) =

int

(4.201)

From plots, it is observed that the input impedance is at low frequencies or dc
differs a lot for boost mode operation (i.e., operating point C) and it is minimum
for all operating points at corner frequency. Phase is decreasing from 0 to -90, as
frequency increasing. From step response, it is observed that the steady state error

is zero in both cases, but ideal is more oscillatory.

4.9 Proposed NIBB Derived Hybrid Converter (NIBBDHC)

Generating power from natural resources (or non conventional energy sources) is al-
ways appreciable for residential systems. Increasing population put main constraints
on space utilization, so these sources are confined to give low voltage and power
whereas, modern developed grids (such as nano grids, DC micro grid etc) can give
high voltages and power. There are two independent converters are available for
power conversion, such as dc to dc converter (e.g., buck, boost or buck-boost) and
dc to ac converter i.e., voltage source converter (VSC). These two converters are
either connected in series or parallel according to the requirement (AC or DC). Grids
might be connected to the loads which may require both step-up and step-down op-
eration. For these type of requirements, a non-inverting buck-boost topology [32] is

suitable.

The major issue with conventional VSCs is shoot-through. By using dead-time
circuitry, this issue can be resolved. But, it is an additional circuitry. EMI (Electro
Magnetic Interference) [182] is also another problem for VSCs. For resolving these
issues, many topologies investigated in literature. One of such topology is the Z-
source inverter (ZSl) [183], which can eliminate the shoot-through problem. Further
many topologies such as quasi-ZSI [184] and for achieving high gains [185]- [187]

are proposed. All these converter topologies are for mitigating the problem of con-
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ventional VSCs and these cannot provide hybrid converter operation i.e., supplying

AC and DC loads, simultaneously.

Hybrid converter topologies are also proposed in literature [73]- [76]. Switched
boost inverter (SBI) [73], boost derived hybrid converter (BDHC) [74] are some
of proposed hybrid converter topologies. But, these converter topologies can only
achieve boost operation. Further, cuk-derived hybrid converter (Cuk-DHC) proposed
in [75], is a hybrid converter which can achieve both buck and boost operations. But,
with inversion of output voltage and it contain more number of passive elements. Cur-

rent fed switched inverter (CFSI) based hybrid topology proposed in [76], which can
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Figure 4.30: Proposed non-inverting buck-boost derived hybrid converter.

be operated in buck and boost modes. But, buck and boost characteristics achieved

for AC output and for DC output boost characteristics are only possible. So, this
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motivated to propose a hybrid converter which meets the discussed requirements.

4.9.1 Synthesis of NIBBDHC

The conventional two switch non-inverting buck-boost topology is shown in Figure
4.1] The NIBBDHC topology synthesized by replacing the switch S2 by a conven-
tional VSC as shown in Figure [4.30] The switch S; used to get different modes of
operation. The bridge type VSC having four switches (S, to S,), is realized by MOS-
FET or IGBTs which are compatible for high switching frequency. This topology will
provide non-inverting DC output (V) by the buck-boost converter action besides AC
output (V,.,). Converter can be operated in three different modes namely buck mode,
boost mode and buck-boost mode. This operation can be achieved by simultaneous
switching of any independent leg of VSC (S, — S; or S, — S;) along with switch S;.
This is very similar to normal operation of non-inverting buck-boost operation. The
AC output from NIBBDHC is obtained by providing the appropriate PWM switching
pulses to the switches of inverter leg (S, — S, or S, — S;). The node voltage (14,) acts
as input to the VSC.

4.9.2 Operation of NIBBDHC

The NIBBDHC operation can be studied in three dissimilar manner i.e., buck, boost
and buck-boost operation. The buck operation of NIBBDHC obtained when ON pe-
riod of switch S is less than the shoot-through interval. The boost operation of NIBB-
DHC observed when switch S; is ON for total duration irrespective of shoot-through
interval. The buck-boost operation of NIBBDHC realized in two cases as when the
shoot- through interval is equal to the ON period of switch S; and ON period of switch
S; is greater than the shoot-through interval. The continuous conduction operation
of NIBBDHC is analysed. The waveforms for NIBBDHC in buck operating conditions
are shown in Figure [4.31a). The waveforms for NIBBDHC in boost and buck-boost
operating conditions are shown in Figure [4.31|b). The major difference in boost to
buck-boost operating condition switch S; duty cycle (D), which is unity for boost

operating conditions. So, diode D; never comes in conduction in boost operating
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condition. This can be seen from diode D, current waveform (ip;) in Figure b),
which is zero in boost operating condition and non-zero for buck-boost operating con-
ditions. The waveforms node voltage (V;,,), inductor current (1), VSC output voltage

(V), diode currents (ip1,ip2), VSC input current (iy,) are shown.

In all operating conditions of NIBBDHC, three different switching modes observed

as explained below.

=

Mode |
Mode Il
Mode Il

Mode |
Modsa Il
Moda Il
Mode |1l

Mode |

0
o
ode |

Made |
Made Il

Made [1
Made T

Figure 4.31: Waveforms of NIBBDHC (a) Buck operating conditions (b) Buck-

boost operating conditions.

4.9.2.1 Mode-I (Shoot-through)

Shoot-through is nothing but both switches of anyone inverter leg operated at the
same instant (S, — S; or S, — S;). Shoot-through period of NIBBDHC in buck type
operating conditions are shown in Figure a), (b). Since the switch S; duty cycle
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(Dg2) is less than shoot through duty cycle (D, ), the diode D; will come into the
conduction as soon as switch S; goes to OFF state. Shoot-through period of NIBB-
DHC in boost type operating conditions is shown in Figure [4.33|a). Since the switch
Sy duty cycle (D) is equal to one (i.e., S; always ON), the shoot through duty cycle
(Dg1) will become the boost converter duty cycle and the diode D, will always be
in OFF state. Shoot-through period of NIBBDHC in buck-boost type operating con-
ditions is shown in Figure [4.34(a). Since the switch S; duty cycle (D) is equal or
more than the shoot through duty cycle (D.;;), both buck and boost operations are
possible. In all operating conditions, the diode D will be reverse biased during this

period.
4.9.2.2 Mode-II (Power Period)

In this mode, power delivered to the load. The diode D, is ON during this period. The
voltage input to the inverter (14,) is equal to the output dc voltage (V). In this mode,
for all types of operating conditions either S; — S, or S, — S; will be ON to deliver
power to AC load. The power period of NIBBDHC in buck type operating conditions
is shown in Figure [4.32(c). The diode D; will be on in buck operating conditions.
The power period of NIBBDHC in boost type operating conditions is shown in Figure
[4.33(c). The power period of NIBBDHC in buck-boost type operating conditions is
shown in Figure[4.34|b) for Dy» = Dy and for Dys > Dy, is shown in Figure [4.34|c).

4.9.2.3 Mode-IIl (Zero or null Period)

During zero period, the currents circulates among the switches of bridge network.
Current is neither supplied nor absorbed. Zero period of NIBBDHC in buck type
operating conditions is shown in Figure [4.32(d). Zero period of NIBBDHC in boost
type operating conditions is shown in Figure [4.33|c). Zero period of NIBBDHC in
buck-boost type operating conditions is shown in Figure [4.34(d). In all operating

conditions, the diode D, will be in conduction.
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4.9.3 Steady-state analysis

4.9.3.1 DC and AC output voltage gains

The DC voltage gain of NIBBDHC is analogous to the voltage gain expression of
conventional two switch non inverting buck boost converter, which will be expressed
in terms of duty cycle of switch S; (D,;2) and shoot-through period (D,;;). Hence, DC
voltage gain is given as

‘/dco _ Dst2
Vdc 1— Dstl

(4.202)
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The AC voltage gain can be expressed in terms of modulation index (1, ), duty cycle
of switch S; (D) and shoot-through period (D.;;). Hence, AC voltage gain is given

as
‘/aco(peak) . Ma

Vdc B 1— Dstl
Here, the operation limit is sum of modulation index (),) and shoot-through period
(Ds1) should not exceed unity, which is given in (4.204). The reason for this, as it

% Do (4.203)

exceeds unity, zero period is going to vanish.
Ma + Dstl S 1 (4204)

Some important observations from (4.203) and (4.204) are

1. Maximum value of AC output voltage peak is equal to the input voltage. This is

also possible in boost operating conditions only (i.e., Dyo = 1).

2. There is no limitation on duty cycle of switch S;.

4.9.3.2 Output power expressions

From (4.202) and (4.203), the output DC power (P,.) and output AC power (P,.) can

be written as follows
_ Vd2c X Dg&
Rdc X (1 - Dst1)2

Py (4.205)

0.5 x V2 x M? x D%,
Rac X (]- - Dst1>2
where, R,. and R, are the AC and DC output resistances, respectively.

Pac:

(4.206)

4.9.4 Switching pulses generation

The control technique is based on the unipolar sinusoidal PWM technique. The
control scheme of NIBBDHC is similar to the PWM scheme proposed in [7/7]. This
PWM scheme will generate pulses for the inverter switches (S; to ;) only. But,
NIBBDHC have one more switch S; and pulses for this are generated with some

appropriate modification.
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The control scheme and pulse generation for inverter switches and switch S; are
shown in Figure [4.35(a). The implementation of this control is shown in Figure
[4.35(b). A DC signal (V. (t)) and sine wave(v,,(t)) are compared with a high fre-
quency carrier signal (v.(t)) to generate PWM pulses for the switches of inverter
bridge. The constraint here deduced from the inequality as follows:

V| < [ Vin| (4.207)

Another DC signal (Vi (t)) is compared with carrier signal (v;(t)) to generate PWM
pulses for the switch S; as given in Figure b). There is no constraint for this
signal magnitude. Basically, the buck, boost and buck-boost operating conditions

are based on magnitude of V. (t).
4.10 Hardware Implementation

The investigation of proposed NIBBDHC is done by considering the following pa-
rameters as shown in Table 4.5 The simulations of presented topology is carried
out under open-loop conditions in MATLAB/SIMULINK and experiments are also
performed. The results of NIBBDHC is taken under different operating conditions.

Hardware prototype of proposed converter is shown in Figure |4.36]

Note: As the proposed converter is of hybrid type, the closed-loop control is out of

scope for this thesis. Closed loop control is one of the future work.

Table 4.5: Parameters of proposed NIBBDHC converter

Parameters Ratings
Inductor (L) 5mH
Capacitor (C) 1000uF

Input DC voltage (V) 12V
DC load resistance (Rz.) 209
AC load resistance (R,.)  20%

Switching frequency (f) 10KHz
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A. Buck operating conditions: Simulation and experimental results of NIBBDHC,
under buck operating condition output DC and AC voltages are shown in Figure

[4.38(a) and Figure [4.38|(b), respectively. Parameters considered for results shown
are Dys = 0.6,Dy = 0.3, and M, = 0.15.
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Figure 4.38: Buck operation of NIBBDHC (a) Simulation (b) Experimental.
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B. Boost operating conditions: Simulation and experimental results of NIBB-
DHC, under boost operating condition output DC and AC voltages are shown in Fig-

ure [4.39(a) and Figure [4.39(b), respectively. Parameters considered for results are
Dy = 0.48,D, = 1.0, and M, = 0.15.

