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Abstract

The thesis presents novel circuit topologies for single phase AC to DC conversion. The
converters are used for step up, step down and step up/down applications. AC to DC
converter with high conversion efficiency is of critical importance in applications in
renewable energy sources or power supplies for modern equipment. Unavoidable
system disturbances like parameter variations, effect of sudden load change and other
noises are resolved by designing precise feedback control for both step-up and step-
down applications. The proposed single phase rectifiers are designed to maintain high
conversion efficiency at extremely low and high duty cycles. In order to tackle the
deviation from the ideal behavior of the gain and attenuation property of the converter
at extreme condition, hybrid diode-capacitor networks are introduced. The network
provides voltage step-up or step-down prior to DC to DC or AC to DC conversion. In
addition, in order to take the advantage of input switching, new topologies are designed
by paralleling the outputs of two AC to DC conversion paths of positive and negative
half cycles of input AC to output DC. A common single bi-directional switch is used
for both positive and negative half cycle conversion. Direct input current switching
ensures the current displacement with input voltage to be nearly unity. This control
makes it easy to maintain high input power factor and low input current THD. Since
the topologies used for DC to DC conversion cannot be used directly for AC to DC
conversion, the topologies are modified before applying in AC to DC conversion. The
modification causes high component count and circuit complexity. So attempt is taken
to design not only using modified DC to DC topologies but also conventional input
switched converter is modified by shifting the switch location and using split capacitors
at the output. The investigated new single phase AC to DC converters offer higher
conversion efficiency which is validated by simulation. Common two loop feedback
control strategy for PFC is used with proposed converters to improve the input power
factor and to keep the input current THD within prescribed limits. The proposed input
switched boost and SEPIC converters perform better compared to conventional ones.
Among the proposed converters modified input switched AC to DC boost and SEPIC

converter offered best result.
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Converters with best performance in the simulation have been implemented in the
laboratory experimentations. The test results validated the performances of the

proposed converters with the simulation results.
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Chapter 1

Introduction

1.1 AC to DC Converters

Single phase AC to DC converter are common in modern day power supplies. The
converter forms interface between the utility power supply and electronic equipment
connected to them. The process of rectification used to be simple, but recently, rectifiers
have become sophisticated, and are considered as systems rather than circuits [1].
Conventional Single-phase AC-DC converter in bridge configuration suffer from
problems of distorted non-sinusoidal input current and low input power factor [1-12].
Because these converters absorb energy from the AC line only when the rectified line
voltage is higher than the DC link voltage. To solve the harmonic pollutions caused by
AC-DC converters, various methods have been proposed. One simple method is to use
the input filter. But inductor and capacitor required in such solution are large. Though
it keeps THD in tolerable limit the power factor remains low. To overcome the problem,
a number of power factor correction (PFC) AC-DC converters have been proposed and
developed [13-26].

Generally, power factor correction (PFC) techniques are implemented by using two
power-processing stages. The input PFC stage improves the power factor as well as
maintains a constant DC link voltage. The most common PFC stage employ a Boost
converter [16, 18-20]. Buck, Buck-Boost, Cuk, SEPIC and ZETA converters are also
employed for the same purpose with different input/output voltage gain relationships.
In output stage, high frequency DC-DC converter [27, 28] acts as high frequency
current/voltage chopper which is reflected at the input as high frequency chopped AC
current. This input current is then filtered by a small filter to obtain near sinusoidal
input current with high power factor [29, 30]. This is possible only when the output is
full wave pulsed dc. To obtain quality power, the output is desired to be dc with low
ripple. As a result, large output capacitor filter is necessary. This output filter with large
capacitance draws pulsed current, and the pulsed ac current is reflected to the input side.

Thus additional control is required to maintain sinusoidal shape of the input current.



The unidirectional switch used in the DC-DC converters for boost-regulated AC-DC
conversion must operate in critical mode [31, 32] that is, the power switch should be
turned ON at the instant of zero current in the boost diode. Thus variable switching
frequency operation of the DC-DC converter is required due to load or the input voltage
changes. Another approach for boost-regulated rectifier involves controlling to a
constant level the average current of the boost diode. In order to keep the average
current constant through the boost diode, the duty cycle must be modulated over the
line cycle. Bridge-less configurations [13, 32-43] and two-diode, two-switch rectifiers
are also reported in literatures for AC-DC conversion having the features of boost-

regulated rectifier.

The reported bridgeless single phase ac-dc converters use more than one unidirectional
switches or one bidirectional switch composed of two unidirectional switches anti-
parallel with two diodes. The efficiency varies with the change in duty cycle [33]. The

efficiency tends to reduce at extremely high and extremely low duty cycle.

Most devices today operates in very low DC voltage. Usually a transformer is used to
reduce the voltage and then AC-DC converter is used. Efficiency suffers due to the use
of the transformer. Transformer-less control techniques suffers from a low input power
factor and distorted input current. Therefore the scope is there to design a transformer-
less AC-DC converter adopting hybrid circuitry [44] and suitable feedback control
technique to achieve improved efficiency, high input power factor and low THD for

input current.

1.2 Review of AC to DC Converter

The reported works in AC to DC conversion can be reviewed in accordance to their

topologies, applications and control strategies.

1.2.1 Review According to Topologies

In static AC to DC conversion diode rectifiers are used in common. There are two types
of diode rectifiers: single and multi-phase. The single phase rectifiers are used in low
to medium power conversion. The multi-phase mainly three phase AC to DC converters
are used to deal with large power. The pulsating output voltage of the rectifier is harmful



for the devices. The output voltage is regulated using capacitive filters. Due to the filter
input current is distorted causing a degradation in power quality. In general, the
performance of the rectifiers are evaluated in terms of input power factor and input
current THD. Since the rectifier unit forms the interface between the load and the utility,
the main focus of the research is to improve the quality of power at the point of
coupling. Several PFC topologies have been introduced to improve the power quality.
With an emphasis on input PFC and input current THD, major rectifier topologies are

reviewed as follows:

There are two types of single phase uncontrolled rectification: half-wave and full-wave.
In low power applications the half-wave rectifiers are used. The half wave rectifiers
caused magnetic saturations to the equipment that supplies the rectifier due to non-zero
average input current. This problem is avoided in full-wave ratification as the average
input current is zero. It is also easier to regulate the output voltage in case of full-wave
rectification, since the output ripple is less compared to half-wave rectifiers. The unity
power factor and near sinusoidal input current can be achieved by using different types

filters: passive, hybrid and active.

The passive filter technique is the simple solution for the diode bridge rectifier. The
reactive elements (line frequency) are connected both in the source and the load side of
the rectifiers [24, 33-37]. The use of the passive filter is common due to the simplicity
and reliability. These are also insensitive to noise and surges and at times reduces them.
The high frequency electromagnetic interference is also absent in these techniques. The
absence of switching devices reduces the loss. The research is focused for innovative
solutions instead of passive filter techniques due to their size and poor dynamic
response. It is also difficult to tune them and they lack the ability to regulate the voltage.

As a result the input power factor is poor and conversion efficiency also suffers.

In hybrid filter techniques, to achieve improved power quality semiconductor switches
are introduced with the diode bridge. Integration of the switch is done in three different
ways: single stage for low power application, two stage for high power application and
direct power transfer for improved efficiency [37-38]. In any of the cases, the DC to

DC converter unit can be used either in between the rectifier and load or between the



supply and the rectifier. The converters which use the second approach is known as
input switched converters. The DC to DC unit can be used for step-up, step-down or
step up/down applications. The most common topology used for the power factor
correction is the step-up boost converter [39-42]. For step-down applications buck
converters can be used and in order to have the freedom in specifying output voltage
buck-boost, SEPIC, Cuk converters can be used. Though the boost converters are
commonly used for PFC, other converters like buck, buck-boost, SEPIC, Cuk, Zeta,
flyback, push-pull etc. can also be used. The preference is given to SEPIC and Cuk over
the buck-boost converter since they offer advantages like isolation, inrush current
limitation during start-up and overload conditions, lower input current ripple and low
electromagnetic interference in discontinuous conduction mode topologies [23, 42-45].
In applications where the isolation is needed between the input and output side, the

flyback and push-pull configurations are used.

For input switched converters bidirectional switch is used. The switch comprises of a
diode bridge and a semiconductor switch. To keep the switching in the input side the
bidirectional switching unit is placed in between the supply and the rectifier. The input
switched topologies can also be used with step-up, step-sown and step up/down
capabilities. The PFC correction becomes easier with input switched topologies since
the input current is chopped at high frequency resulting near sinusoidal high frequency

chopped input current. Thus a small filter can be used to shape the input current.

In active filter techniques, controlled switches are used instead of diodes. Pulse Width
Modulation (PWM) is used to operate these converters. These converters are used to
obtain high power quality. In order to do that, complex control algorithms are used
which increase the cost [43]. A general classification of different AC to DC (both single

and three phase) topologies is shown in Figure 1.1.
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1.2.2 Review According to application

Lighting consumes around 16-20% of the total energy a commercial building uses. To
align the lighting levels with human needs, and thus save energy, a dimming technology
is used [45-56]. For a fluorescent lamp, the cathode voltage must be maintained while
the lamp current is reduced. A dimmable ballast consists essentially of a cascade of
power electronics circuits: an EMI filter, an AC-DC conversion circuit that should also
assure a high power factor, and an inverter which supplies the lamp. The recent
advancement of light-emitting diodes (LEDs) opens a new era of lighting. The LED is
an electronic light source [30, 51, 57-60] and its supply has to be electronically
controlled current source fed by an AC to DC rectifier

AC-DC converters are used directly in DC motor drives for their smooth control and
energy efficient operation. AC motor drives (synchronous and induction) along with
special motors generally use AC to DC converters in the front end feeding appropriate
inverters [61-76]. AC to DC converters are in use for AC and special type Stepper,
brushless DC, switched reluctance and permanent magnet DC motors [65, 77-83].

AC to DC converter used in transportation applications such as electric vehicles [20,
34, 39, 84-89], subways, locomotives and aircraft systems [90-95]. Hybrid electric
vehicles have gained popularity as they use less fuel and pollute the environmental with

less carbon dioxide emission than gas (petrol) driven vehicles.

Application examples of AC-DC converters in Electrical Utilities like HVDC [96, 97],
FACTSs [98], Static VAR compensation, and harmonic suppression: TCR, TSC, SVG,
APF, custom power and power quality control are numerous, where they are used

directly or used as the front end converter feeding inverter.

Apart from drives and lighting, other applications that require ac-dc conversion is
induction heating, electrochemical processes, plasma torches, electrolysis,

electroplating, welding, arc furnaces and ovens etc [99-102].

The AC to DC converter is used for motion control applications in areas such as
computer peripherals and industrial robots. The power supply of the computer systems
is one of the major application of such converters [103-105].



The AC to DC converter is used in other important applications in residential and home
appliances, in the information and telecommunication industry, in renewable energy
conversion, in electronic display devices, in high voltage physics experiments and

atomic accelerators.

1.2.3 Review According to Control Technique

The primary control objective of the AC to DC converter is to regulate the output
voltage. The feedback controller to regulate the output voltage must be designed with
the following objectives in mind: zero steady state error, fast response to changes in the
input voltage and the output load, low overshoot, and low noise susceptibility. Controls
can be classified according to control variables as Voltage Mode Control (VMC) and
Current Mode Control (CMC). In the process of regulating the output voltage, a current
control loop is embedded inside a voltage control loop [106, 107]. Control circuits are
designed for AC to DC converter with an objective to keep the input current in-phase
with the supply voltage that is to keep the input power factor unity. Current mode
control is the most common control strategy to achieve such objective. In [13-26] the
power factor corrector (PFC) circuits force the input current to trace the shape of line
voltage. Both VMC and CMC implements two tasks: error compensation and
modulation. The performance of the converter system largely depends on the quality of
the applied current control strategy to achieve high efficiency, low input current THD,

almost sinusoidal input current and high input power factor.
Linear and Non-linear Control

The linear controllers operate with conventional voltage type PWM modulators. In
contrast to the nonlinear controllers, linear controller schemes have separated current
error compensation and voltage modulation parts. This concept allows exploiting the
advantages of open-loop modulators (sinusoidal PWM, space-vector modulator, and
optimal PWM) which are of constant switching frequency type. In the linear group,
some basic controllers are reported: Pl stationary and synchronous, state feedback, and
predictive with constant switching frequency. Besides linear control, non-linear control

like hard switch converter, soft switched converter, Neural Network(NN) Controller



FLCC controllers are also reported in literature for the control of static power converters
[108-110].

Current Mode Control Techniques

Current-mode control is often used in practice due to its desirable features, such as
simpler controller design and inherent current limiting. In such a control scheme, an
inner current control loop inside the outer voltage-loop is used. In this control
arrangement, another state-variable, the inductor current, is utilized as a feedback signal
[1, 6].

Indirect Current Control Technigues

The research in sensorless control has resulted in Direct Power Control and Voltage
Oriented Control in the past. One cycle controlled system [111-114] has been reported
as another sensorless strategy which does not require ac voltage sensors and phase
locked loop (PLL) for synchronization. Reference proposes to eliminate voltage sensors
that are required for stable operation of OCC based bidirectional three-phase ac to dc
converter. The indirect current control is one of the earliest applications which eliminate
current transducers in controlling input current of PWM rectifiers, where, the current
control strategy is based on steady-state models of the ac side. In an indirect control
strategy is proposed based on a complete dynamical model of the converter resulting
linear system of second order, compared with the fourth-order system in the previous
ones. This simplifies the stability analysis and greatly facilitates the design of the PI

voltage regulator.

Direct Current Control Techniques

Peak Current Mode Control (PCMC)

For the current loop, the outer voltage loop produces the reference for the inductor
current. This reference current signal is compared with the measured inductor current
to turn the switch off when measured inductor current reaches the reference inductor
current [6, 115-119]. Disadvantage of PCMC is the presence of sub-harmonic

oscillations at duty cycles greater than 50%. In generating reference inductor current



the voltage controller output is modified by a signal called the slope compensation,
which is necessary to avoid oscillations at the sub-harmonic frequencies of switching

frequency.
Average Current Mode Control (ACMC)

In order to follow the reference with as little THD as possible, an average-current-mode
control is used with a high bandwidth, where the error between the reference inductor
current and measured inductor current is amplified by a current controller to produce
the control voltage. This control voltage is compared with a ramp in the PWM controller

to produce the switching signal [120-124].
Hysteresis Current Mode Control (HCMC)

In HCMC, inductor current is kept in between the two sinusoidal current references
generated corresponding to maximum and minimum boundary limits. To keep the
current sinusoidal as possible or to achieve smaller ripple in the input current, a narrow
hysteresis band is desired [125-128]. The narrower the hysteresis band, the higher is the
switching frequency. According to this control technique, the switch is turned ON when
the inductor current decreases below the lower reference and is turned OFF when the
inductor current increases above the upper reference, giving rise to a variable frequency

control. Simple option for improvement in HMCC is presented in.
Predictive Current Mode Control (PCMC)

In predictive current control scheme the switch voltage is predicted at the beginning of
each modulation/switching period. The prediction is based on the current error, input
voltage, switching frequency and input filter inductor and load variables. The predicted
switch voltage is compared with double-edge triangular carrier signal to generate PWM
pulse to the switches. The carrier signal is chosen for fixed frequency operation but the
amplitude of the carrier signal is modulated to accommodate the load voltage/current
variation. In every switching/ modulation cycle, the switch voltage reference is
predicted and used to generate gate pulses. This technique uses additional information

along with error signal that improves converter dynamic performance. The



improvements occur at the expense of cost on sensors and complexity in control circuits
[129-133].

Linear Current Control (LCC)

In LCC the actual current is compared with the reference current to obtain the current
error. The error is processed by a proportional-integral controller to provide a
modulating signal for a PWM modulator. The modulator produces gate pulses for the
converter switches. The pulses are of constant frequency with varying pulse widths,
which depend upon the magnitude of the modulating signal produced by the current
controller. The controller parameters are tuned to optimize the PWM pulses such that
the input current maintains near sinusoidal waveform and the power factor near to unity.
The controller requires minimum number of measured signals from converter and hence
the implementation using standard integrated circuits becomes simple, cost effective
and reliable. The current regulation scheme presented relies on calculation of a duty
cycle for each switching state (space vector) of the rectifier. This fundamental concept
is extended to a deadbeat, predictive, rectifier current regulator. Direct control of the
current space (dq) vectors [134] has the advantages of improved harmonic performance,
especially at low dc bus voltages (modulation index near unity), and improved dynamic
response to a transient in the load power or dc bus voltage at any operating condition
in comparison to per-phase PWM techniques.

Nonlinear Carrier Control (NLC)

The NLC is capable of attaining input resistor emulation in boost and other converters
that operate in the continuous conduction mode. Implementation of the controller is
quite simple, with no need for sensing of the input voltage or input current. There is no
need for a current loop error amplifier. The boost nonlinear-carrier charge controller is
inherently stable and is free from the stability problems that require addition of an

artificial ramp in current programmed controllers [1].
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Other Control Techniques

Apart from the discussed control techniques, there are other control techniques like
digital boundary current control [135-137], sliding mode control [138], Lyapunov-
based control [139, 140], direct power control , inductor voltage control [106, 107] and
digital control [109, 121, 137, 141-143] etc.

1.3 Problem ldentification and Research Motivation

Power quality issue is becoming important in areas involving use of power electronic
control of AC-DC converters. Research continues to improve the power quality in all
fields of electricity use. AC-DC converters with improved power quality are complex,
costly, difficult to maintain and unreliable in some cases. Present research work will
emphasize to simplify the circuit topology and make cost effective solutions of power
quality issues of single phase AC-DC converters. The desirable features of single phase
AC-DC converter topologies to be investigated will combine AC-DC and DC-DC
conversion in one power conversion stage. Previous works concentrated on two stage
solution consisting of diode bridge rectifiers followed by conventional dc-dc
converters. One stage solutions by single phase AC to DC conversion will necessitate
new single phase topologies. The implementation of new single phase AC-DC
conversion by switch mode topologies will convert AC of a single phase supply to
produce a combined DC output to the load. Such topologies will switch supply AC at
the input in single phase at multiple of supply voltage frequency to regulate the output
voltage, and at the same time keep the input current sinusoidal. The input current will
then be filtered and controlled by average current control technique to obtain near
sinusoidal current with low THD, good converter efficiency and high input power
factor. The new single phase AC to DC converter topologies will be investigated by
simulation. This will also be implemented practically. The new topologies will be
realized by single bidirectional AC switch, passive energy storage components and
diodes. It is anticipated that innovations and ideas generated during this research will
be of significant contribution to the power quality mitigation of single phase AC to DC

conversions.
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1.4 Research Objectives

To overcome the problems experienced in switch mode AC to DC converter, the
objective of this thesis research is to propose new simple and easy to control topologies
to maintain high conversion efficiency at extremely high and low duty cycle. Thus to
design and analyse input switched hybrid AC to DC converters with following

objectives:

1. To achieve high efficiency at extremely low and high duty cycle of the switching
frequency using hybrid diode-capacitor network instead of conventional

transformers for voltage step-down or step-up operation.

2. In addition to keep performance parameters satisfactory: high input power factor
and low input current THD.

3. Developing small signal model of the converter to design suitable feedback control
to regulate output voltage and to shape the input current to a near sinusoidal and

keep it in phase with the utility supply voltage.

4. The converter must maintain constant output voltage under load variation. The
dynamic response will be studied to verify the desired response pattern being

obtained.

5. Hardware implementation of the proposed topologies to validate the outcome.

1.5 Thesis Outline

Chapter 1 provides the introduction and literature review regarding AC to DC

converter.

Chapter 2 provides the necessary background of AC to DC converter with performance
issues. Section 2.1 gives a brief summary about the current status of the problem.
Section 2.2 discusses the performance parameters of AC to DC converter. Section 2.3
provides necessary background of the hybrid DC to DC converter. Hybrid converters

are compared with the conventional converter to analyse their improved performance.

12



In Chapter 3, the working principle of the conventional and proposed boost converters
are described in detail. The open loop simulation is carried out to compare the

performance of the converters.

In Chapter 4, the proposed boost converters are investigated under feedback condition
to improve the input power factor and to keep the input current THD within limits. The

feedback control is also studied by simulation for load variation.

In Chapter 5, the conventional and proposed SEPIC converters are investigated for step-

down applications without feedback control. The simulation results are analysed.

In Chapter 6, the proposed SEPIC converters are studied with feedback control to
improve the shape of the input current. They are also studied by simulation to observe

the dynamic response.

In Chapter 7, feedback control is designed in detail for one of the proposed boost
converter. The simulation with the designed parameter is also included.

Chapter 9 draws a conclusion of current work. Provides suggestions regarding the
future investigation that should be carried out to improve the performances of the

proposed converters.
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Chapter 2
Background of the Research

In this chapter, the necessary background of AC to DC converter with performance
issues are discussed in section 2.1 and section 2.2. Investigation of hybrid DC to DC

converter is carried out in section 2.3.

2.1 Current Status of the Problem

The input current of the single phase conventional bridge rectifier with resistive load is
free from harmonic distortion and ideally in phase with the line voltage. Thus the input
current THD is minimum and power factor is near unity. ldeal conversion efficiency is
also 100%. The output voltage contains large ripple which is not suitable for the devices
to handle. The conventional single phase bridge rectifier with resistive load is shown in

Figure 2.1. The corresponding input-output waveforms are shown in the Figure 2.2.

AD1 AD3

vin @ RL3 Vo

AD4 AD6

Figure 2.1 Schematic diagram of single phase bridge rectifier.
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Figure 2.2 Waveforms of circuit of Figure 2.1. (a) Input voltage-current and (b) output

voltage.
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The pulsating DC output voltage is reduced by introducing large filter capacitor. Due
to the capacitor the output voltage is regulated within defined allowed ripple but distorts
the input current. The input current is no longer continuous because the load only draws
current from the supply only when the supply voltage is higher than the DC-link
voltage. The input current is no longer sinusoidal. Discontinuous input current
introduces harmonics and as a result input current THD increases. The corresponding

circuit is shown in Figure 2.3. The input-output waveforms are shown in Figure 2.4.

AD1 AD3

Vin Co= RLé Vo

AD4 AD6

Figure 2.3 Single phase bridge rectifier with output filter capacitor.
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Figure 2.4 Waveforms of circuit of Figure 2.3. (a) Input voltage-current and (b) output

voltage.

Highly distorted input current due to the output capacitor can be made sinusoidal again
with the help of large input filter sacrificing efficiency and input power factor. The

corresponding circuit and the input-output wave-shapes are shown below.

Lin
AD1l AD3

Vin Cin == Co=—= RL é Vo

AD4 AD6

Figure 2.5 Bridge rectifier with input and output filter.
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Two stage AC-DC converter topologies are used to reduce the THD and improve the
efficiency. The input current will be in phase if feedback control is used or proper L-C
filter is used with less efficiency. The first stage is the conventional bridge rectifier and
the second stage is the high frequency DC-DC converter. Any conventional topologies
can be used in the second stage like buck, boost or buck-boost. Due to the high
frequency second stage, a small input filter can keep the input current sinusoidal. The
circuit and the wave-shapes of the two stage buck AC-DC converter are shown as
example in Figures 2.7-2.8.

Lb

Lin J.lJ.
AD1 ZAD3 S—l

Vin Cin-|— A& Df Co== RL EE Vo

D4 AD6

Figure 2.7 Two-stage AC to DC buck converter.
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Figure 2.8 Waveforms of circuit of Figure 2.7. (a) Input voltage-current and (b) output

voltage.

As the number of stage is increased the losses of the system will also increase. Thus the
efficiency of the converter suffers. So scope is still there to design new single converter

to improve efficiency.

2.2 Performance Parameters of AC to DC converter

Input power factor (PFi), total harmonic distortion (THD) of the input current, output
voltage ripple and the efficiency are the important parameters that determine the quality
of the rectifier circuits. Power factor (PF), as applied to voltage and current waveforms
is described by the relationship between the apparent power extracted from a driving
source and the real power delivered to a receiving load. In mathematical expression of
PF is a ratio of the real power delivered to the load and the apparent power supplied by

the source

P

PF =% =cosd (2.1)
I:)A
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Where Pr = Real Power and Pa = Apparent Power. Input current is no longer for modern

day appliances load and thus the definition of the power factor also changes:

DPF
PF=—— (2.2)

J1+THD?

Where DPF is the displacement power factor and THD is the total harmonic distortion.

The definition of DPF is given as,

DPF =cos6), (2.3)

Where 01 is the angle between the fundamental of i(t) and v(t). PF and DPF can be
related as,

PF = [H DPF (2.4)

For undistorted sinusoidal waveforms (I;/I) is unity. The total harmonic distortion
(THD) of the current i(t) is defined as the ratio of the rms values of the harmonics over

the rms value of the fundamental component.

0.5
|
THD = Idistortion — n=2 N"ms

1 Il

(2.5)
Where Iz is the fundamental component of the input current.

There are several deleterious effects of high distortion in the current waveform and the

poor power factor that results. These are as follows [6]:

e Power loss in utility equipment such as distribution and transmission lines,
transformers, and generators increases, possibly to the point of overloading them.

e Harmonic currents can overload the shunt capacitors used by utilities for voltage
support and may cause resonance conditions between the capacitive reactance of
these capacitors and the inductive reactance of the distribution and transmission
lines.

e The utility voltage waveform will also become distorted, adversely affecting other
linear loads, if a significant portion of the load supplied by the utility draws power

by means of distorted currents.
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In order to prevent degradation in power quality, recommended guidelines (in the form
of the IEEE-519) have been suggested by the IEEE (Institute of Electrical and
Electronics Engineers). These guidelines place the responsibilities of maintaining
power quality on the consumers and the utilities as follows: (1) on the power consumers,
such as the users of power electronic systems, to limit the distortion in the current
drawn, and (2) on the utilities to ensure that the voltage supply is sinusoidal with less

than a specified amount of distortion.

The limits on current distortion placed by the IEEE-519 are shown in Table 2.1 [144],
where the limits on harmonic currents, as a ratio of the fundamental component, are
specified for various harmonic frequencies. Also, the limits on the THD are specified.

These limits are selected to prevent distortion in the voltage waveform of the utility

supply.

Table 2.1 Harmonic current distortion. (IEEE 519)

Odd harmonic order h (in %)
oo/ h <11 11K h 17 < h 23K h 35 THD (%)
K 17 K 23 « 35 < h

< 20 4.0 2.0 1.5 0,6 0.3 5.0
20-50 7.0 35 25 1.0 0.5 8.0
50-100 10.0 4.5 4.0 15 0.7 12.0
100-10000 12.0 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 14 20.

Therefore, the limits on distortion in Table 2.1 depend on the “stiffness” of the utility

supply. The stiffness is defined by a ratio called the Short-Circuit-Ratio (SCR):

SCR =

ISC

1
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Where, Isc is the short circuit current calculated by hypothetically placing short-circuit

at the supply terminals.

2.3 Investigation of DC to DC converters

To derive and design new topologies appropriate for AC to DC converter, it is essential
to investigate existing hybrid DC to DC converter. Several hybrid DC to DC converter
involving Buck, Boost, Buck-Boost, Cuk, SEPIC, Zeta configuration are proposed and
there operating principle are explained [44]. Conventional DC to DC converter suffers
from low efficiency at extremely high and extremely low duty cycle. The hybrid DC to
DC topologies suggest to provide improved efficiency in those operating situations
because in step down converters output voltage is further reduced with a given duty
cycle than conventional converters. Similarly in case of step up converters with a given
duty cycle output voltage is further increased than conventional ones. A desired low
output voltage is achieved at reasonably high duty cycle than conventional converters.
And a desired high output voltage is achieved at reasonably low duty cycle than
conventional ones. So extremely high and extremely low duty cycle becomes high and
low duty cycle in case of the hybrid DC to DC converters. Buck, boost and buck-boost
hybrid DC to DC converter are investigated in this chapter to figure out the efficiency

profile of the converters.

2.3.1 Hybrid Buck Converter

The diagrams of the conventional and the hybrid buck converter are given below for

comparison. The operation principle of the hybrid converter is explained in [44]

Lin Lb
7YY\ 7YY\

1i]
B
Vin C_) & Df

Co RL

Figure 2.9 Conventional DC to DC buck converter.
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Figure 2.10 Hybrid DC to DC buck converter.

Simulations are carried out in both the conventional and hybrid DC to DC converter
under similar conditions. The circuit parameters are: Vin = 12V, Lin = Lb =400uH,
C1 =C2 = Co = 20pF, RL=100Q. IGBT is taken as switch and an optimum switching
frequency of 40 kHz is selected. The efficiency improvements of the hybrid circuit over
the conventional buck converter are evident in results of Table 2.2 and graphs of Figure
2.11.

Table 2.2 Efficiency vs duty cycle of conventional and hybrid buck converter.

D Conv. Buck n Hybrid Buck D1 n
0.1 37 65
0.2 47 85
0.3 54 91
0.4 59 93
0.5 64 94
0.6 67 95
0.7 71 96
0.8 76 98
0.9 80 98
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Figure 2.11 Efficiency vs duty cycle of conventional and hybrid buck converter.

Study is also carried out to observe the variation of the efficiency with the change in
the switching frequency of the converters. The efficiency improvement of the hybrid
circuit over the conventional buck converter for different switching frequency is evident
in results of Table 2.3 and graphs of Figure 2.12. Typical output voltage waveforms of
the hybrid DC to DC buck converter is shown in Figure 2.13 and 2.14.

Table 2.3 Efficiency vs switching frequency of convention and hybrid buck converter.

D fsw Conv. Buck n Hybrid Buck D1 n
0.1 70 41.39 83.70
0.2 60 57.50 94.32
0.3 50 65.00 98.38
0.4 40 63.75 99.64
0.5 30 72.62 99.19
0.6 20 78.67 99.32
0.7 15 85.49 99.62
0.8 10 90.25 99.70
0.9 5 95.49 99.75
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Figure 2.12 Efficiency vs switching frequency of convention and hybrid buck

converter.
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Figure 2.13 Output voltage of conventional buck converter at D = 0.3.
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Figure 2.14 Output voltage of hybrid buck converter at D = 0.3.

2.3.2 Hybrid Boost Converter

The diagrams of the conventional boost converter and the hybrid boost converter are
given below for comparison.

Lbst Lo
Y Y\ N Y YN\
S
. + | X
Vin C_) — = Co $ RL
— <

Figure 2.15 Conventional DC to DC boost converter.
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Simulations are carried out for both the conventional and hybrid DC to DC converter
under similar conditions. The circuit parameters are: Vin = 12V, Lin = Lbst = 400uH,
C1=C2=Co=20pF, RL = 100Q. IGBT is taken as switch and an optimum switching
frequency of 40 kHz is selected. The efficiency improvements of the hybrid circuit over

the conventional buck converter are evident in results of Table 2.4 and graphs of Figure

2.17.

Figure 2.16 Hybrid DC to DC boost converter.

RL

Table 2.4 Efficiency vs duty cycle of conventional and hybrid boost converter.

D Conv. Boost n Hybrid Boost U1
0.1 92.13 99.40
0.2 79.60 99.54
0.3 73.54 99.58
0.4 67.75 99.62
0.5 62.03 99.69
0.6 56.34 99.75
0.7 50.54 99.63
0.8 44.61 99.57
0.9 38.44 99.37
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Figure 2.17 Efficiency vs duty cycle of conventional and hybrid boost converter.

