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Abstract

In the modern era of industrialization, power electronic converters have gained key
importance due to their wide range of applications such as; use in arc furnaces, in-
duction heating systems, variable speed drives of motors, power supplies of various
electronic systems, fluorescent lamps, elevators and cooling systems. Furthermore,
the low-cost proliferation of power electronic devices due to the technological de-
velopments in the semiconductor industry has made them an attractive choice for
integrating renewable energy resources. They are the essential and integral part
of the systems providing solutions to issues like voltage sag, swell, frequency reg-
ulation, current sharing among different renewable energy resources, power factor

correction and voltage regulation in different types of micro-grids.

In all the above-mentioned applications, the robustness of the system under dif-
ferent load and line conditions depend upon the control algorithm of the power
electronic converters. This is why the research in the field of power electronics has
been focused on the control of power converters during the last decade. Among
different types of control techniques, Sliding Mode Control (SMC) is renowned for
its disturbance rejection and parameter invariant nature which makes it an irre-
sistible choice for controlling such systems. However due to physical constraints
of the switching components, ideal condition of infinite frequency cannot be sat-
isfied. This causes the system to operate at finite but time varying switching
frequency which is a serious issue for power electronic converters as they consist of
passive components whose size and value depends upon the switching frequency.
Moreover, the time varying switching frequency degrades the power quality and
causes electromagnetic interference (EMI) issues in case of grid connected power

converters.

In the first phase of this research, a fixed frequency sliding mode controller uti-
lizing an integral sliding manifold is designed to improve the dynamic response

of the power converter regulating the grid voltage, in the presence of unknown



load condition and uncertain network parameter of the micro-grid. A special-
purpose test rig is designed to experimentally validate the results in comparison

with conventional PI controllers.

In the second phase of the research, the power quality issues regarding DC micro-
grids are addressed. Power quality issues have been widely discussed regarding
AC power systems but discussion regarding DC power quality in micro-grids is
rare in research community because in past power transmission was carried out
using AC systems only. However, in the recent years DC grids and transmission
has emerged as an attractive solution to integrate renewable energy resources.
Hence, to enhance the power quality, a fixed frequency SMC is proposed with
harmonic cancellation and chattering reduction, using a PI type sliding manifold.
Experimental results are presented to validate the theoretical derivations using

the test rig.

Finally, a new method based upon filter extraction of the equivalent control is
proposed to fix the switching frequency in power converters controlled by SMC.
The technique is implemented on a boost converter and the results are presented
in comparison with PWM-SMC. Rigorous mathematical analysis is provided along

with experimental results to validate the proposed technique.
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Chapter 1

Introduction

Electronic converters are the major component of modern power systems and their
responsibilities include conversion of voltage, current and frequency from one level
to another desired level. The conversion process is managed by a closed loop
control system which is designed to achieve desired performance with minimum
power losses. Electronic converters that convert DC voltages and currents to
another DC level are termed as DC-DC converters. There are two basic types of
DC-DC converters namely, buck and boost converter. All other types of converter

can be constructed by the combination of above mentioned types.

Buck converters are designed to convert the input voltage to a lower level of voltage,
hence acts as a step down converter. Therefore, its input voltage is always greater
than its output voltage. Boost converters can only step-up the input voltage
while the buck-boost converters can perform both operations. It is important to
mention that all these converters are controlled by a binary input by turning the

semiconductor switch ON or OFF.

It shall be emphasized that the energy transfer to both inductor and capacitor, in
a buck converter, takes place when the switch in ON. Whereas in case of boost
converters, the inductor is energized when switch is ON while the energy transfer

to the capacitor occurs only when the switch is OFF. This phenomena causes its
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transfer function to have a Right Handed Zero (RHZ) in the s-plane which is also

termed as non-minimum phase property.

1.1 Parameters Influencing Control

In this section, the parameters effecting the control of power electronic converters

are discussed. Primarily these parameters are:

1. The switching frequency.
2. The size of the passive energy storing elements.

3. The gain of the controller.

1.1.1 Switching Frequency

A DC-DC converter can give a perfect DC output only when operating at infinite
switching frequency. However, due to the physical limitations like turning on and
off times of the semi-conductor devices, the converters operates at finite switching

frequency. As a result ripples are observed in the output voltage of the converters.

High switching frequencies are not appreciated by the power electronic engineers
as they increase the switching losses. Moreover, power loss due to skin effect
and eddy current occurring in the magnetic material of the inductor core also in-
crease with increase in the switching frequency. Furthermore, the electromagnetic
noise emitted by the converter is directly proportional to the increase in switching

frequency.