.1 =048, D, =10, M =0.15
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Figure 4.39: Buck operation of NIBBDHC (a) Simulation (b) Experimental.
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C. Buck-boost operating conditions: Simulation and experimental results of NIBB-
DHC, under buck-boost operating condition output DC and AC voltages are shown
in Figure and Figure [4.41], respectively. Parameters considered for results
shown in Figure [4.40(a) and Figure [4.41)a) are Dy> = Dy = 0.3, and M, = 0.15.
Parameters considered for results shown in Figure [4.40(b) and Figure 4.41}b) are
Dyo = Dy = 0.7, and M, = 0.15.

4.10.1 Comparison of proposed NIBBDHC with existing topologies

The proposed NIBBDHC has many advantages compared to conventional convert-
ers in terms of number of switches, shoot-through issue etc. Merits of proposed
NIBBDHC as follows:

1. Shoot-through issue in normal inverter bridge is utilized for the operation of

proposed topology. So, EMI problems are eliminated.
2. Dead time circuits are also not essential as these are required in normal VSC.

3. The number of semi-conductor switches required are less when compared to a

non-inverting buck boost converter topology cascaded with VSC.

4. Here, the maximum duty cycle of converter is not limited by 0.5 as in ZSI. As

per the requirement, it can operate only for generating DC.

5. The proposed topology is used for generating both AC and DC simultaneously

as in BDHC [74]. But, this can also operated in buck and boost operations.

6. Proposed NIBBDHC can provide output without inversion, not as in cuk-DHC
[75]. Further, cuk-DHC has four passive elements, whereas proposed NIBB-

DHC has only one inductor and capacitor.

7. Proposed NIBBDHC can be operated in buck and boost modes for both DC
and AC loads, which is not possible in CFSI [76].
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Figure 4.40: Buck-boost operation of NIBBDHC (Simulation) (a) Buck mode (b)

Boost mode.

4.11 Conclusions

The analysis of NIBB converter is carried out in a similar way to the boost and buck-
boost converters. But, as NIBB converter has two switches and three operating
modes, analysis is done in different way. Here also, an improved duty cycle rela-
tionships for a non-ideal DC-DC PWM NIBB converter has been derived and also
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Figure 4.41: Buck-boost operation of NIBBDHC (Experimental) (a) Buck mode
(b) Boost mode.

demonstrated that the ideally calculated duty cycle results in lower output voltage
than the anticipated value. Both duty cycles expressions are important. Though,
the design analysis of inductor and capacitor is very similar to the buck, boost and

buck-boost converters, selection is dependent on the mode of operation. The ripple
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analysis concludes that the ESR of output filter capacitor effects more on OVR, which
is very similar to the previous converter analysis. Conclusively, it is recommended
to design engineers to use these modified expressions in accurate design of NIBB

converter modules.

Here, we have two duty cycles, so the analysis given to get the overall maximum
achievable voltage and duty cycle with the NIBB converter. This information is very
crucial for closed-loop operation and also helpful to engineers in control design of
DC-DC NIBB converter. Overall, parasitics are enhancing the stability of closed-loop
system, which can be negotiated from small-signal analysis. NIBB converter can

come under both minimum phase and non-minimum phase type systems.

Eventually, experimental results confirms the importance of non-ideal model of
the NIBB converter to estimate the performances of new control techniques. The
non-ideal model is resembling the practical system. The analysis of controller perfor-
mance is very easy. Since all parasitic effect is very clear on transfer function model,
it is easy to observe the robust performance of the converter under parametric vari-

ations.

Finally, non-inverting buck-boost derived hybrid converter is proposed from the
conventional two-switch non-inverting buck-boost converter, which can supply both
DC and AC simultaneously. The characteristics and analysis of the proposed con-
verter analyzed through wave forms and equivalent circuit diagrams in different oper-
ating conditions. The uniqueness of the proposed converter is shoot-through prob-
lem utilization and ability to supply both AC and DC, which makes distinctive from
other conventional converters. The validation of converter is carried out by simula-
tion results. From these results, it is clear that the proposed converter able to operate
in buck, boost and buck-boost modes. Further, the proposed converter is more flex-
ible to get wider operating range of voltage in comparison to other proposed hybrid

converter topologies.
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CHAPTER 5

CONTROLLER DESIGN FOR DC-DC CONVERTERS

This chapter presents the controller design for DC-DC Converters. The performance

of controllers are validated by simulation and experimental results.
5.1 Background and Motivation

The previous chapters discusses the design and accurate modelling of DC-DC con-
verters. Alongside, the control oriented analysis of models also described. These
are the basic steps for any system, before designing the controller. In general, most
of the applications require constant or regulated output voltage from DC-DC convert-
ers. However, there will be some disturbances in input voltage or loading. So, there
may be a chance of fluctuations in output voltage. Hence, a controller is needed
to regulate the output voltage. Now the closed-loop controller is to be designed for

output voltage regulation of the DC-DC converter.

Some of the problems encountered in the closed-loop operation of converters are

as follows or we can say desired features from the closed-loop operation.

e Line rejection or Dynamic line response
e Dynamic load response or Rejection of load disturbances
e Good transient and steady-state response

¢ Robust stability.

DC-DC converters are typically of minimum and non-minimum phase type. Espe-

cially, the problems encountered in DC-DC converters [188]- [190] are

e RHP zero
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e Sub-harmonic instability (this exists mainly in current mode control)

e EMI (Electro Magnetic Interference)

As per the transfer function model analysis, the converters considered are non-
minimum phase or having RHP zero. The problems with RHP zero explained as

follows:

5.1.1 RHP zero

A
G,u(5)
K(in dB)
0
ZGVJ (S)Hl
0° = B
0 _____Q&lse l:a)ﬂﬂf’z > @y pp- IOg @
—90
~180° S h
..---"""\ S P <
270" Case 2:Oppp. > Opp™ -
Y

Figure 5.1: Asymptotic frequency response of non-minimum phase sys-

tems(boost and buck-boost converters).

The research on problems encountered or effects of RHP zeros on the system
is one of the interested topic [190]- [200]. Here, it is explained the challenges with
existence of RHP zeros. Consider the complete non-ideal model transfer functions

(output voltage to duty cycle) of non-minimum phase type converters in CCM, which
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are of the following form.

ooty — ) (L i), 51
1+ (a) + ()

Where, w;yp. = Frequency of LHP zero due to ESR, wryp. = Frequency of RHP

zero, w,, =Pole frequency and @ is quality factor. To analyse Eq. (5.1), the asymp-
totic frequency response plots are shown in Figure[5.1] This plot shows, two different
cases. In both the cases, it is clear that there will be no change in magnitude plot
even though RHP zero is present. Where as, change will be observed in phase plot
and made the following observations.

Case I: (When wygp. < wrup.) The RHP zero 7/2 lag in phase at wryp. and force
the complete system phase towards =. Hence, controller can be designed to get a
crossover frequency well below the RHP zero. So, the maximum achievable band-

width in this case is

wgc|max S WRHPz- (52)

Case II: (When wyyp. > wrnp.) This will be the even worst scenario for the system.
Since, RHP zero location is ahead of LHP zero, phase of the system will goes to
—3m/2. So bandwidth is restricted more than the previous case and will be less
than crossover frequency of the plant without controller (w,.). So, the maximum

achievable bandwidth in this case is
wgc|max < wgCO' (53)

Generally, selection of gain crossover frequency for switched mode power converters

depends on following constraints [195];

e If there is no RHP zero in the system, then the crossover frequency will be one
tenth to one fifth of the switching frequency. If it chooses more than this value,

then additional problems like noise will be introduced.

e If it is of case I, then the crossover frequency is selected as below 30% of

maximum achievable bandwidth of the case.
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This analysis will help to design controller for the non-minimum phase plants with

desired crossover frequency within achievable limits.

Overall, this section presents the proposed PID controller design for DC-DC con-

verters under following cases:
Case I: When converter parameters are constant.
Case lI: When converter parameters are varying within prescribed limits.

In case |, an IMC (Internal Model Control) technique is used to design PID con-
troller. In case Il, Kharitonov theorem, stability boundary locus and IMC techniques

are used to design robust PID controller for DC-DC converters.

5.2 IMC (Internal Model Control)

The internal model control is a class of control technique which is known to ex-
hibit robustness, sub-optimality, less computational burden, and analytical as well
as easily understandable approach. IMC (Internal Model Control), the name itself
explains what it is exactly. It means, the controller is derived from the model of the
system or plant. This makes IMC standout from the other control techniques. The
internal model control (IMC)-based PID controller is widely used in industrial con-
trol problems. This scheme provides a good compromise among set-point tracking,

disturbance attenuation, and robustness.

5.2.1 IMC structure

The structure of IMC has been evolved from the fundamental feedback control struc-
ture; see Figure [5.2(a). On adding and subtracting the plant model in Figure 5.2(a)),
as shown in Figure [5.2(b), may lead to an entirely new structure; see Figure [5.2]c).
After rearranging and solving the inner loop depicted by dashed line in Figure5.2|c),
the equivalent structure obtained in Figure [5.2(d) is internal model control system.
This control structure is so called because the process model is completely an in-
ternal part of the controller. It is also sometimes referred as model inverse-based

control. Thus, the conversion or synthesis equation of IMC through classical feed-
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back form is

__ G
Q) = 1 G900) (5-4)
or
N C)

Thus for the LTI systems, the IMC based controller confirms to be an alternate

parametrization of a classical controller. The various input/output relations for Figure

5.2(d) are

f = [G(s) - C:(s)] u(s) + d(s) (5.6)
u(s) = [R(s) — 7] Q(s) (5.7)
u(s) = Q) (R(s) - d(s) 5.9)
1+ Q(s) (G(s) - G(s))
Y(s) = d(s) + GO (pis) = d(s)) (5.9)
1+ Q(s) (G(s) = G(s))
or
G(s)Q(s) (1 - é(s)@(s))
Y(s) = - R(s) + z d(s) (5.10)
1+ Q(s) <G(3) - G(s)) 1+ Q(s) (G(s) - G(s))

S s’

where, S=Sensitivity and S’= Complimentary sensitivity.
5.2.2 IMC properties

The three salient features of IMC structure have evoked the concept of controller

design. These properties are as follows [128].

1. Dual Stability Criterion:The closed-loop stability of a system is governed by

the stability of the plant and controller individually.
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Figure 5.2: Schematic of (a)Classical feedback structure (b)-(d)IMC evolution.
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In the absense of MPM (Model Plant Mismatch) (i.e.,G(s) = G(s)), the closed-
loop transfer function (5.10) reduces to

Y(s) = [G(s)Q(s)] B(s) + |1 = G(s)Q(s) | d(s) (5.11)

Thus, if the plant is open loop stable, the closed-loop stability is ensured if the

controller is chosen to have stable poles.