Study is also carried out to observe the variation of the efficiency with the change in
the switching frequency of the converters. The efficiency improvement of the hybrid
circuit over the conventional boost converter for different switching frequency is
evident in results of Table 2.5 and graphs of Figure 2.18. Typical output voltage
waveforms of the hybrid DC to DC buck converter is shown in Figure 2.19 and 2.20.

Table 2.5 Efficiency vs switching frequency of conventional and hybrid boost

converter.

D fsw (kHz) Conv. Boost n Hybrid Boost Ul n
0.1 70 96.00 99.63
0.2 60 85.71 99.82
0.3 50 74.92 99.84
0.4 40 69.25 99.80
0.5 30 65.30 99.92
0.6 20 60.86 99.96
0.7 15 56.47 99.95
0.8 10 51.53 99.92
0.9 5 45.58 99.95
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Figure 2.18 Efficiency vs switching frequency of conventional and hybrid boost

converter.
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Figure 2.19 Output voltage of conventional boost converter at D = 0.7.

30



Output Voltage (V) |

70 . 4

60 -

50 ~ -

40 - -

30 =

20 .

10 + -

0 : . .
0.19950 0.19975 0.20000

Time (sec)

Figure 2.20 Output voltage of hybrid boost converter at D = 0.7.

2.3.3 Hybrid Buck-Boost Converter

The diagrams of the conventional buck-boost converter and the hybrid buck-boost

converter for both down and up conversion are given below for comparison.

Y Y\

Lin Df

'—
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Figure 2.21 Conventional DC to DC buck-boost converter.

31



Df
/Y Y\ I g
1il
=Cl AD :l
vin - (%) S § Lbb == Co $ RL
0P Lc2
I
Figure 2.22 Hybrid DC to DC buck-boost down converter.
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Figure 2.23 Hybrid DC to DC buck-boost up converter.

Simulations are carried out for both the conventional and hybrid DC to DC converter
under similar conditions. The circuit parameters are: Vin = 12V, Lin = Lbb = 400uH,
C1=C2=Co=20pF, RL = 100Q. IGBT is taken as switch and an optimum switching
frequency of 40 kHz is selected. The efficiency improvements of the hybrid circuit over
the conventional buck-boost down converter are evident in results of Table 2.6 and

graphs of Figure 2.24.
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Table 2.6 Efficiency vs duty cycle of conventional and hybrid buck-boost down

converter.
D Conv. Buck-Boost 1 Hybrid Buck-Boost D1 n
0.1 65.93 64.63
0.2 79.11 91.90
0.3 84.87 94.30
0.4 88.02 96.35
05 91.67 97.89
0.6 95.28 99.89
0.7 97.27 97.69
0.8 98.71 84.44
0.9 98.89 74.20
120.00
100.00 = -
i N
. 80.00 — s
2 .
E 60.00
X 4000
20.00
0.00
0.2 0.4 0.6 0.8 1
Duty Cycle
Conv. Buck-Boost n = = = Hybrid Buck-Boost D1 n

Figure 2.24 Efficiency vs duty cycle of conventional and hybrid buck-boost down

converter.
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The efficiency improvements of the hybrid circuit over the conventional buck-boost up

converter are evident in results of Table 2.7 and graphs of Figure 2.25.

Table 2.7 Efficiency vs duty cycle of conventional and hybrid buck-boost up

converter.
D Conv. Buck-Boost 1 Hybrid Buck-Boost U1
0.1 65.93 66.37
0.2 79.11 79.89
0.3 84.87 88.31
0.4 88.02 93.09
0.5 91.67 95.84
0.6 95.28 97.59
0.7 97.27 98.59
0.8 98.71 99.17
0.9 98.89 99.27
120.00
100.00 —— ==
- =l===
> 80.00
§ //
L 60.00
e
X 40.00
20.00
0.00
0 0.2 0.4 0.6 0.8 1
Duty Cycle
Conv. Buck-Boost n = = = Hybrid Buck-Boost U1 n

Figure 2.25 Efficiency vs duty cycle of conventional and hybrid buck-boost up

converter.
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Study is also carried out to observe the variation of the efficiency with the change in
the switching frequency of the converters. The efficiency improvement of the hybrid
circuit over the conventional buck-boost down converter for different switching
frequency is evident in results of Table 2.8 and graphs of Figure 2.26. Typical output
voltage waveforms of the hybrid DC to DC buck converter is shown in Figure 2.27 and
2.28.

Table 2.8 Efficiency vs switching frequency of conventional and hybrid buck-boost

down converter.

D fsw (kHz) Conv. Buck-Boost 1 | Hybrid Buck-Boost D1
0.1 70 78.70 82.76
0.2 60 87.85 94.37
0.3 50 87.27 97.21
0.4 40 88.02 98.62
0.5 30 95.55 99.47
0.6 20 95.55 99.40
0.7 15 99.11 99.79
0.8 10 98.70 99.88
0.9 5 99.74 99.93
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Figure 2.26 Efficiency vs switching frequency of conventional and hybrid buck-boost

down converter.
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Figure 2.27 Output voltage of conventional buck-boost converter at D = 0.3.
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Figure 2.28 Output voltage of hybrid buck-boost down converter at D = 0.3.

Study is also carried out to observe the variation of the efficiency with the change in
the switching frequency of the converters. The efficiency improvement of the hybrid
circuit over the conventional buck-boost up converter for different switching frequency
is evident in results of Table 2.9 and graphs of Figure 2.29. Typical output voltage
waveforms of the hybrid DC to DC buck converter is shown in Figure 2.30 and 2.31.
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Table 2.9 Efficiency vs switching frequency of conventional and hybrid buck-boost

up converter.

D fsw (kHz) Conv. Buck-Boost 1 Hybrid Buck-Boost Ul
0.1 70 78.70 82.67
0.2 60 87.85 98.36
0.3 50 87.27 97.22
04 40 88.02 97.71
0.5 30 95.55 99.64
0.6 20 95.55 99.24
0.7 15 990.11 99.94
0.8 10 98.70 99.79
0.9 5 99.74 990.81
120.00
100.00 -~ e
N
N
> 80.00 S
g
E: 60.00
X 40.00
20.00
0.00
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Switching Frequency
Conv. Buck-Boost n = = = Hybrid Buck-Boost U1 n

Figure 2.29 Efficiency vs switching frequency of conventional and hybrid buck-boost

up converter.
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Figure 2.30 Output voltage of conventional buck-boost converter at D = 0.7.
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Figure 2.31 Output voltage of hybrid buck-boost up converter at D = 0.7.
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2.4 Discussions

From the simulation of all three types of hybrid DC-DC converter, it is evident that the
efficiency is better in the proposed circuits compared to the conventional ones. Thus
they can be used for further investigation for the AC-DC converter. Designing AC to
DC converter is not as simple as designing DC-DC converter, because it is not only the
conversion efficiency that has to be focused. The shape of the input current has to be
near sinusoidal reducing harmonics to a prescribed level. Also the input power factor
has to be close to unity. Again DC-DC converter can be used in AC-DC converter as
an intermediate stage between the bridge rectifier and the load. With increased stage
loss will also increase. Alternative to that can be designing single stage converter, which
can increase circuit complexity and higher component count due to alternating nature
of the source. Therefore topologies incorporating hybrid DC-DC converter and new
simpler topologies for single phase AC to DC conversion can be designed and analysed

to achieve better performance.
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Chapter 3
Conventional and Proposed Single Phase Step-up AC

to DC Converters

In this chapter, description of the working principle, open loop simulation and voltage
gain relation of the conventional and proposed single phase AC to DC step-up
converters are provided in section 3.1 through 3.8. The converter works in four stages.
Stage I: when the switch is closed during positive half cycle. Stage 11: when the switch
is open during positive half cycle. Stage 11l: when the switch is closed during negative
half cycle. Stage IV: when the switch is open during negative half cycle. The
input/output voltage relationship of the AC to DC converter is tricky to derive because
of the alternating nature of the input. The voltage relation has to be derived over line
frequency cycle, not just over a switching cycle as it is in the case of DC to DC
converters. It is important for understanding to compare the simulated values with the
theoretical values. The conventional and proposed converters are compared in terms

of conversion efficiency in section 3.9.

3.1 Conventional Output Switched AC to DC Boost Converter

The conventional single phase AC to DC boost converter has boost DC-DC converter
in between the bridge rectifier and the load. The two stage converter is shown in Figure
3.1.

D1 T D3 D
S
(- >
H '4 —
Vm@ H = Co g Ro

* D4 D6

Figure 3.1 Conventional output switched AC to DC boost converter.
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3.1.1 Principle of Operation

The four working stages of the conventional converter is illustrated in Figure 3.2, where

Figure 3.2 (a) and (b) are for switch ON and OFF condition during positive supply cycle

and Figure 3.2 (c) and (d) are for switch ON and OFF during negative cycle. When the

switch is ON during positive half cycle the boost inductor charges from the source

through the short circuit of the source. As the switch turns OFF, the source and the

inductor voltage forward biases the output diode and charges the output capacitor. Same

phenomenon takes place during the negative supply cycle as the output of the diode

rectifier has same polarity.
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Figure 3.2 Four steps of operation of the converter in Figure 3.1,
(a) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

3.1.2 Open Loop Simulation

The simulation of the circuit of Figure 3.1 with no feedback for PFC and input current
THD improvement is carried out with the parameters of Table 3.1. The results of the

simulation is given in Table 3.2.
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Table 3.1 Parameters of the converter of Figure 3.1.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
Capacitors,

Co 220 uF
Resistor,

Ro 100 Q

Table 3.2 Simulation results of the converter of Figure 3.1.

Voltage Vo Efficiency THD PFi

Gain

1.111 315.730 98.757 87.795 0.769
1.250 355.941 97.623 83.750 0.789
1.428 403.3 97.453 77.690 0.809
1.667 463.108 97.154 70.809 0.824
2.000 540.541 96.709 62.022 0.833
2.500 649.739 95.931 51.699 0.832
3.333 801.351 94.577 38.826 0.814
5.000 1018.80 91.596 43.325 0.785
10.00 1296.20 58.596 37.576 0.923
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3.1.3 Ideal Voltage gain Expression

The comparison of the theoretical and simulated voltage gain is shown in Table 3.3 for
an AC input voltage of 30Vp. Circuit diagram with voltage labels is shown in Figure
3.3.

L1

>

Vin@ Vorectav - Co Ro % Voav
. <

'fm #DG\E/ v

Figure 3.3 Conventional output switched AC to DC boost converter with voltage

I_ (73
IFT

I

|

labels for positive half cycle of operation.

The rectified average voltage after the conventional bridge is,

2V,

inmax

T

orectav

= Yimar ["sinode =
T 0

For DC-DC boost converter,

V it
orectav — V
(1 _ D) oav

Where, D = Duty Cycle= TTﬂ (1-D)= T‘_’l_i and T = Switching Frequency

Therefore the output voltage can be written as,

2V.
V — Inmax 31
oav 72_(1_ D) ( )
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Table 3.3 Average output voltage vs duty cycle of the converter of Figure 3.1.

Duty Cycle Voav (Theoretical) Voav (Simulation)
0.1 21.22 29.578
0.2 23.87 32.789
0.3 27.28 36.759
0.4 31.83 41.761
0.5 38.197 48.224
0.6 47.746 56.822
0.7 63.660 68.557
0.8 95.492 84.872
0.9 190.985 150.096

3.2 Diode-Capacitor Assisted Output Switched AC to DC Boost

Converter

The single phase hybrid AC to DC boost converter is derived from the idea of hybrid

DC to DC boost converter. In this proposed converter, the diode-capacitor network is

introduced instead of boost diode. The converter is shown in Figure 3.4. The circuit is
the adoption of hybrid DC to DC converter for AC to DC conversion [44].

>
i DI D3 D
s
- >
vm@ » c1 c2 =—c 2
[ <
? D4 D6 D
i<

L1

L2

Figure 3.4 Proposed diode-capacitor assisted output switched AC to DC boost

converter.
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3.2.1 Principle of Operation

The four working stages of the conventional converter is illustrated in Figure 3.5, where
Figure 3.5 (a) and (b) are for switch ON and OFF condition during positive supply cycle
and Figure 3.5 (c) and (d) are for switch ON and OFF during negative cycle. When the
switch is ON during positive half cycle the boost inductor charges from the source
through the short circuit of the source and the output capacitor charges from the hybrid
capacitor in series. As the switch turns OFF, the source and the inductor voltage forward
biases the output diodes and charges the hybrid capacitors in parallel. Same
phenomenon takes place during the negative supply cycle as the output of the diode

rectifier has same polarity.
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L1

Vin

(b)
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Figure 3.5 Four steps of operation of the converter in Figure 3.4,
(a) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

3.2.2 Open Loop Simulation
The simulation of the circuit of Figure 3.4 is carried out with the parameters of Table

3.4. The results of the simulation is given in Table 3.5.
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Table 3.4 Parameters of the converter of Figure 3.4.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 5mH, 2 mH
Capacitors,

C1,C2 10 uF

Co 220 pF
Resistor,

Ro 100 Q

Table 3.5 Simulation results of the converter of Figure 3.4.

Voltage Vo Efficiency THD PFi

Gain

1.111 316.824 97.012 77.662 0.787
1.250 354.387 96.983 71.718 0.775
1.428 402.703 96.918 66.545 0.829
1.667 464.752 96.761 60.505 0.845
2.000 545.117 96.398 54.461 0.864
2.500 646.125 95.838 45.553 0.852
3.333 805.638 94.614 35.145 0.827
5.000 1018.90 92.105 44.337 0.791
10.00 1290.80 67.804 36.531 0.921
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3.2.3 Ideal Voltage gain Expression

The comparison of the theoretical and simulated voltage gain is shown in Table 3.6 for

an AC input voltage of 30Vp. Circuit diagram with voltage labels is shown in Figure
3.6.

L1 12
Y Y >} Y Y\
{ D1 A D3 D +
s
>

. —— Ro
Vin Vorso = c1 2 == RoZ Ve

A D4 A D6 T D

ld

Figure 3.6 Proposed diode-capacitor assisted output switched AC to DC boost
converter with voltage labels for positive half cycle of operation.

The rectified average voltage after the conventional bridge is,

V0rectav = \MJ-”S“’] 6do = Z\/"‘ﬂ
T 0 T

For DC-DC boost converter,

~

1+ D)
Vorectav :Voav
(1-D)

Where, D = Duty Cycle= T%N (1-D)= T?I_i and T = Switching Frequency

Therefore the output voltage can be written as,

B 2(1+ D)VinmaX
oav 7[(1_ D) (32)
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Table 3.6 Average output voltage vs duty cycle of the converter of Figure 3.4.

Duty Cycle Voav (Theoretical) Voav (Simulation)
0.1 23.342 30.639
0.2 28.647 36.589
0.3 35.469 43.698
0.4 44.563 52.144
0.5 57.295 62.161
0.6 76.394 73.822
0.7 108.225 90.878
0.8 171.887 134.756
0.9 362.873 217.913

3.3 Input Switched Full-Bridge AC to DC Boost Converter

The high frequency switching can be done at the input side of the converter. The
converter works as high frequency chopper. The near sinusoidal chopped high
frequency current is improved easily by the boost inductor. The converter is shown in
Figure 3.7. During the positive half cycle as the switch turns ON and OFF the input
inductor is charged by the input voltage when the switch is ON and the output capacitor
is charged by the input voltage and inductor charge when switch is OFF. Same process
repeats during the negative supply cycle. The operation in four modes of the converter
is illustrated in section 3.3.1 (through Figures 3.8 (a) — 3.8(d))
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Figure 3.7 Input switched full-bridge AC to DC boost converter.
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3.3.1 Principle of operation

The four working stages of the conventional converter is illustrated in Figure 3.8.
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Figure 3.8 Four steps of operation of the converter in Figure 3.7,
(a) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

3.3.2 Open Loop Simulation

The simulation of the circuit of Figure 3.7 is carried out with the parameters of Table

3.7. The results of the simulation is given in Table 3.8.

Table 3.7 Parameters of the converter of Figure 3.7.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
Capacitors,

Co 220 pF
Resistor,

Ro 100 Q
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Table 3.8 Simulation results of the converter of Figure 3.7.

Voltage Vo Efficiency THD PFi

Gain

1111 320.110 97.806 87.984 0.770
1.250 357.542 97.636 83.750 0.789
1.428 404.278 97.441 77.675 0.810
1.667 463.903 97.115 70.857 0.820
2.000 543.102 96.668 61.970 0.832
2.500 650.634 95.915 51.733 0.831
3.333 804.189 94.571 38.913 0.812
5.000 1008.60 91.407 22.148 0.751
10.00 968.761 68.097 4.049 0.527

3.3.3 Ideal Voltage Gain Expression

The expression of ideal voltage gain of the input switched boost single phase AC to DC
converter is derived with the help of Figure 3.9
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Figure 3.9 Input switched full-bridge AC to DC boost converter with voltage labels
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D6

for positive half cycle of operation.

When switch is ON,
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When switch is OFF,

Vi =V =V

L in oint

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

G+ Tow t+DTgy t+Tqw
J v dt = I v, dt+ L (Viy = Voine )t

G 5 i +DTsw
Where, Voc - Vol - V02

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,

thﬂsw it —Zf DTswV dt+ZL+;STV:W ~ Vg )OIt (3.3)

_1|

Suppose,
Vine =Voinmax SIN (@t —6),)
Vi =Vimax SiN (=6,
From (3.3),

N ot +DTqy N ot +Tgy
ZL v, dt = —z; LDTSW (Viy = Vi ) It
n=

N +
ZJ.:I DTow Vi max Sin(a)t _gin)dt —

n=1

_if;w [Vipma SiN (@t =6, )dt =V, sin(wt—6,) |dt
n=1 T SW
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After Integration,

t;+DTgyy
_Vi”ﬂcos(a)t_ein)} =

w N

+Z[ —nmx. cos (ot — 6, )T”SW —i{—v

i+ Tow
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@ t,+ DTy
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n
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:MZ

0
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Using identity, cos A—cos B = 2sin A+B in B;A

N —f : iy . -6 - ) A
Zvinmax |:2$in a)ti Hm +a)t| +a)TSW Hm sin a)tl +a)TSW gn a)tl +9|n:|

~ o 2 2 -
. ot +oDT,, — 0.+t +ol., — 6
Or’ \ V 25|n i SW 0 i SW 0
Z ointmax 2
=R e ot + oly, — 0, —ot, —wDTy, +0,
2

56



N
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So the average output voltage Voav can be derived as,
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or, Vo, = %[—COS o],
AV
Or, Voay :ﬁ (3.4)

The comparison of the theoretical and simulated voltage gain is shown in Table 3.9 for
an AC input voltage of 30Vp. The simulated gain value deviates the ideal value
significantly after duty cycle 0.8. This is due to non-ideal behaviour of components

which is not considered in the expression obtained by theoretical methods.

Table 3.9 Average output voltage vs duty cycle of the converter of Figure 3.5.

Duty Cycle Voav (Theoretical) Voav (Simulation)
0.1 21.22 30.509
0.2 23.87 33.646
0.3 27.28 38.435
0.4 31.83 42.427
0.5 38.197 48.146
0.6 47.746 57.458
0.7 63.660 69.128
0.8 95.492 84.990
0.9 190.985 87.203

3.4 Diode-Capacitor Assisted Input Switched Full-Bridge AC to DC
Boost Converter

The input switched full bridge converter is designed by introducing two separate diode-
capacitor network, each for individual half cycle of line frequency operation. Though
the conduction and switching losses remain same, the circuit complexity of the
converter increases. The component count is also high. So the setup cost will also be

high. The proposed converter is shown in Figure 3.10.
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Figure 3.10 Proposed diode-capacitor assisted input switched full-bridge AC to DC
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converter.

3.4.1 Principle of Operation

The four working stages of the conventional converter is illustrated in Figure 3.11 (a)
to 3.11 (d). When the switch is ON, in the output stage the two intermediate capacitor
charges the output capacitor in series at their added voltage. When the switch is OFF,
the two intermediate capacitors are charged by the input source and inductor voltage.
Similar action takes place during negative half cycle. The intermediate capacitors
charging in parallel and the boost voltage has additional voltage boost at the output
capacitor as they discharge in series to the output capacitor.
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Figure 3.11 Four steps of operation of the converter in Figure 3.10,
(a) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

3.4.2 Open loop Simulation

The simulation of the circuit of Figure 3.10 is carried out with the parameters of Table

3.10. The results of the simulation is given in Table 3.11.

Table 3.10 Parameters of the converter of Figure 3.10.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 5mH
L3, L4 0.5 mH
Capacitors,

C1-Cé 22 uF
Co 220 uF
Resistor,

Ro 100 Q
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Table 3.11 Simulation results of the converter of Figure 3.10.

Voltage Vo Efficiency THD PFi

Gain

1.111 320.539 97.405 66.864 0.836
1.250 355.822 97.373 40.686 0.923
1.428 403.260 97.301 22.585 0.973
1.667 464.134 97.138 15.479 0.837
2.000 543.825 96.740 10.477 0.987
2.500 651.011 96.208 7.742 0.978
3.333 804.340 94.969 9.6169 0.952
5.000 1007.00 92.147 16.283 0.892
10.00 1105.2 74.044 21.808 0.837

3.4.3 Ideal Voltage Gain Expression

The comparison of the theoretical and simulated voltage gain is shown in Table 3.12

for an AC input voltage of 30Vp. The average output voltage of the converter of Figure

3.10 can be derived according to Section 3.3.3 as,

Where, D = Duty Cycle= T;;N (1-D)= TOTi and T = Switching Frequency.
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Table 3.12 Average output voltage vs duty cycle of the converter of Figure 3.10.

Duty Cycle Voav (Theoretical) Voav (Simulation)
0.1 23.342 31.508
0.2 28.647 37.930
0.3 35.469 44.774
0.4 44.563 52.960
0.5 57.295 63.999
0.6 76.394 75.814
0.7 108.225 90.302
0.8 171.887 100.298
0.9 362.873 96.841

3.5 Input Switched Half-Bridge AC-DC Boost Converter

The converter is designed from the conventional input switched converter. Half of the

output bridge is replaced by splitting the output capacitor into two. Each of the capacitor

is charged in each half cycle. The output voltage is the summation of the two voltages

across the two capacitors. The converter is shown in Figure 3.12.
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Figure 3.12 Input Switched half-bridge AC to DC boost converter.
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3.5.1 Principle of Operation

The four working stages of the conventional converter is illustrated Figure 3.13. In these
circuits, when switch is ON during positive half cycle, input inductor is charged from
the source through shorted switch. And during the OFF period of the switch input
source and inductor voltage charges the upper output capacitor at boost voltage. Same
actions takes place as the switch turns ON and OFF during negative supply cycle. But

this time bottom output capacitor charges to the boost voltage.
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Figure 3.13 Four steps of operation of the converter in Figure 3.12,
(@) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

3.5.2 Open loop Simulation

The simulation of the circuit of Figure 3.12 is carried out with the parameters of Table

3.13. The results of the simulation is given in Table 3.14.

Table 3.13 Parameters of the converter of Figure 3.12.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
Capacitors,

C1,C2 220 uF
Resistor,

Ro 100 Q
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Table 3.14 Simulation results of the converter of Figure 3.12.

Voltage Vo Efficiency THD PFi

Gain

1111 578.147 97.891 66.794 0.800
1.250 661.455 97.584 60.530 0.847
1.428 757.148 97.201 53.435 0.887
1.667 866.622 96.688 45.318 0.913
2.000 987.938 95.883 36.429 0.918
2.500 11155 94.451 26.327 0.887
3.333 1228.9 91.216 15.068 0.806
5.000 1059.3 66.078 4.667 0.670
10.00 580.104 30.418 6.7776 0.413

3.5.3 Ideal Voltage Gain Expression

Ideal voltage gain expression of the input switched AC to DC converter with split
output capacitor is derived with help of Figure 3.14.
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Vin C'? IXT $

Figure 3.14 Input Switched half-bridge AC to DC boost converter with voltage labels

for positive half cycle of operation.

When switch is ON,



When switch id OFF,
VL :Vin _Voc

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

t+Tow t+DTgy t+Tqy
I v dt = j v, dt+ Jl (Viy =V, ) it

G f; i+DTsy
Where, Vo, = Vg =V,

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,

Z IHTSW it — Z IHDTSW v dt+2jt'+DsT“:W )t (3.6)

Suppose,

Voe =V, SN (=6

Vi =Vimax SiN (=6,

In Inmax

From (3.6),

ZJ-t i +DTsw dt _ Z'Lt:;:,:w dt

_11

i .[:HDTSW meax sin (wt - ein ) at =

Or, n=t
N +lsw - .
—ZL " sin(ot—6,)dt -V, sin(ot—0,)]dt

+DT |nmax
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After Integration,

N V t;+DTgy
Z{—Mcos(a}t—@n)} =

n=1 w t

ﬁ;[_

V t+Tow N
—inmax cos(a)t—ﬁm)} —Z[—

@ t+DTg, =l

G+ Tow
\mcos(a)t - 00)}

@ t,+DTqy

n w n

I
LN

N N
Z[ nmex 005 (@t; + DTy, — 9,,1)}2{ —nmex cos (wt; — )}

Or,

Mz

in
@ n

1
V, LV
—max cos(at; + Ty, —6,) |- D[ -~ cos(wt, + DTy, —6,,)

0

=1
N
Z{ omex cos (et + wlgy —6,) i|+ { omex cos (ot + DTy, — 6, )}
n n=.

N N
Z[ inmax CoS Cl)t _9_ )}_Z[\MCOS(WE +COTSW _ein )j| =
=1

Or, n n=1 W

N N
Z[ omex cos (wt; + wDTgy — 60)}—2{\/"ﬂcos(wti + Ty, —0 )}

0
n=1 =l @

ZN:meax [ cos(eot, -6, ) —cos(at, +aTy, —6,)]=

V

—omax [ cos (et + wDTg, —6,)—cos(at, + &Tg, —6,)]
w

Or,

=] =]
i Mz
X

Using identity, cos A—cos B = 2sin A; BsinB=A

2

N —A : iy . -6 - ) A
Zvinmax |:2$in a)ti Hm +a)t| +a)TSW Hm sin a)tl +a)TSW gn a)tl +9|n:|

~ 2 2 -
.ot +wDTy, -0, + ot + ol -0,
Or, \ 2sin Sw 02 Sw 0
a O | Gn ot + oly, — 0, —ot, —wDTy, +0,
2
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n=1

N
D Vi {sin [a)ti -0, + a)-gsw ]sin a)-;SW } -

or, N 1+ D)wT 1-D)aT
D Vo {sin(a)ti —00+( + D)o Jsin( ~D)o SW:I
n=1 2 2
Sina)TJ N T
1_ D2 T szinmax |:S|n(60t —9 =+ ZSW jj|_
or, sin( 2)(‘) sw o n=L

N
Zvomax l:Sin (a)ti -0, +%II

n=1

1+ D)ol
Using identities, Im%—l and i. a’TZSW 0 as Tgy =0 ii. (L+D)aly,

-0 as
T,, =0
ol "
Or, mx;vm [Sln wt, — ] nz o [Sln wt -6 )]
2
Or, !

(1_ D) X%meax [Sin (wti —0, )] = %Vomax [Sin (a)ti -0, )]

or, nzzllvomax [sin(at,—6,)]|= (1—1D) X nzhillvinmax [sin(at,—6,)]

Thus the average output voltage can be found as,

Vouy = %J'Oﬁ 2%V, sin6de ; Vo=Voc+Voc

oV, = jjo \I"‘—mgsin 0do

OF, Vo =22 [sin gd 0

7r(l— D)
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T
0

Or, Vouy = M[—COS 6]

7(1-D)

4V,
Inmax (3 . 7)

Or, Vouy = ~(1-D)

The comparison of the theoretical and simulated voltage gain is shown in Table 3.15

for an AC input voltage of 30Vp.

Table 3.15 Average output voltage vs duty cycle of the converter of Figure 3.12.

Duty Cycle Voav (Theoretical) Voav (Simulation)
0.1 42.44 57.080
0.2 47.74 64.803
0.3 54.56 73.510
0.4 63.66 83.286
0.5 76.394 92.788
0.6 95.492 104.528
0.7 127.32 113.285
0.8 190.984 103.933
0.9 381.97 54.311
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3.6 Modified Input Switched AC to DC Boost Converter

The proposed converter is designed by moving the switch in between the diode bridge.

The split output capacitor is used to step the voltage even higher. The proposed circuit

is shown in Figure 3.15.

Vin

$Ro

L1
4>=;
D3 D — C1
D1 S
-
M ®
A D4
L2 D6 D — C2
| 7Y Y\ —— |

3.6.1 Principle of Operation

Figure 3.15 Proposed modified input switched AC to DC Boost Converter.

The four working stages of the conventional converter is illustrated in Figure 3.16 (a)-

(d). Figures 3.16 (a) and (b) show the charging of upper inductor path when the switch

is ON and charging of upper output capacitor when the switch is OFF (at input source

and upper inductor voltage). Figure 3.16 (c) and (d) show the charging of lower inductor

during switch ON in the negative half cycle and the charging of lower output capacitor

by the input source and lower input inductor voltages.
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Figure 3.16 Four steps of operation of the converter in Figure 3.15,
(a) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency
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3.6.2 Open Loop Simulation

The simulation of the circuit of Figure 3.15 is carried out with the parameters of Table

3.16. The results of the simulation is given in Table 3.17.

Table 3.16 Parameters of the converter of Figure 3.15.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 5mH
Capacitors,

C1,C2 220 uF
Resistor,

Ro 100 Q

Table 3.17 Simulation results of the converter of Figure 3.15.

Voltage Vo Efficiency THD PFi

Gain

1.111 577.410 98.135 66.889 0.806
1.250 660.552 97.853 60.628 0.849
1.428 756.072 97.493 53.514 0.887
1.667 865.358 96.996 45.426 0.913
2.000 986.829 96.232 36.533 0.917
2.500 1114.6 94.803 26.429 0.886
3.333 1228.9 91.590 15.179 0.806
5.000 1128.2 66.341 7.458 0.753
10.00 733.786 27.259 17.216 0.687
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3.6.3 Ideal Voltage Gain Expression

The comparison of the theoretical and simulated voltage gain is shown in Table 3.18
for an AC input voltage of 30Vp. The proposed converter with voltage labels to derive

the average output voltage is shown in Figure 3.17.

L1
—p—
+ Vg - +
H * p3 p 1 é: Ve
D1 S - +
|
Jq —e o Ro § Vo
A D4 +
L2 A D6 D Q2 ==V,
L~ P L T
L]
+ VLZ -

Figure 3.17 Proposed modified input switched AC to DC Boost Converter with
voltage labels for positive half cycle of operation.