Therefore, considering all the above mentioned factors, it may be concluded that
there is a trade off between the power quality (output ripples) and the power

efficiency of the converter when selecting the switching frequency.
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1.1.2 Passive Energy Storing Components

All the DC-DC converters consists of two major types of passive energy storing
components, namely the inductor and the capacitor. Large values of these com-
ponents reduce the output voltage ripples, however at the same time they increase
the inertia of the system and thus the converter requires large time to react to
the change in the output voltage, if perturbed by some external disturbance. For
smaller values of the inductor and capacitor the ability of the converter to respond

to a voltage change is improved but at the cost of increased output voltage ripples.

It is important to mention that different control strategies result in different dy-
namic response for the same converter because of the different time constants
associated with the feedback systems. Hence, the dynamic response is determined

by the control technique along with the size of the energy storing elements.

1.1.3 Control Gains

It is a well known fact in the control theory that increasing the control gains
reduces the steady state error along with improvement of the dynamic response
but at the cost of the system stability. In general, the stability of the feedback
system controlled by and any technique, whether linear or non-linear, is adversely

effected by the large control gains.

In conventional proportional integral derivative control (PID), increasing the pro-
portional gain K, reduces the steady state error but increases the percentage over
shoot and a further increase in K, may cause system unstability. The integral
gain K; can be increased to reduce the time taken by the system to eliminate the
steady state error but however, its high values cause unstability of the feedback
system. Increasing the derivative gain K, reduces the system overshoot and has
no effect on the steady state performance, however it amplifies the noise in the

system and its high values may cause unstability.
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1.2 Common Control Techniques

This section deals with the discussion of commonly used control schemes for DC-

DC converters and their brief critical analysis.

1.2.1 Hysteresis Voltage Controllers

Before the invention of Pulse width modulation technique, Hysteresis controllers
were perhaps the most commonly used controller to control DC-DC converters.
This controller consists of a hysteresis relay that compares the actual output of the
converter with desired output voltage. If the output voltage goes low as compared
to the desired output voltage, the switch is turned on. If the output voltage goes
above the desired voltage, the switch is turned off. The controller works well for
the buck type of converters but it fails for the boost and buck-boost converters.
Problem with boost and buck - boost type of converters is the presence of a right
hand side zero that causes the system to be non-minimum in phase. The right
hand side zero results in a phase lag between the control input and the output
voltage of the converter [1]. To control the converters with a right half plane zero,

hysteresis current controllers are used.

Problem with this type of control is that both the turn on time and the turn
off time of hysteresis controller depend on the load resistance, input voltage and
the upon the values of inductor and capacitor used. Thus if the input voltage
changes or the output load resistance change, the frequency of operation of the
converter changes. This results in an unpredictable noise spectrum that makes

the electromagnetic interference control quite difficult [2].

1.2.2 Linear Controllers

Voltage regulation of DC bus bar is conventionally achieved by using linear Propor-
tional Integral (PI) controllers. The controllers act by increasing or decreasing the

pulse width of the switching signal of the power converter. Due to fixed frequency
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operation of these controllers, the filter design for electromagnetic compatibility
becomes trivial. With proper shielding and grounding the fixed frequency opera-
tion makes the filter design easy which is the need for power supplies in this modern
world of communication and computation [3]. Another reason of their popularity
is the availability of linear controllers with PWM output in IC forms. However, PI
controllers are based on the average model of the converter which is linearized at
a specific operating point to get the transfer function. Because of this constraint,
their performance is degraded under large disturbance and load changes [4]. More-
over, under varying load conditions the PI gains need rapid tuning. Auto tuning
methods are proposed in [5, 6] for PI, PD and PID controllers. But the schemes
are rather complex than conventional PI controllers. These controllers can also be

divided into two categories.

1. Voltage Mode Control

2. Current Mode Control

1.2.2.1 Voltage Mode Control

This is a single loop controller where scaled output voltage is feedback to close
the control loop. The feedback voltage is subtracted from the reference signal to
generate an error signal. The error signal is then passed through a compensating
network Z; which creates a control signal. The compensated control signal is
then compared with a ramp function to generate a pulse width modulated signal
(PWM) which is used for switching. One of the main disadvantage of this scheme

is its susceptibility to noise from the input voltage side [2].

1.2.2.2 Current Mode Control

Current mode control is a two loop control scheme with series compensated net-
works. The inner loop uses inductor current while the outer loop is the voltage

feedback loop. Current mode control is usually applied to boost and buck-boost
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converters because of their non-minimum phase. The inner loop that uses current
feedback actually introduces a non linear term in the feedback and differs from
Voltage mode control in this aspect which is totally linear. Current mode control
can be divided into further two categories. Peak current mode control and average

current mode control.