. Perfect Controller:ldeally, perfect tracking with full disturbance rejection is
achieved in IMC structure when the controller is equivalent to inverse of the

stable plant.

G(s) = G(s);C(s) = G(s)™" (5.12)

. Zero Offset: The steady state value of output is free from offset if the following

conditions hold.

As we know, for zero steady state error is liné se(s) = 0. Here, e(s) is
S—

_ 1-Q()G(s)
e(s) = -
1+ Q(s) |G(s) = G(s)]

For step input R(s) = 1, steady state error will be

R(s) (5.13)

: _ - 1-Q()G(s)  _ — _
£1£r(1) e(s) =0= llir(l] 00) G0 -GE)] — 0= nglg(l) [1—-Q(s)G(s)] =0 (5.14)

Here, steady-state error will be zero for Q(0) = @

Now, for ramp input R(s) = <, steady state error will be

tim %) — 0 = 1im 1= Qs)G(s). L (5.15)
s—0 S s—0 1 + Q(S) |:G(S) o G(S)i| S
Here, steady-state error will be zero if w =0and Q(0) = ﬁ
s=0

Similarly, for generalized input like R(s) = -+, steady-state error will be

1y (5.16)

sk

. €ls .
lim (—) =0=lim
s—0 sk s—0

[ 1= Q(s)Ci(s)
1+Q@wm@—é@}

231



Here, steady-state error will be zero if w

QM0) = 5

=0form =1,2...k and
s=0

5.2.3 Issues with IMC

The designed Q(s) must be stable, proper and casual. Further, it should be realiz-

able. In order to design controller, the following issues may arises.

e From properties 1 and 2, it is clear that controller should be inverse of the plant
model. This will be problematic for NMP systems and delayed systems, since
for NMP systems, the designed controller will be unstable. To resolve this issue,
factorize numerator as MP and NMP parts and use only MP part for controller

design.

¢ In attaining inverse, some cases ) will become improper (i.e., numerator de-
gree will be more than denominator). So, it is difficult to realize the controller
practically. To address this issue, an additional filter is to be added, which

makes overall system proper.

e In practical implementations, there is always a MPM (Model Plant Mismatch)
due to approximate or ideal modelling. Thus, a filter is needed to address this

problem.

5.2.4 IMC filter

From the above discussion, it can be concluded that the filter is needed to design a

controller. The designed filter is expected to have following properties:

e The controller should become proper or realizable
e It should provide robustness against MPM, disturbance/noise rejection.

e |t is very important that, it should not add offset to the system.
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So, from this it is clear that the filter should have low pass characteristics and can be
selected as follows: From property 3 and Eq.(5.14)-(5.16), it can written as

Q(0)G(0) =1 = [G(0)F(0)] G(0) =1 = F(0) = 1. (5.17)

Therefore a low pass filter, which satisfies relation (5.17), can be chosen as

1

F(s) =
where, X is tuning parameter and n is order of the filter which makes the whole
controller proper.

Sometimes, the filter can be chosen in following form:

2
8”4+ 18 +
F(s) =
(5) (14 As)"

(5.19)

where, «g, a1, s are parameters that help to suppress noise or input disturbance

rejection.
5.2.5 IMC-PID design procedure

Consider a stable proper finite dimensional plant as,

N(s)
— 2
n ) n+1 )
where K > 0, N(s) = > _n;s', n; € R, D(s) = > d;s",d; > 0, and n € N.
i=0 i=0

Step 1:Factorize the plant model given in (5.20) as minimum phase (MP) and

non-minimum phase (NMP) parts. So, we can write,

G(s) =G (s)G(s). (5.21)

Where, G*(s) = K6 and G (s) = KX are minimum and non-minimum phase
D(s) D(s) P

parts of plant model, respectively.

Step 2: The IMC controller is obtained by

Q(s) = G*(s) "' F(s) (5.22)
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Where, F(s) is filter used in IMC controller Q(s) and F(s) = 1/f(s) where f(s) =
(As+1)",ne N, A>0.

Step 3: Obtaining PID parameters

Substituting Q(s) in (5.5), we get

_Gi(s) __ D(s)
Further, the above equation can be restructured as
K;
C(s) =K, + -+ Kgys (5.24)

where, K,=Proportional gain, K;= Integral gain, K,;= Derivative gain.

From (5.23)-(5.24), it is clear that the controller gains are function of \. So, there

is need to tune only one parameter (i.e.,\) to get controller gains.

5.2.6 )\ selection

Evaluating ) is always an important issue in IMC design because it is the only param-
eter, which completes the design. It is observed that the smaller values of \ gives the
fast speed of response and more bandwidth of the closed-loop system. For larger
the value of A gives the slow response, smaller the action of the manipulated variable

and lesser bandwidth of the closed-loop system.

Thus, X\ is related to bandwidth. Similarly, DC-DC converters speed of response
is also related to bandwidth (bandwidth should be one tenth to one fifth of switching
frequency of DC-DC converter). So, by choosing A in relation to bandwidth, it will
be better for DC-DC Converters. Here, we proposes )\ for obtaining desired gain

crossover frequency for DC-DC converters.

5.2.6.1 Proposed \ for DC-DC converters

The tuning principle follows the concept of Bode’s ideal transfer function.

Consider an integrating type system in a feed forward path in classical control loop
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with gain k£ as

L(s) =C(s)P(s) = (5.25)

then the gain crossover frequency (w,.)
Wye =k (5.26)

and phase margin ¢ = 7 /2. It means that, w,. varies with k, however ¢ is insensitive

to k. Now, the closed-loop system is given by

 L(s) 1
1+ L(s) 147

T(s) (5.27)

Thus, the system exhibits infinite gain margin with the constant phase margin.

Lemma 1 [201]: The closed-loop transfer function of controlled system is equiva-
lent to IMC filter when plant and model are same and controller is designed via IMC

scheme.

Therefore, using aforementioned lemma, we can state that the closed-loop transfer
function is equivalent to the filter. So, it can be treated as a reference model as given

in (5.29), i.e.,
1

pu— pumy -2
T(s) = F(s) = 55 (5.28)
where X = +. Now from (5.26), the gain crossover frequency is given by
1
A= (5.29)
Wge

5.2.7 IMC-PID design for converters exhibiting minimum phase (MP) behaviour

As discussed in previous sections, DC-DC buck converter is one of the example for

minimum phase behaviour.
5.2.7.1 IMC-PID for buck converter

Consider buck converter transfer function, which is the second-order system with
one left half plane (LHP) zero as shown in (4.160).
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Step 1: Factorizing the plant model, we get only MP part (G*(s)) and no NMP part

(G~ (s)) as buck transfer function have only one LHP zero. Here,
N7T(s) =nys+ng (5.30)

and

D(S) = d282 + d18 + d() (531)

Step 2: The IMC-PID controller obtained by substituting (5.30) and (5.31) in (5.23),

we get,

where,
_d ~dy _dy
Ko =g == 1,

Note: Equation (5.33) states that, C(s) acquires PID form followed by a lag term

(5.33)

N+(s)
Step 3:The X will be as given in (5.29), which gives desired gain crossover fre-

quency.

On substituting dy, d; and d, from (4.160) in (5.33), we get controller parameters

in terms of buck converter parameters as:

(£+ S+ C(ro+D(rg+71on) + D'rg) (1+ %))

- (1+ %4+ D(%+%)+ D (%)) 530
Tw (Vo (I F ) V(L R ) |

—_

(L5 4D (5 + ) + D' (3))
kz:w—l(V(1+T_L+r_d>+V (1+T_L+T_g+7ﬂo_n)) (535)
gc g n TR td L4 1 -

b LC (L4%) (Ut % + D (G + %) + D' (%)) (5.36)
o (Vg (L+ B+ 54) + Ve (T %+ 3+ 722))

In case of ideal transfer function, the tuning constants (k,,, ki, ka,) are as follows:

L 1 L
kpo:— k':—7kdo: ¢

—1 ) 10 —1
wee RV, Wee Vg

)
wee Vg
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Hence, there is no trial and error to choose )\ and desired bandwidth can be ob-
tained. Now, this will be explained by illustrative example through simulation and

experimental verification.
Simulation and Experimental validation:

Consider a linear plant transfer function of non-ideal buck converter as given in
(5.37),
2522.8(s + 10°)
G, =
t(8) = 18165 + 2.086 x 107
Here, converter switching frequency is f = 20kHz. Main contribution is to get PID

(5.37)

parameters for various gain crossover frequencies. So, the PID parameters for buck
converter given in (5.37) at any w,. can be calculated by substituting values from

(5.37) in (5.33), we get controller parameters as

1816 2086 %107 1
P 2522.8w,. | 2522.8w,e ¢ 2522.8wg.

Here in Table (5.1), for different w,., the PID values are shown.

(5.38)

Table 5.1: IMC-PID values for buck converter (from non-ideal model)

wge  0.5kHz 1kHz 1.5kHz 2kHz 2.5kHz 3kHz 3.5kHz

K, 2.2614e3 4.522e3 6.784e3 9.0457e3 1.1307e4 1.3568e4 1.583e4

K; 2.5976e7 5.195e7 7.7929¢7 1.039e8 1.2988e8 1.5586e8 1.8183e8

K; 1.2452 2.49 3.735 4.9811 6.2264 7.4717 8.717

The simulation studies are carried out as following two ways:

l.Linear: The results are obtained by using a linear transfer function model given
by (6.37). The corresponding results are shown in Figure 5.3

Il. Non-linear: The results are obtained by a analogous model to practical set-
up, which is developed in SIMULINK using Sim-PowerSystems Toolbox. The corre-

sponding results are shown in Figure 5.3

The validation of controller performance is observed from simulations and experi-

ment results. The simulation results of overall system transient response is shown in
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Figure 5.3: Simulation of output voltage at different gain crossover frequencies.

Table 5.2: Performance indices

t,(ms) t,(ms) M, (%)
Wae Sim Sim Sim
— Exp —————— Exp ————— Exp
L NL L NL L NL

0.5kHz 0.73 0.59 0.66 2.8
1.0kHz 0.36 0.43 044 1.4 4 0 343 323
1.5kHz 0.24 0.38 0.41 1.1 4 0 44 348

4 4 0 1525 146
4
4
2.0kHz 0.18 036 037 09 4 65 0 4875 29.8
4
4

2.5kHz 0.14 0.34 0.34 0.8 45 0 516 358
3.0kHz 0.12 0.33 0.34 0.68 6 0 535 489
3.5kHz 0.1 0.32 031 0.39 4 6 0 546 505

Sim-Simulation, Exp-Experimantal, L-Linear model, NL-Non-linear (Simulink) model
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Figure 5.4: Experimental of output voltage at different gain crossover frequencies.