When switch is ON,

When switch id OFF,

Vi, =V. -V

L1 in oc

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

J':i oy dt = I:i+DTSW v, dt + I e (Viy =V, ) dt

i i ti+DTgy

Where1 Voc :ch :Vcd
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The volt-sec balance over a line frequency period will be zero. For full supply cycle of
N switching per period,

ZJ‘ i+Tsw let _ ZJ-t i +DTsw V dt +Zj~t +Tow dt (38)

1 ot +DTSW
Suppose,
Voc :Vomax sin ((()t _00)

Vi =Vimax SiN (=6,

Inmax

From (3.8),

th+DTSW dt B ZJ.::TV:W

_1'

N t;+DTgy .
th Ve SIN (0t — 0, ) dt =
Or, n=1""

ij.t :;STW I: inmax sin (a)t _ein)dt _Vomax sin (a)t —00 ):I dt

n=1
After Integration,

t;+DTgy

ZN:{—V"]%COS(Q)'[—Q”)} -

n=1 t
N G+ Tow N V f+Taw
+Z[ —ecos(wt -6 )} —Z[——‘m” cos(a)t—eo)}

t+DTg,  n=l w {+DTy,

N N
Z|:V|nma>< COS(C()t +a)DTSW Qm )j|+Z|: Jinmax_qg C()t 9 ):|

@ n

=1
N N V
Or, ZI: in max CcOoS a)t +0)TSW :| Z{ Zinmax ~ng a)t +0)DTSW gin )}

n
N
Z{ o c0s (@t + @l —6), }r
n

0

=1
\Y
{ oM. cOS a)t +wDTg, -6, )}

n=
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Or,

Or,

n

>

n=1

[
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N

2.

n=1

0

n

§ -
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N V

2:1: i

: )
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@
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= o 2 2
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1+ D)ol
Using identities, Im%—l and i. “’TZSW 0 as Tgy 20 ii. M—)O as
T,, =0
ol )
2
or, —=—x meax sin (ot — Ve | SN (a0t -6,
2
N
or, L XD Vima [ SIN (@, = 6,) | = Z omax | SIN (0, = 6,) ]
(1_ D) n=1
N 1 N
or, D Vo [sin(at,—6,)]= XD Vioma [ SiN (2t =6, |
n=1 (l_ D) n=1
Thus the average output voltage can be found as,
Vou == [ 2V, sin 040 : Vo=Voc+Voc
7 70
2 Vinmax H
OI‘ VOAV == 71--[0 ESII’] t9d9
2V, T .
Or, Vo, =~ (ﬁ“as ) [ sinedo
2V, ,f
or, Vouy :#_mg)[—cos 0],
VA
Vg, = ——mme 3.9
Or’ OAV 72'(1— D) ( )
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Table 3.18 Average output voltage vs duty cycle of the converter of Figure 3.15.

Duty Cycle Voav (Theoretical) Voav (Simulation)
0.1 42.44 55.637
0.2 47.74 62.913
0.3 54.56 70.940
0.4 63.66 79.625
0.5 76.394 88.507
0.6 95.492 96.470
0.7 127.32 100.840
0.8 190.984 96.089
0.9 381.97 65.871

3.7 Input Switched Coupled Capacitor Full-Bridge AC to DC Boost

Converter

The converter is designed by introducing coupling capacitor to the boost configuration,

which provided additional charging to the output capacitor thus maintains high voltage

in relatively small duty cycle. The proposed converter also has limited step-down

capability. Load isolation is also available due to coupling capacitor. The proposed

converter is shown in Figure 3.18.
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Figure 3.18 Proposed input switched coupled capacitor full-bridge AC to DC boost

converter.
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3.7.1 Principle of Operation

The four working stages of the conventional converter is illustrated in Figure 3.19.

When the switch is ON during positive supply cycle, the inductor charges from the

supply voltage and the intermediate capacitor charges the output capacitor through the

switch and the two forward biased diodes of the output stage. When the switch is OFF,

source and the inductor voltage charges the intermediate and output capacitor equally

in series. Same operations happen when switch turns ON/OFF during negative supply

cycle.
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Figure 3.19 Four steps of operation of the converter in Figure 3.18,
(a) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

3.7.2 Open Loop Simulation

The simulation of the circuit of Figure 3.18 is carried out with the parameters of Table

3.19. The results of the simulation is given in Table 3.20.
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Table 3.19 Parameters of the converter of Figure 3.18.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
Capacitors,

Co 220 uF

C 22 UF
Resistor,

Ro 100 Q

Table 3.20 Simulation results of the converter of Figure 3.18.

Voltage Vo Efficiency THD PFi

Gain

1.111 152.690 95.535 92.919 0.635
1.250 175.697 96.395 110.43 0.649
1.428 201.279 96.605 126.69 0.644
1.667 234.544 96.473 119.51 0.639
2.000 280.825 95.508 107.36 0.638
2.500 367.002 93.288 82.174 0.682
3.333 527.742 89.664 57.778 0.790
5.000 809.266 82.668 34.311 0.934
10.00 1087.50 61.012 8.0458 0.922
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3.7.3 Ideal Voltage Gain Expression

Ideal voltage gain expression of the proposed circuit is derived with help of Figure 3.20.

D3

D6

Figure 3.20 Proposed input switched coupled capacitor full-bridge AC to DC boost
converter with voltage labels for positive half cycle of operation.

Assume,

V. sinwt

in :Vinmax
V, =V, SIN O

V, =V, e SiN 0t

(o]

V. =V sinawt

int — Vintmax

When switch is ON,

When switch is OFF,

V =V, -V

in oint

; Where V,;,, =V, +V,

0

V. =V

¢ oint ~ Vo
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For one generalized switching cycle,

ti+Tow t;+DTgy ti+Tow
I v dt = j v, dt + I (Vin — Voine ) 0t
t; t t;+DTgy

Volt-sec balance over one supply frequency cycle (50Hz or 60Hz) is equal to zero. If

Ts,, = NTg, , where N is the switching per cycle. Thus over a supply frequency cycle,

Jaic ()= v (1)-

N ti+Tsw N ti+DTsy ti+Tsw

> | vdt=0=>" | vdt+z [ (Vi = Vo )t

=l i=l i=1 t, +DTgy

t+Tow t+Tow

f -nmaxdt+2 f Vinmax SIN@t =V, sm(a)t—e))dt:o

ointmax
i=l ,+DTgy

After integration,

i=1

N V t+DTgy N \V i+ Tow
Z[_ e coswt} +Z{ —oecosak + = cos(et~6)| =0
; a

ti : w t+DTgy
Which leads to,
Y Vi
_ Jinmax ~ng a)(tl + DTSW )+ —NM&X cos a)ti
) w
vy v
Z _ Vinmax COSCO(ti +TSW)+MCOSQ)(ti +DTSW) =0
i1 @ @
Vointmax Vointmax
+——>C0S (a)ti +olg, — 0) —— "~ C0s (a)ti +@DTgy - 0)
W w

Rearranging the following can be obtained,

N
= V—af)“{coswt —coso(t, +Tgy )} =

. (3.10)
> Vointmax {cos (@t + DT —0)—cos(at; + @y, —6‘)}

i=1
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Using following identity

A+B . B-A
sin >

cos A—cos B =2sin

Equation (3.10) can be written as,

& ot + ot +olg, . ot +olg, — o,
Z_V ZSIna)l wr a)SWSIna)l Wlgy —@4

— inmax 2 2
9 sin ot + wDTg,, — 0+ at, + 0Ty, —HX

i _Vo intmax 2

Y sin ot + oly,, —0—ot, —wDTy, +60
2

Which can be written as,

N
Zvinmax Sin(a)ti +aﬂ%jsin[aﬂ-sw j:

i=1 2
N J—
2 Vointmax sin{(a}ti —9)+m}in{%}
i=1 2 2
Which can be written as,
. ol
sin—=%
e Zvinmax Sin(a)ti + a)TSW j =
sinm i=1 2
2

i=1

N
ZVOintmax sin |:(a)t| - 9) + %}

Which can be written as,
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.ol
sin—3W
2 ><a)TSW
o (3.11)
2
V., sin| ot +
i (1_D)a)Tsw IZ_;, inmax [a) ]
Sin (1_D)G)TSW
X
(1-D)aTy, 2
2
1+ D)ol
eing identities “m%e_l and 1. -; —0 as Tg, =0 ii. M-)O as
Ty =0
1+ DT 0
z 0|ntmaxsln|: _9)+( + SW)(UX }
2
ol

N
Or, V sin| (et —@) |=———— > V.____sin(ot
Z ointmax [( i )} 1_ D) Z inmax ( |)
Which is an expression of boost voltage gain when maximum voltages of input/output

sine waves are related by-

1
V.. =—V.

ointmax Inmax
1-D

Viint is divided between C and the output capacitor (during OFF times of positive half

cycle) equally due to high frequency switching and/or assumed equal small capacitors.

Therefore,

\V} :l.v_ zl._vi
2 2 1-

omax ointmax
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So,

VOAV =

1 1V,
V. — — . _inmax .
2(1_ D) inmax T (3 12)

SRS

The comparison of the theoretical and simulated voltage gain is shown in Table 3.21

for an AC input voltage of 30Vp.

Table 3.21 Average output voltage vs duty cycle of the converter of Figure 3.18.

Duty Cycle Voav (Theoretical) Voav (Simulation)
0.1 15.915 13.691
0.2 17.904 15.912
0.3 20.463 18.429
0.4 23.873 21.623
0.5 28.648 26.143
0.6 35.810 34.452
0.7 47.746 49.783
0.8 71.620 75.767
0.9 143.239 101.690

3.8 Input Switched Coupled Capacitor Half-Bridge AC to DC Boost
Converter

The proposed converter is designed by introducing coupling capacitor in between the
input switch and output half-bridge. The output capacitors get addition charge during
Ton of the switching period and thus have additional step-up capability. The converter

is shown in Figure 3.21.
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Figure 3.21 Proposed input switched coupled capacitor half-bridge AC to DC boost

3.8.1 Principle of Operation

converter.

The four working stages of the conventional converter is illustrated in Figure 3.22.

When the switch is ON during positive supply cycle, the inductor charges from the

supply voltage and the intermediate capacitor charges the lower output capacitor

through the switch and the lower forward biased diode of the output stage. When the

switch is OFF, source and the inductor voltage charges the intermediate and upper

output capacitor equally in series. Same operations happen when switch turns ON/OFF

during negative supply cycle.
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Figure 3.22 Four steps of operation of the converter in Figure 3.21,

(@) circuit when the switch is ON during positive half cycle

(b) circuit when the switch is OFF during positive half cycle

(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.
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3.8.2 Open Loop Simulation

The simulation of the circuit of Figure 3.21 is carried out with the parameters of Table

3.19. The results of the simulation is given in Table 3.20.

Table 3.22 Parameters of the converter of Figure 3.21.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
Capacitors,

Col, Co2 220 uF

C 22 UF
Resistor,

Ro 100 Q

Table 3.23 Simulation results of the converter of Figure 3.21.

Voltage Vo Efficiency THD PFi

Gain

1.111 251.888 81.172 64.747 0.816
1.250 296.276 84.312 67.249 0.833
1.428 341.113 85.628 58.344 0.871
1.667 396.912 86.065 44.195 0.912
2.000 473.365 85.387 31.231 0.944
2.500 583.010 83.119 22.425 0.969
3.333 741.282 78.684 15.651 0.989
5.000 934.680 69.120 8.1249 0.970
10.00 819.164 40.082 1.9483 0.714
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3.8.3 Ideal Voltage Gain Expression

Ideal voltage gain expression of the proposed circuit is derived with help of Figure 3.23.

_ Y Y )
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D D -
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| >} >} | +
v,
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Figure 3.23 Proposed input switched coupled capacitor half-bridge AC to DC boost
converter with voltage labels for positive half cycle of operation.

Assume,
Vi =V, Sinat
V, =V, Sinot
V, =V, SiN
Vi = Vi ma SIN O
When switch is ON,
v, =V, -0
Vv, =V,
When switch is OFF,
VL = Vin = Voint ; Where Vo =V, +V,
Ve = Voine = Vo
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For one generalized switching cycle,
ti+Tow t;+DTgy ti+Tow

Idetz j v, dt + I (Vin — Vi ) 0t

t; t; t;+DTgy

Volt-sec balance over one supply frequency cycle (50Hz or 60Hz) is equal to zero. If

TSup =NTg, , where N is the switching per cycle. Thus over a supply frequency cycle,

Jdic ()= v (©)=0

N G+Tsw N Gi+DTsw ti+Tsw
> j vdt=0=>" I v, dt+z I Vip — Voin ) Ot
i=l =1 i=l t,+DTgy,
t+TSW i +Tow
I V, o dt +Z _[ Vinmae SNt =V sin(ot —6))dt =0
i=l g i=l 1+ DTy

After integration,

N V t;+DTgy N V t+Tow
Z{——‘”mﬂx cos a)t} +Z{ —mX oS @t + —2MEX Cos (ot — 0)} =0

@ b i @ t+DTy

Which leads to,

V. V.
— -2 cos o (t; + DT, ) +—""2 oS ot
@

w
- Vin max Vinmax
> 7cosw(ti +TSW)+7cosw(ti +DTy, ) =0
i=1

4 Vointmax 5 (oot + T, —6) _Vointmax 5 (ot + @DTg, —0)
w w

Rearranging the following can be obtained,

i \%{coswt —coso(t +Tgy )} =

N (3.13)
Z omtmax {COS a)t +a)DT 9) COS((t)ti +CUTSW —9)}

i=1
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Using following identity

cos A—cos B = 2sin AZB sin B;A

Equation (3.13) can be written as,

ZN: v : a)t + ot + oy, sin ot + Ty, — ot
- |nmaX 2
i=1

ZN: Ry sin b + DTy, —0+ ot + 0Ty, —0 in % + Ty, —0—ot, —wDTg, +0
OlntmaX

i=1 2 2

Which can be written as,

N
D Vinmax SiN| @t; + =% OTsw Vsin[ PTsu |
2 2

i=1

Zo.mmaxsm{ —9)+%}m{%}

Which can be written as,

sin —3W N T
2 D Vinma SiN| 0ty +—2 | =
Sin(l_D)a’Tsw i-1 2

N
Zvointmax sin |:(a)t| — 6) + %}
i=1

Which can be written as,

ZN:V - sin{(a,t_ —6)+ (1+ DTy ) @Tg, } _

i1 5
o OTgy
Sin . a)TSW
@ 2 .
; o
i (1_ D)a)TSW iZzl:vinmax Sm((t)ti + 5 j
o (1_ D)C’)Tsw
X
(1_ D)a’Tsw 2
2
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Using Im%—l and as TSW -0 equation (3.14) reduces to,

olg,

v, (1+DTg, )ox0 | 2 N , wx0

Z inmax SIN| (@t —6)+ ) —(1 D)ar,, Iz:l:vmmax sin a)ti+—2
2

N

Or, Z ntmax SIN| (@t — ] ZmeaX sin(at;)

i=1

Which is an expression of boost voltage gain when maximum voltages of input/output

sine waves are related by-

1

ointmax Inmax
1-D

Vit divides between C and upper output capacitor during OFF times (of positive half

cycle) equally due to switching /and assumed equal small capacitors

Voupper during positive half cycle charges to maximum peak —% ﬁmeax
Mean-while lower capacitor charges at = %'%'ﬁvinmax also during OFF time at

Combined capacitor voltage across load is therefore full wave rectified wave of having

maximum of l'ivinmax +1'Lvinmax = §'Lvinmax
2 1-D 4 1-D 4 1-D

32 1 3V
Vo, =22~ v = —inmax. 3.14
O T4 7 1-D ™ 27 1-D (3.14)

The comparison of the theoretical and simulated voltage gain is shown in Table 3.24

for an AC input voltage of 30Vp.
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Table 3.24 Average output voltage vs duty cycle of the converter of Figure 3.13.

Duty Cycle Voav (Theoretical) Voav (Simulation)
0.1 21.221 23.044
0.2 23.873 27.275
0.3 27.284 31.607
0.4 31.831 36.962
0.5 38.197 44,167
0.6 47.746 54.552
0.7 63.661 69.489
0.8 95.493 87.586
0.9 190.985 77.068
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3.9 Comparison of Conversion Efficiency

The comparison among the conventional and the proposed converters in terms of conversion efficiency are shown in Table 3.25. The

corresponding curves are shown in Figure 3.24.

Table 3.25 Comparison of Single phase AC-DC Boost Converters.

Average Conventional | Diode-Capacitor Input Diode-Capacitor Input Modified Input Input
Output Output Assisted Output | Switched Assisted Input Switched Input Switched Switched
Voltage Voav |  Switched Switched Full-Bridge Switched Full- Half-Bridge | Switched CCFB CCHF
Bridge
350 97.978 97.159 97.651 97.487 - - 93.824 85.688
400 97.487 96.995 97.487 97.323 - - 92.616 86.049
450 97.159 96.804 97.159 97.159 - - 91.339 85.493
500 96.995 96.64 96.995 96.995 - - 90.144 84.767
550 96.64 96.476 96.476 96.804 - - 89.076 83.840
600 96.312 96.148 96.149 96.476 97.815 98.143 87.686 82.354
650 95.984 95.821 95.984 96.149 97.651 97.979 86.452 81.272
700 95.493 95.493 95.493 95.821 97.487 97.815 84.967 79.904
750 94.974 95.137 94.974 95.329 97.323 97.651 83.051 78.341
800 94.482 94.646 94.482 94.81 96.995 97.323 80.636 75.863
850 93.827 94.154 93.827 94.318 96.64 96.995 78.012 73.384
900 92.816 93.307 92.652 93.307 96.476 96.804 74.959 70.905
950 90.986 91.969 90.658 91.641 96.148 96.476 71.627 67.510
1000 88.473 89.975 86.971 88.801 95.657 95.984 67.739 58.886
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Figure 3.24 Comparison of AC to DC boost converters in terms of conversion

efficiency.

3.10 Discussions

The simulated values of the voltage gain of all the converters are observed to deviate
from the theoretical values at high duty cycles, this is due to inductors internal

resistance and non-ideal behaviour of the switching components of the circuit.

All three proposed converters show better conversion efficiency compared to
corresponding conventional ones at extreme high voltage gain which is the major
objective of the research. The THD of the conventional output switched and diode-
capacitor assisted output switched converter is high and they offer moderate PF. For
input switched full-bridge converter THD is high and PF is low. Diode-capacitor
assisted input switched full-bridge offer satisfactory THD and PF in the mid-range of
duty cycle. Input switched half bridge converter shows high THD and satisfactory PF
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(in the mid-range of duty cycle). Modified input switched converter shows high THD

and satisfactory PF.

All the converters (conventional and proposed) to have better conversion efficiency will
be investigated incorporating PFC feedback control. The feedback will keep the input
current THD within limits (under 20%). The converters also need to have regulated
output voltages. Investigation of all the proposed single phase AC to DC converters are

presented in chapter 4.
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Chapter 4
Investigation of Step-Up Converters with Feedback

The proposed single phase AC to DC step-up converters are subjected to study with
feedback control. Both voltage and current control are considered for the simulation.
The objective of the investigation is to improve input power factor and reduce total
harmonic distortion of the input current. The study is also done for sudden change in

load to see the dynamic response of the converter.
4.1 Modified Input Switched AC to DC Boost Converter

4.1.1 Feedback Analysis

The proposed modified input switched AC-DC converter with feedback control is
shown in Figure 4.1. The parameters used for the simulation of the converter is given
in Table 4.1. The results of the simulation with reference voltage variation is given in
Table 4.2. Typical waveform of the circuit is shown in Figure 4.2. It is evident from the
figures that the output voltage changes with the variation in reference voltage while

keeping THD within tolerable limit and almost unity power factor.
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Figure 4.1 Modified input switched AC to DC boost converter with feedback control.

98



Table 4.1 Parameters of the circuit of Figure 4.1.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 5mH
Capacitors,

C1,C2 330 uF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.002
Gain of Current Sensor

ISEN1 0.25

Table 4.2 Simulation results of the circuit of Figure 4.1.

Ref Vin lin Vo Input Current | Power Input
(peak) (RMS) (Avg) THD Factor Power
45 300 23.118 | 663.040 12.098 0.991 4.8600k
6.0 300 31.987 | 791.825 9.561 0.995 6.7529k
7.5 300 40.307 | 872.186 16.639 0.984 8.4161k
9.0 300 48.459 | 939.960 18.388 0.977 10.043k
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Figure 4.2 Typical input-output waveforms of the circuit of Figure 4.1.

4.1.2 Dynamic Response

To test the voltage regulation and the dynamic response of the proposed circuit with
feedback control, the controller was set with the reference voltage to provide 935 Vdc
output with a resistive load of 150 Q. Simulation of the circuit is carried out with sudden
load changes to 100 Q at 250ms, 120 Q at 450ms and 200 € at 650ms of the simulation
time, which is given in Table 4.3. The circuit parameters are given in Table 4.4. The
simulation result showing the variation of output voltage and input current for the
circuit of Figure 4.3 is shown in Figure 4.4. It is evident from the waveforms that due
to feedback control the output voltage of the converter remains almost constant with
the change of load while the input current changes to meet the load demand.
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Figure 4.3 Modified input switched AC to DC boost converter for dynamic analysis.

Table 4.3 Changes in load for Figure 4.3.

Time (ms) Load (Q)
0-250 150
250-450 100
450-650 120
650-900 200
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Table 4.4 Parameters of the circuit of Figure 4.3.

Nominal input ac source voltage, V1 300V Peak

Line frequency, f 50 Hz

Switching Frequency, fs 5 kHz

Inductors,

L1, L2 10 mH

Capacitors,

C1,C2 330 uF

Resistor,

Ro 300 Q

Rol, Ro2, Ro3 300 Q, 600 ©, 300 Q
Gain of Voltage Sensor

VSEN1 0.0033

VSEN2 0.00167

Gain of Current Sensor

ISEN1 0.133

Time

t1, t2, t3 250 ms, 450 ms, 650 ms
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Figure 4.4 Typical waveforms of output voltage and input current for load change of

the circuit of Figure 4.3.

4.2 Input Switched Half-Bridge AC to DC Boost Converter

4.2.1 Feedback Analysis

The input switched half-bridge AC-DC converter with feedback control is shown in
Figure 4.5. The parameters used for the simulation of the converter is given in Table
4.5. The results of the simulation with reference voltage variation is given in Table 4.6.
Typical waveform of the circuit is shown in Figure 4.6. It is evident from the figures
that the output voltage changes with the variation in reference voltage while keeping

THD within tolerable limit and almost unity power factor.
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Figure 4.5 Input switched half-bridge AC to DC boost converter with feedback

control.

Table 4.5 Parameters of the circuit of Figure 4.5.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
Capacitors,

Cl,C2 220 uF
Resistor,

Ro 100 Q
Gain of VVoltage Sensor

VSEN1 0.0033
VSEN2 0.002
Gain of Current Sensor

ISEN1 0.25
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Table 4.6 Simulation results of the circuit of Figure 4.5.

Ref Vin lin Vo Input Current Power Input
(peak) (RMS) (Avg) THD Factor Power
3.0 300 16.362 | 477.193 42.191 0.862 3.0723k
5.0 300 25.718 | 655.337 14.870 0.988 5.3925k
7.0 300 37.365 | 795.890 14.477 0.989 7.4831k
9.0 300 48.664 | 913.165 16.133 0.983 10.156k
1000 ' - l

= = |nput Voltage (V)
= nput Current (A)

T
0.20

Time (sec)

Figure 4.6 Typical input-output waveforms of the circuit of Figure 4.5.
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4.2.2 Dynamic Response

To test the voltage regulation and the dynamic response of the circuit with feedback
control, the controller was set with the reference voltage to provide 1200 Vdc output
with a resistive load of 150 Q. Simulation of the circuit is carried out with sudden load
changes to 100 Q at 250ms, 120 Q at 450ms and 200 Q at 650ms of the simulation
time, which is given in Table 4.7. The circuit parameters are given in Table 4.8. The
simulation result showing the variation of output voltage and input current for the
circuit of Figure 4.7 is shown in Figure 4.8. It is evident from the waveforms that, due
to feedback control the output voltage of the converter remains almost constant with

the change of load while the input current changes to meet the load demand.
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Figure 4.7 Input switched half-bridge AC to DC boost converter for dynamic analysis.
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Table 4.7 Changes in load for Figure 4.7.

Time (ms) Load (Q2)
0-250 150
250-450 100
450-650 120
650-900 200
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Table 4.8 Parameters of the circuit of Figure 4.7.

Nominal input ac source voltage, V1 300V Peak

Line frequency, f 50 Hz

Switching Frequency, fs 5 kHz

Inductors,

L1 5mH

Capacitors,

C1,C2 220 uF

Resistor,

Ro 300 Q

Rol, Ro2, Ro3 300 Q, 600 ©, 300 Q
Gain of Voltage Sensor

VSEN1 0.0033

VSEN2 0.001

Gain of Current Sensor

ISEN1 0.067

Time

t1, t2, t3 250 ms, 450 ms, 650 ms
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Figure 4.8 Typical waveforms of output voltage and input current for load change of

the circuit of Figure 4.7.

4.3 Diode-Capacitor Assisted Output Switched AC to DC Boost

Converter

4.3.1 Feedback Analysis

The proposed diode-capacitor assisted output switched AC-DC converter with
feedback control is shown in Figure 4.9. The parameters used for the simulation of the
converter is given in Table 4.9. The results of the simulation with reference voltage
variation is given in Table 4.10. Typical waveform of the circuit is shown in Figure
4.10. It is evident from the figures that the output voltage changes with the variation in
reference voltage while keeping THD within tolerable limit with almost unity power

factor.
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Figure 4.9 Diode-capacitor assisted output switched AC to DC boost converter with

feedback control.

Table 4.9 Parameters of the circuit of Figure 4.9.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 5mH
Capacitors,

Cl,C2 10 pF
Co 220 pF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.002
Gain of Current Sensor

ISEN1 0.25
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Table 4.10 Simulation results of the circuit of Figure 4.9.

Ref Vin lin Vo Input Power Input

(peak) (RMS) (Avg) Current Factor Power
THD

15 300 6.2563 | 349.993 15.413 0.962 1.2765k

3.0 300 15.161 | 534.587 24.146 0.941 3.0285k

4.2 300 22.091 643.03 16.44 0.959 4.4969k

6.0 300 32.721 | 776.753 12.05 0.975 6.7977k

1000 . . | [ ——output Voltags

T
= = Input Voltage (V)
e |nput Current (A

0.20

Time (sec)

Figure 4.10 Typical input-output waveforms of the circuit of Figure 4.9.
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4.3.2 Dynamic Response

To test the voltage regulation and the dynamic response of the proposed circuit with
feedback control, the controller was set with the reference voltage to provide 930 Vdc
output with a resistive load of 150 Q. Simulation of the circuit is carried out with sudden
load changes to 100 € at 250ms, 120 Q at 450ms and 200 Q at 650ms of the simulation
time, which is given in Table 4.11. The circuit parameters are given in Table 4.12. The
simulation result showing the variation of output voltage and input current for the
circuit of Figure 4.11 is shown in Figure 4.12. It is evident from the waveforms that,
with feedback control the output voltage of the converter cannot be kept constant with
the change of load. Due to increased circuit complexity it is not that always easy to
design the feedback control.

< > T T
45 p 1 3
s VSENZ >
| a =3 == IR Ro1 Ro2
Y 1 Ro3

Figure 4.11 Diode-capacitor assisted output switched AC to DC boost converter for

dynamic analysis.

Table 4.11 Changes in load for Figure 4.11.

Time (ms) Load (2)
0-250 100
250-450 80
450-650 100
650-900 120
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Table 4.12 Parameters of the circuit of Figure 4.11.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 5mH
Capacitors,

C1,C2 10 pF

Co 220 uF
Resistor,

Ro 200 Q

Rol, Ro2, Ro3 400 Q, 300 Q, 200 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.0033
Gain of Current Sensor

ISEN1 0.067

Time
t1, t2, t3

250 ms, 450 ms, 650 ms
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Figure 4.12 Typical waveforms of output voltage and input current for load change of

the circuit of Figure 4.11.

4.4 Diode-Capacitor Assisted Input Switched Full-Bridge AC to DC

Boost Converter

4.4.1 Feedback Analysis

The proposed diode-capacitor assisted input switched full-bridge AC to DC converter
with feedback control is shown in Figure 4.13. The parameters used for the simulation
of the converter is given in Table 4.13. The results of the simulation with reference
voltage variation is given in Table 4.14. Typical waveform of the circuit is shown in
Figure 4.14. It is evident from the figures that the output voltage changes with the
variation in reference voltage while keeping THD within tolerable limit and almost

unity power factor.
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Figure 4.13 Diode-capacitor assisted input switched full-bridge AC to DC boost

converter for feedback analysis.

Table 4.13 Parameters of the circuit of Figure 4.13.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 5mH
L3, L4 1mH
Capacitors,

C1, C2,C3, C4,C5,C6 22 uF
Co 220 pF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.0033
Gain of Current Sensor

ISEN1 0.25
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Table 4.14 Simulation results of the circuit of Figure 4.13.

Ref Vin lin Vo Input Power Input

(peak) | (RMS) | (Avg) Current Factor Power
THD

1.5 300 11.046 | 450.994 7.837 0996 2.3350k

3.0 300 22.406 | 579.855 6.604 0.998 4.7807k

4.5 300 34.503 | 654.001 9.247 0.995 7.2865k

6.0 300 45.747 | 692.405 12.761 0.987 9.5780k
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Figure 4.14 Typical input-output waveforms of the circuit of Figure 4.13.
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4.4.2 Dynamic Response

To test the voltage regulation and the dynamic response of the proposed circuit with
feedback control, the controller was set with the reference voltage to provide 627 VVdc
output with a resistive load of 150 Q. Simulation of the circuit is carried out with sudden
load changes to 100 Q at 250ms, 120 Q at 450ms and 2000 Q at 650ms of the simulation
time, which is given in Table 4.15. The circuit parameters are given in Table 4.16. The
simulation result showing the variation of output voltage and input current for the
circuit of Figure 4.15 is shown in Figure 4.16. It is evident from the waveforms that,
due to feedback control the output voltage of the converter remains almost constant

with the change of load while the input current changes to meet the load demand.
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Figure 4.15 Diode-capacitor assisted input switched full-bridge AC to DC boost

converter dynamic analysis.

Table 4.15 Changes in load for Figure 4.15.

Time (ms) Load (2)
0-400 150
250-450 100
450-650 120
650-800 200
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Table 4.16 Parameters of the circuit of Figure 4.15.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 5mH

L3, L4 1 mH
Capacitors,

C1, C2,C3, C4,C5,C6 22 UF

Co 220 uF
Resistor,

Ro 200 Q

Rol, Ro2, Ro3 400 Q, 300 Q, 200 Q

Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.00167
Gain of Current Sensor

ISEN1 0.067

Time
t1, t2, t3

250 ms, 450 ms, 650 ms
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Figure 4.16 Typical waveforms of output voltage and input current for load change of

the circuit of Figure 4.15.

4.5 Input Switched Coupled Capacitor Full-Bridge AC to DC Boost

Converter

4.5.1 Feedback Analysis

The proposed input switched coupled capacitor full-bridge AC to DC converter with
feedback control is shown in Figure 4.17. The parameters used for the simulation of the
converter is given in Table 4.17. The results of the simulation with reference voltage
variation is given in Table 4.18. Typical waveform of the circuit is shown in Figure
4.18. It is evident from the figures that the output voltage changes with the variation in
reference voltage while keeping THD within tolerable limit and almost unity power
factor.
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Figure 4.17 Input switched coupled capacitor full-bridge AC to DC boost converter

for feedback analysis.

Table 4.17 Parameters of the circuit of Figure 4.17.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
Capacitors,

C1 22 uF
Co 330 uF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.0033
Gain of Current Sensor

ISEN1 0.85
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Table 4.18 Simulation results of the circuit of Figure 4.13.