In peak current mode control the idea is to use the inductor current as reference
signal instead of a ramp signal. The inductor current is triangular in wave shape
and can be used instead of ramp signal to generate PWM waveform. The major
disadvantage of this scheme is the instability of the controller for duty cycle greater
than 0.5. The other disadvantage of this scheme is that it is extremely susceptible
to noise since the inductor current contains a sufficient amount of high frequency

noise due to turn on and off of the power electronic switch [7].

In the average current mode control, the compensated output voltage of the con-
verter is subtracted from the triangular shaped inductor current to generate a
compensated current error. This compensated current error is then compared
with an externally generated saw tooth waveform to give pulse width modulated
output. The advantage of having two compensation networks in series is that this
controller is stable for duty cycles greater than 0.5. However solving and analyzing
two compensation networks in series is non-trivial. This is a major reason for not

adopting this method [2].

1.3 Problem in Using Small Signal Model

In general all the above mentioned techniques to generate PWM output are based
on linear and time-invariant model of the power converters. But actually a DC-
DC converter is a non-linear with time varying characteristics. This places a strict
constraint on the operating conditions of the converter while using the linearized
mathematical model. Larger changes in the operating conditions, such as load
variations or the input voltage change to large extend, will cause the controller

to deviate from the desired outputs or may even cause unstability. Therefore,
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the industrial applications like the control of micro-grids require advanced con-
trol techniques that are robust to input voltage variations as well as invariant to

changes in the system parameters.

1.4 Advanced Control Techniques

To cope with the above mentioned drawback of linear controllers, the researchers
have proposed the use of advanced non-linear controllers which are summarized

as follows.

1.4.1 Fuzzy Logic Control

In this technique, the control algorithm is based upon the experience of the de-
signer rather than being based upon a mathematical model of the plant [8]. In
fact, fuzzy logic is a heuristic reasoning approach that relies upon the understand-
ing of the designer about the system behavior, thus extending its abilities beyond
the limits of linear control theory. This fact has motivated the researchers for
its implementation in DC-DC converters [9-11], but however, they did not prove
a distinguished improvement as compared to linear controllers [7]. Moreover, its
implementation requirements like digital signal processors and EEPROM makes

it less feasible as compared to analogue controllers.

1.4.2 Adaptive Control

In this control technique, the parameters of the control equation are adjusted
automatically according to the operating conditions of the system [12]. Therefore,
ideally this technique can provide optimal performance under all the operating
conditions [13]. However, its practical realization requires instantaneous sensing
of the operating points that adds additional cost to the design. This adaptation is

achieved by deriving a mathematical equation based upon the model of the plant.
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The digital implementation of such controllers is not cost effective because of
instantaneous sensing and run-time adaptation calculations, while their analogue
construction is very complex. This explains their unpopularity in the field of power

electronics.

1.4.3 Artificial Neural Networks

Artificial Neural Networks (ANN) is a type of control scheme where different layers
of artificial neurons are connected together and are trained to achieve a desired
relationship between the input and the output. Inspired by the biological nerves
system, this scheme can be used to implement highly non-linear control equations
after using sufficient number of training samples. Each neuron has a specific weight

which is self-tuned to an appropriate value during the training process [14].

The inherent capability of ANN to learn and produce a highly non-linear control
function has motivated the researchers for its implementation in DC-DC converters
[15, 16]. However, the major obstacles in its industrial use for power converters are
its non-trivial implementation, time consuming training process and requirements

of relatively high end digital signal processors as compared to other schemes.

1.4.4 Sliding Mode Control

Sliding mode control (SMC) is a good choice to achieve the objective, because
they provide parametric invariance and robustness [17-21] against unknown dis-
turbances. Moreover, as the power electronic switch in the converter operates in
either on or off state. This makes SMC a natural choice to control such systems.
Since SMC is a nonlinear control technique, it eliminates the need to obtain a

linearized model of the power converter.

A major drawback in SM based controller is the varying switching frequency of the
power converter. SM controllers do not provide a fixed switching frequency which

causes the power electronic switch, in the converter, to operate under time varying
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frequency. This degrades the power quality and makes it difficult to suppress the
electromagnetic emissions (EME) resulting from high current switching [22]. These
emissions are filtered out by designing passive filters, so that the emissions do no
interfere with nearby electronic components. The filter design depends upon the
switching frequency, while variations in frequency makes the filter design non-
trivial. Details of electromagnetic interference (EMI) and its importance in power
converters can be found in [23]. However, by achieving fixed switching frequency
in SMC both the issues of namely, switching losses and EMI emissions can be
addressed simultaneously. Two appropriate solutions in this regard are discussed

in Chapter 3 and Chapter 4 of this thesis.

1.5 Motivation

The advancements in low cost and high power semiconductor fabrication has
turned the power electronic converter into an essential component of industrial
systems like arch furnaces, induction heating, motor derives, hybrid vehicles and
power supplies of various electrical appliances. In modern era of increased power
demand, they are essential part of systems controlling voltage, current, frequency

and power flow in different types of micro-grids.