Figure[5.3] There is a peak in results, which are obtained by non-linear model. The
reason is that the PID parameters are calculated from linearised model. Further,
experimental results are shown in Figure [5.4], which is clearly having overshoot as in
non-linear simulation results. The performance comparison also tabulated in Table
5.2, It is well-known that the as gain crossover frequency increases, the speed of

response is improved. This can be clearly observed from the results.

Here, the key point or contribution is that there is no trial and error procedure used

for tuning and if plant model is known and PID can be designed very easily.

5.2.8 IMC-PID design for converters exhibiting non-minimum phase (NMP) be-

haviour

As discussed in previous sections, DC-DC boost, buck-boost and NIBB converters

are the examples for non-minimum phase behaviour.

From mathematical modelling of DC-DC boost converter, we get RHP zero in the
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system transfer function model. Such system has undershoot for step changes in
output. Further, with PID controller, the proportional action further enhances under-
shoot in the simulation. However, the practical boost convert doesn’t has undershoot
because of reverse biasing of diode. Therefore, to have viability of theory and prac-
tice, the undershoot effect can be removed by approximating the RHP zero as a
delay in the transfer function of the system. However, while designing IMC controller,
the RHP zero will be used. The delay is approximated with a first-order Taylor series

approximation as

e WRHPzS — —WRHP,S + 1 (539)
The various steps to design controller is given below,

Step 1: Factorizing the plant model, we get MP part (G (s)) and NMP part (G~ (s))
for each boost, buck-boost and NIBB converters (These are having on LHP and one

RHP zeros in transfer functions). In general, we can write,

N+(S) = (wLHpZ)_ls + 1 (540)
N_(S) = —((,URHPZ)_IS +1 (541)
D(s) = (w)%s* + (wa@) "5 + 1 (5.42)

Step 2: The IMC-PID controller is obtained by substituting (5.40)-(5.42) in (5.23), we
get

C(s) = (Kp MO de) ! (5.43)

5 f(s) = N=(s)’
Step 3:The A will be as given in (5.29), which gives desired gain crossover frequency.

On substituting dy, d; and d, from (5.42) in (5.33), we get controller parameters in

terms of converter parameters as:

_ (an)_l
Kp N K()\ + (WRHPZ)71)7

(5.44)
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(5.45)

(5.46)

5.2.8.1 IMC-PID for boost converter
Here, we present the performance of the designed IMC-PID when implemented on
a DC-DC boost converter.

Simulation and Experimental validation:

Consider the transfer function of non-ideal boost converter is given in (2.143) as,

Cuals) = 14.25 (57555 + 1) (—ag65 + 1) (5.47)

2
s s
(2324.435) + 2275.9 +1

or in terms of SOPTD as,

1425 (5755 + 1) (e @)

2
s s
(2324.435) + 2275.9 +1

Here, converter switching frequency is f = 20kHz. Main contribution is to get PID

Gvd(s) (548)

parameters for various gain crossover frequencies. But, in this converter, there is
a RHP zero, which limits gain crossover frequency. The maximum achievable gain
crossover frequency depends on the RHP zero position as discussed in previous
sections. As per discussion, the boost converter transfer function given in falls
under case Il (i.e.,w.yp. > wrrp.). Hence, crossover frequency should be selected
as given in Eq. (i.e., less than wy., = 1490kHz). So, the PID parameters for
boost converter at any w,. can be calculated by substituting values from (5.47) in
(5.4415.46), we get controller parameters as given in Table

The simulation studies are carried out as following two ways:

l.Linear: The results are obtained by using a linear transfer function model given
by (6.47). The corresponding results are shown in Figure 5.5

241



11

Wkt = |Linear

------- Non-linean

@/, —025kHz @ £l =0.5kHz|® £, - 1.0/kHz

g

Output voltage (V)

@7 .=15kHz &f, =R0kHz

0 1 2 3 4 5 6 7
Time (ms)

Figure 5.5: Simulation result: output voltage at different gain crossover frequen-
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Figure 5.6: Experimental result: output voltage at different gain crossover fre-

quencies.
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Table 5.3: IMC-PID values for DC-DC boost converter

foe 0.25kHz ~ 0.5kHz ~ 1.0kHz ~ 1.5kHz  2.0kHz
K, 1.721e3 3.239e3 5.798e3 7.871e3 9.583e3
K; 3.916e6 7.373e6 1.319e7 1.791e7 2.182e7
K, 0.7249 13647 54426 3.3156  4.037

Il. Non-linear: The results are obtained by a analogous model to practical set-
up, which is developed in SIMULINK using Sim-PowerSystems Toolbox. The corre-

sponding results are shown in Figure 5.5

The validation of controller performance is observed from simulations and exper-
iment results. The simulation results of overall system transient response is shown
in Figure 5.5] An overshoot observed from the results, which are obtained by non-
linear model. The reason is that the PID parameters are calculated from linearised
model. Further, experimental results are shown in Figure 5.6}, which is clearly having
overshoot as in non-linear simulation results. The performance comparison also tab-
ulated in Table [5.4] It is well-known that the as gain crossover frequency increases,

the speed of response is improved. This can be clearly observed from the results.

Here, the key point or contribution is that there is no trial and error procedure used

for tuning and if plant model is known and PID can be designed very easily.

5.2.8.2 IMC-PID for buck-boost converter

Here we present the performance of the designed IMC-PID when implemented on

buck-boost converter through simulations.
Simulation and Experimental validation:
Consider the transfer function of non-ideal buck-boost converter given in (3.138)

as,

2029 (=2=-+4+1) (—=3= +1
Guals) = (<5§00°)2 AL 1 (5.49)
3119.7 4818.3
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Table 5.4: Performance indices

t,(ms) t,(ms) M, (%)

Wae Sim Sim Sim
Exp Exp —— Exp

L NL L NL L NL
0.25kHz 1.0 19 23 20 30 29 0 O 0
0.5kHz 05 09 11 10 27 19 0 O 0
1.0kHz 0.3 078 08 08 27 28 0 12 13
1.5kHz 0.2 078 08 05 31 62 0 25 35

2.0kHz 0.1 0.78 08 02 31 65 0 25 48

Sim-Simulation, Exp-Experimantal, L-Linear model, NL-Non-linear (Simulink) model

or in terms of SOPTD as,
Cuals) = 29.29 (gg555 + 1) (e75)

S 2 S
(3119.7) + 4818.3 + 1
Here, converter switching frequency is f = 20kHz. Main contribution is to get PID pa-

(5.50)

rameters for various gain crossover frequencies. But, in this converter there is a RHP
zero, which limits gain crossover frequency. The maximum achievable gain crossover
frequency depends on the RHP zero position as discussed in previous sections. As
per discussion, the buck-boost converter transfer function given in falls un-
der case | (i.e.,wrgp. < wgryp.)- Hence, crossover frequency should be selected
as given in Eq. (i.e., less than w,, = 1490kHz). So, the PID parameters for

buck-boost converter at any w,. can be calculated by substituting values from (5.49)
in (5.44}5.46)), we get controller parameters as given in Table [5.5]

Table 5.5: IMC-PID values for DC-DC buck-boost converter

fge 0.25kHz  0.5kHz ~ 1.0kHz  1.5kHz  2.0kHz
K, 569.2 1099 2058 2901 3679

K; 2.585e6 4.994e6 9.349e6 1.318e7 1.657e7
K; 0.3378 0.6528 1.22 1.722 217
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Figure 5.7: Simulation result: output voltage at different gain crossover frequen-
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Figure 5.8: Experimental result: output voltage at different gain crossover fre-
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Table 5.6: Performance indices

t,(ms) t,(ms) M, (%)
Wae Sim Sim Sim
— Exp ———— Exp ——— Exp
L NL L NL L NL
0.25kHz 2.0 20 22 30 30 4 O0 0 10
0.5kHz 10 14 13 17 20 3 0 0 15
1.0kHz 05 06 09 07 32 3 0 15 15
1.bkHz 0.3 06 085 06 32 6 0 27 283

20kHz 0.2 0.6 085 05 32 65 0 34 42

Sim-Simulation, Exp-Experimantal, L-Linear model, NL-Non-linear (Simulink) model

The simulation studies are carried out as following two ways:

l.Linear: The results are obtained by using a linear transfer function model given
by (5.49). The corresponding results are shown in Figure [5.7]

Il. Non-linear: The results are obtained by a analogous model to practical set-up,
which is developed in SIMULINK using Sim-Power Systems Toolbox. The corre-

sponding results are shown in Figure 5.7]

The validation of controller performance is observed from simulations and exper-
iment results. The simulation results of overall system transient response is shown
in Figure 5.7} An overshoot observed from the results, which are obtained by non-
linear model. The reason is that the PID parameters are calculated from linearised
model. Further, experimental results are shown in Figure 5.8}, which is clearly having
overshoot as in non-linear simulation results. The performance comparison also tab-
ulated in Table [5.6] It is well-known that the as gain crossover frequency increases,

the speed of response is improved. This can be clearly observed from the results.

Here, the key point or contribution is that there is no trial and error procedure used

for tuning and if plant model is known and PID can be designed very easily.
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5.3 Robust PID Design for DC-DC Converters

Every system is not fully perfect and always shows some perturbed or uncertain
characteristics. These can be observed from modeling and analysis, which we have

presented in previous chapters. Uncertainties can be classified [202,203] as,

1. Non-parametric (or) unstructured uncertainty: This type uncertainties may be
occurred by imperfect dynamics, truncated high frequency modes, non-linearities,

effects of linearisation, time-variation, etc.

2. Parametric (or) structured: This type uncertainties may be occurred by physical
parameters that vary within given bounds, interval uncertainty (I1), ellipsoidal

uncertainty (I12) and 11 uncertainty.

To compensate these uncertainties, a robust controller is required for regulatory and

servomechanism of control system.

In DC-DC converters, the uncertainties caused by temperature change, ageing
effect etc. So, the current section presents the design of robust controller for DC-DC

converter system having parametric uncertainty (so called interval systems).
5.3.1 Interval analysis [153,154]

An interval number [z, 2] can be defined by the set of n € ® suchthatz™ <n < at.

The arithmetic operations on intervals are defined as follows:

27,2 ]+ [yt =7 +y 2T +yT] (5.51)

27, 27| x [y, y"] = [min(z"y ", 27y", 2y, 0Ty" (5.52)
;max(z~y eyt ety atyt)]

2+ [y, yT ) =" +y 2T + ] (5.53)

[z 2] = [y oyt = [ 2t x [, =10 ¢ [y, vt (5.54)
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5.3.2 Kharitonov’s theorem
Let the interval polynomials are
Ki(s) = 25i5i75i € [z, v, (5.55)
=0

where, §; can take any value in closed interval [z, y;| are strictly Hurwitz, if and only
if the four polynomials (5.56)-(5.59), are strictly Hurwitz:

K\(5) = 2o+ 215 + 125 + y35° + ... (5.56)
Ko(s5) = 2o + Y15 + 925 + 135° + ... (5.57)
K3(5) = o + 115 + m98” + y35° + .. (5.58)
Ky(5) = Yo + Y15 + 128> + 135 + ... (5.59)

5.3.2.1 Stability margin of an interval plant using Kharitonov’s theorem

Consider an uncertain plant transfer function as

k1 ,
> on;st
G(s) = =2
Z diSi
1=0

(5.60)

where k; < ko, n; € [n;,nf],d; € [d;,d;].