Ref Vin lin Vo Input Power Input

(peak) | (RMS) (Avg) Current Factor Power
THD

1.0 300 5.7719 | 303.143 5.814 0973 1.1921k
1.5 300 14.143 | 454,773 2.745 0.995 2.9850k
2.0 300 20.961 | 544.058 3.078 0.997 4.4348k
2.5 300 23.684 | 576.077 3.398 0.998 5.0125k
3.0 300 26.481 | 605.393 3.825 0.998 5.6053k
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Figure 4.18 Typical input-output waveforms of the circuit of Figure 4.17.
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4.5.2 Dynamic Response

To test the voltage regulation and the dynamic response of the proposed circuit with
feedback control, the controller was set with the reference voltage to provide 900 Vdc
output with a resistive load of 150 Q. Simulation of the circuit is carried out with sudden
load changes to 100 € at 250ms, 120 Q at 450ms and 200 Q at 650ms of the simulation
time, which is given in Table 4.15. The circuit parameters are given in Table 4.16. The
simulation result showing the variation of output voltage and input current for the
circuit of Figure 4.15 is shown in Figure 4.16. It is evident from the waveforms that,
due to feedback control the output voltage of the converter remains almost constant

with the change of load while the input current changes to meet the load demand.
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Figure 4.19 Input switched coupled capacitor full-bridge AC to DC boost converter

for dynamic analysis.

Table 4.19 Changes in load for Figure 4.19.

Time (ms) Load (2)
0-400 150
250-450 100
450-650 120
650-800 200
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Table 4.20 Parameters of the circuit of Figure 4.19.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
Capacitors,

C 22 uF

Co 330 uF
Resistor,

Ro 300 Q

Rol, Ro2, Ro3 300 Q, 600 Q, 300 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.00167
Gain of Current Sensor

ISEN1 0.133

Time
t1, t2, t3

250 ms, 450 ms, 650 ms
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Figure 4.20 Typical waveforms of output voltage and input current for load change of
the circuit of Figure 4.19.

4.6 Input Switched Coupled Capacitor Half-Bridge AC to DC Boost

Converter

4.6.1 Feedback Analysis
The proposed input switched coupled capacitor half-bridge AC to DC converter with

feedback control is shown in Figure 4.21. The parameters used for the simulation of the
converter is given in Table 4.21. The results of the simulation with reference voltage
variation is given in Table 4.22. Typical waveform of the circuit is shown in Figure
4.22. It is evident from the figures that the output voltage changes with the variation in
reference voltage while keeping THD within tolerable limit and almost unity power

factor.
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Figure 4.21 Input switched coupled capacitor half-bridge AC to DC boost converter

for feedback analysis.

Table 4.21 Parameters of the circuit of Figure 4.21.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
Capacitors,

Cl 22 uF
Co 220 uF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.0033
Gain of Current Sensor

ISEN1 0.85
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Table 4.22 Simulation results of the circuit of Figure 4.21.

Ref Vin lin Vo Input Power Input

(peak) | (RMS) | (Avg) Current Factor Power
THD

1.0 300 5.5419 | 300.465 7.668 0978 1.1491k

1.5 300 13.117 | 441.459 4.901 0.994 2.7650k

2.0 300 20.770 | 547.361 5.279 0.997 4.3925k

2.5 300 23.611 | 576.088 5.061 0.997 4.9948k

300 , , l

400 +

200

T
= = nput voltage (V)
s |nput Current (A

Ti

T
0.40
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Figure 4.22 Typical input-output waveforms of the circuit of Figure 4.21.
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4.6.2 Dynamic Response

To test the voltage regulation and the dynamic response of the proposed circuit with

feedback control, the controller was set with the reference voltage to provide 935 Vdc

output with a resistive load of 150 Q. Simulation of the circuit is carried out with sudden

load changes to 100 € at 250ms, 120 Q at 450ms and 200 Q at 650ms of the simulation

time, which is given in Table 4.15. The circuit parameters are given in Table 4.16. The

simulation result showing the variation of output voltage and input current for the

circuit of Figure 4.15 is shown in Figure 4.16. It is evident from the waveforms that,

due to feedback control the output voltage of the converter remains almost constant

with the change of load while the input current changes to meet the load demand.
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Figure 4.23 Input switched coupled capacitor half-bridge AC to DC boost converter

for dynamic analysis.

Table 4.23 Changes in load for Figure 4.23.

Time (ms) Load (2)
0-400 150
250-450 100
450-650 120
650-800 200
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Table 4.24 Parameters of the circuit of Figure 4.23.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
Capacitors,

C 22 uF

Co 330 uF
Resistor,

Ro 300 Q

Rol, Ro2, Ro3 300 Q, 600 €, 300 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.00167
Gain of Current Sensor

ISEN1 0.133

Time
t1, t2, t3

250 ms, 450 ms, 650 ms
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Figure 4.24 Typical waveforms of output voltage and input current for load change of

the circuit of Figure 4.23.

4.7 Discussions

The input power factor of the proposed converters have improved with the feedback
control. The input current THD is also within prescribed limits for high voltage gains.
Most of the converters maintained constant output voltage under variable load
condition. Typical results of proposed converters in very low step-down gain are

discussed in the next chapter (chapter 5).
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Chapter 5
Investigation of AC to DC Step-Down Converters

In this chapter, description of the working principle and the open loop simulation of the
conventional and proposed SEPIC converters in step-down mode are provided in
section 5.1 through 5.9. The converter works in four switching stage. Stage I: when the
switch is closed during positive half cycle. Stage Il: when the switch is open during
positive half cycle. Stage I11: when the switch is closed during negative half cycle. Stage
IV: when the switch is open during negative half cycle. The simulated voltage gain
values are given and not compared with the theoretical values. Since the converter is
used for stepping the voltage down, the simulated output voltage is given up to 0.5 duty
cycle. The conventional and proposed converters are compared in terms of conversion

efficiency in section 5.10.

5.1 Output Switched Full-Bridge AC to DC SEPIC Converter

In conventional two stage AC to DC SEPIC converter, the DC-DC SEPIC converter
was placed in between the bridge rectifier and the load. The converter shown in Figure
5.1 is a modified version of the conventional AC to DC SEPIC converter. A diode
bridge is introduced at the load side to keep the input current waveform identical in
both half cycle, which is one of the major disadvantage of the conventional converter.
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Figure 5.1 Conventional output switched full-bridge AC to DC SEPIC converter.

129



5.1.1 Principle of Operation

The four working stages of the converter is illustrated in Figure 5.2. When the switch
is ON during positive supply cycle, the input inductor charges from the supply voltage
and the SEPIC capacitor charges the output inductor through the switch and the lower
forward biased diode of the output stage. When the switch is OFF, source and the input
inductor voltage charges the intermediate and output capacitor. Same operations happen
when switch turns ON/OFF during negative supply cycle.
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Figure 5.2 Four steps of operation of the converter in Figure 5.1,
(@) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

5.1.2 Open Loop Simulation

The simulation of the circuit of Figure 5.1 is carried out with the parameters of Table

5.1. The results of the simulation is given in Table 5.2.

Table 5.1 Parameters of the converter of Figure 5.1.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1 mH
Capacitors,

Cl 2 uF
Co 220 pF
Resistor,

RL 100 Q
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Table 5.2 Simulation results of the converter of Figure 5.1.

Voltage Vo Efficiency THD PFi

Gain

0.05 148.108 53.138 34.621 0.938
0.10 157.634 58.781 33.200 0.945
0.15 173.116 65.407 29.714 0.954
0.20 193.165 72.840 23.655 0.961
0.25 220.751 80.566 16.885 0.967
0.30 257.019 87.491 11.522 0.973
0.35 302.139 92.764 7.7965 0.979
0.40 345.694 95.849 3.5487 0.983
0.45 389.830 96.892 5.2104 0.986

5.1.3 Ideal Voltage Gain Expression
The voltage gain of the SEPIC converter in Figure 5.1 with an applied input voltage of

30Vp is given in Table 5.3. Circuit diagram with voltage labels is shown in Figure 5.3.

A\ D4 D6 7

»l

A D10 A D12

L]
»

Figure 5.3 Conventional output switched full-bridge AC to DC SEPIC converter with

voltage across the components.
The rectified average voltage after the conventional bridge is,

— Vinmax J-”Sin ede — 2Vinmax
T Y0 T

Y/

orectav
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For DC-DC boost converter,

D
= V=V
( 1 _ D ) orectav oav

Where, D = Duty Cycle= T;;N (1-D)= TOTi and T = Switching Frequency
Therefore the output voltage can be written as,
2DV,

=) (1_'"“[“)“) (5.1)

Table 5.3 Average output voltage vs duty cycle of the converter of Figure 5.1.

Duty Cycle Vo (Simulation)
0.1 12.424
0.2 19.453
0.3 28.752
0.4 37.514
0.5 44,113

5.2 Diode-Capacitor Assisted Output Switched Full-Bridge AC to DC
SEPIC Converter

The proposed converter is designed by introducing diode-capacitor network instead of
SEPIC coupling capacitor. The capacitors in the network are charged in series when the
switch is open. When the switch is closed the inductor L2 will be charged by the

network capacitors in parallel with half voltage.
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Figure 5.4 Proposed diode-capacitor assisted output switched full-bridge AC to DC

5.2.1 Principle of Operation

converter.

The four working stages of the converter is illustrated in Figure 5.5. When the switch

is ON during positive supply cycle, the input inductor charges from the supply voltage

and the intermediate capacitors in parallel charges the output inductor through the

switch. When the switch is OFF, source and the inductor voltage charges the

intermediate capacitors in series. Same operations happen when switch turns ON/OFF

during negative supply cycle.
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Figure 5.5 Four steps of operation of the converter in Figure 5.4,
(@) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

5.2.2 Open Loop Simulation

The simulation of the circuit of Figure 5.4 is carried out with the parameters of Table

5.4. The results of the simulation is given in Table 5.5.
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Table 5.4 Parameters of the converter of Figure 5.4.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1 mH
Capacitors,

Cl,C2 2 uF
Co 220 uF
Resistor,

RL 100 Q

Table 5.5 Simulation results of the converter of Figure 5.4.

Voltage Vo Efficiency THD Pfi

Gain

0.05 90.308 60.949 63.024 0.878
0.10 97.692 66.751 73.681 0.874
0.15 107.791 74.385 84.564 0.858
0.20 121.188 82.239 98.074 0.839
0.25 138.708 89.772 92.777 0.833
0.30 160.805 96.242 68.143 0.846
0.35 188.375 99.315 37.171 0.873
0.40 216.911 99.931 19.507 0.902
0.45 249.189 99.609 21.191 0.925

5.2.3 Ideal Voltage Gain Expression

The voltage gain of the SEPIC converter in Figure 5.4 with an applied input voltage of
30Vp is given in Table 5.6. Circuit diagram with voltage labels is shown in Figure 5.6.
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Figure 5.6 Proposed diode-capacitor assisted output switched full-bridge AC to DC
converter with voltage across the components.

The rectified average voltage after the conventional bridge is,

— Inmax -[ Sln gdg — Inmax
T 90 T

V

orectav

For DC-DC boost converter [44],

D
. Z v =V
(1_ D)(Z _ D) orectav oav

Where, D = Duty Cycle= TTﬂ (1-D)= TOTi and T = Switching Frequency

Therefore the output voltage can be written as,

2Dvinmax
Voav _72_(1_ D)(Z—D) (52)

Table 5.6 Average output voltage vs duty cycle of the converter of Figure 5.4.

Duty Cycle Vo (Simulation)
0.1 9.268
0.2 15.692
0.3 22.900
0.4 29.791
0.5 34.626
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5.3 Output Switched Half-Bridge AC to DC SEPIC Converter

The converter is designed by modifying the output switched full-bridge by introducing
split capacitors at the load side. The converter is shown in Figure 5.7.
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Figure 5.7 Output switched half-bridge AC to DC SEPIC Converter.

5.3.1 Principle of Operation

The four working stages of the converter is illustrated in Figure 5.8. When the switch
is ON during positive supply cycle, the input inductor charges from the supply voltage
and the SEPIC capacitor charges the output inductor and lower output capacitor through
the switch and the lower forward biased diode of the output stage. When the switch is
OFF, source and the inductor voltage charges the SEPIC and upper output capacitor in
series. Same operations happen when switch turns ON/OFF during negative supply

cycle.
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Figure 5.8 Four steps of operation of the converter in Figure 5.7,
(a) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

5.3.2 Open Loop Simulation

The simulation of the circuit of Figure 5.7 is carried out with the parameters of Table
5.7. The results of the simulation is given in Table 5.8.
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Table 5.7 Parameters of the converter of Figure 5.7.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1 mH
Capacitors,

Cl 2 uF
Col, Co2 220 puF
Resistor,

RL 100 Q

Table 5.8 Simulation results of the converter of Figure 5.7.

Voltage Vo Efficiency THD PFi

Gain

0.05 142.428 50.962 33.459 0.941
0.10 153.784 51.908 31.755 0.947
0.15 167.215 53.236 27.185 0.954
0.20 185.946 54.699 21.101 0.963
0.25 205.211 55.981 14.975 0.970
0.30 228.043 57.345 9.8763 0.976
0.35 252.061 58.612 5.386 0.980
0.40 278.916 60.000 2.877 0.983
0.45 306.261 61.361 1.935 0.985
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5.3.3 Ideal Voltage Gain Expression

The voltage gain of the SEPIC converter in Figure 5.7 with an applied input voltage of
30Vp is given in Table 5.9. To derive the equation of the average output voltage of the
converter the polarities of the voltages of the circuit during the positive half cycle is

shown in Figure 5.9.
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Figure 5.9 Output switched half-bridge AC to DC SEPIC Converter with voltage

across the components.

At the input stage:

When switch is ON,

When switch id OFF,
VL1 - Vin _Vc _Voc

Volt-sec balance over one switching cycle will not be equal to zero since the input is
sinusoidal. Volt-Sec balance for one switching cycle is therefore

t+Tw t;+DTgy G +Tow
L v, dt = L v, dt+ o, (Vi =V, —V,, ) dt

Where1 Voc = Vol = V02
The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,
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$ J:T v th "oy dt +Zf:+;sw("m_"c_v°c)dt (5.3)

n=1 i n=1 "

Suppose,
Vi =Vima SiN (=6,
V, =V, Sin (0t - 6,)
Voe =V, SN (= 6))
From (5.3),

N ot +DTgy N\ ot Tay
) v, dt =—-> _[ v. v, —v_)dt
n 1~[ti " tiJfDTsw( " ‘ OC)

Viymax SIN (0t -6,

Inmax

if T, SN (0 =6, ) dt = —if% Vo i (0 =6, ) |dt

it +DTgy

Ve SN (0t - 6,)

After Integration,
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Or,

N N
Z[V'"(:)“ax cos(at; - } Z[ nmex s (et + Ty, — Qn)}z

n=1 n=1

N V N V
Z[ emex cos (ot + DTy, — HC)}—Z{MCOS((OL+(0TSW—9)}

c
n w n=1 a

0 0
n=1 () n=1 w

N N
+Z{V"ﬂcos(a}ti +wDT,, —6 )}—Z{V"ﬂcos(aﬁi + Ty, -0 )}

ZN;V";)W [cos wt, -6, ) —cos(wt; + wTy, —an)] =

N
Or, Zv““ax [ cos(at, + DTy, —6,)—cos(at; + wly, —6,)]
n=1 @

+z omax [COS ot + DT, —6,)—cos (ot + wly, -6 )]

0o

Using identity, cos A—cos B = 2sin AtBnB-A

Or,

2

sin !
2 2
2sin ot + DTy, — 0, + ot; + Ty, -0,
Vomax 2

@ | o ot + oly, — 0, —ot, —wDTy,, +06,
2

.ot +wDTg, -6, + ot, + 0Ty, —06,
Ny 2sin 5
+ omax
nz;‘ @ | ot + oly, — 0, —ot, —wDTy, +6,
2

n=1

ivinmax |:2Sin a)ti _ein +a)ti +a)TSW _ein H a)ti +a)TSW _H'n _a)ti +9in:|
w
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I
UN

n

N
Zmeax {sin (Wti 0+ a)zsw sin a)';sw } _

Or Z emax I:Sin(a)ti _90+(1+ D)COTSW JSin (1_D)a;|-sw:|
: . )
z omax {sin (a)ti 0.+ (1+ D2) Ty, }sin (1-D)aTy, }
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2

sin n=t

N
or, chaxZ{sin [a)ti —0,+ %H

n=1

N
Vomax Z{sin [a)ti —0,+ %H

n=1

Using identities, Ling%:l and i.aﬂ%—w as TSW -0 ii.

T, =0

olg,

2 V. y sin(wt. —6 ) |=
Or (1— D)COTSW g mmaan:l:[ (a)l m):l
' 2

V., .. ni[sin (ot,-6,)] +V0maanNl:[sin (ot,-6,)]

N (1_—1[))><Vimnaxnzh_l;[sin(a)ti -6,)]=
V. e nzh_ll:[sin (at,-6,)] +V0maxnzli;[sin (at,—6,)]
chaxg[sin (ot,—06,)] +V0maxi[sin (at~6,)]=
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1

m><vmmaxi‘[sin(wﬂ ~0,)]

At the output stage:

When switch is ON,
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When switch id OFF,

VL2 = Voc

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

G+T, t;+DT. G+T,
j My,dt = I Yovdt+ | T v dt
t f

Where1 Voc - Vol - V02

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,

MRS o SIS o M I

n=l "' n=1 L

Suppose,
V, =V, Sin (0t —6,)
Voe =V, SN (=6

From (5.5),

t; +DTSW t+Tgw
= v_dt
Z.[ Jt +DTgy  O°

_ll

_1l

ZIHDTSW V. SIN (@t =6, ) dt = iri% V, o SIN (0 = 6, ) dlt
1 t;+DTgy

After Integration,

N V ti+DTgy N V ti+Tow
Z{—ﬂcos(wt —Hc)} = Z{—ﬂcos(a)t —00)}
n=1

w t n=1 @ t;+DTgy
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N
V. 2| €OS(at; + @DTg, — 6, )—cos(at, —6,) |
Or, n=t
N
=V, 2| €OS(t; + T, —6,)—cos(at; + @Dy, —6,)]
n=1

Using identity, cos A—cosB = 2sin A; B sin B;A
v i_Zsin ot + DTy, — 60, + ot —6, @t —6,—ot —oDTy +6, | _
cmax ~ 2 2
or, _Zsin ot + olg, — 0, + ot, + oDTg, — 6,
N

Vomaxz 2
" sin ot + DTy, -0, — o, — ol +06,

0

2

N B —
Vv Z sin| wt. — 0 +wT5W sin @DTgy | _
CmaXn_ 1 C 2 2

=)
N[ _
R IR P EANCE RN

n=1

Or,

Sin%

2 N : Ty,
V t — — || =
(=D)oTs, an; i {sm(a), 0. + > H

sin~———-—>%
Or, 2

[l e

n=1

1+ D)ol
Using identities, yng%_l and i. aﬂ;"v 0 as Tgy =0 ii. M—)O as
T, =0
DTy, )
2 : .
Or, emax | SIN(@t, =6, ) [= D Vo | SIN( 0, — 6,
r (1 D)a)Tsw 2_1: [ ( ):' nzzll [ ( ):I
2
N
or, Y Vo [sin(et, - ]: max[sin(a)ti—eo)] (5.6)
n=1
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Equating equation (5.4) and (5.6),

(1‘D D) Zvax Tsin ot —90)]+V0maanN;[sin(a)ti “9)]-
1

Wy 3[04, -0,)]

1-0)

Or,

OI’, (1_ [E)_ Djx nzl\;:vomax [Sin (a)ti - 90 ):I - (l—lD) XVi”maXnZ'\illI:Sin (a)ti B 0"‘ ):I

or, %X ivomax I:Sin (O)ti o 00 ):I = vainmaxi[sm (O)ti N ei“ )]
n=1 n=1

(i-D)

zv [sin(at, ~6,)] = — 2=V, > [sin(at, ~6,)]

(1_ D) n=1
Thus the average output voltage of the converter can be derived as,

Vouy = ij.:vomax singdé@

or, v =1j” D v sinode

OAV _ inmax
79°1-D

DV, . 7.
or, VOszﬁjosmede

DV. z
Or, Voav = ﬁ [_ cos 0]0
2DV.
V — 1IN max .
Or, oAV —7[(1_ D) (5.7)
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Table 5.9 Average output voltage vs duty cycle of the converter of Figure 5.7.

Duty Cycle Vo (Simulation)
0.1 11.592
0.2 15.951
0.3 21.019
0.4 26.805
0.5 30.369

5.4 Capacitor Assisted Output Switched Half-Bridge AC to DC SEPIC
Converter

The proposed converter is designed by splitting coupling capacitor into two equal
capacitors. During Toff, both capacitor will be charged in series sharing equal voltage
between them. During Ton, only capacitor will C1 will charge the inductor L2 with

reduced voltage. The converter is show in Figure 5.10.

L1

Y YN Il Il
L 1 1 | L 1
A D1 A D3 c1 c2 A D7 Co1
s
i " L2 L
Vin J": g Ro
X004 K o6 % 010 +m

Figure 5.10 Proposed capacitor assisted output switched half-bridge AC to DC SEPIC

converter.

5.4.1 Principle of Operation

The four working stages of the converter is illustrated in Figure 5.11. When the switch
is ON during positive supply cycle, the input inductor charges from the supply voltage
and the SEPIC capacitor charges the output inductor and lower output capacitor through
the switch and the lower forward biased diode of the output stage. When the switch is
OFF, source and the inductor voltage charges the SEPIC and upper output capacitor in
series. Same operations happen when switch turns ON/OFF during negative supply

cycle.
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Vin

Vin
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Vin

0

i

i

i

[ 1 1] I L
A D1 A D3 l ' A D7 _Lcu
s
L
_JE L2 g Ro
A D4 |4 DS % [p10 —|—J_Co2
(a)
AN | |
L -4 L1 -4
\ | D1 A D3 c1 c2 A D7 cop =E
s
L
_JE L2 g Ro
A D4 A Ds A D10 C02=|=
(b)
11 c1 c2
L D1 2| p3 A D7 _I_Col
s
J: % 12 Ro
M
\ | D4 A D6 A (D10 =T co2
(c)
NY\__I
L 4 L1 -
A D1 A |D3 c1 2 A |P7 o1 =|=
s
M 12 Ro
M
L | D4 A D6 A D10 Co2 ==
T

(d)

Figure 5.11 Four steps of operation of the converter in Figure 5.10,

(@) circuit when the switch is ON during positive half cycle

(b) circuit when the switch is OFF during positive half cycle

(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

149



5.4.2 Open Loop Simulation

The simulation of the circuit of Figure 5.10 is carried out with the parameters of Table

5.10. The results of the simulation is given in Table 5.11.

Table 5.10 Parameters of the converter of Figure 5.10.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1 mH
Capacitors,

C1,C2 2 uF
Col, Co2 220 uF
Resistor,

RL 100 Q

Table 5.11 Simulation results of the converter of Figure 5.10.

Voltage Vo Efficiency THD PFi

Gain

0.05 85.108 62.688 36.523 0.927
0.10 103.297 76.244 33.612 0.935
0.15 127.165 89.407 30.996 0.935
0.20 149.203 95.171 33.135 0.936
0.25 168.643 98.700 36.444 0.939
0.30 187.358 99.962 34.151 0.941
0.35 203.796 99.451 31.895 0.946
0.40 1008.60 91.407 25.109 0.953
0.45 968.761 68.097 21.139 0.961
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5.4.3 Ideal Voltage gain Expression
The voltage gain of the SEPIC converter in Figure 5.10 with an applied input voltage
of 30Vp is given in Table 5.12. Figure 5.12 shows the voltage across the components

for positive half cycle of operation.

»l

—_
A D1 \ D3 c1 c2 A D7 Col Veo
+ . +
3 s >
Vin I 12 )v, RoZ Vo

A D4

»l

Figure 5.12 Proposed capacitor assisted output switched half-bridge AC to DC SEPIC
converter with voltage across the components.

At the input stage:

When switch is ON,

When switch id OFF,
VLl = Vin - 2Vc _Voc

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

G+Tsw t;+DTgy t+Tsw
L v, dt = L v, dt+ .L (Vi =2V, —V,, ) dt

i i i+DTgy

Where1 Voc :ch :Vcd

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,
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Lt W s i +DTsw N i+Tsw
Zj: ! v, dt= Zf o Vindt+ZJ:+;T (v, —2v, -V, ) dt
i i o~ it PTsw

n=1 n=1

Suppose,
Vi =Vima SiN (=6,
Vo =V, SIN (0t -6,
Voo =Vooma SIN (@ =6,
From (5.8),

L (DT N etTay
) L

n=1 " n=1" "

iJ.tHDTSW Viymax SiN (@t — 6, ) dt =

Or, "ZlN '
G +Tsw R
— sin(wt—-6,,)dt-2V, . sin(ot—6,
;J.t +DTay lnmax ( |n) ( ) comax

After Integration,

G+ Tow

N V t;+DTgy N
Z{—Mcos(aﬂ—@m)} +Z[ ~nmex cos (@t — 6, )}

n=1 w ti

N ti+Tsw N
—Z{—Mcos(aﬁ—ec)} —Z{—V"‘)ﬂcos(a)t—eo)}

n=1 @ {+DTg,  N=l @

Mz

V. NT VvV
nmex cos (et + @D Ty, —6,) |+ Y| -2 cos (at, — 6, )
[0

Il
LN

n

Il
Mz

[V'”max cos(at, + Ty, —6,) }

=} >
N Mz 0 Mz
= [ 3

n=1

N2V 2V

= = cos(at, + wTy, — 6, } [ =mx cos (awt; + @Dy, —
n=1 @ w

\Y/ NV
—omx cos (@t + Ty, —6,) |+ Y | —2= cos(at; + DTy, —

n=1

Mz

|
[N

n
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t+DTgy

t+Tow

t;+DTgy

=1
\%
[ —max cos(wt; + wDTg, —

)]

(5.8)

sin(wt—6,)]dt



i{v"gax cos(at, -6 )}—ZN:{V‘”W cos(at, + wTy, -6, )} =

n n=1 [0

Il
N

Or,

DMZ

{ZVC”“"X cos(awt, + DTy, —6,)

c
@

} [ M2 cos (wt; + g, — 6, )}
N N
)} Z{ om0 (@ + Ty, 00)}

N
+Z_; {me cos(at, + @DTg, -0,

iv"‘af)“ax [ cos(at, -6, ) —cos(at, + &Ty, —6,) ]| =

N

or, 3 Remx [oo5(at, + wDT,, —0,)—cos(at, + Ty, —6,)]
w

c
n=1

N
+Z\/°0ﬂ[cos(a)ti + DT, —6,)—cos(at, + Ty, —6,)]
n=1 [0

Using identity, cos A—cos B = 2sin A+B in B;A

n-1 @ 2 2 -

.ot +wDT, —6, + ot + 0T, -0,
N o\ 2sin 5
Or, Z cmax

R ot + olg, — 6. —ot, — DT, + 6.
2

2sin ot, + wDT, — 6, + o, + T, —6,

0
+i Vcomax 2
=R ot + o, — 60, —ot, —wDT, +6,

2

N
Zvinmax |:Sin (a)t, _ein + a)-;SW jsin a)TSW :|=
n=1

2

N p—
Or, ZZVmaX {sin [coti -0+ (1+ D2) DTy }sin (1 DZ) oTgy :|

Zvinmax |:2Sin a)ti eln + a)tl + a)TSW gln sin a)tl +a)TSW Hn a)tl +9|n:|

n=1

+§N: +D)al, — T
V. sin| wt. -6 +(1 )T sin(l D)CO sw
Ccomax i 0 2 2

n=1
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a)TSW

O )
X > Vi | SIN| @t =6, + =
< (=D)oTa, 2
2
Or, 2V {sm a)t -0, +%H
, V sin| wt. — 0 +—(1+ D)ol
+§ comax a)i 0 2
1+ D)l
Using identities, me}%_l and i.%Tsw 50 as Ty, =0 i, M—)O as
T, =0
olg,
2 , V. sin(wt. -6, ) |=
Or (1—D)COTSW ; mmaxI: ( i m):l
’ 2
N
iZchax [sin(at, —0,) ]+ Y Vo [ sin(at; - 6,)]
n=1 n=1
N
Z Vi | SIN (2t =6, ) ] =
or, " (5.9)

Z cmax[sin(a)ti— )]+ Z omax | SN (@t = 6,) ]

At the output stage:

When switch is ON,

When switch id OFF,
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Volt-sec balance over one switching cycle will not be equal to zero since the input is
sinusoidal. Volt-Sec balance for one switching cycle is therefore
G+Tgw t+DTgy G+ Tow
L v, ,dt =L —v,dt + Coor, (v, +V,, )dt

The volt-sec balance over a line frequency period will be zero. For full supply cycle of
N switching per period,

ZJ.t A+ Tay det _ r+DTSW— dt+z'|.t'+ ST"SVW V +V,, dt (5.10)

Suppose,

Vo =V, SIN (0 - 6),)

Veo =Vioma SIN (@t =6
From (5.10),

t+DTSW A Tow
Z_l“J‘. dt_z.[t+DT5W V Ve dt

ZN:J:HDTSWVCmXSm(a)t 0,) I Tow [ o SN (01 =0, )+ Vg, SIN (0t = 6,) ot
n=1 "'

After Integration,

N V t;+DTgy N G+ Tsw
Z[—ﬂcos(a}t—q)} Z{ —eme cos (@t — 9)}

n=1 @ t; n i +DTgw

N ti+Tow

+Z[ —2m cos (et — 90)}

n= t+DTgy
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N
V. max 2 €08 (at; + @DTg, —6,)—cos(at, - 6,) |
n=1

N
or, =V, ., > [cos(at +wTy, —6,)—cos(at, + DTy, —6,)]
n=1
N
Vo 2| COS(@t; + T, —6,) —cos(at, + @DT, —6,) ]
n=1
Using identity, cos A—cosB = 2sin A; B sin B ; A
N [ _ o o —mt. —
chaxz 2sin ot + DT, — 6. + ot, -6, sin ot — 6. —ot, —wDTy, +6, _
n=1_L 2 2
| 2sin ot + oly, — 0.+ ot, + DTy, — 06,
Or’ chaxz 2
" sin ot + wDT,, — 6. —ot, — 0T, +6,
L 2
.ot +oly, —0, +ot. + oDT,, — 6,
N 25|n i SW o) i SwW o

n=1 o

2

+Vcomax z 2
sin @i+ @DTsy — 6, — ot — @l +6,

N i e
chaxz sin (a)ti _gc n a)-;SW jSin a)[Z)TSW } _
n=1|
N I —_—
or, Ve, Sin(a)ti g+ (1+D)aTgy jsin (D-1) T, }
n=1| 2 2
N —_—
+VcomaXZ|:sin La)ti 0.+ (1+ D) Ty, Jsin (D-1)wTy, }
n=1 2 2
o wD'zT — o,
x ¥V, |sin| ot -0, + —X ﬂ _
sin (1- D2) OTsw HZ:; { ( 2

N
or 2 Vs {sin [a)ti —0, + %H
n=1
N
+Zvcomax {Sin [6{)’[i -0, + %j:l

n=1
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(1+ D)a)TSVv

Using identities, Im%—l and 1. OTsu —0 as TSW -0 ii. —0 as
-0
T, =0
DTy,
2 i _
(1-D)aTy, Z emax [ 1N (@1, = 6,) ] =
Or, —

2

Z;chx[sin(coti L) ]+ Z Vioma | SiN (a0t =6, ) |

O | DX E T S A

n=1

Voomax | SIN(t; =6, )] (5.11)

or, i Ve | SIN (2, = 6 ]:

Equating equation (5.9) and (5.11),

1 N
1-D) xVinmaXnZ:;[sm(a;ti _gin)] _
_D)x :chomax [Sin(a)ti— ]+ comaXZ[Sin(wti_go)]

Or,

N T
—~
-

o (1 3 'nmaxZ[sm (at,-6,)]- (2 2D- Djxi Voo [sin(at,-,)]

n

Or,

[sin(at,-6,)]= (1—1D) XVinmaant,[Si” (ot —6,)]

CO max

gvcomax [sin (ot -0, )] = W[ZZ_D) xV, g[sin (ot -6, )]

Therefore the average output voltage can be derived as,

Vory = EJ‘O”VCOW singdé
T
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or, Vo, = % [ i D)[()Z— D)vinmax singdo
Or, Vou, =~ (l_D[\)/i)nF;X_ 5) jo”sin 6do
Or, Vg, = - (1—D|\D/I;r(n;— D) [-coso]]
Or, Vouy =— (lz_%\gn(f‘;_ 5) (5.12)

Table 5.12 Average output voltage vs duty cycle of the converter of Figure 5.10.