Conventionally power electronic converters are controlled using linear controllers
with pulse width modulated (PWM) output. In this strategy, the control law
is derived using small signal theory based on the assumption that the operating
condition will not change significantly. If the system is forced to operate away
from the set equilibrium point, then the linear controller will not be able to work
properly [24]. This control technique work quite well in the situations where
the load is fixed like the case of energy savers or light emitting diodes. But in
scenarios such as micro-grids, where the output current and the load resistance
are variable while network parameters are uncertain, linear controller fails because

they are designed under the assumptions of small signal theory. For systems having
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unknown load conditions and uncertain parameters, better results can be achieved

by using non-linear controller techniques.

Among non-linear controllers, the robust nature of SMC and discrete nature of
power electronic converters makes SMC an appropriate choice for controlling such
circuits [25]. The SMC is ideally implemented using a discontinuous function that
operates the switch at infinite frequency. Thus, forcing the state trajectories to
slide along the designed manifold towards the origin. However, it is not possible
to achieve infinite switching frequency in physical systems. The first realistic ap-
proach towards SMC implementation is presented in [26], where the discontinuous
sign function is replaced by a hysteresis comparator which is tuned to limit the
maximum switching frequency according to the physical limits of the system. The
scheme results in finite, but time varying switching frequency [27]. As a result,
finite magnitude oscillations, known as chattering, appear in the output of the
system [28]. The chattering is acceptable within limits for a particular system.
However, the problem of variable switching frequency becomes a serious issue for
electronic converters. They need a fixed frequency operation [29-31] because they
consist of passive energy storing components (inductors and capacitors) and their
correct size primarily depends upon the switching frequency. Moreover, the vary-
ing switching frequency degrades the power quality and makes it non-trivial to
suppress electromagnetic interference (EMI) [32]. Hence, there is a necessary need
to fix the switching frequency of SMC controlled power converters, in order to
benefit form its robust and parameter invariant nature along with reduced EMI

issues.

1.6 Research Gap Analysis

Different methods to fix the switching frequency are proposed by the researchers
[29, 31, 33-36], but however, they only address stand alone applications. Pre-
viously hysteresis band SMC has been applied on micro-grids [37, 38| but fixed
frequency SMC and have not been tested on this position. Therefore, in the light
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of previous discussion, a hypothesis for the research is build which stated that,
“fixed frequency SMC may shows better performance than its counterpart in the

phase of introduced disturbances.”

Moreover, the chattering and ripples appearing at the output of power electronic
converters degrades the power quality and are a special concern in micro-grids. The
power quality issues in AC micro-grids is widely discussed, but discussion regarding
power quality issues in DC micro-grids are rare in research community because in
past the power transmission network was only AC in nature. However, due to
the advancement in the semiconductor manufacturing industry during the recent
years, DC micro-grids have emerged as an attractive solution for the integration
of renewable energy resources. Therefore there is a necessary need to address the
problem of degraded power quality in position of DC micro-grids which utilizes

electronic converters for power flow.

Finally, the study and literature review reviles that existing techniques to fix the
switching frequency of SMC are either complex or they compromise robustness
with in limits. A detailed literature review of above mentioned fixed frequency
SMC techniques is presented in Chapter 5 of this thesis. Therefore, there is a need
for a comprehensive and novel method to fix the switching frequency in stand
alone applications which is simple to implement using commercial IC’s and also

exhibit robustness and disturbance rejection properties of SMC.

1.7 Thesis Contributions

Significance of mathematical modeling along with design of a robust and parame-
ter invariant controller having fixed switching frequency are the highlights of the
research activities conducted in the domain of power electronic converters. The

major contributions of the thesis are summarized as under:

e Improvement in dynamic response of power converters. A double

integral type sliding manifold is designed to achieve the desired performance
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by controlling a boost converter that regulates the grid voltage and ensures
proper current sharing in the presence of un-modeled dynamics caused by
uncertain load and line variations without using observers, which add cost
and complexity to the design. Major contributes lie in the following three

dimensions:

1. Improving the dynamic response of the closed loop system and increas-
ing the robustness against unknown load demands in a DC micro-grid,

using fixed frequency SMC.

2. Designing a novel sliding manifold that results in stable operation of
boost converter for wide range of gains, followed by a rigorous mathe-

matical analysis for the stability condition.

3. Designing a special-purpose test rig with three sources, in order to val-
idate the results in comparison with conventional PI controllers. More-
over, the technique is also tested for fault condition at one of the sources

connected to the micro-grid.

4. An analogue design based on commercially available ICs is presented
in order to avoid use of Digital Signal Processors (DSP) and Field-
Programmable Gate Array (FPGA) boards which are less immune to

Electromagnetic interference.

e Power quality improvement in DC micro-grids.