17" 10

Therefore, there are four Kharitonov polynomials for the numerator and four Kharitonov
polynomials for the denominator. They are shown in (5.61) and (5.62).

s)=mng +nys+ngs*+..

(s)
() =ng +nfs+ngs*+..
(s)
(s)

S

(5.61)

ng +nys+ny st + ..

S

nar—i—nfs—i—n;sz—l—
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Similarly, the four denominator polynomials are obtained as

Dy(s) =dy +dys+dfs®+ ..

(s)
Dy(s) =dy +dis+dys*+ ..

o(5) = di +dfs + 0 56
Ds(s) =df +dys+dys*+ ...
Dy(s) =df +dfs+dys*+ ..

From (5.61) and (5.62), it is clear that we can get 16 Kharitonov transfer functions as
given in (5.63).

N;(s)
D;(s)

where, N;(s) and D;(s) for i,5 = 1,2,3,4. We determine gain margin and phase

G(s) = Gij(s) =

(5.63)

margin for all the 16 Kharitonov plants. From them, the worst-case gain margin
and phase margin will be determined, which will be the actual stability margin of an

interval plant.
5.3.3 Stability boundary locus

The stability boundary locus method was proposed by N. Tan et.al. in 2006 [81] for
the computation of Pl controller parameters Kp and Ki. This method gives a family
of all stabilizing Pl controllers. In this method, a global stability region is obtained
in Kp-Ki plane by the intersection of the real root boundary (RRB) and the complex
root boundary (CRB) [204,,)205]. The real root boundary (RRB) is the boundary line
at which a real root of the closed-loop characteristic equation crosses the imaginary
axis at s = 0. The complex root boundary is the boundary line at which complex roots
of the closed-loop characteristic equation crosses over the imaginary axis at s = jw.
The RRB and CRB divide the entire parameter plane (Kp-Ki plane) into stable and
unstable regions. The stable boundary region can be found by choosing a test point
within each region. Any pair of Kp-Ki value within this stable region would stabilize
the closed-loop system. Further, this method was also extended to compute the PI
parameters based on desired gain margin and phase margin. The stability region
obtained based on the desired phase margin and gain margin is a subset of the

global stability region.
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5.3.4 PID controller design for interval plant

Consider the interval plant as given in (5.63) and put s = jw, we get,

N(—w?) + jwN,(—w?)

CUW) = D) + oDy (—a?)

(5.64)

Inserting gain-phase compensator Ae7¢ in the forward path along with controller

C(s) and G(s) as shown in Figure 5.9 By determining the closed-loop transfer func-

il 1o # =] o) o] 60 —1s

Figure 5.9: Feedback control system with a controller and a gain phase margin

tester.

tion and equating real and imaginary parts to zero, we get,

X(w)U(w) —Y(w)R(w
CRESEE e
and
Y(w)Qw) — X(w)S(w
ki = Q(w))giw) — R((w))g((w) (5.66)
where,
Qw) = A(WN,(—w?)sin(¢) — w? No(—w?) cos(¢))
R(w) = A(Ne(—w?) cos(¢) + wNo(—w?) sin(¢))
S(w) = A(wNe(—w?) cos(9) + w? No(—w?) sin(¢)
U(w) = A(wNy(—w?) cos(¢) — N.(—w?) sin(¢)) (5.67)
X (w) = w?*Do(—w?) + Akgw? ( Ne(—w?) cos(9) )
—wNy(—w?) sin(¢)

Y(w) = —wD.(—w?) + Akgw?
+wNo(—w?) cos(¢)

N (—w?) sin(6) )

To obtain the stability boundary locus (k,, k;) plane, for a given value of gain margin
A, one needs to set ¢ = 0 and assume k, = k, (k € RT) in (5.65) and (5.66). On

250



the other hand, setting A = 1 and k; = k, in (5.65) and (5.66), one can obtain the
stability boundary locus for a given phase margin ¢. An interval plant G(s) has 16
plan’[S i.e., Gl(S), GQ(S), . Glﬁ(s).

For G1(s), when both gain, phase margin and k, are fixed, the stability region is
S(G1(s) = S(Gig) y—g =i N S(G1p) g—y oy (5.68)

where, S(Gig),_q 1, Shows the stability region for Kharitonov polynomial G (s),
when we replace A as the actual gain margin required and ¢ = 0,k; = k. Simi-
larly, S(G1p) 4, 1., Shows the stability region for Kharitonov polynomial G1(s), when
we replace ¢ as the actual phase margin required and A = 1, k; = k. N indicates the
intersection of stability region of S(G1y) ;_ -, @Nd S(G1p) 4y g,—-

For Gs(s), we get,
S (Ga(s)) = 5(Gag) gyt NS Gop) Ay e (5.69)
Similarly, for Gi4(s), we get,
S (Gi6(5)) = S(Gi6g) g—o pymre N S(Gr6p) a—y gy (5.70)
Thus, the actual stability region is
5 (G(s)) = S(Gi(s)) NS (Ga(s)) .. NS (Grs(s)) (5.71)

For various k., a family of stability boundaries will be obtained. Select the k;, such

that stability region for the considered plant would be larger.
Remark: If the numerator is constant, then there is a need to determine stability
region for only four transfer functions instead of sixteen.

5.3.5 Proposed approach for DC-DC converters

A technique is presented to design PID controller using four transfer functions in-
stead of sixteen transfer functions. This work is continuation of the theory presented
in [152]. Let consider a generalized plant transfer function as given in (5.63) and

assume it as proper transfer function (k; = k»).
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The closed-loop characteristic equation of the system is given as

C(s) =14+ G(s)

(5.72)
= (no+do) + (m1 +di) s+ ... + (g, + di,) s

Applying Kharitonov theorem to interval polynomial (5.72), we get following polyno-

mials:
pi(s) = [ng +dy| + [ny +di] s+ [nd +df] s* +
pa(s) = [ng +dy| + [nf +df] s+ [n3 +df] s*+ (5.73)
ps(s) = [ng +df] + [ny +di] s+ [ny +dy]s*+ ...
pa(s) = [ng +df] + [n] +df] s+ [ny +dy] s* +

The polynomials (5.73) are in form of 1 + GH(s). So, these polynomials can be

written in terms of four open loop transfer functions such as

Gk (s) = ng tdy .
Ky [n;2+d;2]sk2+[n;271+d;271}sk271+[n2'272+d2'272}8k272” )
/ n7+d7
G S) = —— 0 %0 .
K2( ) [nk2+dk2]sk2+[n2’271+d2’271}3k271+[n;€“272+d2—272}8k272“7 (5 74)
+ gt .
G,K (5) =TT F = "o +dg - _ .
3 [y +diL sk 2+ ng,  +diy (1892 1 n, o+de, olsk22."
/0 ) P £ — .
Ky [nk2+dk2]3k2+[”k2,1+dk-2,1]Sk2_1+[nk272+dk272}5k2—2..’

Therefore, there is need to determine stability boundary locus for only four transfer
functions. Now, by putting s = jw in all these four transfer functions, obtain expres-
sions for k,, k; from (5.65) and (5.66), respectively for fixed value of k,;. From stability

boundary locus, one can obtain the stability margin as

S (G’Kl(s)> - S(G/Klg> N S(G'Klp> (5.75)

$=0,kq=k A=1ky=k

Similarly, we get the stability regions for all four transfer functions. Finally, the inter-
section of all four stability regions gives the actual stability region, which is given as
S (G NS (G
S(G(s)) = ( Kj(s)) ( KZI; (5)) (5.76)
NS (Gx,(s)) NS (G, (5))
So, here only four transfer functions are sufficient from the family of interval plant

transfer functions.
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Figure 5.10: Effect of derivative gain k.

5.3.6 Selection of derivative gain %,

Derivative action is generally used for plants having double integrals or second order
dynamics [122]. Derivative action profitably used to speed up the transient response.
However, drawback with derivative action is that it amplifies or provides high gain
for signals with high-frequency. This phenomenon introduces high-frequency noise
for large variations of the control signal. So, it is very important to choose proper

derivative gain. The PID controller can be expressed as

t

u(t) = kpe(t) + ki/e(T)dT + kq

de(t)
dt

(5.77)

where u(t) =control signal and e(¢)=error.

From Figure [5.77] it is clear that the derivative term is proportional to the time
derivative of the error. Based on this, the following procedure has been given to

select the derivative gain constant k£,:

Step 1: Initially, put k&, = 0 in (5.65) & (5.66) and we obtain the stability boundary

locus in (k,, k;) plane.
Step 2: Then, select some point in the plane and find the error function e(t).

Step 3: Derivative is nothing but the rate of change of a function, such as the error
function curve shown in Figure Measure the slope i.e., %4,
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Step 4: Now, select the gain (k,;) such away that changes in error should be elimi-

nated.
5.3.7 Robust PID design for buck converter

The (5.78) shows the analytical expression of the power stage transfer function be-
tween output voltage 9, and the duty ratio d in continuous conduction mode (CCM),

which is given as,

) L(R+rc)(R+rr+D(rg+ron)+(1—D)ryg) LCO(R+re)(R+r+D(rg+ron)+(1—D)rq)

(ch(Vg(R+TL+7"d)+vfd(R+7’L+7"g+r0n))) ( R<Vg(R+T’L+7"d)+vfd(R+7”L+7"g+7”on)> )
(s) =

Gvd(s) = Ef

LC(Rtre) LO(R+re)

(5.78)
In (5.78), the term in curly brackets of the denominator are of the form s?+2&w,, s+w?.

2 L+C((R+re)(rp+D(rg+ron)+(1—D)rg)+Rrc) R+ri+D(rg+ron)+(1—D)rq
S + S +

Therefore, the transfer function G,4(s) can be written in terms of numerator and

denominator as follows:

U w? s+ w
G, — 2 _"n z 5.79
() d w, (s?+28w,s + w?2) ( )
This can be further written as
__mstn, _ N(s) (5.80)
dys? +dys+d,  D(s) '
where,
dy = 1;
dy = L+C((R+T€)(TL+5((;T(QJ:EZZ))+(1_D)Td)—i_RTC)5 (5.81)
do — R4rr+D(rg+ron)+(1—D)rg
0 — LC(R+rc) ’
and
_ Rre(Vy(Rtrp+ra)+Via(Rrp+rg+70n))
™M = TLRr) (Rt + D(rg +ron) T (1-D)rg) (5.82)
" R(Vg(Rtrp+79)+Vya(R+rL+7g+70n)) '
0

— LO(R+r)(R+rL+D(rg+7on)+(1—D)rg) "
By considering the uncertainties in the system parameters, the (5.80) can be repre-

sented in terms of interval polynomial as

ing,nils + Ingn]
_ 0’ % 5.83
G5 + [, dfs + [, 4] (5:83)

o770

Using over-bounding technique, the coefficients of uncertain parameters are ex-

pressed as
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Figure 5.11: Block diagram of closed-loop buck converter with PID controller and

gain-phase virtual compensator.