Duty Cycle Vo (Simulation)
0.1 11.891
0.2 16.788
0.3 22.035
0.4 27.161
0.5 31.109

5.5 Input Switched full-Bridge SEPIC AC to DC Converter

The conventional input switched full bridge converter is shown in Figure 5.13.

L1

S

D1

D3

al
|
il
|

oV

Vin 5

oV

L D4 L D6

il
al

Figure 5.13 Conventional input switched full-bridge AC to DC SEPIC converter.
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5.5.1 Principle of Operation

The four working stages of the converter is illustrated in Figure 5.14. When the switch
is ON during positive supply cycle, the input inductor charges from the supply voltage
and the SEPIC capacitor charges the output inductor and the output capacitor through
the switch and the two forward biased diode of the output stage. When the switch is
OFF, source and the inductor voltage charges the SEPIC and output capacitor in series.

Same operations happen when switch turns ON/OFF during negative supply cycle.

L1

I L 1l—
\ \ A D1 A |D3
D D A N
A S A 4 — S A 4 L
TI‘I_T Y L2 == Co é Ro
Vin y ) — —> <
: 1t S
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Lad | Lgd | — —— ——
b ¥ A - 2 D4 D6,
(a)
CI — — —
7YY Il
11 [ || N I—=F
' 4 >} — A D1 A D3
A A\ 4
D D A
l_ S J >
—_— R
vin TXL 2 )\ — — Y Co é o
l\: N
T ] »l_ Vv o
D D A D4 ~A| D6
11 C1
Il
ol i . I T
LN —> —> AADI A D3
D D 7 | |
A S P — S
% I_ 7 — CO 2 Ro
) IZT L2 . . —— b,
Vin A —
> 4
»l nl L, J r
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N
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Figure 5.14 Four steps of operation of the converter in Figure 5.13,
(a) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

5.5.2 Open Loop Simulation

The simulation of the circuit of Figure 5.13 is carried out with the parameters of Table

5.13. The results of the simulation is given in Table 5.14.

Table 5.13 Parameters of the converter of Figure 5.13.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1 mH
Capacitors,

Cl 2 uF
Co 220 pF
Resistor,

RL 100 Q
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Table 5.14 Simulation results of the converter of Figure 5.13.

Voltage Vo Efficiency THD PFi

Gain

0.05 153.183 54.704 32.124 0.944
0.10 165.908 61.285 30.50 0.949
0.15 178.321 67.124 27.096 0.956
0.20 205.684 78.542 21.383 0.963
0.25 221.571 80.171 14.668 0.969
0.30 254.055 85.019 8.4061 0.975
0.35 298.467 91.449 4.054 0.980
0.40 336.072 93.489 2.4002 0.983
0.45 386.487 97.077 3.3124 0.986

5.5.3 Ideal Voltage Gain Expression

The voltage gain of the SEPIC converter in Figure 5.13 with an applied input voltage
of 30Vp is given in Table 5.15. The converter of the Figure 5.15 depicts the voltage

across the components during positive half cycle of operation.

L1

+ Vi

D1 2 D3

+

~
al
»

+
>

J_ a
vm@ [ mr | 2 ) Vs —l— co °$ v,

\ D4 A D6

al

Figure 5.15 Conventional input switched full-bridge AC to DC SEPIC converter with

voltage across the components.
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At the input stage:

When switch is ON,

When switch id OFF,
VLl = Vin _Vc _Vo

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

t+Toy t;+DTgy G+ Tsw
L v, dt = I v, dt + (Vi =V, —V, ) dt

i f; tj+DTgy

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,

g I: o v, dt = i‘ I:*DTSW v, dt+ nZN; LH;STZW (Vi =V, =V, )dt (5.13)
Suppose,
Vi =Vima SiN (=6,
V, =V, Sin (ot —6,)
V, =V, sin(at—6,)
From (5.13),

N i tDTsw N i T lsw
ZJ-: Py dt = = LL;SW (v, =V, -V, )dt

n=1 " n=1
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Vinmaxsin(a)t—@in)
> (7, sin(at-6,)dt=-3 [ | V..., sin(at-6,) |dt
;J‘ti inmaxsln(a) - in) __nZ:J-t - cmaxsm(a) — c)

i +DTgy

Ve SiN (0t - 6,)
After Integration,

N

ti+DTsw N i Tow
Z|: —inmax_ ~qg a)t 0 ):| +Z|: _inmax_~nqg a)t 9 )}
“ ¢ n t;+DTgy
N i+Tsw N \V b +Tow
Z|: Zemax g a)t 0C)j| _Z[_ﬂCOS(COt—QO)}
4 DT, n=1 w t;+DTgy

N
Z|:V|nmax COS((O’[ +wDT, -6, ):|+

n=1 @

i[_\mcos((o’[i -0, )}

(0]

Wy NIy,
Z[ nmex s (t; + Ty, — em)} Z[ —mex cos (et + @D Ty, — Qn)}
"y [0} n=1
Or, N Ty NV
=Y = cos (@t + @y, — }FZ{ =22 cos (at; + wDTg, —0, )}
ot L I0) n=1
N Ty NV
—Z —OMaX ~0g a)t + oy, — }+Z{ oM. cos (Ut + DTy, -6, )}
e w n=1
N T N
Z meax CoS C()t :| |:V|nmax CcOS a)t +0)TSW ain ):| =
=1L @ n=
N _V NV
or, Z Yemax. COS((Ot +a)DTSW 90 )} Z[ cmax Cos(a)t +(0TSW ec )}
ot L @ n=1
N Ty NV
+Z[ omax COS(C()ti + a)DTSW _ 90 ):| _Z‘:M COS(a)ti + Ct)TSW _90 )j|
L @ il @
- Vlnmax
nZ:; " [ cos(at, —6,,)—cos(at, + Ty, —6,)]=
or, ivcmax [ cos(at, + DT, —6,)—cos(at; + wly, —6,)]
n=1 @
+Z omax [cos ot + wDTg, —6,)—cos(at; + wT, —6’0)]
n-1 @
Using identity, cos A—cosB = 2sin A*Bgin B ; A
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[}
n=1 @

2 2
ot + DTy, — 6, + o, + 0T, —6,

C

Zvinmax |:25in a)ti eln +a)t| +a)TSW eln sin a)tl +a)TSW gn a)tl +9|n j| —

or ivcmax 2sin >
@ | dn ot, + oy, — 6, —ot, —wDT, +6,
2
2sin ot + DTy, — 0, + ot + &g, — 6

N V 2 o
+Z omax
R ot + ol — 6, —ot, —oDT, +6,

0

2

N
Zvinmax |:Sin (wti _ein + wTSW Sln :|

n=1

or ivm[sm[a,ti_gcg D), Ji (1- DngSW}

n=1

Z oma{sin[a)ti—e +(1+i)2) s ]S,n(l— DZ)wTSW]

. ol
sin —3W.

2 Vi | s t — 6, @j:
2

SIn

N
or, cmaxz{s.n(wt 4 +%ﬂ
N
Y, Z{sin (a)ti 0+ %H

n=1

1+ D)ol
Using identities, Iglng%—l and i.2Tsv 0 as Tgy =0 ii. (L+D)aTy, —0 as
T, =0
Ty,
2
——— sin (ot -
Or % mmaXZ[ in(et~0:)]=
’ 2

chaxnzli;[sin(a)ti L) ]+ m,,\XZN;[sin(a)ti -0,)]
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(1 D) lnmaxZI:SIn ot -6,)]= chaxnzh_l;[sin(a)ti—ec)]
+Vomaxnz_;[sin(coti -0,)]

Or,

chaxi[sin(coti -0, )]+v0maxi[sin(a)ti -6,)]=

or, " " " (5.14)

(1—1D) XVinmaan_;I:Sin(Q)ti -6,)]

At the output stage:

When switch is ON,
When switch id OFF,

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

t+T, t;+DT, t+T,
I Myt :J' Yovdt+ [ vt
t

0
i ; t;+DTgy

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,

ZJ-t i tTsw L3 > J-t i +DToy —V d t4 Z.[::;ST\:W (515)

Suppose,

V, =V, Sin (ot —6,)

Voe =V, SN (=6
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From (5.15),

=X v

n=1 ' n=1 " sw
ifmw Ve SIN (0t — 6, ) dlt = if::f Vi SIN (@t - 6, ) it
n=1 ' n=1 1 SW

After Integration,

N V t+DTgy N V Gi+Tsw
Z{—ﬂcos(wt —00)} = Z{—ﬂcos(a)t —00)}

n=1 @ t; n=1 o t+DTgy

N
V. 2| €OS(at; + @DTg, — 6, )—cos(at, —6,) |
Or, n=t
N
=V, 2| €OS(at; + T, —6,)—cos(at; + DTy, —6,)]
n=1

Using identity, cos A—cosB = 2sin A"ZL B sin B ; A
N i bt .= .= - .
chaxz 2sin ot + DTy, - 0, +ot, -0, sin wt, -6, a)t,2 DT, +6,
n=1

ot + 0Ty, — 0, + ot, + DT, -6,

Or, \ | 2sin
Vomaxz 2
" sin ot + wDTg, -6, —at, — 0T, + 06,
L 2
N i —
Vo D sin[a)ti—HCerTSW)sin @DTgy |_
n-1 2 2
or N[ 1+ D), D-1)aT,
+ J—
Vomax sin[a)ti—90+( 2)“’ w jsin( 2)“’ SW}
n=1
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DTy,

Sin 2 XZV sin a)t _9 +a)TSW _
. (1_D)C()T ~ cmax >
Or sin~——/—SW
’ 2
N L+ D\aT
2 Vo sin[a)ti—90+M]
n=1 2
1+D) T
eing identities Lm‘]’%_l and 1. a)-;SW —0 as Tg 0 ii. Mﬁo as
DTy,

or T Dz)a)T Z o [sin(a)ti—ec)]=gVomax [sin(at;~6,)]
s

or, i | SIN (0t —6,) ] =
=

e | SIN (@t —6,) | (5.16)

Equating equation (5.14) and (5.16),

(1BD) X gvomax [sin(at, -0, )]+Vomw§;[5in (ot,-6,)]=

ﬁxvmmaxg[sm (a)ti -0, )]

Or,

or, (1 D- D) ivomax[sm ot — ] _:lD)xVinmaxi[Sin(a)ti—Hm)]

A

or, %x %Vomax [sin(at; -6,)]= (1——1D) Vi %[sin (ot ~6,)]

Z e | SIN (0, —6,) | = (1_DD) xVinmaXnZN_l:[sin(a)ti -6,)]
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Thus the average output voltage of the converter can be derived as,

omax

Voay = lJ.O”V singdé@
T

Or, Vv

OAV —

Y/ sin@d @

1., D
IO E inmax

T

DV, . 7.
or, Vo, :7,(1'—1%) [ sinodo

DV. 7
Or, Vou = ﬁ[_cos 0]0
2DV,
Or, VOAV :71'(1——"”8)() (517)

Table 5.15 Average output voltage vs duty cycle of the converter of Figure 5.13.

Duty Cycle Vo (Simulation)
0.1 11.960
0.2 18.289
0.3 26.160
0.4 32.801
0.5 39.318

5.6 Capacitor Assisted Input switched Full-Bridge AC to DC SEPIC
Converter

The proposed converter is designed by splitting coupling capacitor into two equal
capacitors. During Toff, both capacitor will be charged in series sharing equal voltage
between them. During Ton, only capacitor will C1 will charge the inductor L2 with
reduced voltage. The converter is show in Figure 5.16.
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Figure 5.16 Proposed capacitor assisted input switched full-bridge AC to DC SEPIC

converter.

5.6.1 Principle of Operation

The four working stages of the converter is illustrated in Figure 5.17. When the switch
is ON during positive supply cycle, the input inductor charges from the supply voltage
and the first of the SEPIC capacitor charges the output inductor capacitor through the
switch. When the switch is OFF, source and the inductor voltage charges the SEPIC
capacitors and output capacitor in series. Same operations happen when switch turns

ON/OFF during negative supply cycle.

L1 C1 c2

L 4

S

Vin @

b 5 + 4 D6
< D > t ¢
@
> i > >
L1 I D1 # D3
c1 c2
D D
I_ S JL__ c S
—_— R
vin(R0) t2 ( i
'f D4 'f D6
D D
(b)
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Figure 5.17 Four steps of operation of the converter in Figure 5.16,
(@) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.
5.6.2 Open Loop Simulation
The simulation of the circuit of Figure 5.11 is carried out with the parameters of Table

5.16. The results of the simulation is given in Table 5.17.
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Table 5.16 Parameters of the converter of Figure 5.16.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1 mH
Capacitors,

Cl1,C2 2 uF
Co 220 pF
Resistor,

RL 100 Q

Table 5.17 Simulation results of the converter of Figure 5.16.

Voltage Vo Efficiency THD PFi

Gain

0.05 87.099 54.619 24.708 0.922
0.10 107.662 62.461 17.734 0.948
0.15 139.064 75.773 11.887 0.962
0.20 176.370 86.027 7.784 0.971
0.25 210.328 89.558 4.9242 0.976
0.30 252.427 05.284 3.3499 0.980
0.35 289.320 97.219 2.7245 0.982
0.40 329.476 98.156 6.5542 0.983
0.45 378.747 97.732 10.444 0.982
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5.6.3 Ideal Voltage Gain Expression

The voltage gain of the SEPIC converter in Figure 5.16 with an applied input voltage
of 30Vp is given in Table 5.18. The converter of the Figure 5.18 shows the operation of

the circuit for positive half cycle of operation.

L1 + Ve - + Ve -
_ YY) Il Il
+ Vi - w1 l 1 LI 1 1 1
1] 1] c1 c2 ‘r D1 A D3
D D + +
L_ s e
€ Voint > Co Roé Vo
Vin@

D4

oY
-l
e gl
—
oY
-
N
<
N
al
|
| |
L |
[w]
N
A

Figure 5.18 Proposed capacitor assisted input switched full-bridge AC to DC SEPIC

converter with voltage across the components.

At the input stage:

When switch is ON,

When switch id OFF,

VLl = Vin _2Vc -V

oint
Volt-sec balance over one switching cycle will not be equal to zero since the input is
sinusoidal. VVolt-Sec balance for one switching cycle is therefore

t+Tow t+DTgy t+Tow
L v, dt = L v, dt + Jl (Vi =2V, =V ) It

i i i+DTgy

The volt-sec balance over a line frequency period will be zero. For full supply cycle of
N switching per period,

N

t+Tgy N ot +DTqy N ot +Tgy
Z .[t- Vlet = z .[t- Vindt + Z .[t-+DT (Vin - 2Vc —Voint ) dt (518)
i n=1 i n=1 i SwW
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Suppose,

Viy =V SIN (0 =6,

Inmax
Vo =V, SIN (0 -6,

:Vointmax

v

oint

sin(at-6,)

From (5.18),
N, ot+DTy, N 4Ty
nZ—;‘ I‘i VoIt = _nz_;‘ -[ti+DT5W (Vi" = 2V ~Voin ) dt
Vinmax sin (a)t - ein )
N ot+DTgy ) N T, .
;L Vimax SIN (0t =6, ) dt = —%wa —2V, 0 SiN (w0t - 6,) |dt
-V, . sin (a)t -6, )
After Integration,
NT Oy t;+DTgy N e
Z|: _inmax ~ng C()t 9 ):l +Z|: Vinmax_ cos a)t 0 ):l
" t n=1 t,+ DTy
N 2V t+Tow N t+Tow
Z|: Zemax 505 a)t 9C):| Zl: Y ointmax_ cos COt 90):|
n t;+DTgy n=1 t,+DTgy

n=1 n

NV
—Z[ nmex ¢os (wt; + @D Ty, — 6, ):|+

Z[ —nmex ¢os (et, — 6 )}

Il
7 Mz
N

n
n

N
=1
V. NV
[ nmex cos (ot + Ty, — m)}—Z[ —nmex cos(@t; + DT, — 6 )}

<

c
(4
N

ontmex cos (wt; + wlgy — o)}Z[V‘“”ﬂCOS(wﬂ +@DTg, —90)}
-l @

<

M= 20V

Il
LN

n

=1
[ 22X oS (oot + wTgy — 90)}+Z‘[\/°ﬂcos(a>ti +wDTg, —6 )}
n=1
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Ny N [\
Z{—'“mﬂx cos(at, -0, )} - Z[M cos(at; + wlg, —6, )} =
n=1 w

- o in
N N
Or, Z:;{ZVC% cos(awt, + wDTg, -6, )} - Z:;[ZVC% cos(at; + g, —6, )}
N N
+Z_; [V—“Z)max cos(at; + DTy, — 6, )} - Zl[v—f"z)max cos(at; + wT, — 6, )}

ZN;Vinc:aX [ cos(at, ~6,)—cos(at, +aTy, —6,)]=

N
Or, ZZVCﬂ[cos(a)ti + DTy, —6,)—cos(at; + &y, —6,)]
7w

o}
n

N
+Zvointmax |:C05(a)ti +wDTy, —(90)—COS(a)ti +owlg, —0 ):'

0
n=1 (4

Using identity, cos A—cos B = 2sin A+B in B;A

i
n-1 @

2 2

Zvinmax |:2Sin a)ti eln + a)tl + a)TSW gln sin a)tl +a)TSW Hn a)tl +9|n:|

9sin ot + wDTy,, -0, + o, + 0T, — 6

Or ZN: 2chax 2
1 =R . ot + olg, — 6. —ot, — DT, + 6.
2
2sin ot + DT, — 0, + o, + o, — 06,
+ivointmax 2
=R ™ ot + ol -6, —ot, —oDTy, +6,
2

N
Zvinmax |:Sin (Wt, _Hin + a)-;SW jsin a)TSW :| —
n=1

2

N —
Or' szcmax {Sin[a)ti —(90 + (l+ D2) a)TSW Jsin (1 D)COTSW :l
n=1

2

EN _
+>» V. sinl wt. — 0. + (1+ D)a)Tsw sin (1 D)a)TSW
~ ointmax i 0 2 2
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SW

S

2

N (1+D)aT,
or, 2V, axZ{S a)t—9+ * Z)CUSWH

n=1

N
o.mmaXZ{sm [a)ti —6,+ %ﬂ
=1

sin~——~—>

1+D)aT
Using identities, hmﬂ_l and i, @l M

050 @

0 as Tgy =0 ii. —0 as
T, =0

ol

2 S Tein( ot — 0 )=
(]__[))a)-l-swxvinmax;[sm(a)ti ein ):I
2

Or,
ZVWXi[sin(a)ti 0.)]+V. ,mmaXZ[sm (ot —0,)]
n=1
1 N
Or (l_—[))xvinmaxélism(wti _ein ):' =

Wcmﬂnzri;[sin(a)ti— )]+V mtmaXZ[sm ot -0,) ]

2chaxi|:8in(a)ti_ 6.)]+V. ,mmaXZ[sm (ot —6,)]=

Or, o (5.19)

(1—1D) XVinmaan_;,[Si”(a’ti -6,)]

At the output stage:

When switch is ON,
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When switch id OFF,

Vi,=V

L2 oint

Volt-sec balance over one switching cycle will not be equal to zero since the input is
sinusoidal. Volt-Sec balance for one switching cycle is therefore

G+, t+DT, §+T,
I Myt = j Tovdt [ vt
t t

t+DTg, ©°M

The volt-sec balance over a line frequency period will be zero. For full supply cycle of
N switching per period,

ZJ»t i+ Tow LZ N1 .[t 1 +DTgy v, dt + ZJ-t:;STW Omt (5.20)

Suppose,
V, =V, Sin (ot —6,)
Voin: =Voinmax SIN (@t =6,
From (5.20),

ZI v, dt = mesw
t t,+DTqy °'”t

n=1

ZN:ItIi+DTswvcmax sin (a)t—ec)dt _ ZN:LtiJrTsw V. sin(a)t_go)dt

ointmax
n=1 " n=1 i+DTsw

After Integration,
ti+Tow

N V t; +DTgy N
Z{—ﬂcos(wt—ﬁc)} Z[ oM cos (@t — 90)}
n=1

@ t n=1 t+DTgy
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N
V. max 2| €08 (at; + @DTg, — 6, )—cos(at, —6,)]
Or, n=t .
=V, ntmax 2| COS (@t + Ty, — 6, ) —cos(at, + @DTy, - 6,) |

n=1

Using identity, cos A—cosB = 2sin A; B sin B;A

cmax = 2 2
ot + ol — 0, + ot, + oDT,, — 6

0

N f— — f— — f—
y Z{Zsina)tiJra)DTSW O+t~ 0, ;o O —6 ot a)DTSW+6’C}:

Or, 2sin

Z 2
omtmaX ~ sin a)ti +a)DTSW —90 _Cl)ti —C()TSW +90

2

N —
Vv Z sin| ot — 0 +wTSW sin @DTgy | _
cmax 1 C 2

n= 2
o : 1+D)aT D-1)aT
Vointmax2|:3in[G)ti -0, +( + )0) sw jsin( - )a) SW:|
n=1 2 2
sin Y= sw. 2 T
(1 D)C()T ><Zvcmax |:S|n(a)t —49 + —= > j:|:
Or, S|n

omt max

2
1+D) Ty,
sin a)t -0, +— >

Using identities, Lﬂ%‘l and I. aﬂ;‘” —0 as TSW -0 ii. m_)() as
T, =0
wDT,, X
or, i DZ)wTSW le - [sin(a)ti—ec)]:nz_;voimmax [sin(et,~6,)]
2
or, i Ve | SIN (2, ]: Immax[sm (at,-6,)] (5.21)
1
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Equating equation (5.19) and (5.21),

2(1

[—)D)XHZN; V,intmax | SIN (@t =6, ) ] +V, mtmaxZ[Sln ot —0,)]=
Vo 301~

(].——D) inmax -

Or,

or (Zz%ij [sin(at, ~6,)] :a__lmxvmg[sm(wti -6,)]

N
or, 5 xZVoimmax[sin(a)ti—490)]—(1 o) mmaXZ[sm ot -6,)]

n=1

Z intmax | SIN (@t —6,) | :W[ZZ_D)memaxg[sin(a)ti -6,)]

Thus the average output voltage Voav can be calculated as,

Voav = %J.Oﬁv

ointmax

sin@d @

1 D
Vo =— V. 0do
Or’ OAV ﬂIO (1_ D)(Z—D) inmax Sm

Or, Vg = DV J' singdé

7(1-D)(2-

DV T
V inm
or, Voo, = i D)(Zax D)[—cosﬁ]0

2DV,
V — Inmax )
Or. Voa z(1-D)(2-D) (5.22)
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Table 5.18 Average output voltage vs duty cycle of the converter of Figure 5.16.

Duty Cycle Vo (Simulation)
0.1 10.905
0.2 18.461
0.3 27.291
0.4 37.023
0.5 44.628

5.7 Input Switched Half-Bridge AC to DC SEPIC Converter

The converter is designed by modifying the input switched full-bridge by introducing

split capacitors at the load side. The converter is shown in Figure 5.19.

Il T

D1 Col
D D
S
IXT L2 Ro

D4

D D T

MY

Co2

Figure 5.19 Input switched half-bridge AC to DC SEPIC converter.

5.7.1 Principle of Operation

The four working stages of the converter is illustrated in Figure 5.20. When the switch
is ON during positive supply cycle, the input inductor charges from the supply voltage
and the SEPIC capacitor charges the output inductor and lower output capacitor through
the switch and the lower forward biased diode of the output stage. When the switch is
OFF, source and the inductor voltage charges the SEPIC and upper output capacitor

equally in series. Same operations happen when switch turns ON/OFF during negative

supply cycle.
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Figure 5.20 Four steps of operation of the converter in Figure 5.19,
(@) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle
(d) circuit when the switch is OFF during negative half cycle of line frequency.

5.7.2 Open Loop Simulation

The simulation of the circuit of Figure 5.19 is carried out with the parameters of Table

5.19. The results of the simulation is given in Table 5.20.

Table 5.19 Parameters of the converter of Figure 5.19.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1mH
Capacitors,

C1 2 uF
Col, Co2 220 uF
Resistor,

RL 100 Q
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Table 5.20 Simulation results of the converter of Figure 5.19.

Voltage Vo Efficiency THD PFi

Gain

0.05 137.642 30.574 14.859 0.974
0.10 152.387 33.156 15.614 0.974
0.15 166.684 35.483 15.560 0.976
0.20 182.919 40.489 14.521 0.978
0.25 203.140 49.379 12.151 0.979
0.30 223.243 48.168 8.7298 0.980
0.35 246.853 53.004 4.9806 0.982
0.40 274.962 56.591 2.8507 0.984
0.45 305.946 60.838 1.7978 0.985

5.7.3 Ideal Voltage Gain Expression

The voltage gain of the SEPIC converter in Figure 5.19 with an applied input voltage
of 30Vp is given in Table 5.21. The voltage across the component of the converter

during positive half cycle of operation is shown in Figure 5.21.

L1 C1

YY) Il
+ VL - n 1

+VC - D1 co1

Vin @ VL 2 L2
V.,
D4 «©
D D t Co2 -l_ !

Figure 5.21 Input switched half-bridge AC to DC SEPIC converter with voltage

across the components.
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At the input stage:

When switch is ON,

When switch id OFF,
VLl = Vin _Vc _Voc

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

I:i o Vlet = LtiJrDTSW Vindt + Jti o (Vin Ve Ve ) dt

i i ti+DTgy

Where, Voc = Vol - V02

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,

& Hlow sw W
ZJ: T v dt = th +DT. dt+ZJ’:+;TSW V A —Voc)dt (5.23)

n=1

Suppose,
Vi =Viyee SIN (= 6,
Vo =V, SIN (-6,
Voe =V, SN (= 6))
From (5.23),

ZJHDTSW dt= ZL:;STVSVW L=V, =V, )dt

ot
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VinmaxSin(a)t_ein)
> [Ty, sin(at—6,)dt=-3 [V | v, sin(at-6,) |dt
2], Vi sin (ot =G, )dt =2 | Ve in (e -6,)

cmax
n=1 = 7 PTsw

Ve SiN (0t - 6,)

After Integration,

t;+DTgw
3 ot = 3
w

t+Tsw
—nmax cos (wt — 6, )}

=1 f n=1 w t,+DTgy
N V i+ Tow N V i+ Tow
—Z{—ﬂcos(a)t—ﬁc)} —Z[—Mcos(a)t—ﬂo)}
n=1 2 t+DTgy D=L @

t;+DTgw

V NT OV
inmax cos(a)t +@DTgy —6,) |+ Y| ——2= cos(at, - 6, )
n w

[V'”max cos(at; + g, —6, )}

=1
NV
Z[ —nmex ¢os (t; + wDTg,, — Hin)}

Il
ﬁMz
N

n=1
Or, N Ty N
_Z[ Ca”;ax cos(at; + g, — }LZ{ =12 cos (@t + @DTy, _90)}
) n=1
N N
_Z[V"mé‘x cos(at, + Ty, — }rZ{V"W cos(at; + wDTy, -6, )}
-1l @ n=t
N N
ZI:meax CoS a)t :l |:V|nmax Ccos a)t +a)T5W Hin ):l =
n=1 w n=
N N
or, Zivcam:x cos(at, + DT, — ﬁc)} Z{Vmax cos(at; + @y, 0, )}
N N
+Z|:Vomax cos(at; + DTy, —6, )}_Z[V"ﬂ cos(at; + g, —6, )}
] 0] n=1 o
N
$ Vo s 01,0, )0+, ~6,)]-
N
Or, Zvcmax [COS(wti +wDTy, —HC)—cos(a)ti + ooy —0; )}
n=1 @
+Z; o [ cos(at; + @DTg, —6,)—cos(at; + &Tg, —6,) ]
Using identity, cos A—cos B = 2sin A; Bgin 2 ; A
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[}
n=1 @

2 2
ot + DTy, — 6, + o, + 0T, —6,

C

Zvinmax |:25in a)ti eln +a)t| +a)TSW eln sin a)tl +a)TSW gn a)tl +9|n j| —

or ivcmax 2sin >
@ | dn ot, + oy, — 6, —ot, —wDT, +6,
2
2sin ot + DTy, — 0, + ot + &g, — 6

N V 2 o
+Z omax
R ot + ol — 6, —ot, —oDT, +6,

0

2

N
Zvinmax |:Sin (wti _ein + wTSW Sln :|

n=1

or ivm[sm[a,ti_gcg D), Ji (1- DngSW}

n=1

Z oma{sin[a)ti—e +(1+i)2) s ]S,n(l— DZ)wTSW]

. ol
sin —3W.