The presented research proposes a solution to the problem of degraded power
quality due to the output voltage ripples by proposing a fixed frequency SMC
along with harmonic cancellation of the chattering signal in a micro-grid by
utilizing an intuitive PI-type sliding manifold. Major contributions lie in the

following dimensions:

1. Designing a dual loop control structure, where the inner current loop is
based on the proposed SMC technique with fixed switching frequency.
The outer control loop is based upon a conventional PI controller which

provides reference signal to the inner loop.
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2. Achieving a wide range stable operation along with addressing the load

sharing problem of parallel connected converters in a micro-grid.

3. The objective of the research is not only to achieve required robustness
and harmonic cancellation of chattering but also to outline the hardware
design approach in accordance with mathematical calculations, while

ensuring the stability of the system.

4. Hardware design based on low cost commercially available 1C’s is pre-
sented in order to avoid use of discrete time signal processors which are

more sensitive to electromagnetic interference.

e Design of a novel filter extracted equivalent control based fixed

frequency SMC.

The existing techniques for fixing frequency in SMC are complex or they
compromise one or the other properties of SMC. Consequently, there is a
need for a comprehensive, fixed frequency SMC design which is simple to
implement and also retains the inherent properties of SMC. This research
addresses the problem by proposing a novel method for fixing the switching

frequency in SMC. The major contributions of the research are as follows:

1. The actual equivalent control of the system is extracted from the dis-
continuous function by means of a low pass filter and is used to achieve

fixed frequency SMC which has not been previously reported.

2. The technique is implemented on a boost converter and the results
are compared with existing PWM-SMC having a double integral type

sliding surface.

3. The experimental results demonstrate that the proposed technique achieves
zero steady state error with improved dynamic response, and also ex-
hibits better disturbance rejection properties as compared to PWM-

SMC.

4. A complete hardware test bench is designed and used to validate the

proposed technique.
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1.8 Thesis Structure

An overview of all the chapters presented in the thesis is given below as:

Chapter 1 is devoted to the introduction of power electronic converters, fac-
tors effecting their control and a brief introduction of various control techniques.
The motivation and research gap are analyzed and the thesis contributions are

discussed.

Chapter 2 describes the advantages of DC micro-grids along with its basic ar-
chitecture. The role of power electronic converter in micro-grids is discussed and
the performance parameter are presented. The details of experimental test rig
are presented along with highlighting the motivation for developing a new type of

fixed frequency sliding mode controller.

Chapter 3 presents the first contribution of the thesis. The mathematical model
of a DC micro-grid from the control prospective is discussed. A double integral
type sliding surface is proposed to achieve better dynamic response of a boost
converter, responsible for delivering power from a renewable energy resource to a
micro-grid. Rigorous mathematical analysis is presented to outline the stability
conditions using Lyapunov theorem and experimental results are presented to

validate the design.

Chapter 4 presents the second contribution of the thesis. A Pl-type sliding
surface is proposed along with harmonic cancellation of the chattering signal to
improve the power quality in a DC micro-grid. Mathematical constraints that
apply to guarantee the closed loop behavior of the system are derived. Finally,

experimental results are presented to validate the proposed technique.

Chapter 5 presents the third contribution of the thesis. A novel methodology is
proposed where a low pass filter based extraction of the equivalent control is used to
fix the switching frequency of the sliding mode control. Mathematical constraints
are derived that outline the necessary conditions for extraction of the equivalent

control along with Lyapunov based stability conditions for the closed loop system.
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A test rig is designed to validate the proposed technique and experimental results

are presented in comparison with existing fixed frequency SMC technique.

Chapter 6 concludes the thesis along with providing some directions for the future

research.

1.9 Summary

In this chapter the fundamental concepts related to the control of power electronic
converters are presented. A detailed discussion on conventional and advanced
control schemes, highlighting their advantages and drawbacks is presented. In
summary, the disturbance rejection, order reduction and the capability to handle
systems with un-modeled dynamics are the key properties of Sliding Mode Control
(SMC) that make it a good choice to control non-linear perturbed systems like
micro-grids. The system under SMC becomes invariant to parametric changes and
its performance is completely robust against matched disturbances. Due to these
properties, SMC is most suitable for controlling power flow and voltage control in a
micro-grid where load conditions are dynamically changing and network parameter
are uncertain. Moreover the complexity of feedback control design is reduced by

SMC because it decouples the system into reduced order dynamics.

The following chapter will highlight the motivation for using DC micro-grids, along

with discussing the voltage standards and the performance parameters.