R (Vg (R 47 +r7 )+ V(R4 +r5 +75,))

|

"0 T Lo (R ) (R +D(rf +180)+(0-D)rg ) 5.84
ot V(R4 )+ Vi (R 4rf +rf 1)) (84
O L=C (R +rs ) (R +r+D(rg +7on ) +(1=D)ry )
e = Bore (Vi (Rrpng )4V (R 41 +150))
1

L+(R++Tj)(R++r2+D(r;r+r3Ln)Jr(l*D)T(J{) ’ (5 85)
+_ B (Vi (R g )+ VE (R 4T g +130)) .

™ L= (R~+ro ) (R—+rp+D(rg +7on)+(1-D)rg)
PR 477 +D(rg +ron ) +(1=D)ry
U L+Ct+(RT+4rd) ’
Jt — Rt +TI+D(TJ+TO7L)+(1 Dyr} (586)
ST ey
g - L=+C~ ((R™+r¢ ) (rp+D(rg +7on )+(1-D)ry )+R™ 77 )
1= L+C+(R++ ) )
af = EHe ) oDl ek Do) (5:87)
' = o (rre) ’
dy =dj =1. (5.88)

Now, we determine frequency response of buck converter using Kharitonov’s the-
orem and Bode plots. From these analysis, the worst-case stability margin can be
determined. We formulate all possible Kharitonov interval plants and from them the
worst-case stability margin is determined. Now, we need to improve the stability mar-
gin by designing PID controller, which stabilizes all interval plants and improves the
phase margin, since gain margin is infinite. Figure shows the block diagram
for unity feedback control system for buck converter. A PID controller and a virtual
gain-phase compensator are in forward path with the buck converter.  According

to the proposed design approach, consider the system without PID controller as in

255



Table 5.7: Parameters for interval buck converter

Parameters Value
Source voltage (V) 12V-15V
Output voltage (V) 8V
Input resistance(r,) 0.10-0.292
Inductor (L) 250 ;H-300 pH
Inductor ESR (r;) 0.302-29
Capacitor (C) 50 pF-100 uF
Capacitor ESR (r¢) 0.192-0.992
Switch ON resistance (r,,) 0.102-0.292
Diode ON resistance (ry) 0.0502-0.1Q2
Diode forward drop voltage (V;4) 0.5V-0.8V
Switching frequency (f) 20KHz
Load resistance (R) 10 Q-20 Q
and closed-loop formulation is given as
Gu(s) =1+ Gu(s) = dys® + (ny +dy)s +n, +d, (5.89)

Using Kharitonov’s theorem, four Kharitonov polynomials are

ki(s)=s"+ [ny +di] s+ [n, +d] (5.90)
ka(s) = s+ [ny +di] s+ [n) +df] (5.91)
ks(s) = s>+ [nf +df] s+ [n, +d,] (5.92)
ka(s) = s+ [nf +df] s+ [n) + df] (5.93)

Now we need a controller which stabilizes all four Kharitonov polynomials. First of
all, consider Kharitonov polynomial k;(s) as an open loop transfer function
’ n._ + d_
G s) = L £
vdocl( ) S2+ [nl_ _'_dl_} s

(5.94)
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Figure 5.12: Worst case stability margin of the buck converter without controller.

Similarly from remaining three Kharitonov polynomials (k2(s), ks3(s), k4(s)) as givenin

(5.91)-(5.93), we can get three more open loop transfer functions G, ;,.5(5), G\ yoes(s)
and G, ,,.5(s), respectively.

Important note: Here, if interval analysis is neglected then step response of G,4(s)
and G,

vdocl

(s) should be approximately equal. This will be true in cases where trans-
fer functions having placement of LHP zeros far from the origin. For DC-DC buck

converter, it is shown in Figure 5.74]

Compare (5.94) with (5.64), we get,

No(—w?) = ng +d5, Ny(—w?) = 0, (5.95)

Do(—w?) = —w?, Dy(—w?) = ny +dj. (5.96)

Substitute (5.95) and (5.96) in (5.68)-(5.70), we get,
w (Dy(—w?) sin ¢ + w cos ¢ + kgN.(—w?) sin ¢ cos ¢(1 — w))
Ne(—w?)

(5.97)

ky =
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Figure 5.13: Experimental set-up for uncertain DC-DC buck converter.

o = W (Do(—w?) cos ;@ —(i;r)l ¢ + kaNe(—w?)) (5.98)

The PID controller region can be obtained for the required phase margin ¢. Hence,
using (5.97) and (5.98), we can calculate the stability region for Ga.c1’(s), in (kp, k:)

plane for fixed k4. Similarly, we can obtain the stability region for the remaining three

open loop transfer functions derived from Kharitonov polynomials. The intersection
of all four regions gives the possible control parameters values. Select anyone value
from intersection, then the open loop transfer functions G.4..1’(s) of (5.94) of the buck
converter with PID controller becomes
n. +d; k
o o k +
s2 4 [ny +dy | 5o

Lt sky) (5.99)

S

Gvdcl/<5) =

Similarly, we get Gae2' (), Guacs' (s) and Gaed' (s), where, Guaa’(8), Guaed' (8) Guaes' (),

Guaed (s) are the Kharitonov compensated open loop transfer functions.
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Figure 5.14: Step responses of G,4(s) and G ;. (s).

5.4 Simulation and Experimental Results

The proposed robust control scheme is implemented on the buck converter and val-
idated through simulations and hardware implementations. The hardware prototype
set up for uncertain buck converter is shown in Figure[5.13 DSPACE DS1104 digital
controller board is used to implement the proposed robust PID controller. The pa-
rameters considered for the simulations and hardware prototype are given in Table
.7

According to the proposed scheme, we formulated all possible Kharitonov interval
plants i.e., 16 and found the worst case stability margin. The worst case stability
margin is 25° and gain margin is infinite, which is shown in Figure[5.12/and Table 5.9
Now as explained in previous section, the PID controller is designed for phase margin
40°. First, we obtained stability region in (k,, k;) plane for fixed k, = 0 as shown in

Figure [5.15] Then, take any combination of (k,, k;). Here, we have considered a
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Table 5.8: Practical implementation of Kharitonov polynomials.

Kharitonov Polynomials Parameters chosen for experimentation
First K1 (s) Vi min Lmax> Cma)u Rmax (:> min’ T'C max ﬁ min’ | L max <:> min’
T‘g max (:> min® " on max (:> min> T dmax ﬁ min? Ufdmin
Ui min (:> max’ Lma.x <:> min’ Cma.x <:> min’ Rmax <:> min’ "'C' max <:> min’ "L max <:> min’

Second Ky(s)

Tg max <:> min> Ton max <:> min> "'dmax (:> min’ de min <:> max

. Ui min <:> max’ Lmax (i> min’ Cmax (i> min?’ Rmax (ﬁ min’ "' C' max (ﬁ min> 'L max <:> min’
Third 5 (s)
Tg max (ﬁ min’ "on max (i) min’ "'d max (ﬁ min’ ’de min (:) max
Vi max LIn'ch (:> min’ CIII'(LX (:> min’ Rmax ﬁ min’ "'C max ﬁ min> "L max (:> min’

Fourth Ky4(s)

7ng max ﬁ min> " on max (:> min> "'dmax ﬁ min> Ufdmax

point A(0,50) as an example. Then, executed the closed-loop operation and error

function obtained as shown in Figure [5.16] As explained in procedure, the slope of

de(t)

-~ Is calculated (In this we obtained % = 2500). Now, K, is selected such

the curve

that the error is minimised. So, here we chosen K,; = 0.0001.

Then, using (5.97)-(5.98), we calculated stability region in (k,, k;) plane for fixed
kqs = 0.0001 for all four Kharitonov polynomials obtained from (5.90) to (5.93). The
stability region is shown in Figure a)-(d). From (5.76), actual stability region

is obtained in MATLAB environment which is nothing but the intersection of all four

regions as shown in Figure [5.17(e). For different values of k,, various intersection
regions are obtained as shown in Figure [5.18] From this, it is observed that, as K,
value increases, the intersection of all four regions is increased. By selecting any
point in intersection region, we get the infinite gain margin and the phase margin
greater than 40°, which is tabulated in Table 5.9, Here, we have selected value of
k, = 2.5, k;, = 500 and k; = 0.0001. From Figure [5.16} it can be observed that
the error became zero faster than with Pl controller. Further, with nominal values
the step responses of buck converter with Pl and PID controllers is compared as
shown in Figure Moreover, to present the effectiveness of proposed robust
PID controller performance, the closed-loop performance of all sixteen Kharitonov

transfer functions is shown in Figure This shows, only four transfer functions
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Table 5.9: Stability margin of converter

, Stability margin  Stability margin
Transfer function
(without controller) (with controller)

Gi(s) 42.7° inf
Ga(s) 70.3° inf
Gs(s) 44.3° inf
G4(s) 67.4° inf
Gs(s) @ 25° inf
Ge(s) 41.8° inf
Gr(s) 25.4° inf
Gs(s) 41.1° inf
Go(s) 85.7° inf
G10(s) 96.7° inf
G11(s) 85.8° inf
G12(s) 96.6° inf
G13(s) 72.3° inf
G14(s) 82.5° inf
G15(s) 72.5° inf
G16(s) 82.2° inf
“Shows the worst case stability margin.
are needed to design controller. The simulation results are validated through

hardware results. In order to verify the proposed algorithm through experiments,
uncertainty in each element is required. Therefore, variable inductance of ferrite core
material, variable capacitance of electrolytic material and rheostats for equivalent
series resistances of inductor and capacitor are used. In order to get the variation
in inductor and capacitor ESR, a rheostat is connected in series respectively. The
output voltage of the converter is sensed by a voltage sensor (AD202JN), which
is given to ADC channel of DSPACE DS1104. This sensed voltage from ADC is
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Figure 5.16: Error with derivative and without derivative.
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Figure 5.20: Closed loop response of all sixteen transfer functions with proposed

PID controller.

compared with the reference voltage and generated error is minimized by designed
PID controller. Then, this control voltage from PID output is used as duty cycle of
switch. With this PID output pulses generated by using PWM technique. The pulses
are taken from the slave PWM of DSPACE DS1104 and given to MOSFET (IRFP460)

of buck converter.