2 Vi | s t — 6, @j:
2

SIn

N
or, cmaxz{s.n(wt 4 +%ﬂ
N
Y, Z{sin (a)ti 0+ %H

n=1

1+ D)ol
Using identities, Iglng%—l and i.2Tsv 0 as Tgy =0 ii. (L+D)aTy, —0 as
T, =0
Ty,
2
——— sin (ot -
Or % mmaXZ[ in(et~0:)]=
’ 2

chaxnzli;[sin(a)ti L) ]+ m,,\XZN;[sin(a)ti -0,)]

185



(1 o) mmaxZ[sm 6,)]=
chaxnz_ll[sin(a)ti -0,)] +V0maxnz_;[sin(a)ti -0,)]

Or,

chaxiliSin (ot,—06,)] +V0maxi[sin (at,-0,)]=

or, " " " (5.24)

(1—1D) XVinmaan_;[Sin(Wti -6,)]

At the output stage:

When switch is ON,
When switch id OFF,

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

I:i +Tow v, dt = jtti+DTSW v dt+ Lti +Tow v dt

oc
i i i+DTow

Where, Vi, = Vg =Vy,

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,

N +lsw +DTgy +Tow
Zf: T det—z It Ty d”ZL.;SW (5.25)

n=1 n=1 K

Suppose,

Vo =V, SIN (0 -6,
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Voc :Vomax Sin(a)t—ﬁo)

From (5.25),

ZN:J‘:HDTS\N Vcdt _ iJ‘:i +Tow Vocdt

n=1 ' n=1 i+ DTSW

ZJ‘tvLDTSW max Sm(a)t 0 )dt _ zj't,+Tsw V - Sin(a)t_go)dt

el +DTgy

After Integration,

N V t; +DTow N Ty
Z{_ﬂcos(a)t—ﬁc)} z{ Yomax g a)t 90)}
n=1

¢ n=l +DTgy

chaxZN:[cos(a)ti + DTy, —6,)—cos(at, - 6,) ]
n=1

Or,
N
=V, ax 2| COS( 0t + T, —6,)—cos(at, + wDT, -6, )]
n=1
Using identity, cos A—cos B = 2sin A+BginB ; A

2 2
Or, . | 2sin ot + oly, — 0, + ot + wDTy, -6,
Vomaxz 2
| gin ot + DTy, — 0, — ot, — Ty, +6,
- 2

3l — - — — —
chaxz 2sin a)ti +a)DTSW HC +a)ti ec sin a)ti Hc a)ti a)DTsW +0° :| =

| si Tow \ain —@DT,
Vo3| sinf e, — 6, + @ )gin =2DTow | _
cmax i c 2 2

n=1

Or, -

N p—
Vomaxz Sln( 0 + (1+ Dz)wTSW jSin (D 12)a)TSW :|
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Sin%

(1_ D)Q)TSW X Z;chax |:S|n (a)tl ec + > jj|

sin~—~——2%
Or, 2

s

n=1

1+ D)o,
Using identities, llgmg%—l and i.%Tsw 50 as Ty, =0 i, m—w as
T, =0
DTy, )
2 . .
Or, e | SN[t =6,) | =)V, .. | SIN(a@t, =6,
r (1 D)a)Tsw Zl [ ( )] ; [ ( )]
2

(1-D

or, ivcmax[sin(a)ti—é’c)]: _D)xivomax[sin(a)ti—ﬁo)] (5.26)

Equating equation (5.24) and (5.26),

1

e

_DD) X gvomax [sin(at,-6,)] +V0maxg[sin (ot,-0,)]=
ﬁxvmmaxni[sin (ot,-6,)]

Or,

N

Or, (1 D= Dj Z max[Sin(a)ti_QO)JZQ_—]b)XVi”man[Sin(mti_0"1)]

or l><iv [sin(a)t.—ﬁ)]= 1
1 D e omax 1 0 (1

——D) XV ax ;[Sin (Wti -0, )]

> Vo [si0(t,-6,)] - (1_DD) Ny Y [5i0(01, 6, )]
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Therefore the average output voltage can be derived as,
1= .
Vory = —I V, e SINOA G
72' 0

1, D .
or, Vv, =—| —V.___sin@dé
OAV T .[O 1_ D inmax

DVinmax T i
Or, VOAV —m'[o singd@
DV. x
Or, Voay :ﬁ[_cos 0]0
2DV,
Or, VOAV :7[(1—1”6»() (227)

Table 5.21 Average output voltage vs duty cycle of the converter of Figure 5.19.

Duty Cycle Vo (Simulation)
0.1 11.516
0.2 15.364
0.3 18.388
0.4 20.975
0.5 24.835

5.8 Capacitor Assisted Input Switched Half-Bridge AC to DC SEPIC
Converter

The proposed converter is designed by splitting coupling capacitor into two equal
capacitors. During Toff, both capacitor will be charged in series sharing equal voltage
between them. During Ton, only capacitor will C1 will charge the inductor L2 with

reduced voltage. The converter is show in Figure 5.22.
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Figure 5.22 Capacitor assisted input switched half-bridge AC to DC SEPIC converter.

5.8.1 Principle of Operation

The four working stages of the converter is illustrated in Figure 5.23. When the switch
is ON during positive supply cycle, the input inductor charges from the supply voltage
and the first of the SEPIC capacitor charges the output inductor and lower output
capacitor through the switch and the lower forward biased diode of the output stage.
When the switch is OFF, source and the inductor voltage charges the SEPIC and upper
output capacitor equally in series. Same operations happen when switch turns ON/OFF
during negative supply cycle.

L1 c1 c2
_ Y Y\
vm@ T | -L 2 Ro
- D —> N {FD4 %_!_ Co2
@
I% —
1 J L
c1 2 D1 = | Co1
D D
I_ ’ L2 JL é Ro
Vin@ <
‘A D4 — Co2
D : t” T
(b)



L1 Cc1 c2

_ Y Y\ — —
o * p1 ==| co1
] T
Vin C’\?\ — <
b A D4 —T— Co2
> t T
(c)
Y Y\ ‘ ‘ Il Il
L1 !:Il !.! D1 é: Col
D D
L_ S ¢
Vin(’\? \ L2 _ 3
- ——JL
o b t D4 _!_ Co2
(d)

Figure 5.23 Four steps of operation of the converter in Figure 5.22,

(@) circuit when the switch is ON during positive half cycle

(b) circuit when the switch is OFF during positive half cycle

(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

5.8.2 Open Loop Simulation

Ro

Ro

The simulation of the circuit of Figure 5.22 is carried out with the parameters of Table

5.22. The results of the simulation is given in Table 2.23.
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Table 5.22 Parameters of the converter of Figure 5.22.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1mH
Capacitors,

C1.C2 2 UF
Col, Co2 220 pF
Resistor,

RL 100 Q

Table 5.23 Simulation results of the converter of Figure 5.22.

Voltage Vo Efficiency THD PFi

Gain

0.05 82.997 57.202 33.618 0.932
0.10 98.191 66.594 30.762 0.943
0.15 119.425 78.705 29.722 0.942
0.20 149.251 86.898 31.311 0.941
0.25 173.906 90.984 28.474 0.943
0.30 194.895 93.351 28.792 0.945
0.35 209.783 93.130 30.997 0.947
0.40 222.587 91.108 27.470 0.953
0.45 240.027 87.554 23.353 0.960

5.8.3 Ideal Voltage Gain Expression

The voltage gain of the SEPIC converter in Figure 5.22 with an applied input voltage
of 30Vpr is given in Table 5.24. The voltage across the components during positive half

cycle of operation is depicted in Figure 5.24.
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Figure 5.24 Capacitor assisted input switched half-bridge AC to DC SEPIC converter

with voltage across the components.

At the input stage:

When switch is ON,

When switch id OFF,
VLl = Vin - 2Vc _Voc

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

L Yyt = j:i+DTSW v e+ [ (V,, =2V, -V, )dt

i i ti+DTgy
Where, Voc :ch :Vcd

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,

ijtti +Taw Vlet _ iJ‘:ﬁDTsW Vindt + ZN:'[ti +Tow (Vin _ 2VC —Voc)dt (5_28)

n=t " n=1"" o oD Tsw
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Suppose,

Vi =V SIN (0 =6,

Inmax
Vo =V, SIN (0 -6,

Voo =Vioma SIN (a6, )

oc Comax

From (5.28),

N + sw i Tlsw
S =2 (-2 v

- i+DTsw .

ZJ‘:I o VinmaxSIn(a)t_ein)dtz
Or, nle '

_Zj:insw [Vinma SN (@0t =6, ) dt =2V, sin (et —6,) =V, SN (00t =6, ) |dit

comax
-y ; +DTsw

After Integration,

t;+DTgy

N N
Moo, <3S ot -,
n=1

G+ Tow

n t t+DTgy
N G+ Tow N t+Tow
Z{ ——emx cos (ot — 90)} Z{ —2mX cos (oot — 90)}
n=1 t;+DTgw n=1 t;+DTgy

Mz

V. NV
nnex cos (t; + @D Ty, —6,) |+ | ——2™cos(at, —6,)
n=1 @

I
N

n

|n

Il
7 Mz
N

[V'”max cos(at; + Ty, —6, } [ Yinmex —nmex cos (et, + @DTg,, — Qn)}

Nemay cos(awt, +wTgy — 6 }

{2\/‘:"’“ cos(awt, + wDTg, — Hc)}
@ @

1 EMZ

N
[V“”“ax cos(at; + Ty, —6,) }+Z[V°°max cos(at; + wDTy, -6, )}

Il
LN

n
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N [\ N TV
Z|: inmax. g a)t —0 )}_Z[Mcos(af[i +C()TSW _ein ):l =
1L @

n n=1 w

N N
or, Z[ZVW"X cos(at, + @DT, — 90)}—Z{Mcos(a)ti + Ty, —0 )}

Cc
n=1 o n=1 Q)

(o] (0]
n=1 (0] n=1 w

N N
+Z{V°°ﬂcos(a)ti +wDT,, —6 )}—Z{V‘“’ﬂcos(aﬁi + Ty, —0 )}

iv"‘af)“ax [ cos(at, -6, ) —cos(at, + &Ty, —6,) ]| =

N

or, 3 Remx [oo5(at, + wDT,, —0,)—cos(at, + Ty, —6,)]
w

c
n=1

N
+Z\/°°ﬂ[cos(a)ti + DT, —6,)—cos(at, + Ty, —6,)]
n=1 (2]

Using identity, cos A—cos B = 2sin A+B in B;A

~ 2 2 B

.ot +wDT, —6, + ot + 0T, -0,
ey 2sin 2
On Z cmax

=R . ot + olg, — 6. —ot, — DT, + 6.
2

9sin ot, + DTy, — 0, + o, + wly, — 6

0
+i Vcomax 2
=R ot + o, — 60, —ot, —wDT, +6,

2

N
Zvinmax |:Sin (a)t, _ein + a)-;SW jsin a)TSW :|=
n=1

2

N p—
Or, ZZVmaX {sin [coti -0+ (1+ D2) DTy }sin (1 DZ) oTgy :|

Zvinmax |:2Sin a)ti eln + a)tl + a)TSW gln sin a)tl +a)TSW Hn a)tl +9|n:|

n=1

+§N: +D)al, — T
V. sin| wt. -6 +(1 )T sin(l D)CO sw
Ccomax i 0 2 2

n=1
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. ol
sin —3%

2 g 29T ||
(=D)ar., szmmax {sm(a)t 0, + > H_
sin~——~—>%
2
(1+ D) Ty, ﬂ
Or, 2V sin a)t -0, +f
N ) (1+ D)a)TSW
+ Voomax | SIN a)ti—90+f
n=1
sin@ T (L+D)aTy,
Using identities, ngT_l and i.—% 0 as TSW =0 ji. ————>0 as
T, =0
olg,
2N in(ot —0.)]=
= X;Vi”max [sin(at,—6,)]
Or —t
’ 2
iZchax [sin (et -0, )]ﬁuivmmax [sin(at, -6,)]
n=1 n=1
N
Z Vi | SIN (2t =6, ) ] =
or, i (5.29)
szcmax [sin(at,—6,) ]+ Z omax | SN (@t = 6,) ]
n=1
At the output stage:

When switch is ON,

When switch id OFF,
VL2 - Vc +Vco

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore
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4+, t;+DT, +T,
j My, dt =I vt [T (v v, )dt
t t t,+DTgy

The volt-sec balance over a line frequency period will be zero. For full supply cycle of
N switching per period,

th i+Tow v, dt = J-t i+DTgy —v dt +th'+DSTV:W V +V, (5.30)
Suppose,
V, =V, Sin (0t —6,)
Veo =Vioma SIN (@t 6,
From (5.30),
N ot +DTgy A+ Taw
;.[t d _zJ-tJrDTSW t
N i+DTsw i+ lsw .
;f V, o SIN (0t =6, ) LDT [V SN (@0t = 0, ) +V g SN (0t = 6,)  lt

After Integration,

N V t;+DTgy
Z[—ﬂcos(a;t—ec)} =

n=1 w t
N i+ Tsw N i+ Tsw
Z[ —m2 cos (wt — 6 )} +Z{ —2m cos (ot — 90)}
n t+DTgy  N=1 ti+DTsw
N
chaxZ[cos(coti + DTy, —6,)—cos(at, —6,) ]
Or, CmaXZ[cos(a)t + Ty, —6,)—cos(at, + DTy, —6,) ]

0o

WV, Z [ cos(at; + Ty, —6,)—cos(at, + DTy, —6,) ]
n=1
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Using identity, cos A—cosB = 2sin A; B sin B;A

N T ~ N L
chaxz 2sin a)ti +a)DTSW 00 +&)t| 90 sin a)t| 9@ a)t, a)DTSW +HC _
n=1L 2 5
N _ZSin ot + olgy — 6, + oty + @DTg, — 6,
or, chaxz 2
n=1 sin a)ti +a)DTSW —00 —a)ti _a)TSW +90
- 2

2sin ot + ol — 0, + ot + DT, —6,

+Vco max i 2
n=1 sin C()ti + CODTSW — 90 — a)ti — a)TSW + 90
2

N —_—
Vi 2| SIN (a)ti ~0, + a)-;sw )sin a)[;TSW } _
n=L |

N
Or’ chaxz
n=1

N [—
+VcomaXZ[sin {a)ti g+ (1+ Dz)a)TSW jsin (D 12) oy, }

n=1

. wDTy,
sin—% \ .
2 x ZVCmax |:S|n (a}tl — HC +ﬂj:| _
sinm n=1 2
2
N i (l+ D)a)Tsw
or, >V, sin| ot -6, Ll
n=1

N
+ZV | sin| ot —6 +%
wr] comax 0 2

. 1+ D)o,
Using identities, Iim¥:1 and i.aﬂ%—w as Tgy =0 ii. (1+D)oTsy
-0

T, =0
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DTy,

(1- Dz)a;r Z amax | SIN (0, —6,) | =
2

;vcmax [sin(et, -6 ]+Z omax | SIN (0, = 6,) ]

Or,

or, &———}z.wbn@—:]zomﬁwm—m]

or, i o | SN (0, = Vooma | SIN (@, =6,) ] (5.31)

Equating equation (5.29) and (5.31),

(1_ D) xVinmaxni;,[Sin (o, _gm)] _
Or,

[sin (at; -6, )] +V ZN;[sin (at; -6, )]

n=

CO max

or, a_—llj)xvmmaanN_;[sin(a)ti—Hin] (2 2D- Djxivmmax[sin(wti—éo)]

n=1

S0t 0] Vo S (o1, -0,

. D N
sinfat. -0 ) | = ——————xV. sin(wt, — 6,
Z comaxl: ( i o):l (1_ D)(Z—D) |nmax§|: ( i m)]
Therefore the average output voltage can be derived as,

Comax

Vo, = 1jo”v singdo
T

1
Vi =— V. 0do
Or! OAV ﬂ'J.O (1_ D)(Z—D) inmax Sln
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DV

Vo = e {"sin 9d 9
Or Yo ﬁ(l—D)(Z—D)IO Sin
DVinmax _ a
or, Vg, = (- D)(2—D)[ cosd];
2DV,
V — 1nmax ) 2
Or. You 7(1-D)(2-D) (.32)

Table 5.24 Average output voltage vs duty cycle of the converter of Figure 5.22.

Duty Cycle Vo (Simulation)
0.1 10.739
0.2 19.857
0.3 30.173
0.4 33.702
0.5 34.265

5.9 Modified Input Switched AC to DC SEPIC Converter

The proposed converter is designed by moving the switch in between the diode bridge.

L1 Cc1

>l
|
D3 D J_ Col
D1 s L3
| >
J:: % Ro
Vin
D4
c1 L4
L2 D6 D Co2
[ ]

Figure 5.25 Modified input switched AC to DC SEPIC converter.

5.9.1 Principle of Operation

The four working stages of the converter is illustrated in Figure 5.26. When the switch

is ON during positive supply cycle, the upper input inductor charges from the supply
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voltage and the upper SEPIC capacitor charges the upper output inductor through the
switch and the forward biased diode. When the switch is OFF, source and the inductor
voltage charges the upper SEPIC and upper output capacitor in series. Same operations
happen when switch turns ON/OFF during negative supply cycle.

C1

V.

— -
fv“ - A
D1 s M 13
JE ’ <éRo
Vin
A D4
y 12 D6 a “ D Co2
Y Y\ Il i< _l_
|] '
(@)
pl—
) — Co1
st 4
$ ko
Vin — —
L D Co2
0.
— 1
(b)
c1
I .
)
H D3 i D J— Col
D1 s L3
— JE § Ro
Vin 1
‘A D4
L2 1 Wus a ’ L D Co2
|~ Il j<¢ T
|| '
(c)
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Figure 5.26 Four steps of operation of the converter in Figure 5.25,
(a) circuit when the switch is ON during positive half cycle
(b) circuit when the switch is OFF during positive half cycle
(c) circuit when the switch is ON during negative half cycle

(d) circuit when the switch is OFF during negative half cycle of line frequency.

5.9.2 Open Loop Simulation

The simulation of the circuit of Figure 5.25 is carried out with the parameters of Table
5.25. The results of the simulation is given in Table 5.26.

Table 5.25 Parameters of the converter of Figure 5.25.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 5mH
L3, L4 1 mH
Capacitors,

C1,C2 2 uF
Col, Co2 220 uF
Resistor,

RL 100 Q
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Table 5.26 Simulation results of the converter of Figure 5.25.

Voltage Vo Efficiency THD PFi

Gain

0.05 48.128 71.321 172.05 0.627
0.10 77.117 87.449 182.92 0.731
0.15 109.605 01.482 103.79 0.837
0.20 147.466 92.431 46.595 0.895
0.25 189.721 92.320 40.431 0.918
0.30 238.622 91.464 40.319 0.926
0.35 292.523 90.152 37.858 0.934
0.40 352.273 88.943 28.172 0.958
0.45 407.861 87.558 20.133 0.976

5.9.3 Ideal Voltage Gain Expression

The voltage gain of the SEPIC converter in Figure 5.25 with an applied input voltage
of 30Vp is given in Table 5.27. Figure 5.27 shows the voltage across the components

for positive half cycle of operation.
L1

| >
+ V- ||
D3,y + D +
. -
L3 Vis Voc

D1 S

- +
JE Ro § Vo
Vin )
C

D4 L4
L2 * D6 a D
| i |

Figure 5.27 Modified input switched AC to DC SEPIC converter with voltage across

the components.
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At the input stage:

When switch is ON,

When switch id OFF,
VLl = Vin _Vc _Voc

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

I:i o Vlet = LtiJrDTSW Vindt + Jti o (Vin Ve Ve ) dt

i i ti+DTgy

Where, Voc = Vol - V02

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,

& Hlow W W
ZJ: T v dt = th +DT. v, dt +ZJ’:+;TSW V A —Voc)dt (5.33)

n=1

Suppose,
Vi =Viyee SIN (= 6,
Vo =V, SIN (-6,
Voe =V, SN (= 6))
From (5.33),

ZJHDTSW dt= ZL:;STVSVW L=V, =V, )dt

ot
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VinmaxSin(a)t_ein)
> [Ty, sin(at—6,)dt=-3 [V | v, sin(at-6,) |dt
2], Vi sin (ot =G, )dt =2 | Ve in (e -6,)

cmax
n=1 = 7 PTsw

Ve SiN (0t - 6,)

After Integration,

t;+DTgw
3 ot = 3
w

t+Tsw
—nmax cos (wt — 6, )}

=1 f n=1 w t,+DTgy
N V i+ Tow N V i+ Tow
—Z{—ﬂcos(a)t—ﬁc)} —Z[—Mcos(a)t—ﬂo)}
n=1 2 t+DTgy D=L @

t;+DTgw

V NT OV
inmax cos(a)t +@DTgy —6,) |+ Y| ——2= cos(at, - 6, )
n w

[V'”max cos(at; + g, —6, )}

=1
NV
Z[ —nmex ¢os (t; + wDTg,, — Hin)}

Il
ﬁMz
N

n=1
Or, N Ty N
_Z[ Ca”;ax cos(at; + g, — }LZ{ =12 cos (@t + @DTy, _90)}
) n=1
N N
_Z[V"mé‘x cos(at, + Ty, — }rZ{V"W cos(at; + wDTy, -6, )}
-1l @ n=t
N N
ZI:meax CoS a)t :l |:V|nmax Ccos a)t +a)T5W Hin ):l =
n=1 w n=
N N
or, Zivcam:x cos(at, + DT, — ﬁc)} Z{Vmax cos(at; + @y, 0, )}
N N
+Z|:Vomax cos(at; + DTy, —6, )}_Z[V"ﬂ cos(at; + g, —6, )}
] 0] n=1 o
N
$ Vo s 01,0, )0+, ~6,)]-
N
Or, Zvcmax [COS(wti +wDTy, —HC)—cos(a)ti + ooy —0; )}
n=1 @
+Z; o [ cos(at; + @DTg, —6,)—cos(at; + &Tg, —6,) ]
Using identity, cos A—cos B = 2sin A; Bgin 2 ; A
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[}
n=1 @

2 2
ot + DTy, — 6, + o, + 0T, —6,

C

Zvinmax |:25in a)ti eln +a)t| +a)TSW eln sin a)tl +a)TSW gn a)tl +9|n j| —

or ivcmax 2sin >
@ | dn ot, + oy, — 6, —ot, —wDT, +6,
2
2sin ot + DTy, — 0, + ot + &g, — 6

N V 2 o
+Z omax
R ot + ol — 6, —ot, —oDT, +6,

0

2

N
Zvinmax |:Sin (wti _ein + wTSW Sln :|

n=1

or ivm[sm[a,ti_gcg D), Ji (1- DngSW}

n=1

Z oma{sin[a)ti—e +(1+i)2) s ]S,n(l— DZ)wTSW]

. ol
sin —3W.

2 Vi | s t — 6, @j:
2

SIn

N
or, cmaxz{s.n(wt 4 +%ﬂ
N
Y, Z{sin (a)ti 0+ %H

n=1

1+ D)ol
Using identities, Iglng%—l and i.2Tsv 0 as Tgy =0 ii. (L+D)aTy, —0 as
T, =0
Ty,
2
——— sin (ot -
Or % mmaXZ[ in(et~0:)]=
’ 2

chaxnzli;[sin(a)ti L) ]+ m,,\XZN;[sin(a)ti -0,)]
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(1 o) mmaxZ[sm 6,)]=
chaxnz_ll[sin(a)ti -0,)] +V0maxnz_;[sin(a)ti -0,)]

Or,

chaxi[sin(wti -0, )]+v0maxi[sin(a)ti -6,)]=

or, " " " (5.34)

(1—1D) XVinmaan_;I:Sin(Q)ti -6,)]

At the output stage:

When switch is ON,
When switch id OFF,

Volt-sec balance over one switching cycle will not be equal to zero since the input is

sinusoidal. Volt-Sec balance for one switching cycle is therefore

I:i o v, dt = Iti+DTSW —v dt+ I:i Ty dt

Where1 Voc = Vol - V02

The volt-sec balance over a line frequency period will be zero. For full supply cycle of

N switching per period,

;i +DTgw

> va=3 [

n=1 "' n=1 K

_ dt+z j:;ww (5.35)
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Suppose,

From (5.35),

ZN: J-ti +DTgy
tA

n=l "'

After Integration,

Using identity, cos A—cosB = 2sin 5 sin

Or,

n=1

Or,

N T
chaxz
n=1L

N
Vo max Z
n=1

N V tj+DTgy N v ti+Tsw
Z{—ﬂcos(wt—ec)} =Z{—ﬂcos(a)t—00)}

(0]

N
V. 2| €08(at; + DTy, —6
n=1

N
=V, 2| €OS(at; + Ty, —6,)—cos(at; + wDTy, —6,) |
n=1

sin ot + wDT,, -6,

V, =V, SIN (-6,

Voe =V, SN (= 6))

N o +DTgy N ot +Tgy
v dt = J v_dt
Z J;_ c Z t,+DTgy oc

n=1 "' n=1

V, o SIN (0t =6, ) dt = ifﬂw

cmax
parid +DTgy

Ve SIN (@t — 6, ) dit

¢ n=1 @ t,+DTgy

)—cos(at, —6,) |

C

(o] [o]

A+B . B-A
2

2sin ot +wDTg,, -0, + ot, - 0, sin ot — 0, — ot —wDTg, + 06, } _
2 2
_Zsin ot + ol — 0, + ot + DTy, -6,
2

| —ot, —ol, +6,

2
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N —
Vo D sin(a)ti -0, + a)-;SW ]Sin w[;TSW }:
n=1

Or, -
N f—
V Sin[a)ti —0, + (1+ Dz)coTSW )sin (D 12)‘0Tsw }

omax
n=1

Sin%

N
3 szcmax sin a)ti—00+a)-ri _
sin (1-D)aTy, = 2
Or, f

N
2 Vo {Sin (a)ti -0, +%ﬂ

n=1

' 1+ D)o,
Using identities, Lm(}%:l and i.aﬁ%_m as Tgy =0 ii. (ﬂ_)() as
T, =0
DTy, ) .
2 . .
or, 7+7—5—="x) Vimu!|SIN(at;=0,) =) V, | SIN(t; 06,
e
2

or, ivcmax [sin(at,—6,)]= (1_DD) xivomax [sin(at,—6,)] (5.36)

Equating equation (5.34) and (5.36),

(1_DD) x gvomax [sin (at;, -0, )]+Vomaan::[sin (at; -6, )] =

Or,
1

i-0) xVinmaXnZ::[sin (ot -6,)]

Or, (1_ Ii)_ DanZN_llVomax I:Sin(wti _00 ):l = (1—1D) Xvi”maanN_;[Sin(a)ti _ei” )]
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O, % 2o [0 (08, ~0,)]= 57 Vo L5010 )]

D

(1-D)

nzhi;vomax [sin(a)ti —6’0)] = ><meaxnzlj;[sin(a)ti -6, )]

So the average output voltage can be calculated as,
1= .
Vory == | Vo Sin 06
72' 0

1 D

O Vou == N 5 Vinmas SIN 000
or, Vo = %Ksin 6do
or, Vg = % [-cosd]]
or Vo, - % (5.37)

Table 5.27 Average output voltage vs duty cycle of the converter of Figure 5.25.

Duty Cycle Vo (Simulation)
0.1 12.424
0.2 19.453
0.3 28.752
0.4 37.514
0.5 44.113
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5.10 Comparison of Conversion Efficiency

The comparison among the conventional and the proposed converters in terms of
conversion efficiency are shown in Table 5.28. The corresponding curves are shown in
Figure 5.28.

Single Phase SEPIC AC-DC Converter Comparison
100 PR (I I [T NI I ST R S—

-

-
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g [ ‘ ----C Assisted In SW FB
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Figure 5.28 Comparison of AC to DC SEPIC converters in terms of conversion

efficiency.
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Table 5.28 Comparison of Single Phase AC-DC SEPIC Converters.

Output D|0(_je-CapaC|tor Output Capacitor Assisted Ir_1put Capacitor assisted ".‘p“t Capacitor assisted | Modified
Voltage . Assisted Output - ) Switched . Switched :
. Switched - Switched Output Switched Input Switched Input Switched Input
Gain | cull-gridge | SWItChed Full-— 1y 1ot Bridge half-Bridge Full- Full-Bridge Half- Half-Bridge | Switched
Bridge Bridge Bridge
0.133 11.253 22.687 21.351 32.232 12.22 37.229 13.599 31.254 66.593
0.2 18.221 37.981 28.852 44.993 19.998 43.002 17.212 43.597 75.221
0.3 32.587 61.883 41.578 66.32 32.223 57.291 22.985 61.274 88.854
0.4 43.251 82.124 47.897 85.01 42.993 68.981 26.895 77.521 92.102
0.5 53.875 92.235 52.014 95.002 53.886 77.876 32.523 86.251 92.254
0.6 68.02 97.852 54.041 98.021 67.258 85.985 39.997 91.268 92.098
0.7 77.233 99.254 56.124 97.251 78.011 90.001 47.982 92.514 91.982
0.8 83.475 98.841 57.214 92.127 82.256 94.021 52.654 86.457 91.14
0.9 88.781 97.687 59.201 82.514 87.241 96.14 56.074 76.214 90.748
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5.11 Discussions

All three proposed converters show better conversion efficiency compared to
corresponding conventional ones at extreme low voltage gain. Though the input power
factor of the converters are reasonably good but the input current THD is high. For
attaining low input current THD, the converters with conventional feedbacks are
studied. To the feedback circuit studies, the output voltage regulations have also been
included. Typical results of feedback controlled proposed circuits by simulation study

are provided in chapter 6.

213



Chapter 6

Investigation of Step-Down Converters with
Feedback

The proposed single phase AC to DC step-down converters intended for very low
voltage gain are subjected to study with feedback control. Both voltage and current
control are considered for the simulation. The objective of the investigation is to
improve input power factor and reduce total harmonic distortion of the input current.

Dynamic response of the converters in terms of sudden load change are also studied.
6.1 Modified input switched AC to DC SEPIC converter

6.1.1 Feedback Analysis

The proposed modified input switched AC to DC converter with feedback control is
shown in Figure 6.1. The parameters used for the simulation of the converter is given
in Table 6.1. The results of the simulation with reference voltage variation is given in
Table 6.2. Typical waveform of the circuit is shown in Figure 6.2. It is evident from the
figures that the output voltage changes with the variation in reference voltage while

keeping THD within tolerable limit and almost unity power factor.

VSEN2

VSEN1
Co2

>

A0S Sagat
W

o

e
A
3
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Figure 6.1 Modified input switched AC to DC SEPIC converter with feedback

control.
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Table 6.1 Parameters of the circuit of Figure 6.1.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 5mH
L3, L4 1 mH
Capacitors,

Cl,C2 2 uF
Col, Co2 220 uF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.00167
Gain of Current Sensor

ISEN1 1.67

Table 6.2 Results of the feedback of the modified input switched AC to DC SEPIC

converter.
Ref Vin lin Vo Input Power Input Power
(peak) | (RMS) (Avg) Current Factor
THD
1.0 300 0.216 36.721 16.434 0.851 27.606
4.0 300 1.034 | 117.015 12.795 0.875 183.276
7.0 300 2.040 | 170.652 15.645 0.893 386.346
10.0 300 3.173 | 212.436 13.938 0.907 610.574
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Figure 6.2 Typical input-output waveforms of the circuit of Figure 6.1.

6.1.2 Dynamic Response

To test the voltage regulation and the dynamic response of the proposed circuit with
feedback control, the controller was set with the reference voltage to provide 177 VVdc
output with a resistive load of 100 Q. Simulation of the circuit is carried out with sudden
load changes to 80 Q at 250ms, 100 Q at 450ms and 120 € at 650ms of the simulation
time, which is given in Table 6.3. The circuit parameters are given in Table 6.4. The
simulation result showing the variation of output voltage and input current for the
circuit of Figure 6.3 is shown in Figure 6.4. It is evident from the waveforms that, due
to feedback control the output voltage of the converter remains almost constant with

the change of load while the input current changes to meet the load demand.
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Figure 6.3 Modified input switched AC to DC SEPIC converter for dynamic analysis.

Table 6.3 Changes in load for Figure 6.3.

Time (ms) Load (Q2)
0-400 100
400-650 80
650-900 100
900-1200 120

217



Table 6.4 Parameters of the circuit of Figure 6.3.

Nominal input ac source voltage, V1 300V Peak

Line frequency, f 50 Hz

Switching Frequency, fs 5 kHz

Inductors,

L1, L2 5mH

L3, L4 1mH

Capacitors,

Cl,C2 2 uF

Col, Co2 680 UF

Resistor,

Ro 200 Q

Rol, Ro2, Ro3 400 Q, 300 Q, 200 Q
Gain of Voltage Sensor

VSEN1 0.0033

VSEN2 0.00167

Gain of Current Sensor

ISEN1 0.72

Time

t1, t2, t3 400 ms, 650 ms, 900 ms
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Figure 6.4 Typical waveforms of output voltage and input current for load change of

the circuit of Figure 6.3.