Chapter 2

DC Micro-Grids and Standards

2.1 Motivation to use DC Micro-Grids

Exponential increase in the energy demand due to massive industrial growth and
urbanization has called for the installation of new generation units. To increase
the reliability of the system and reduce the probability of complete black out, the
researchers are focusing on the development and integration of Distributed power
Generation Units (DGU) [39-42]. Moreover, the alarming momentum at which
the conventional energy resources are being depleted to meet the power demand
motivated the use of Renewable Energy Resources (RER). However, as several
DGUs are connected together, issues like voltage regulation and current sharing
arise along with protection problems. To address these issues for the large scale
integration of RERs, the so-called concept of micro-grids has emerged in the field
of power systems. The micro-grid is a power distribution network that consists of
DGU clusters, different types of loads, energy storage units and energy conversion

devices interconnected via power distribution lines.

Among different types of RERs, solar energy is the most abundant source and
researchers are focusing on developing more efficient photo-voltaic cells to achieve
the concept of green energy [43, 44]. Most of the renewable energy resources, like

fuel cells and Photo-Voltaic (PV) cells, are Direct Current (DC) in nature. The
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energy storage banks use super capacitors, Li-ion, lead-acid and Ni-Cd batteries,
which can store energy only in DC form. Other renewable resources like wind
mills and bio-gas installations are also DC friendly. On the consumer side, the
variable speed drives of induction motors, LEDs and electronic circuitry operate

at DC voltages.

Connecting RERs and energy storage banks to Alternating Current (AC) micro-
grids requires multiple conversions (DC-AC and AC-DC) that result in unwanted
power loss and reduced efficiency [45, 46]. To resolve this issue, DC micro-grids
have attracted the attention of the researchers [47-51]. Furthermore, skin effect
losses are not present in DC micro-grids and the control of DC micro-grids is less
complex as compared to AC micro-grids, where issues of frequency regulation and
synchronization, flow of reactive power, unwanted harmonics and unbalanced load

are the key issues [52-56].

2.2 DC Systems and Standards

AC systems have a history of more than one hundred years while DC system could
not be deployed earlier due to the difficulty in voltage conversion levels. AC could
be easily stepped up and stepped down using transformers while maintaining more
that 90% efficiency [57] while this facility was not available for DC system in those
times. However, with the advancements in the fabrication of high power and low
cost semi-conductor devices, in the last decade, it became possible to build cost
effective power electronic converters capable of stepping up and stepping down DC
voltages with required efficiency. It is important to mention that most of the daily
life domestic loads are DC in nature. Since these loads do not draw a sinusoidal
current from the source, they cause harmonic currents when connected to the AC
distribution system. The loads including Computers using SMPS (switched-mode
power supplies), lightings, modern washing machines, inverter air conditioners
and refrigerators, variable frequency drives, induction furnaces, rectifiers, fans

with dimmers and treadmills all require DC power. As a result, the harmonic
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currents are increasing dramatically in all residential, commercial, and industrial
installations as such loads are increasing rapidly over the past few years. De-
rating of standard transformer is up to 50% if 60% of its loads consist of SMPS.
Similarly de-rating of power cables, generators and motors also occurs due to non
linear loads. Hence, the researchers are focusing to avail the benefits of the DC
systems which also eliminate skin effect losses, reactive power flows and frequency

synchronization issues.

The literature survey reveals that different standards for the DC bus bar voltages
are deployed for various operations. For the domestic applications 24V and 48V
standards are used. For a micro-grid application with short length bus bar, a
110/120V system is recommended while the data centers utilize 380-400V system
[58-61].

The control techniques proposed in this thesis are suitable for 24V, 48V, 110/120V
and 380-400V systems. The experimental results are presented for 24V and 110V
systems. The proposed controller is easily scalable for other systems by simply

changing the attenuation constants and feedback ratio, as discussed in Chapter 3.

2.3 Power Converters in DC Micro-grids

The major advantage of DC micro-grids over conventional AC transmission system
is the absenteeism of losses due to skin effect and reactive power flow. Moreover,
micro-grids are reliable, economical, efficient and easily manageable [47, 62, 63].
However, as DERs are connected to the same micro-grid, the power converters
responsible for power flow from these DERs operate in parallel as shown in Figure
2.1. This creates challenges like voltage control of the grid, stability of parallel
connected converters and load sharing among DERs [49, 64, 65]. These tasks are

accomplished by either using a controlled buck or a boost converter.
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The voltage of the DC grid is conventionally controlled by DC-DC converters
[66, 67]. Buck converter has been proposed in [68] to control DC voltage in micro-
grid. The output voltage of buck converters is always lower than the input voltage.
However, for photo-voltaic (PV) cells based applications where energy is harvested
from solar radiations, it is required to boost the input voltages to draw maximum
power from the PV cells [69]. Transformer based converter can efficiently pro-
vide higher output to input voltage ratio. But requirements in renewable energy
applications like size, weight and cost makes transformerless converters a more

appropriate choice.
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FIGURE 2.1: Connection of distributed energy resources to a Direct Current
(DC) micro-grid.