All four Kharitonov polynomials are implemented and which gave the accurate
steady state response as shown in Figure In order to implement parametric
uncertainties practically, experiments are conducted as shown in Table5.8] The pro-
posed theory is well proved by hardware results, which shows the almost negligible
overshoot since phase margin is more than 40° and different speed of responses
since gain crossover frequencies are different. In order to test accuracy of the pro-
posed theory, other than four Kharitonov polynomials, we have chosen random pa-

rameter values and verified on hardware. This result has been shown in Figure

e).
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5.5 Conclusions

This chapter presented the PID controller design for DC-DC converters in two dif-
ferent cases such as when converter parameters are constant and varying within
prescribed limits. For converter parameters constant case, a generalised PID based
on IMC is proposed for DC-DC converters. The main advantage of proposed con-

troller are

¢ No need of trial and error method to get PID parameters

No assumptions to design controller.

Desired gain crossover frequency is obtained with PID controller (As this is very

important for DC-DC converters).

No need of compensator design.

If mathematical model is available, then parameters are obtained with straight

formulae.

Then, for minimum phase type of systems such as buck is considered and applied
proposed technique practically. Further, for non-minimum phase type of systems
such as non-ideal DC-DC boost and buck-boost converters are considered. Since
these systems shows the non-minimum phase behaviour, the crossover frequency
selection and maximum achievable bandwidth is discussed in detail. The simula-
tion results shows the performance of designed controller and it can be observed
that as crossover frequency changes, speed of responses are improved. Even in
experimental results of boost and buck-boost converters show the performance of

proposed controller.

In the next case, a robust PID controller proposed for DC-DC converters, when
parameters are varying (Because of heating and ageing effect). Here, a well estab-
lished Kharitonov theorem and stability boundary locus concepts are utilised. The

main contributions in this robust PID design are
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e lItis shown that only four transfer functions or Kharitonov polynomials are needed

to design controller.

e A method is presented to select derivative gain.

Finally, on DC-DC buck converter proposed robust PID controller is implemented.
The robust stability region in the (k,, k;) plane for different values of k4, i.e., PID
controller region has been determined for uncertain DC-DC buck converter model for
desired stability margin and hence the necessary and sufficient condition for robust
stability is obtained. The designed controller improved the stability margin of all
interval plants. Hence, it is shown that only four transfer functions are sufficient
to design controller from the family of interval plant transfer functions. Further, the

selection method to chose &, has been presented.
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CHAPTER 6

CONCLUSIONS AND FUTURE SCOPE

The main conclusion of the research work presented in this thesis and the possible

future research in this area has been summarized in this chapter

6.1 Conclusion

In this thesis, the design analysis, mathematical modelling and control issues of
non-isolated DC-DC converters have been presented. In short, thesis conclusions
have been made in two aspects, such as power electronic and control point of view.
Boost, buck-boost (Having only single switch) and NIBB (Have two switches) con-
verters have been considered for this work. From power electronics point of view,
non-ideal design, analysis of existing converters and a new topology derived from
conventional topologies. From control point of view, the non-ideal modelling, transfer
function analysis and importantly controller design of converters have been done.
For this purpose, two typical type of non-ideal DC-DC converter topologies namely
minimum phase converters (NIBB in buck mode) and Non-minimum phase convert-
ers (Boost, Buck-boost, NIBB) have been considered. The DC-DC converters have
been considered non-ideal while evaluating their design equations and mathemati-
cal models. The outcome of this research work on modelling, analysis and control

issues can be summarized as follows:
Power electronics point of view:

In the research related to design issues, it was observed that the ideal duty cy-
cle (calculated by considering the converter to be ideal) results in a lesser voltage
than the desired. This voltage drop is due to the power loss occurring across the
different resistive components of the converter elements. Therefore, the improved

expressions for duty cycle of the boost, buck-boost and NIBB converters were de-
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rived incorporating the major non-idealities present in the converter elements. Here,
analysis of NIBB converter has been special as it has two switches (means two duty
cycles). A method to derive improved expression for duty cycle when there are two
switches is presented in detail. The critical information such as the maximum achiev-
able output voltage and duty cycle, which are essential for closed-loop operation
have been presented. The design equation for inductors and capacitors were also
improved considering converters as non-ideal. It is found that the required values of
these elements are more in case of non-ideal consideration. Further, the output volt-
age ripple analysis has been carried out and a formula for maximum possible value
of ESR was derived. The ESR of output capacitor less than this maximum value
ensures that the output voltage ripple will be within specified limit. The theoretical

analysis has been validated by simulation and experimental results.

In continuation of design work, a NIBB derived hybrid converter is proposed from
the conventional two-switch non-inverting buck-boost converter, which can supply
both DC and AC simultaneously. The uniqueness of the proposed converter is shoot-
through problem utilization and ability to supply both AC and DC, which makes dis-
tinctive from other conventional converters. Further, the proposed converter is more
flexible to get wider operating range of voltage in comparison to other proposed hy-

brid converter topologies.
Control point of view:

The input voltage to output voltage, load current to output voltage, input current to
input voltage and duty cycle to output voltage transfer functions of non-ideal DC-DC
boost, buck-boost and NIBB converter were obtained using state-space averaging
technique. The ESRs of inductors and capacitors, resistances of switch and diode,
and diode forward voltage drop were involved in order to improve the dynamic and
steady-state model of the converters. It was found that the non-ideal transfer func-
tions have different steady-state and transient characteristics from the ideal transfer
functions. The duty cycle to output voltage transfer function is generally used for con-

trol design. It was observed that the duty cycle to output voltage transfer function of
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the DC-DC boost, buck-boost and NIBB (in boost or buck-boost modes) converters
are non-minimum phase systems having one LHP zero additionally with non-ideal
parameters, whereas with the ideal parameter assumptions, it is having only RHP
zero. These improved transfer functions were used for the controller design of DC-

DC converters.

In order to regulate the output voltage of DC-DC converters in different operating
conditions such as when parameters are constant and when parameters are vary-
ing, a PID controller is designed. The transfer function models obtained incorporating
non-ideal elements of boost, buck-boost and NIBB (in buck mode) converters were
used. The IMC based PID controller is designed for both the minimum phase and
non-minimum phase converters. The beauty of proposed controller is that, there is
no trial and error method used for tuning. The PID parameters are obtained directly
from the transfer function model of the converters and with desired bandwidth. Fur-
ther, the stability boundary locus and Kharitonov’s theorem were used to design a
robust PID controller. Here, a method is proposed for certain case of systems (for
DC-DC buck converters) such that only four kharitonov polynomials are sufficient for
designing controller, whereas, in conventional approach sixteen were used. Further,

a method is proposed to choose derivative gain.
6.1.1 Future scope
The research work presented in the thesis can further be extended in two aspects
as discussed before. Possible future scope of the work are given below:
Power electronics point of view:

1. Though these design, modeling and control issues have been applied for DC-
DC boost, buck-boost and NIBB converters in this thesis, but in a similar way with

suitable modification, they may be implemented on other type of DC-DC converters.

2. The proposed hybrid converters are very interesting topic. In future, one can

work in this area to improve further to eliminate the limitations of proposed converter.

3. As the small-signal averaged model does not reveal the effect of converter
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switching frequency on its dynamics. Therefore, the mathematical models of the
DC-DC converters can be developed to include the effect of converter switching fre-

guency on its dynamics.
Control point of view:

1. There is a limitation of gain crossover frequency in NMP systems, which creates

problem in fast response. So, one can work to resolve this issue in future.

2. The Kharionov’s polynomial reduction is presented in the thesis is only for
specific case (such as buck converters). So, in future this work can be extended for

other type of converters also.

3. In future, presented control design method can be extended to closed loop

control of Hybrid converters by proper modifications.
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Appendix A

STATE SPACE AVERAGE METHOD

In this appendix, a brief information about the state space average approach is pre-

sented.

A.1 Modeling Steps

Step 1: Writing the state equations for each modes of operation
Mode 1(0 < t < ;)

z(t) = e Ajx (t) + Biu (t) + Jy (A1)
y(t) =Ciz (t)+ Eyu(t) + F; (A.2)
Mode Il (t, < t < t,)
() = dfilf) — Aoz () + Bou (1) + Jo (A.3)
y (t) = Cox (t) + Eau (t) + F5 (A.4)

Moden (¢, 1 <t <t,)

i(t) = dxdf) = Az (t) + Bpu (t) + J, (A.5)

y(t) =Chx (t) + Eyu(t) + F, (A.6)
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Step 2: Obtaining the steady state averaged model

At)z(t)+ B(t)u(t)+ J(t) (A7)

where,

(t) + By (dy—2 (t) —dp-1 (1)) + ... + B (1 — di (1))
C(t)=Cidp1(t) +Co(dp—2(t) —dp_1(t)) + ... + Cp, (1 — d; (1))
E (t) = Erdy—1 (t) + By (dy—o (t) — dpey (8) + oo + B, (1 — dy (1))
F(t) = Fidnp—1 (t) + Fy (dp—a (t) — dpo1 (£) + .oo. + F, (1 — dy (1))

)

)
T(t) = Jidnor (£) + Jo (dus (£) — duy (£)) + oo + Ty (1 — dy (1))

Step 3: Linearising around a operating point and obtain the ac small signal
model

Tt)=X+z2@),yt)=Y+y@),u(t)=U+u(t)

dn—l <t> = Dn—l + Czn—l (t) 7d/n—1 (t> =1- dn—l (t) =1- Dn—l - (jn—l (t) = D,n—l - dn—l (t)
(A.9)

X+2) = [Al (Dn_1 +dp_y (t)) +.+ A, (1 — Dy —d, (t))} (X + (1) +
(B (Do +dia )+ 4+ By (1= Dy —di ()] (U + () +
[Jl (Dn_1 +dps (t)> + ot Jy (1 - Dy —d, (ﬂ)]

= X+7(t)= ( zl; An_ka) X+ ( 21; An_ka) i (t) + 21; (Ap_i — An_ps1) Xdi (1)

k=n—1

3 (= Ae) b 030+ (X Bab) U (8 B a0+

k 1

S (Bt~ B Ud (0 + S (Bucy — Bun) i (03 0)

k 1 k 1

(A.10)



Similarly,

V(1) = [01 (Dn_l +d, @) +.. 4 Cy (1 — Dy —d; (t))} (
[E1 (an +dps (t)> +ot By (1 -Di—d (t))} U+
[Fl (Dn—l + dn_l (t)) + ..+ F, (1 — D — Cil (t)ﬂ

X+z(t)+
(1) +

5 (Cok— Cupet) X (1)

(t)+n( i En_ka)U: nzli_l E,_ ka) (t)+

k=n

_i_l (Enk — En_k11) UCZk () + k:_i (B — Ep_ppr) di (B) @ (t)+

= Y +y(t) = ( i Cn_ka) X + <ki Cn—ka> (t) +

k=n—1

+ :i (On—k — On_k+1) Cik (t)

k=n—1

=2

k

( i Fn_ka> + zlj (Foei — Jnps1) d (1)

- - (A1)
To obtain the linear model, the second-order non-linear terms (terms having multipli-
cation of two small ac perturbed signals) in (A.10)-(A.11) are neglected and there-

fore, we get,

_i (An—k: - An_k+1) Xdk (t)