6.2 Capacitor Assisted Input switched Full-Bridge AC to DC SEPIC

converter

6.2.1 Feedback Analysis

The proposed capacitor assisted input switched full-bridge AC to DC converter with
feedback control is shown in Figure 6.5. The parameters used for the simulation of the
converter is given in Table 6.5. The results of the simulation with reference voltage
variation is given in Table 6.6. Typical waveform of the circuit is shown in Figure 6.6.
It is evident from the figures that the output voltage changes with the variation in
reference voltage while keeping THD within tolerable limit and almost unity power

factor.
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Figure 6.5 Capacitor assisted input switched full-bridge AC to DC SEPIC converter

with feedback control.

Table 6.5 Parameters of the circuit of Figure 6.5.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1 mH
Capacitors,

Cl,C2 2 uF
Co 220 uF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.0033
Gain of Current Sensor

ISEN1 0.835
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Table 6.6 Results of the feedback of the proposed capacitor assisted input switched
full-bridge AC to DC SEPIC converter.

Ref Vin lin Vo Input Power Input Power
(peak) | (RMS) | (Avg) Current Factor
THD
0.5 300 1.2424 | 92.885 19.755 0.857 176.4
0.75 300 1.4687 | 124.27 12.946 0.912 286.26
1.0 300 1.6179 | 155.199 17.289 0.907 414.759
1.25 300 2.5424 | 181.126 18.122 0.918 495.402
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Figure 6.6 Typical input-output waveforms of the circuit of Figure 6.5.
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6.2.2 Dynamic Response

To test the voltage regulation and the dynamic response of the proposed circuit with

feedback control, the controller was set with the reference voltage to provide 152 Vdc

output with a resistive load of 100 Q. Simulation of the circuit is carried out with sudden
load changes to 80 €Q at 250ms, 100 Q at 450ms and 120 Q at 650ms of the simulation

time, which is given in Table 6.7. The circuit parameters are given in Table 6.8. The

simulation result showing the variation of output voltage and input current for the

circuit of Figure 6.7 is shown in Figure 6.8. It is evident from the waveforms that, due

to feedback control the output voltage of the converter remains almost constant with

the change of load while the input current changes to meet the load demand.

VSENI ISEN1 L s

A D3

Figure 6.7 Capacitor assisted input switched full-bridge AC to DC SEPIC converter

for dynamic analysis.

Table 6.7 Changes in load for Figure 6.7.

Time (ms) Load (2)
0-400 100
400-650 80
650-900 100
900-1200 120
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Table 6.8 Parameters of the circuit of Figure 6.7.

Nominal input ac source voltage, V1 300V Peak

Line frequency, f 50 Hz

Switching Frequency, fs 5 kHz

Inductors,

L1 5mH

L2 1mH

Capacitors,

Cl,C2 2 uF

Co 220 pF

Resistor,

Ro 200 Q

Rol, Ro2, Ro3 400 Q, 300 Q, 200 Q
Gain of Voltage Sensor

VSEN1 0.0033

VSEN2 0.0033

Gain of Current Sensor

ISEN1 0.67

Time

t1, 2,13 400 ms, 650 ms, 900 ms
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Figure 6.8 Typical waveforms of output voltage and input current for load change of

the circuit of Figure 6.7.

6.3 Capacitor Assisted Output Switched Half-Bridge AC to DC SEPIC

converter

6.3.1 Feedback Analysis

The proposed capacitor assisted output switched half-bridge AC to DC SEPIC
converter with feedback control is shown in Figure 6.9. The parameters used for the
simulation of the converter is given in Table 6.9. The results of the simulation with
reference voltage variation is given in Table 6.10. Typical waveform of the circuit is
shown in Figure 6.10. It is evident from the figures that the output voltage changes with
the variation in reference voltage while keeping THD within tolerable limit and almost

unity power factor.

224



VSEN1

ISEN1

VSEN2

) i @]}Y’»

A D10

Figure 6.9 Capacitor assisted output switched half-bridge AC to DC SEPIC converter

with feedback control.

Table 6.9 Parameters of the circuit of Figure 6.9.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1mH
Capacitors,

C1,C2 2 uF
Col, Co2 220 uF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.00167
Gain of Current Sensor

ISEN1 1.67
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Table 6.10 Results of the feedback of the capacitor assisted output switched half-
bridge AC to DC SEPIC converter.

Ref Vin lin Vo Input Power Input Power
(peak) (RMS) | (Avg) Current Factor
THD
0.25 300 1.2424 | 92.885 20.755 0.657 176.4
0.50 300 1.4687 | 124.27 17.946 0.912 286.26
0.75 300 1.6179 | 155.199 13.289 0.907 414.759
1.00 300 2.5424 | 181.126 15.122 0.918 495.402
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Figure 6.10 Typical input-output waveforms of the circuit of Figure 6.9.
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6.3.2 Dynamic Response

To test the voltage regulation and the dynamic response of the proposed circuit with
feedback control, the controller was set with the reference voltage to provide 295 Vdc
output with a resistive load of 100 Q. Simulation of the circuit is carried out with sudden
load changes to 80 € at 250ms, 100 Q at 450ms and 120 Q at 650ms of the simulation
time, which is given in Table 6.11. The circuit parameters are given in Table 6.12. The
simulation result showing the variation of output voltage and input current for the
circuit of Figure 6.11 is shown in Figure 6.12. It is evident from the waveforms that,
due to feedback control the output voltage of the converter remains almost constant

with the change of load while the input current changes to meet the load demand.

|
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Figure 6.11 Capacitor assisted output switched half-bridge AC to DC SEPIC

converter for dynamic analysis.

Table 6.11 Changes in load for Figure 6.11.

Time (ms) Load (2)
0-400 100
400-650 80
650-900 100
900-1200 120
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Table 6.12 Parameters of the circuit of Figure 6.11.

Nominal input ac source voltage, V1 300V Peak

Line frequency, f 50 Hz

Switching Frequency, fs 5 kHz

Inductors,

L1 5mH

L2 1 mH

Capacitors,

Cl,C2 2 uF

Col, Co2 680 UF

Resistor,

RL 200 Q

Rol, Ro2, Ro3 400 Q, 300 Q, 200 Q
Gain of Voltage Sensor

VSEN1 0.0033

VSEN2 0.00167

Gain of Current Sensor

ISEN1 0.833

Time

t1, t2, t3 400 ms, 650 ms, 900 ms
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Figure 6.12 Typical waveforms of output voltage and input current for load change of

the circuit of Figure 6.11.

6.4 Capacitor Assisted Input switched Half-Bridge AC to DC SEPIC

converter

6.4.1 Feedback Analysis

The proposed capacitor assisted input switched half-bridge AC to DC SEPIC converter
with feedback control is shown in Figure 6.13. The parameters used for the simulation
of the converter is given in Table 6.13. The results of the simulation with reference
voltage variation is given in Table 6.14. Typical waveform of the circuit is shown in
Figure 6.14. It is evident from the figures that the output voltage changes with the
variation in reference voltage while keeping THD within tolerable limit and almost

unity power factor.
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Figure 6.13 Capacitor assisted input switched half-bridge AC to DC SEPIC converter

with feedback control.

Table 6.13 Parameters of the circuit of Figure 6.13.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1 mH
Capacitors,

Cl,C2 2 uF
Col, Co2 220 uF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.00167
Gain of Current Sensor

ISEN1 1.67
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Table 6.14 Results of the feedback of the capacitor assisted input switched half-bridge
AC to DC SEPIC converter.

Ref Vin lin Vo Input Power Input Power
(peak) Current Factor
(RMS) | (Avg) THD
0.50 300 1.6749 | 78.383 20.86 0.866 166.955
0.75 300 1.7852 | 129.107 14.929 0.923 349.765
1.00 300 2.1931 | 151.078 17.453 0.938 436.372
1.25 300 2.6698 |172.921 13.664 0.945 534.698
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Figure 6.14 Typical input-output waveforms of the circuit of Figure 6.13.
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6.4.2 Dynamic Response

To test the voltage regulation and the dynamic response of the proposed circuit with
feedback control, the controller was set with the reference voltage to provide 120 Vdc
output with a resistive load of 100 Q. Simulation of the circuit is carried out with sudden
load changes to 80 Q at 250ms, 100 Q at 450ms and 120 Q at 650ms of the simulation
time, which is given in Table 6.15. The circuit parameters are given in Table 6.16. The
simulation result showing the variation of output voltage and input current for the
circuit of Figure 6.15 is shown in Figure 6.16. It is evident from the waveforms that,
due to feedback control the output voltage of the converter remains almost constant

with the change of load while the input current changes to meet the load demand.
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Figure 6.15 Capacitor assisted input switched half-bridge AC to DC SEPIC converter
for dynamic analysis.

Table 6.15 Changes in load for Figure 6.15.

Time (ms) Load (Q)
0-400 100
400-650 80
650-900 100
900-1200 120
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Table 6.16 Parameters of the circuit of Figure 6.15.

Nominal input ac source voltage, V1 300V Peak

Line frequency, f 50 Hz

Switching Frequency, fs 5 kHz

Inductors,

L1 5mH

L2 1mH

Capacitors,

Cl,C2 2 uF

Col, Co2 680 UF

Resistor,

RL 200 Q

Rol, Ro2, Ro3 400 Q, 300 Q, 200 Q
Gain of Voltage Sensor

VSEN1 0.0033

VSEN2 0.00167

Gain of Current Sensor

ISEN1 1.67

Time

t1, t2, t3 400 ms, 650 ms, 900 ms
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Figure 6.16 Typical waveforms of output voltage and input current for load change of

the circuit of Figure 6.15.

6.5 Diode-Capacitor Assisted Output Switched Full-bridge AC to DC
SEPIC converter

6.5.1 Feedback Analysis

The proposed diode-capacitor assisted output switched AC to DC SEPIC converter with
feedback control is shown in Figure 6.17. The parameters used for the simulation of the
converter is given in Table 6.17. The results of the simulation with reference voltage
variation is given in Table 6.18. Typical waveform of the circuit is shown in Figure
6.18. It is evident from the figures that the output voltage changes with the variation in
reference voltage while keeping THD within tolerable limit and almost unity power

factor.
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Figure 6.17 Diode-capacitor assisted output switched AC to DC converter with
feedback control.

Table 6.17 Parameters of the circuit of Figure 6.17.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1 5mH
L2 1 mH
Capacitors,

C1,C2 2 uF
Co 220 uF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 0.0033
Gain of Current Sensor

ISEN1 0.88
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Table 6.18 Results of the feedback of the diode-capacitor assisted output switched AC

to DC SEPIC converter.

Ref Vin lin Vo Input Power Input Power
(peak) | (RMS) | (Avg) Current Factor
THD
0.50 300 0.579 | 58.739 19.651 0.815 88.303
0.75 300 1.0352 | 117.304 13.788 0.828 181.726
1.00 300 1.8014 | 174.304 10.484 0.857 326.941
1.25 300 2.9181 | 229.625 9.9306 0.915 566.833
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Figure 6.18 Typical input-output waveforms of the circuit of Figure 6.17.
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6.5.2 Dynamic Response

To test the voltage regulation and the dynamic response of the proposed circuit with
feedback control, the controller was set with the reference voltage to provide 155 Vdc
output with a resistive load of 100 Q. Simulation of the circuit is carried out with sudden
load changes to 80 €Q at 250ms, 100 Q at 450ms and 120 Q at 650ms of the simulation
time, which is given in Table 6.19. The circuit parameters are given in Table 6.20. The
simulation result showing the variation of output voltage and input current for the
circuit of Figure 6.19 is shown in Figure 6.20. It is evident from the waveforms that,
due to feedback control the output voltage of the converter remains almost constant

with the change of load while the input current changes to meet the load demand.

e——| |
~ > ] &
I I X, I T T T
A D1 A D3 I A D7 A D9 1 3
« Vin s I i< N
ISEN1 > J: a D 12 = Ro Ro1 Roz
- = Ro3
= L <L L <4 - ©
= A D4 A D5 | A D10 A D12 ﬁ th

Figure 6.19 Diode-capacitor assisted output switched AC to DC converter for

dynamic analysis.

Table 6.19 Changes in load for Figure 6.19.

Time (ms) Load (Q)
0-300 100
300-550 80
550-800 100
800-1100 120
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Table 6.20 Parameters of the circuit of Figure 6.19.

Nominal input ac source voltage, V1 300V Peak

Line frequency, f 50 Hz

Switching Frequency, fs 5 kHz

Inductors,

L1 5mH

L2 1mH

Capacitors,

Cl,C2 2 uF

Co 470 uF

Resistor,

RL 200 Q

Rol, Ro2, Ro3 400 Q, 300 Q, 200 Q
Gain of Voltage Sensor

VSEN1 0.0033

VSEN2 0.0033

Gain of Current Sensor

ISEN1 0.67

Time

t1, 2,13 300 ms, 550 ms, 800 ms
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Figure 6.20 Typical waveforms of output voltage and input current for load change of

the circuit of Figure 6.19.

6.6 Discussions

The input current THD of the proposed SEPIC converters are within prescribed limits
with the feedback control. The input power factor is also reasonably high for low
voltage gains. Most of the converters maintained constant output voltage under variable

load condition.

239



Chapter 7
Design of Feedback Control

In general, the input power factor of AC to DC converters scheme are very low in open
loop operation. Proper feedback control can improve the input power factor of the
converters. The common PFC control consists of two loops. The inner current control
loop and the outer voltage control loop. For simplicity average current mode control is
applied to the inner current control loop. In this chapter, the feedback controller is
designed in detail for the diode-capacitor assisted output switched AC to DC boost
converter as shown in Figure 7.1. The same procedure can be applied to design feedback

controller for any AC to DC converter.

L1 L2
L
L]
A D1 D2 D5

Q1
(= >
vm@ M D=a == = Co g Ro

? D3 D4 D6
i«

Figure 7.1 Diode-capacitor assisted output switched AC to DC Boost Converter.

7.1 The Operating Principle of PFC

In proposed diode-capacitor assisted output switched AC to DC converter, the boost
diode is replaced by hybrid diode-capacitor network. By pulse-width-modulating the
MOSFET at constant switching frequency, the current i. through the inductor L1 is

shaped to have the full-wave-rectified waveform T (t)=1, [sin@t|, similar to |v, (t)| as

shown in Figure 7.2. The inductor current contains high switching frequency ripple,

which is removed by a small filter.

240



Figure 7.2 PFC waveforms.

The dc transformer model of the circuit of Figure 7.1 is shown in Figure 7.3, where

|Vs| is the voltage after the rectifier (without any distortion due to load).

i) 1-d:1+d  io(t)

@
IVs| C=/— R § Vo

Figure 7.3 The DC transformer model of the diode-capacitor assisted output switched
AC to DC Boost Converter.

The voltage gain of the converter is given below [44],

Vv, 1+d(t)
v,| 1-d(t)

Where V0 and d(t) are the average output voltage and variable duty cycle.

Vo—|ve| 1+d(t)-1+d(1)

Or, =
Vo +|v,| 1+d(t)+1-d(t)
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Vo —|v,|

or,  di=y ]
0 S

VY, =V, [sin ot

= . (7.1)
V, +V, [sin et

d(t)

Where, \7S is the peak input voltage.

According to equation (7.1), a variable duty cycle is needed for keeping the input
current in-phase with the supply voltage as shown in Figure 7.4. The MATLAB code

for generating the signal as required in Figure 7.4 is presented in Figure 7.5.

0.8 .

o
»
T
I

0.4 .

0 L I L I L I
0 1 2 3 4 5 6

wt (rad)

Figure 7.4 Required variable duty cycle for the PFC controller.
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%MATLAB Code

V0=350;

vrms=220;

vpk=sqrt(2)*vrms;

wt=0:0.001:2*pi;
d_t=(Vo-vpk*abs(sin(wt)))./(Vo+vpk*abs(sin(wt)));
plot(wt,d_t)

Figure 7.5 MATLAB code to generate the variable duty cycle of Figure 7.4.

The current ratio of the ideal transformer can be written as:

i (t) 1-d(t)
Where, i (t) and i (t) are instantaneous inductor and output current.

1-d(t).
_1+da)ha)

iO (t)

I, (1) = |\\;—s|iL(t)

V, [sin ot| .

iO (t) =

[sin at|

(o]
A

. Voxi,
|0(t)=%xsm2a)t

]

243



i) =VS\7 'L x(%—%cos 20t)
i, (t) =%VS\7 , —%Vs\;( l, cos 2wt

The output current contains both DC component and a second harmonic ripple. The

second harmonic output current can be defined as:

Vx|,

Iy, (1) :% Ccos 2t

0

Where the peak value of the second harmonic is defined as:

The second harmonic current is assumed to flow through the output capacitor entirely.

So the peak ripple voltage due to second harmonic current can be calculated as:

A _VS><I|_

2" 40CV,

Where, \702 , XC , 2w and C are peak ripple voltage, reactance output capacitor, second

harmonic frequency and output capacitor.

The equation has to be used to calculate the value of smoothing capacitor at the output.

o Vi,

=_ s L 7.2
4wxV, , xV, (7.2)

7.2 Control of PFCs

Figure 7.6 shows the PFC power circuit along with its control circuit in block diagram

form. In controlling a PFC, the main objective is to draw a sinusoidal current, in-phase
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with the utility voltage. The reference inductor current i; is of the full-wave rectified
form, similar to that in Figure 7.2. The requirements on the form and the amplitude of
the inductor current lead to two control loops, as shown in Figure 7.6, to pulse-width

modulate the switch of the proposed boost converter:

e The average inner current control loop ensures the form of i; based on the
template sin|wt| provided by measuring the rectifier output voltage|v,(t)| .

e The outer voltage control loop determines the amplitude [, of i; based on the
output voltage feedback. If the inductor current is insufficient for a given load
supplied by the PFC, the output voltage will drop below its preselected reference
value V). By measuring the output voltage and using it as the feedback signal,
the voltage control loop adjusts the inductor current amplitude to bring the
output voltage to its reference value. In addition to determining the inductor
current amplitude, this voltage feedback control acts to regulate the output
voltage of the PFC to the pre-selected dc voltage.

D1 L2
° ~ By ~
X & L1 J_ J_
c2 ==c3
. —
Vin T c1= R
A A

Voltage Control Loop

] o

| |sin wt|| Measured

| Ay [

S s Ho—s
Controller A

Current
Controller

Figure 7.6 PFC control loops.

In Figure 7.6, the inner current-control loop is required to have a very high bandwidth
compared to the outer voltage-control loop. Hence, each loop can be designed

separately.
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7.3 AC Equivalent Circuit Modelling of Proposed Boost Converter

The first step for designing the controller is to derive the small signal model of the
converter topology. The next step is to find the power stage transfer function for both

the inner current control loop and outer voltage control loop.

7.3.1 Small-Signal Model of Proposed Boost Converter

To design feedback controller, the power stage of the converter must be linearized
around the steady-state operating point, assuming a small-signal disturbance. Figure 7.7
shows the average model of the switching power-pole, where the subscript
“vp” refers to the voltage-port and “cp” to the current-port. Each average quantity in
Figure 7.5 can be expressed as the sum of its steady state dc value (represented by an

uppercase letter) and a small-signal perturbation (represented by a “~” on top):

~

d(t)=D+d(1)

p vp vp
\7Cp = ch +V,
l, = va + iVp
I, = ICp + iCp
ITVp(t) — — icp(t)
+ +
- X -
Vip(t)  1-d(t) 1+d(t)  Velt)
_ YV _

Figure 7.7 Linearizing the switching power-pole.
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Utilizing the voltage and current relationships between the two ports in Figure 7.7:

V,, +9, = (%)(vcp +7,, )
(V;fp + 17vzn)(l +D+ ci) = (1 -D- d~)(V6p + 77617)
Vip(1 + D) + Vypd + 9, (1 + D) + Bpd = Ve (1 = D) — Vopd + ¥y (1 — D) — ¥pd
Ignoring the DC and the non-linear terms from the both side of the above equation:
Up(1+ D) = —Vppd + ¥, (1 — D)
Uyp(1 + D) + V,pd = —Vzpd + ¥, (1 — D)

5o+ d~V;7p :ﬁcp(l_D)_ ch&
P (1+ D) (1+D) (1+D)

(=D d(Vpt V)
T+ D)’ T 1+ D)

The voltage port is the input side and the current port is the output side. So,

Vop = Vin
ch =1,
Uyp = Vi

Uep =7

Where, VIn ,V0 , Vin and \70 are peak input voltage, average output voltage, input voltage

perturbation and output voltage perturbation. Therefore,

s _(A-D) Ao+ Vi)
m= a0 T T +D)

247



For the current port,

1-D—-d

lep +Tep = (m) (Top + o)

(Ip +1p)(1+D+d) = (1 =D —d)(Ip + Typ)
Ip(1+ D) + Ipd + ip(1 + D) + 1.pd = Ly (1 — D) — I,,d + T, (1 — D) — T,,d
Ignoring the DC and the non-linear terms from the both side of the above equation:
Ipd +1,(1+ D) = —1,,d + 1,,,(1— D)
iep(1+ D) +I.d = —1,,d +1,,,(1— D)

_— dly  Tp(1-D)  Iyd
° (1+D) (@+D) (1+D)

~ (1_D)~ d~(1vp+lcp)
e T D)y T T 1+ D)

The voltage port is the input side and the current port is the output side. So,

va = iin = fL

. _@=-D). dUy+1I)
T a0t T T+ D)

Thus the derived small signal AC model of hybrid boost converter is shown in Figure

7.8.
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N oA
d (Via+V,)/(1+D)

o ® AT~ C

L, "TaN
A d (I+1.)/(1+D) R§ ~

r
™Yy

(1-D):(1+D)

Figure 7.8 Derived small signal model of the diode-capacitor assisted output switched
AC to DC Boost Converter.
The equivalent circuit contains three independent inputs: control input variation d , the

power input variation \7in and the load current variation. The output voltage

variation/perturbation (ignoring load variation) can be expressed as a linear

combination of the two independent inputs, as follows,

7, =G, (s)V, +G,(s)d

0

|<1

Where, G, (S)==%= Converter line to output transfer function,

n

<@

G, (s)= \;—B = Converter control to output transfer function.

7.3.2 The Control-to-Output Transfer Function

For voltage mode control the transfer function of the power stage has to be, #,/d. So
the input voltage perturbation has to be zero, #;,, = 0. Thus control-to-output transfer

function be,

Uo(8)

Gya(s) = As)
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sL

°@® SN T~C
® ~ A~ d (IL+l.)/(1+D) ~
d (Vin#V,)/(14D) \/ RS Ve
r
mJy
(1-D): (1+D)

Figure 7.9 Reduced small signal model for deriving control to output transfer

function.

Converting the voltage source in the primary side of the ideal transformer (capable of

transforming both AC and DC) into a current source:

~~ o ® " A~ C
d (Vin+Vo) <A> ;(IL+|0)/(1+D) '\\/'
sL (1+D) st R ’
r
; ?
(1-D): (1+D)

Figure 7.10 Circuit after source transformation.

Transferring primary current source and the impedance to the secondary side current

multiplied by turns-ratio, impedance divided by square of turns-ratio:

&
a

. T~ C

Tlml® Qe () Lk 37
r
L3

Figure 7.11 Circuit after impedance transformation.
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Finding the equivalent circuit at terminal (a-b) looking towards the source side:

Thevenin’s equivalent impedance,

1+ D\?
Z“b:SL(1—D>
Zab:SLe
1+D\2
Where, L, —L( D)

Thevenin’s equivalent voltage,
Vap = V1 — V2

For the first current source,

, =&(V0+I7m)<1—D)XsL(1+D)2
17 sLa+D)\1+D 1-D

For the second current source,

d(l, + 1) sl (1 + D>2

Y2771+ D) 1-D
_[dWo+ Vi) (1 =D 1+D\*] [d(l, +1.) 14 D\?
vab_lsL(1+D) (1+D)XSL(1—D>l_ (1+D) XSL(1—D)l

d(Vy + Vi) 1+D
Vagp = [wl ld(] +IL) X sL (1 D) l

_dWVo+ V) +D)[1-D I, +1;
Yab =1 _D)? (1 + D> B SL( )l

d(Vy + V,,)(1 + D) [V, L( 1, +1; )l
= — =S
A

(% = =
ab (1 —D)? Vo + Vi
2
[ Vo o Y5 \]
AW+ V)A+D) O R YRy
ab (1— D)2 A Vo + Vi
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Vap = — =S =
ab (1_D)2 | Vo VO +Vin

i A [ VoV + V2 ]
_ d(VO + Vin)(l + D) Vin L Rvin I
|
| )i

[ Vo(vin + V;))\‘]

d(VO + Vm)(l + D) Vm L Rvin I
|

/|

v = — S =
ab = (1-D)? | Vo Vo + Vin
v =d~(V0+V\in)(1+D) @—SL %(Vin-l'[/;))x 1
ab (1 - D)2 Vo RV, (Vin +V,)

_ d(VO + 17'in)(l + D) I7in L Vo

~

v = —_— S
ab (1— D)2 A RVinl

sL{V,\
R Vin

_d(Vo+ V)@ + D) y Vin ) sL (1 + D)Z
Vab = (1-D)? 7 R\1-D

d(VO + Vin)(l + D) Vin
Vap = X —
(1-D) Vo

d(1+ D) Vin
Vap = (1 D)2 [(VO m)] [1 T 5

Vab = (Zil +Dl))2) [( 0 (1 n D) V")] [1 "R

Vab = % (1 n D>)] Vin [1 ]

d(1+D)(1+D+1—D> Am[l—&]

Vab = 1 pyz 1+D
d(1+ D) y ( 2 ) o [1 sL,
Vab = 4 " pyz *\14p) " Vin R

_2dVy X[ sL,
Vab =1 D)2 R

252



So the equivalent circuit becomes:

2dv,, (

[
sL(1-D)>\

A
I,:.*EJ_

e

Zab

sl

<?

R S P = |

Figure 7.12 The equivalent Thevenin’s model of the circuit.

Sy o
vo - vab Zab + ZO
2dV;, ] [ R||(1/s0)
D,
°Ta-n2" sLe + (R||(1/50))
Assuming r; # 0
2dV;, sL, 1+ srcC
%o =@=py~ % L
( s2L.C +5 (32 +7cC) +1
Y 2V, sL, 1+ s7cC
qdoa=pe>~ - L
d ( _szLeC+s(ﬁe+rcC)+1_
(s) = 7, Vi 1+ srcc
vd S = = 2 ]
d (1-D) s2L.C +5 (3 +rCC)+1
If ro = 0 then
, 2Vin SL, 1
Gua) = 22 = [y 2k
d (1-D) R szLeC+sLRTe+1
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7.3.3 Line-to-Output Transfer Function (Power Stage Transfer Function for
Voltage Control Loop)

For deriving the line-to-voltage transfer function of the power stage the duty cycle
perturbation has to be zero, d = 0. Thus the transfer function will be ¥, /#;,,. Since for
the voltage control loop of the hybrid boost converter, the transfer function has to be
output voltage perturbation with respect to the input/inductor current perturbation
instead of input voltage perturbation, more appropriate transfer function will be, 7, /1, .
For d = 0 the small signal model reduces to the following diagram (assume r, = 0):

D

le(s) = ~_O

mn

Modified as required for voltage control loop:

%
Gy (s) = ~_O
lL

~N
i
DX
~N -l ~N
Vin @ C T~ R§ Vo
™Yy
(1-D): (1+D)

Figure 7.13 The reduced model to derive line to output transfer function.

Referring to the primary side of the ideal transformer (Its preferable to refer to the

secondary side for finding, 7, /7;,):
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N
Vin

Figure 7.14 The impedance transformed model.

Where,

The input/inductor current,

)

liL:

R _R(l—D)
e "\1+0D
c _C(l—D)2
e "\1+D
_ 1-D
Voe = Vo1 p
~ 17in

(sL(Re +1/sC,) + Re/sCe>
R, +1/sC,

R, +1/sC,
sL(R,+ 1/sC,) + R,/sC,

Vin

255

Voe



SR,C, +1
sC,
" s2LR,C, + sL + R,
sC,

i, =7

o [ SR,C, + 1
‘W= Vin | SZIR.C. + L+ R,

The equivalent output voltage,

s 5 (ReII(1/sC.))
¢ T T sL+ (R||(1/5CL))

R./sC,
R, + 1/sC,

R./sC, >
sL+ (Re +1/sC,

Upe = Uin X

R./sCe
R, + 1/sC,
sL(R, +1/sC,) + R./sC,
( R, +1/sC, >

Voe = Vin X

o R./sCe
sL(R, +1/sC,) + R./sC,

Uoe = Vin

5 o_ 5 R /sC,

Voe = Vin ® " 2IR.C, + sL + R,
sC,

_ _ R,

Voe = Vin

X
s?2LR,C, +sL + R,

s?LR,C, + sL + R,
Re

Vin = Vge X

Putting the value of 7;,into the equation of 7, :

ZL = ﬁoex

s’LR,C, + sL + R, y [ sR.C, +1
R, s?LR,C, + sL + R,



i _~[ R, ]
Voe =GR C, + 1

v (755) = e
Yo\1+D) ~ " [sR.C, + 1

\Z_Oz(l+ D) R, (7.3)
I 1-D )| sR.C, +1

7.3.4 Power Stage Transfer Function for Current Control loop

For the high frequency current control loop, the secondary side of the ideal transformer
in the small signal equivalent circuit gets short-circuited. Because at high frequency the

capacitor acts as short-circuit (Assume r, = 0). So the equivalent circuit reduces to:

~N
d (VintV,)/(1+D)

Figure 7.15 The reduced small signal model for current control loop.

The input perturbation 7;,, = 0 since we are deriving control to output transfer function
(for current control loop output is ;).

d(V, + Vin)
. Ta+D)
s
I VO +\7|n
L M) (7.4)
d sL(1+D)
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7.4 Design of Inner Average Current Control Loop

The inner current control loop is shown within the inner dotted box in Figure 7.6. In
order to follow the reference with as little THD as possible, an average-current-mode

control is used with a high bandwidth, where the error between the reference i (t) and

the measured inductor current i (t) is amplified by a current controller to produce the
control voltage V, (t) . This control voltage is compared with a ramp signal V, (t) , With

a peak of \7r at the switching frequency fs in the PWM controller to produce the

switching signal. Just the inner current control loop of Figure 7.6 can be simplified, as
shown in Figure 7.15 (a). The reference input i (t) varies with time as shown in Figure
7.2. However, the variation is much slower compared to the current control-loop
bandwidth, approximately 10 kHz in the numerical example considered later on.

Therefore, at each instant of time, the circuit of Figure 7.2 can be considered in a “dc”

steady state with the associated variables having values of i (t), |V (t)‘ and |d (t).

This equilibrium condition varies slowly with time, compared to the current-control-
loop bandwidth, which is designed to be much larger. In Laplace domain, this current
loop is shown in Figure 7.15 (b), as discussed below, where “~” on top represents small
signal perturbations at very high frequencies in the range of the current-control-loop
bandwidth, for example 10 kHz.