2.4 Motivation and Challenges in Deploying Boost

Converter for Micro-grid Operation

The capability of boost converter to supply output voltage more than the in-

put voltage, makes it more feasible to be used in renewable energy applications
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[70-72]. Most of the applications deploying solar cells to harvest energy require,
boost converters to match the output voltage with the standard grid voltage while
maintaining maximum power point tracking. Using a boost converter to control
the voltage of a micro-grid is a challenging problem because of its bilinear nature
[73]. Bilinear systems belong to the class of non-linear systems where the non-
linearity arises because of the product of control input with the system states [74].
Moreover, the system is non-minimum in phase and its linearized model has a right
handed zero. This causes the dynamics of inductor current to become unstable
if feedback design is based on measuring only the output voltage [75-77]. This
complicates the control problem and makes it difficult to control as compared to

buck type of converters.

2.4.1 Control Problem

The issue of non-minimum phase can be avoided if the voltage regulation in boost
converter is redefined as a current regulation problem [73, 78]. However, un-
der uncertain load conditions a current regulator cannot keep its output voltage
constant [79]. This makes the system extremely sensitive to load fluctuations.
Fortunately, the current dynamics of boost converter are faster as compared to
that of output voltage, therefore the issue can be resolved using a dual loop con-
trol structure. The inner current loop controls the power electronic switch based
upon the reference signal provided by the outer voltage control loop [80]. Detailed
discussion of controlling voltage in micro-grids using boost converter is presented

in Chapters 3 and 4.

2.5 Performance Attributes

For a micro-gird case, it is common to have different type of loads being connected

and disconnected form the grid. The step change of heavy loads on the bus bar
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results in voltage sag or swell. The capability of the controller to compensate them
depends upon the robustness and dynamic response of the feedback system. For

a given micro-grid system, following two cases may occur.

Case 1:

In case, the attached load is with in the maximum power handling capability of
the system then the time required to remove the voltage sag totally depends upon

the robustness of the feedback system.

Case2:

However, if the additional load exceeds the maximum limits then a supplementary
source is connected to compensate the voltage sag. In this case, the dynamic
response of the feedback system plays the most important role and a controller
with better dynamic response will remove the voltage sag in less time. Discussion
on improvement of both robustness and dynamic response of the feedback system

is presented in Chapter 3 and 5.

2.6 Power Quality

Power quality issues have been widely discussed regarding AC power systems but
discussion regarding DC power quality in micro-grids is rare in research commu-
nity because in past power transmission was carried out using AC systems only.
However, in the recent years DC grids and transmission has emerged as an at-
tractive solution to integrate renewable energy resources. Hence, to enhance the
power quality, a fixed frequency SMC is proposed with harmonic cancellation and
chattering reduction, using a PI type sliding manifold. Experimental results are

presented in Chapter 4 to validate the theoretical derivations using the test rig.
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2.7 Experimental Setup

In the experimentation, Matrix power supplies having precision to one decimal
place are used to test the performance of the controller under varying input volt-
ages and changing load conditions. The experimental results are obtained using a
two channel Rigol oscilloscope having 70 MHz bandwidth and sampling rate of 1
GHz. To test the wide range operation of the boost converter, the outdoor exper-
iment is performed using solar panels and measurements are taken with regular

intervals.

The parameters of DC-DC converter are selected on the basis of 250 W output
power. The inductance of the coil is 100 xH and the output filter capacitor is of
1000 puF. Power Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET)
(IRF540) with on-resistance of 0.06 2 and continuous drain current capability of
20 A is selected as an electronic switch. The efficiency of the converter at this
frequency is experimentally observed to be grater than 90% when delivering 7 W
to the load. It is observed that, in order to ensure the efficient switching, the
resistance seen by the MOSFET at its drain shall be kept less than 47 {2 so as to
keep the discharge interval of body diode capacitance of the MOSFET), less than
its switching interval under SMC. A reference signal of 2.5 V is generated using
adjustable shunt regulator TL431 with its reference pin connected to its cathode.
Due to the uni-directional nature of inductor current, it is not possible to measure
it using a current transformer (CT). To measure Iy, a resistor Ry, is placed in its
return path. As I, flows, a voltage V), is developed across R); and we measure

the inductor current as:
Vi

I; = —.
"7 Ry

(2.1)

2.8 DMotivation for a New Fixed Frequency SMC

Different schemes to fix the switching frequency in SMC have been proposed and
are discussed in detail in Section 5.3. The literature survey reviles that the exist-

ing techniques are either too complex or they compromise some of the intended
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properties of SMC. Consequently, there is a need for a methodology that is easy
and cost effective to implement while maintaining inherent properties of SMC. To
address the above mentioned issue, a new technique to fix the switching frequency
in power electronic converters using filter extracted equivalent control signal is

proposed in Chapter 5.