1 1 B
+ ( > Bn—k’Dk) U+ ( > Bn—ka) (t)+ > (Bnk — Bpit1) Udi (t)+
k=n—1 k=n—1 k=n—1
1 1 B
( > Jn—ka) + > (k= Jnekt1) di (B)
k=n—1 k=n—1

(A.12)

Y +y(t) = ( i anpk)x+( i Cp ka) (t) + é (Cok = Cr_y1) Xdy (1)

k
1 1 1 ~

+( 2 Bon) v+ (2 B ka) O+ 3 (Bus— Bu i) Ude (t)+

k=n—1 k=n—1 k=n—1

1
k=n—1 k=n—1
(A.13)
These two equations can be further rewritten as
X +7(t) = AX + BU + J 4 A% (t) + Bi (t) + Bad (t) (A.14)
N e\ i’

TV
steady —stateterm smallsignalterm
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V+yt)=CX+EU+F+Ci(t)+ Eu(t) + Eqd(t) (A.15)

~
steady —stateterm smallsignalterm

Where,

1 1

1
A= Z Ankaka: Z anlemJ: Z Jnkalm

k=n—1 k=n—1 k=n—1
1 1 1
Bd = (Anfk - Ankarl) X+ Z (ank - ank+1> U+ Z (Jnfk - Jnkarl)
k=n—1 k=n—1 k=n—1
(A.16)
and
1 1 1
O = Z Cn—kaaE = Z En—kaaF = Z Fn—ka‘a
k=n—1 k=n—1 k=n—1
1 1 1
Ed = (Cn—k - Cn—k’—i—l) X + Z (En—k - En—k—i—l) U+ Z (Fn—k - Fn—k+1)
k=n—1 k=n—1 k=n—1
(A.17)

Equations (A.14)-(A.15) represent the generalized large-signal linear averaged state-
space model of a DC-DC converter. It can be separated to obtain steady-state (dc)
and small-signal (ac) model as follows:

Steady-state (dc) model

In (A.14)-(A.15), replacing the small-signal terms by zero, we get the steady-state

(DC) model as below:

X=0=AX+BU+J (A.18)
Y =CX+FEU+F (A.19)

On simplifying (A.18),
X=-A"1(BU+J) (A.20)

Substituting this value of X into (A.19)

Y=-CA" (BU+J)+EU+F = Y= (-CA'B+E)U+ (-CA'J+F)
(A.21)
Equations and (A.21), can be used to obtain the steady-state value of any
state variable (inductor current and capacitor voltage) and output variable (output

voltage) of DC-DC converter.

276



Small-signal (ac) model
By replacing the steady-state (DC) terms in (A.14)-(A.15) to zero, we get,

T (t) = AZ (t) + Ba(t) + Bad (t) (A.22)

§(t)=Cz(t)+ Eu(t) + Eqd (1) (A.23)
Step 4: Determining the various transfer functions
Equations (A.22)-(A.23), represent the small-signal state-space averaged model of

DC-DC converter. However, to obtain the various transfer functions, the Laplace

transform of above state-space model is taken as:

st (s) = A (s) 4+ Bii (s) + Bad (s) (A.24)
7 (s) = C% (s) + Bt (s) + Eqd () (A.25)

On simplifying,
i(s) = (sI — A)"Bi(s) + (sI — A) "' Byd (s) (A.26)

Substituting (A.26) value in (A.25), we get,
j(s)=[C(sT —A)'B+E]a(s)+ [C(s] — A) "' By+ Eg] d(s) (A.27)

The equations (A.26) and (A.27), can be used to obtain various transfer functions of
DC-DC converter.

(A.28)

; (A.29)
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Appendix B

SIMPLIFICATION OF EXPRESSIONS

B.1 Ideal Analysis for Output Voltage Ripple

Rewriting Eq. (2.60) and (3.58)
. L \2
Av, = S (((sz —I,) 5 f) + (CTC)Q) + Ir. (B.1)

As we have consider this as ideal analysis, ESR is zero. So, the ripple will be ob-

tained as

D/(]maz - 10)2
20N, S

Substitute I,,, = I + 2,1, = D'I;, Aif, = x1;, where, z; = 2z (This is only for

Av, = (B.2)

simplified analysis) in Eq. and by simplifying, we get,
(D +z)°D'T

4Cx
Differentiate Eq. with respect to z to get the x value for which Av, is minimum.

Av, = I (B.3)

So, we get,
z=+D (B.4)
Substitute Eq. in Eq. and by simplifying, we get,
V,DT
=2 B.
Avy = —5 = (B.5)
Substitute Eq. in Ai;, = 2.1, we get the relation of ICR in terms of inductor
current as
Aij = 2DI,, <ﬂ) (B.6)
Ly

This relation holds good for a particular value of inductor designed for prescribed
duty cycle. If we want to find ICR for all the cases, then the generalized formula is
given by

Aiy = 2DI; (%) (B.7)
2

where, L; is inductor value corresponding to operating duty cycle D, L, is inductor

value designed for operation of converter.
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Appendix C

HARDWARE PROTOTYPE DETAILS

In this appendix, a brief information about the implementation of converters experi-

mental setups are presented.

C.1 Simulation and Experimental Setups

The MATLAB/Simulink environment is used for simulation of different converters.
Since MATLAB is very well-known tool for modelling, analysis and visualization of
proposed or existing systems. As it contains more than 600 mathematical functions
and additional toolboxes to make more utilizable. Simulink is a MATLAB add-on soft-
ware that enables block diagram based modelling and analysis of various systems,
which is very useful for power electronic engineers. The power circuits of the con-
verter topologies have been modelled using Sim Power-Systems toolbox of 2015a
MATLAB version. The control circuit has been developed using Math Operations,
Signal Routing, Sink and Source blocks of Simulink. The simulation sample time has

been kept 1e-7 for the execution of power circuit.

o[
Vg :I__ DC-DC CONVERTER ’—1
Pulses I ADC channel
| of DSPACE

-1—.1— [Controller] 4—@4—‘ —| ADC [ADC port]
Limiter

In MATLAB/SIMULINK Environment

DS1104
slave PWM
Generation
ort

Figure C.1: Schematic complete system.

Figure [C.1] shows the complete system connection diagram. The experimental
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prototype models of boost, buck-boost, NIBB and proposed converters are shown in
Figures [2.15] [3.13] [4.10] and [4.36] respectively. The details of components used in

the prototypes are as follows:

C.1.1 Switch circuit
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Figure C.2: Schematic of (a)switch (b)PCB (c)Prototype.
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C.1.1.1 Snubber circuit

Switching high current in short time gives rise to voltage transients that could exceed
the rating of the MOSFET. Snubbers are therefore needed to protect the switch from
transients. Snubber circuit for MOSFET is shown in Figure [C.2(a). The diode pre-
vents the discharging of the capacitor via the switching device, which could damage
the device due to large discharge current. An additional protective metal oxide varis-
tor (MQOV) is used across each device to protect against over voltages across the

devices.
C.1.1.2 Pulse amplification and isolation circuit

A circuit diagram the MOSFET driver is made using 8-pin TLP 250 opto-coupler
which can be operated upto 25 kHz of switching frequency . However, in this re-
search, the switching frequency was selected as 20 kHz. The driver circuit com-
prises of +15 V supply, TLP opto-coupler and voltage protection for switch shown
in Figure [C.2(a). The PWM pulses from the controller are fed between second and
third terminals of TLP opto-coupler and magnified PWM pulses are taken at output
terminal seven which is connected to gate terminal of the switch. The printed circuit

board (PCB) layout and photograph of driver circuit for experimental setup are shown
in Figure [C.2(b) and (c), respectively.

C.1.2 Sensors

For accurate effective and reliable operation of a system in closed loop measurement
of various system parameter and their conditioning is required, which must meet the

following requirements:

¢ high accuracy

e galvanic isolation between high and low voltage side,
e ease of installation

e linearity and fast response, etc.
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With the availability of Hall Effect current and voltage sensors, these requirements
are fulfilled to a great extent. These sensors are now available in variety of range and
rating to meet the system requirements. In order to implement the control algorithm

following signals are to be sensed

e DC output voltage for controller (PI/PID) processing.

¢ Inductor and capacitor currents for ripple measurement.

C.1.2.1 Voltage sensor circuit
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Figure C.3: Schematic of (a)voltage sensor (b)PCB (c)Prototype.
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The voltages (ac or dc) are sensed to through AD202JN isolation amplifier which
is powered by +15 V supply. In addition, two potentiometers and two resistances are
used for the operation of sensing circuit. The main features of AD202JN are: 1) small
physical size, 2)High accuracy, 3) Low power consumption and 4) Wide bandwidth.
Figure [C.3(a) shows a circuit diagram of voltage sensor where sensed voltage is at
output terminal 19 of AD202JN.
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: gt~T14 + 314
— 12V 3 12V -12v
0K

100

(b) ()

Figure C.4: Schematic of (a)current sensor (b)PCB (c)Prototype.

The output of voltage sensor is scaled properly to meet the requirement of the
control circuit and is fed to the dSPACE via its ADC channel for further processing.

The PCB layout and photograph of voltage sensor for experimental setup are shown
in Figure [C.3|b) and (c), respectively.
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Figure C.5: Schematic of (a)DSPACE (b)Multiple power supply (PSW 30-36)

(c)Multiple power supply (d)DSO.
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C.1.2.2 Current sensor circuit

The ac or dc current is sensed using Hall effect sensor (TELCON HTP25). The
HTP25 is Hall effect current transformer suitable for measuring current up to 25 A.
The current sensors provide the galvanic isolation between the high voltage power
circuit and the low voltage control circuit and require a nominal supply voltage of the
range -12V to -15V. A dual supply based two operation amplifiers (LF353) is used
to convert current signal into voltage signal and scales down the voltage signal at
a required magnitude for ADC channel. Figure [C.4(a) shows a circuit diagram of
current sensor. A PCB layout of current sensor and image of current sensor for

experimental setup are shown in Figure [C.4(b) and (c), respectively.
C.1.3 DSPACE controller board

The PWM signal for MOSFET (IRFP460) switches is applied through FPGA based
controller dSPACE-1104 which has been interfaced with desktop computer. The
dSPACE-1104 has 8 ADC/DAC channels, as shown in Figure [C.5(a). This has two
operating modes, i.e., Master and Slave. For higher switching frequency (5-5 MHz)
operation, Slave mode is used, while for low switching frequency range (0-5 kHz),

Master mode is used.

For powering the voltage and current sensors, a Scientific multiple power supply
PSD 3304 is used, which has three supply terminals as: +30 V/2 A,5V/5Aand +£15
V/ 1 A, as shown in Figure [C.5(c). For input supply, multi range DC power supply
PSW 30-36 is used, which can be used for load of 360W, as shown in Figure [C.5(b).

All experimental waveforms are recorded in Agilent Technology, DSO-X 2014A, as

shown in Figure [C.5(d).
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