* Vo
iL(t)
Current | Vc(t) PWM d(t) Power F—
Controller IC Stage
i
(a)

258



Current
Controller

it SE— o Ve(t)

i

@V Gesi(s) L)

T

(b)

Figure 7.16 Simplified current control loop for PFC

7.4.1 PWM Controller Transfer Function

In the feedback control, a high-speed PWM integrated circuit such as the UC3824 from

Unitrode/Texas Instruments may be used. Functionally, within this PWM-IC shown in

Figure 7.17 (a), the control voltage V, (t) generated by the error amplifier is compared

with a ramp signal V, (t) with a constant amplitude V, at a constant switching
frequency fs, as shown in Figure 7.17 (b). The output switching signal is represented
by the switching function q(t), which equals 1 if V, (t) >V, ; otherwise 0. The switch

duty-ratio in Figure 7.17 (b) is given as,

a ()=t (7.5)

In terms of a disturbance around the dc steady state operating point, the control voltage

can be expressed as,

v, (t) =V, +, (7.6)

(7.7)

In equation 7.7, the second term on the right side equals d(t) , from which the transfer

function of the PWM-IC is,
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_d(s) 1
G (8) = w6) V. (7.8)
A V
Ve —p L~ Vc(t) ] r
-——» q(t) 0 v, | E .
] I
@ AR
0 M
N 1 ~
Ve (S)_> \Tr > d(S) ° < dT.—> T
—T—
(b) (c)

Figure 7.17 PWM waveforms

7.4.2 Transfer Function of the Converter for Current Control Loop

The power stage transfer function for the current control loop is derived in section 7.3.4.

Therefore the transfer function is,

i (%) o
d sL(1+D) '

7.4.3 Designing the Current Controller

The transfer function in equation 7.4 is not a pure integrator. Therefore, to have a high

loop dc gain and a zero dc steady state error in Figure 7.17 (b), the current controller

transfer function G, (S) must have a pole at the origin. In the loop in Figure 7.17 (b),
the phase due to the pole at origin in Gi (S) and that of the power-stage transfer function

(equation 7.4) add up t0180°. Hence, Gi (S) includes a pole-zero pair that provides a

phase boost, and hence the specified phase margin, for example 60° at the loop

crossover frequency:
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Gi(s):ﬁﬂ

s 1+s/o, (7.9)

where, kc is the controller gain. Knowing the phase boost, %Oost, we can calculate the

pole-zero locations to provide the necessary phase boost:

Kboost =tan (450 + %]

= Ky f

boost ci
where fd is the crossover frequency of the current loop transfer function.

7.5 Design of Outer Voltage Control Loop

A

The outer voltage-control loop is needed to determine the peak, |, , of the inductor
current. In the voltage loop, the bandwidth is limited to approximately 15 Hz. The
reason has to do with the fact that the output voltage across the capacitor contains a
component Vj, at twice the line-frequency (at 100 Hz in 50-Hz line-frequency systems).

This output voltage ripple must not be corrected by the voltage loop; otherwise it will
lead to a third-harmonic distortion in the input current.

%*
VO A% C| /N
osed
Voltage I I Power | V,
Controller Current Stage
Loop
(a)
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Voltage
Controller %

v:(U —t% Gu(s) () 1

iL(s) Goauls) Vo(S)

(b)
Figure 7.18 Voltage control loop for PFC.

For such a low bandwidth of the voltage-control loop (approximately three orders of
magnitude below the current-loop bandwidth of ~10 kHz), it is perfectly reasonable to
assume the current loop to be ideal at low frequencies around 15 Hz. Therefore, in the
voltage-control block diagram shown in Figure 7.18 (a), the current closed loop

Nx

produces |, equal to its reference value |, . In addition to a large dc component, I,
contains an unwanted second-harmonic frequency component | ,due to Yy, in the input

to the voltage controller. sz at the second-harmonic frequency results in a third-

harmonic frequency distortion in the current drawn from the utility. Therefore, in the

output of the voltage controller block in Figure 7.18 (a), fLQ is limited to approximately

1.5% of the dc component in fE. The voltage control loop for low-frequency

perturbations, in the range of the voltage-loop bandwidth of approximately 15 Hz, is
shown in Figure 7.18 (b). As derived in section 7.3.3, the transfer function of the power
stage in Figure 7.18 (b) at these low perturbation frequencies (ignoring the capacitor
ESR) is:

\Z_OZ[LL Dj R, (7.3)
I 1-D /| sR.C, +1

To achieve a zero steady state error, the voltage-controller transfer function should have
a pole at the origin. However, since the PFC circuit is often a pre-regulator (not a strict
regulator), this requirement is waived, which otherwise would make the voltage

controller design much more complicated. The following simple transfer function is
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often used for the voltage controller in Figure 7.18 (b), where a pole is placed at the

voltage-loop crossover frequency @,, below 15 Hz,

G,(5)=— (7.10)

1+5/a,

At full-load, the power stage transfer function given by equation 7.3 has a pole at a very
low frequency, for example of the order of one or two Hz, which introduces a phase lag
approaching 90° much beyond the frequency at which this pole occurs. The transfer
function of the controller given by equation 7.10 introduces a lag of 45° at the loop
crossover frequency. Therefore, these two phase lags of ~135° at the crossover

frequency result in a satisfactory phase margin of 45°. Using equations 7.3 and 7.10, by

definition, at the crossover frequency fcv, the loop transfer function in Figure 7.18 (b)

has a magnitude equal to unity,

K, X(1+Dj R, | 1 (7.11)
1+s/w, \1-D)J1+sR.C,

s=j2xfcv

In the voltage controller of Figure 7.18 (b) and equation 7.10, the input \702 results in an

A

output | ,. Therefore, at the second-harmonic frequency in the voltage controller of

equation 7.10,

k

\

1+5/w,

=2 (7.12)

s=j(27x100)

From equations 7.11 and 7.12, the two unknowns kv and @, in the voltage controller

transfer function of equation 7.10 can be calculated.

7.6 Controller Design

A suitable feedback control has to be designed to improve the input power factor. The
input voltage applied is 220V (rms). The boost regulator has to regulate the output
voltage around 350V (DC) with an allowable ripple of 1%. The converter is designed

for a load of 350Q2 and to deliver output power of 350W.
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The output capacitor has to be selected with the requirement of 1% ripple of the second

harmonic component of the ripple voltage. Percentage ripple is defined as:

VRipple (RMS)

%Ripple = V.(DO) x100
vRippl/

%Ripple:—‘/ixloo
V,(DC)

To have an output voltage ripple of 1% of the second harmonic component of the load

voltage should have following value:

vV
1% = —=2
V2%V,
0_01: L
J2 %350

A

Vi, =4.949747V

Using the value of this ripple the value of the smoothing capacitor has to be calculated

from the formula:

c——Yoxl
4wxV , xV,

To find out the value of fL the PFC is assumed to be lossless, so the input power is

equal to the output power.

2P =V, (RMS)x | (RMS)

P =V, (RMS)xI_ /2
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I'\ '\/EXPO

* "V, (RMS)

A

And from the diagram it is evident that the |, = fs SO,

If\ '\/EXPO

TV, (RMS)

[ oY2X350 ) ) ioaesa
220

Therefore the value of the output capacitor has to be:

(220xJ§ )x2.249885

C-—
4><(2><7z>< f)><4.949747><350

(220><J§ )x 2.249885

C=
4><(2><72'><50)><4.949747><350

=321.5415uF

The formula for choosing a suitable inductor to keep the current in continuous

conduction mode is:

The peak value of the second harmonic inductor current is generally 1.5% of the peak

inductor current, thus

f 15 2.249885 = 0.03374828 A
27100

And the switching frequency is assumed to be f; =100KHZ . The duty cycle at desired
operating condition is:
350-(220x+2)

Vi _ =0.058798
+V,, 350+(220><J§)

p=Ye
VO
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So the required inductor is calculated to be:

(220><J§ )><0.058798

= =5.420625mH
0.03374828x100x10°

Designing current control loop:

In equation 7.8, assume that \7r =1. For the loop crossover frequency of 10 kHz

(@, =27 x10° rad/s) and the phase margin of 60°, the parameters in the current

controller of equation 7.9 are as follows:

kc =2295.8
o, =8.4179 x10% rad/s

@, =1.1725x10°rad/s

Calculation for the components of analogue current controller:

[
\
C2i
AA—H¢
AN
I [ R2i Cii
> ) |

Vin —AA——>

Ri1i
[*

Figure 7.19 Op-amp circuit to implement current control loop.

Vout
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Vin _ Vou

* (1 ke

(Sclﬁn(Rm 1)
R,

\Y

out

V,

n

The numerator of the transfer function can be calculated as,

)
SEnl )

1+sC,R,;
_ SZCiiCZi
~ sC, +5C,, +5°C,C, R,
SZCZiCZi

3 1+sC,R,;
sC, +sC,, +s°C,C,R,,

B 1+sC,R,;
S[Cli +Cy + SCliCZiRZi]

1 1+5C,R,

*(C,+C,y )[“ e R%Cu +Ca J
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mll—\

1 (e [“/ Vom0
" Heurenaein)

Thus,

1{ (“/J/CZ.RZ. j

c +C,)/CiCs )}
Ry

om:1/ rar(are (™ e
" {“ %(c:li CZi)/CliCZiRZi)}

So the formulas can found as,

OU'[ —

= JR,(C,+Cy)

@, =1/C,R,,
= (Cli + C2i )/Cliczi Rzi

From the value of k. we can find,

C1i + C2i = %C Rli

Putting the value into the equation of o,

w0, =—
P kc RliCZi R2iC1i

Realizing R,C, =Y, ,
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Dividing o, by o,,

o =—
P k.R;C,i,
_ 1
? kc Rii wz wp

[ C,+C, . 1
@, R,iC,Cy, . R,iC,

@, [ C;+Cy
a)z C2i

Cu_ @,
C2i a)z

c,=C .(ﬂ—lj
1i 2i a)

Finally the value of R,, can be calculated using,

R - L
o,C,,
Therefore,
R, =29.382kQ
C, =4.0431InF

C, =0.31273nF
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Calculations of Voltage Control Loop:

The magnitude of the loop transfer function at the crossover frequency should be unity.

| K X[1+D) R, | 4
1+s/w, \1-D)1+sR.C
| / (¢ e e|

s=j2rfcev

K, X(1+Dj R,
1+ j(a,/o,) \1-D )1+ jw,R.C

cv' e~ e

R.k, (1+D) 1
x - - =1
| (1-D) ~(1+])(A+jo,R.C,)
Rk, (1+D) | 1
x - - =1
(1-D) "|(1+i)@+ jo,R.C,)

The magnitude of the complex portion of the equation in the denominator can be

evaluated separately as (Assuming, M=R.C,),

(1+j)(1+ jo,R.C,)

cv e~e

= ‘(1+ i)+ ja)cvm)‘

= ‘1+ jma,, + j+ j*ma,,

=1+ jma,, + j—ma,|

= ‘(1— ma,, )+ j(1+ma,, )

= \(t-mo, )"+ (14 ma, )

= \/1— 2ma,, +(Ma,, )2 +1+2ma,, + (Mo, )2
= J2+2(ma, )

Thus the equation becomes

Rk, (1+D) 1
X
(1-D)  J2+2(ma,)

=1 (7.13)

At the second harmonic frequency the magnitude of the voltage controller becomes:
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A

[, 0.03374828

Ky _ L DD99MA525 6 01819%10°

1+5/@y |y Vo, 494974
k 3
—¥ | =6.81819x%10
1+ J a)z/a)cv
K, == 6.81819x10°°
\/1+(a)2/a)cv)

K, =1+ (@, /o, )’ x6.81819x10°

Putting the value of kv into equation 7.13 to evaluate @, we have,

RE(+D) 1,
(1-D)  J2+2(ma,)
R.(1+D) K,

(-0) 2+2(ma, )’

R, (1+D) \1+(w,/e,) x6.81819x10°
y _
(1-D) 2+2(ma, )’

1+(w,/@,) x6.81819x10°  (1-D)

J2x 1+ (M, ) R.(1+D)

1+(w, )@, ) ~ J2x(1-D)

1+(mo, ) Re (1+D)x6.81819x10°°

Where,

2 2
R, =R 1-D =350x 1-0.058798 =276.571549Q2
1+D 1-0.058798
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2 2
C.=C 1-b =321.5415u % 1-0.058798 =254.0835uF
1+D 1-0.058798

Thus the value of @, can be calculated,

:I'—‘_(a)Z/a)cv)2 _ \/Ex(l—0058798)
L+(ma, ) 276.571549%(1+0.058798)x6.81819x10°

C

1+(w,/ o, )2

1+(ma)v)2

C

=0.6666657

1+(a)2/a)cv)2

2

= (0.6666657)2 =.444443
1+(ma,, )

1+ @} [}, =0.444443% (1+ M’} )

1+(2x 7 x100)° /? = 0.444443 +0.444443x (276.571549 x 254.0835)° o}

2.194745x10° a)fv - 0.5555576002\, —-394784.176 =0
Solutions of the equation are

0., =-116.3570963572339512112235625054

,,, =116.3570963572339512112235625054

ov2

,,, =115.26423740836603407242305130443i

cv3

0,5 =—115.26423740836603407242305130443i

The value of @, has to be a positive real number thus,

w,, =116.357096
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So kv can be calculated as,

K, =1+ (@, /o, )’ x6.81819x10°

K, = \[L+((2x7x100)/116.357006 " x6.81819x10°

k, =37.44365x107°

Calculation for the components of analogue voltage controller:

V4
AN

Civ

R
Vin_;,vw T_ v ‘l

Riv Vout

r

Figure 7.20 Op-amp circuit to implement voltage control loop.

L)

VinZIXRlv

Vout = I X{ 1 ” szj
sC,,

Equating current from both equations, we have

\Y/

out

oo Ve
& (n RZV]
sC,,
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RV
VOU'[ — RlV

[ Seom,)

R2v
Ry,

wcv - %lv RZV

k, =

Assuming R, =100kQ,

R,, =k R, =37.44365x10° x100k = 3.744365kQ)

Cuw = %UCVRZV = %116.357096x3.744365k) =2.29524uF
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7.7 Simulation with Designed Controller

Figure 7.21 shows the proposed converter with the feedback control. The parameters of
circuitis given in Table 7.1. The PFC controller is designed to obtain an average output
voltage of 350 Vdc. The simulation of the designed controller is given in Table 7.2.

Typical input-output waveforms of the proposed controller is shown in Figure 7.22.

Table 7.1 Parameters of the converter of Figure 7.21.

Nominal input ac source voltage, V1 300V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 100 kHz
Inductors,

L1, L2 2.5 mH
Capacitors,

C1,C2 1uF

Co 321 uF
Resistor,

Ro 100 Q
Gain of Voltage Sensor

VSEN1 0.0033
VSEN2 1

Gain of Current Sensor

ISEN1 1
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VSEN1

A D3

VSEN2

Vref

Figure 7.21 Diode capacitor assisted output switched AC to DC boost converter with
PFC control.

Table 7.2 Results of the simulation of the converter with feedback control.

Performance Conventional Proposed Boost Proposed Boost
Parameters Boost Without Feedback | With Feedback
Conversion Efficiency 90.132% 99.873% 99.502%
Input Current THD 92.589% 97.761% 3.857%
Input Power Factor 0.727 0.694 0.998
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Figure 7.22 Typical input —output waveforms of the PFC controlled converter of
Figure 7.21.

7.8 Discussions

The controller is designed to achieve best possible outcome under ideal condition. The
input current THD is below 5%. The input power factor is almost unity (0.998). The
proposed converter with feedback offered higher conversion efficiency compared to the
conventional AC to DC boost converter. There is a slight decrease in conversion
efficiency due to feedback, which can be neglected since other performance parameters
improved significantly. The proposed converter with feedback offered 99.5% of
conversion efficiency.
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Chapter 8

Experimental Results

8.1 Experimental Results for Modified Input Switched AC to DC
Boost Converter.

The circuit diagram of the implemented converter is shown in following Figure 8.1.
Parameters used in the circuit are provided in Table 8.1. A photo of the laboratory set
up is given in Figure 8.2. Typical gate pulse generated to turn the switch ON/OFF is
shown in Figure 8.3 (a), whereas the output voltage and input voltage-input current are
shown in Figure 8.3 (b) and (c) respectively for the circuit without feedback control for
25 percent duty cycle. Similar waveforms are shown in Figures 8.4 (a)-(c) and 8.5 (a)-
(c) for 50 percent and 75 percent duty cycles respectively. The average output voltage
and the performance parameters obtained from the experimentation are compared with

the simulated results in Table 8.2 and Table 8.3 respectively.

Figure 8.1 The equivalent circuit of experimental set up done in Laboratory on single

phase modified input switched AC to DC boost converter.
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Table 8.1 Parameters of circuit of Figure 8.1 for experimental set up.

Nominal input ac source voltage, V1 15V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 15.54 mH
Capacitors,

C1,C2 305 pF
Resistor,

Ro 100 Q
Diode MUR3060PT
MOSFET IRFP460

Figure 8.2 The experimental set up done in laboratory for proposed boost converter.
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LI L L IIIII
HA e

CHA 100uS 200V M Perod:2000280 uS Frequency:4.983 kHz  PH-PK-5.280 W

(a)

CHB AN TP IR DR T A TP DU DR

CHE 10mS 100V M Perod:200.290 uS Frequency:4.983 kHz  PR-PK-11.200 W

(b)

280



CHC
CHD

CHC 10mS 200V M Perod:20007 mS Frequency:49.984 Hz PR-PK-1.3800 W
CHD 10mS S00V M Perod:20008 mS Frequency:49.985 Hz  PH-PK:34.200 V

(©)

Figure 8.3 Waveforms of Oscilloscope for modified input switched AC to DC
converter for 25% duty cycle: (a) Switching pulses (b) Output Voltage (c) Input

voltage-current.
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CHA i

CHA 250uS 200 mV M Perod:200.280 uS Frequency:4.993 kHz  PH-PE-552.000 mV

(a)

CHB AN TP IR DR T A TP DU DR

CHE 10mS 100V M Perod:0080 uS  Frequency:16.667 MHz PH-PK-1.280W

(b)
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CHC
CHD

CHC 10mS  S00mV M Perod:20012 mS Frequency:49.960 Hz  PR-PK-182.000 mV
CHD 10mS  S00mY M Perod: 19997 mS Frequency:50.008 Hz  PH-PK-5.000 W

(©)

Figure 8.4 Waveforms of Oscilloscope for modified input switched AC to DC
converter for 50% duty cycle: (a) Switching pulses (b) Output Voltage (c) Input

voltage-current.
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CHB

CHA

100us

200V

n

Period:200.290 us

Frequency:4.983 kHz

PH-PHE:-5.760 W

CHE

5 mS

1.00V

n

Pariod:200.300 uS Frequency:4.983 kHz

(b)
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CHC
CHD

CHC
CHD

100V N

Period:20.033 mS Frequency:49.918 Hz
1.00v M Perod:0.830 us

(©)

PHE-PE-284.000 mV
Frequency:1.205 MHz PHK-PK-5.080 v

Figure 8.5 Waveforms of Oscilloscope for modified input switched AC to DC

converter for 75% duty cycle: (a) Switching pulses (b) Output Voltage (c) Input

voltage-current.

Table 8.2 Results of the experimentation of the modified input switched AC to DC

boost converter.
DC Vin (RMS) Voav (Simulation) | Voav (Practical)
0.25 10.78 25.123 23.78
0.50 10.78 27.563 28.62
0.75 10.78 26.763 35.49
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Table 8.3 Comparison of performance parameters of the modified input switched AC

to DC boost converter for D = 0.75.

Parameters Simulation Experimentation
Vims 10.607 10.67
lrms 2.2465 3.35
Voav 26.763 35.44
PFi 0.564 0.707
Pin 13.435 25.3
%n 53.310 49.644

8.2 Experimental Results for Modified Input Switched AC to DC
SEPIC Converter.

The circuit diagram of the implemented converter is shown in following Figure 8.6.
Parameters used in the circuit are provided in Table 8.4. A photo of the laboratory set
up is given in Figure 8.7. Typical gate pulse generated to turn the switch ON/OFF is
shown in Figure 8.8 (a), whereas the output voltage and input voltage-input current are
shown in Figure 8.8 (b) and (c) respectively for the circuit without feedback control for
25 percent duty cycle. Similar waveforms are shown in Figures 8.9 (a)-(c) and 8.10 (a)-
(c) for 50 percent and 75 percent duty cycles respectively. The average output voltage
and the performance parameters obtained from the experimentation are compared with

the simulated results in Table 8.5 and Table 8.6 respectively.

i, ™ n

 \ T %
2\_’\’“% L I::l D

@ J’“‘, ' " |

y

AY|
/1

AY|
J1

T2

A

Figure 8.6 The equivalent circuit of experimental set up done in Laboratory on single
phase modified input switched AC to DC SEPIC converter.
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Table 8.4 Parameters of circuit of Figure 8.6 for experimental set up.

Nominal input ac source voltage, V1 15V Peak
Line frequency, f 50 Hz
Switching Frequency, fs 5 kHz
Inductors,

L1, L2 4.45 mH
Capacitors,

C1,C2 305 pF
Resistor,

Ro 100 Q
Diode MUR3060PT
MOSFET IRFP460

Figure 8.7 The experimental set up done in laboratory for SEPIC converter.
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500V
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Period: 10,014 mS
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CHC _|
CHD

CHC 10mS  200mV M1 Perod:2000150 u5 Frequency:4.996 kHz  PR-PK-TE.B00 mV
CHD 10mS S00V M Pernod:19843 mS Frequency:50.144 Hz  PH-PK:33.600 V

(©)

Figure 8.8 Waveforms of Oscilloscope for modified input switched AC to DC
converter for 25% duty cycle: (a) Switching pulses (b) Output Voltage (c) Input

voltage-current.

289



CHA

CHB

CHA

100us

200 mv M

Period:200.280 uS

(a)

Frequency:4.983 kHz

PH-PE-472.000 mV/

CHE

5 mS

S00mv M

Period:200.280 us

(b)
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R B R F : ' :
CHC A L A T JOR T B f _

CHD

CHC 10mS  50.0mV /1 Perod:18.127 mS Frequency:55.166 Hz  PR-PK-184.000 mV
CHD 10mS  S00mV M Perod:19.899 mS Frequency:50.254 Hz  PR-PK-1.640 W

(©)

Figure 8.9 Waveforms of Oscilloscope for modified input switched AC to DC
converter for 50% duty cycle: (a) Switching pulses (b) Output Voltage (c) Input

voltage-current.
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CHC
CHD

CHC
CHD

sS00mv M
500V N

Period:20018 mS Frequency:49.956 Hz
Period: 19967 mS Frequency:50.083 Hz

(©)

PR-PE-7E0.000 mY
PE-PK:30.160 V

Figure 8.10 Waveforms of Oscilloscope for modified input switched AC to DC

converter for 75% duty cycle: (a) Switching pulses (b) Output Voltage (c) Input

voltage-current.

Table 8.5 Results of the experimentation of the modified input switched AC to DC
SEPIC converter

DC Vin (RMS) Voav (Simulation) | Voav (Practical)
0.25 10.78 6.95 7.59
0.50 10.78 15.07 15.02
0.75 10.78 29.31 24.41
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Table 8.6 Comparison of performance parameters of the modified input switched AC

to DC boost converter for D = 0.50.

Parameters Simulation Experimentation
Vims 10.607 10.770
lrms 0.324 0.326
Voav 15.446 15.240
PF;i 0.953 0.968
Pin 3.276 3.40
% 72.837 68.311

8.3 Discussions

One of the problem in experimentation is the availability of the resources in
Bangladesh. The experimental set up is established with available components and with
a reduced input voltage environment. Therefore to compare the results with the
simulated values, the simulation is repeated creating similar environment. In both
experimental setup, the obtained average output voltage was very close to the simulated
values. The value differed at high duty cycle (above 75%) due to non-ideal behaviour
of the circuit components. One of the major problem was to find appropriate inductor
for the modified input switched boost circuit. The conversion efficiency for the boost
configuration from the experimental set-up (49.644%) is comparable with simulated
value (53.310%). Low efficiency is due to open loop operation in practice and its

counterpart in theoretical study.

The modified input switched SEPIC converter shown non-ideal behaviour due to the
variation of the coupling capacitor. The input current and the voltage is almost in phase.
The power factor calculated at 50% duty cycle is almost unity (0.968). The SEPIC
converters result needed to be evaluated for low duty cycle, since the power
consumption was so small it was not possible to show that result. Instead the result was
compared for 50% duty cycle. The conversion efficiency from the experimental set-up
(68.311%) is comparable with simulated value (72.837%). Further improvement in

power conversion will result if feedback controller is used.
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Chapter 9
Summary and Conclusion

High conversion efficiency, low input current THD and high input power factor are the
criteria necessary in design and implementation of single phase AC to DC converter.
Review of literature enables us to conclude that, new generation input switched AC to
DC converters (for both step-up and step-down application) has the potential to fulfil
the required criteria of high conversion efficiency at extreme high and low duty cycle

of operation.

Conventional single phase AC to DC converters using switch mode topologies (e.g
boost, Buck-Boost, Cuk, SEPIC) have been proposed that suffers due to low conversion
efficiency at extremely high and low duty cycle. This is because of the fact that, the
gain and the attenuation property of the converter differs from ideal behaviour due to
the internal resistance of the inductor and non-linear behaviour of the switch in
achieving extreme high gain or extreme attenuation. The deviations from ideal
behaviour is tackled by fly-back and feed-forward converters using transformers for
step-up or step-down prior to DC to DC or AC to DC conversion.

The use of transformer for gain and attenuation can be replaced by hybrid diode-
capacitor or diode-inductor circuits. Investigation is carried on hybrid DC to DC
converter to have better efficiency at extreme duty cycles. Hybrid DC to DC converter
has shown improved efficiency compared to the conventional DC to DC converter
specifically at extremely high and extremely low duty cycle of operation. In addition,
it is a prerequisite for AC to DC conversion to maintain high power factor and low input
current THD. In single phase AC to DC conversion to adopt power factor correction
and to keep the input current THD low, input side of the converter should have boost
topology. So in single phase AC to DC converter for step-up or step-down conversion,
converters like Boost, SEPIC or Cuk has to be used. Again the direct input current
switching also makes it easy to maintain high input power factor and low input current
THD. Therefore new input switched hybrid topologies are designed by modifying boost
and SEPIC topology for improved power quality. The Cuk topology is avoided since it
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has negative output voltage. The encouraging performance of hybrid DC to DC
converter provided the motivation to design single phase input switched hybrid AC to

DC converter for extreme duty cycle of operation.

In chapter 1, an extensive literature survey on single phase AC to DC converter is
carried out. A critical review of different types of converters with various control
structures provide a clear picture associated with AC to Dc converters. The problem in
AC to DC conversion is identified and solution using different passive networks has

been suggested.

In chapter 2, the background of the identified problem is described and the performance
parameters are discussed. Investigation on hybrid DC to DC converters are carried out.
The converters offered higher conversion efficiency at extreme duty cycle of operation.
The study provided the motivation to carry out the investigation with single phase AC

to DC converters using hybrid networks.

In chapter 3, the working principle of the conventional and proposed single phase AC
to DC boost converters are discussed with necessary voltage gain relations. Open loop
investigation is carried out. The proposed converters offered higher conversion

efficiency at high voltage gains.

In chapter 4, the feedback analysis of the proposed single phase AC to DC boost
converters are carried out. The simulation results ensured high input power factor and
low input current THD. The feedback controller is also tested with a sudden load change

to maintain constant output voltage.

In chapter 5, single phase step-down AC to DC SEPIC converters are proposed. The
working principle of the conventional and the proposed converters are explained in
detail. The necessary voltage gain relations are also derived. The open loop simulation
results showed that, the proposed converters offered higher conversion efficiency at

extremely low voltage gain.

In chapter 6, The feedback analysis of the proposed SEPIC converters are carried out
with an objective to maintain high input power factor and low input current THD.
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Dynamic analyses are also carried out to maintain constant output voltage with sudden

load change.

Chapter 7 mainly concentrates on the derivation and design of the two loop feedback
control system for the proposed output switched AC to DC converter. The small-signal
of the converter is derived. The two loop feedback control is designed with example.
Simulation results of the proposed converter with feedback validated the precision of

the design.

Chapter 8 describes the experimental implementation of the proposed modified input-
switched Boost and SEPIC converter. The experimental results have been presented
which verify the simulated performances of the corresponding converter with similar

operation condition.

9.1 Major Contributions of the Thesis

The major contributions of the thesis are:

e Input switched boost converters are designed to achieve high conversion
efficiency for extreme high voltage gain using passive networks to provide
additional voltage gain at relatively low duty cycle.

e Input switched SEPIC converters are designed using passive voltage divider
networks to achieve low voltage gain at relatively high duty cycle. Thus
conversion efficiency is achieved at extremely low voltage gain.

e Mathematical formulation of the average output voltage of the proposed
converters are developed to compare with the simulated results.

e The proposed converters are investigated under feedback control to achieve near
unity input power factor and to maintain the sinusoidal shape of the input
current.

e The proposed converters are forced to maintain constant output voltage under
variable load condition with suitable feedback control.

e Adetailed design of the feedback control for a proposed converter is formulated

and verified by simulation.
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e Experimental implementation of the proposed converters validated the

simulation results.

9.2 Conclusion

Some of the major conclusions of the study are

e The proposed boost converters are designed for high voltage gain at better
conversion efficiency than conventional AC to DC converters. The converter
can be used for high voltage DC systems or in renewable energy application
where the generated voltage is very low and needs a high voltage gain.

e The proposed SEPIC converters are designed for low voltage gain at better
conversion efficiency than conventional AC to DC converters. The step-down
converter is used vast applications like low voltage LED lighting and power
supplies for modern day equipment.

e The proposed boost converters offer better performance compared to the
conventional counterpart for large voltage gain. The best of them is the modified
input switched AC to DC boost converter. The converter shows 95.984% of
converter efficiency in order to achieve a high voltage of 1000V, which is higher
than the other converters under study (conventional and proposed). Higher
voltage gain were achieved at better input current THD and input power factor
by feedback control of the proposed converters. This is additional design
criterion for AC to DC converters over DC to DC converters counterpart.

e Experimentation is done with this topology to validate the simulation result.
Then the proposed boost converters are investigated under feedback condition
to improve the input power factor and to keep the input current THD within the
prescribed limits. Feedback analysis is also carried out to check whether the
converters can track reference output voltage for variation in load. Acceptable
results are achieved.

e The proposed SEPIC converters offer better conversion efficiency at very low
voltage gain compared to the conventional ones. Modified input switched AC
to DC SEPIC converter offered highest efficiency of 66.593% in order to
achieve a voltage gain of 0.133.
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e Experimentation is done to validate the outcome. Acceptable performance (high
input power factor and low input current THD) are also achieved by
investigating the proposed converters under feedback condition. The converters
also can maintain almost constant voltage for load variation.

e Investigation of the input switched hybrid AC to DC converter topologies give
simple, cost effective, high performance solution suitable for AC to DC
application. The proposed converters will be efficient, reliable, compact, robust

and easy to control converters.

9.3 Future Work

Proposed single phase AC to DC converters with high conversion efficiency at extreme
conditions have been simulated and practically implemented for low voltage low power
prototype setup. As a future work converter design, operation and simulation at working
voltage, current and power are recommended. The voltage gain of the proposed boost
and SEPIC converters are derived. The voltage gain of SEPIC converters differ from
derived expressions due to non-linear effect of the coupling capacitor. Therefore circuit
and device analysis may be carried out in detail to obtain ideal and practical
voltage/current gain expression of the proposed circuits. Appropriate expressions need
to be derived for counting switching and conduction losses of the semiconductor
devices and stray losses of the energy storage components of the circuit. Available
literature does not involve the losses in circuit and feedback development phases. So
desired result may not be achieved. Three phase version of the proposed converters are

also recommended to implement in future.
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