2.9 Summary

In this chapter, the motivation of using DC system is presented along with high-
lighting the different standards available in literature regarding DC bus bar volt-
ages. The importance of robustness, improved dynamic response and better power
quality on position of DC micro-grids is discussed. The following chapter will fo-
cus on the use of fixed frequency SMC by utilizing the non-linear model of the
DC-DC converter for the improvement of its dynamic response, while regulating

the voltage of DC micro-grids.



Chapter 3

Power Converter for Micro-grid

Operation

3.1 Introduction

Micro-grids are renowned for their advantages like sustained energy generation
and appropriate utilization of distributed energy resources (DER). These DERs
like solar cells, wind turbines, bio-gas installations and fuel cells are not located
at a single sight and are interconnected to micro-grids via controllable power elec-
tronic converters [69, 81]. These converters are scalable and show good conversion
efficiencies and add flexibility in the control process. Micro-grids can be oper-
ated in grid connected or islanded mode [82, 83]. Numerous control strategies are

implemented and developed for integrating DERs with central grid system [84-86].

Different energy generation units located at distributed locations are connected
to DC micro-grid using DC-DC power electronic converters as shown in Figure
3.1. The major control problems in this scenario are the voltage regulation and
the current sharing among different power sources. Voltage regulation is required
for the proper functioning of the load devices, while current sharing is required
to ensure that no source is overstressed. These objectives are achieved simul-

taneously by using a hierarchical control. [87-89]. Conventionally Proportional
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FI1GURE 3.1: Basic architecture of DC micro-grid.

Integral Derivative (PID) controllers are used in the voltage and current control
loops of these power electronic converters [90]. However, under uncertain load
conditions, the gains of the PID controllers require periodic tuning to give the
desired performance [4]. The researchers have proposed auto-tuning methods [91]
and Fuzzy controllers [92, 93] to achieve better results. However, these methods

are system dependent and add complexity to the design.

It is reported that the performance improvement is achieved by using boundary
layer control [94-96], adaptive nonlinear control [97], model predictive control [98—
100], and a time delayed based robust controller [101]. However, these techniques
are not completely parameter independent and require some knowledge of the sys-
tem specifications like inductance of the coil and capacitance of the filter stage.
This calls for the need of a robust controller that can control the nonlinear dynam-
ics of the power converter in order to tightly regulate the voltage in the presence

of unknown load demands and uncertain grid parameters.

Indeed, the robustness and parameter invariance [102, 103] of Sliding Mode Control
(SMC) is well known and makes it an attractive choice for voltage and current
control in micro-grids, where load conditions are unknown and network parameters
are subject to variations [104-110]. SMC based techniques result in better voltage
regulation in the presence of parametric variations, modeling uncertainties and
external disturbances [73, 111, 112]. However, the major drawback of SMC is
its variable switching frequency. Power electronic converters require to operate

at fixed switching frequency in order to minimize switching losses [113] and to
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suppress Electro-Magnetic Interference (EMI) [23]. Hence, the researchers are
motivated to combine the advantages of fixed frequency with the robust nature
of SMC [29, 31, 33-36], thereby reducing EMI emissions and switching losses
simultaneously. However, these techniques are implemented on a single DC-DC
converter and its behavior has not been observed yet on the position of a micro-

grid.

To fill the above-mentioned research gap, this chapter of the thesis is devoted
to fixed frequency SMC based approach to track the reference voltage of each
source connected to the micro-grid. The proposed technique achieves the desired
performance by controlling a boost converter that regulates the grid voltage and
ensures proper current sharing in the presence of un-modeled dynamics caused by
uncertain load and line variations without using observers, which add cost and

complexity to the design. It is important to mention that, in case of micro-grids,
the electromagnetic interference (EMI) caused by the power lines and switching of

the large inductor current, makes the environment less feasible for the use of Digi-
tal Signal Processors (DSP) and Field-Programmable Gate Array (FPGA) boards.
Therefore, these boards are used in such applications along with specially designed
electromagnetic shielding mechanisms to avoid interference from high frequency
switching currents. Moreover, they need additional line filters to permit their in-
teraction with the power lines. Due to these reasons, the proposed technique is
demonstrated using low cost commercially available analogue Integrated Circuits
(ICs), which present a workable industrial solution without involving A /D convert-
ers and DSP/FPGA boards which are less immune to EMI and also add additional
cost to the design. Moreover, the analogue implementation gives a better picture

of the controller design and its implementation procedure.

3.2 Mathematical Modeling

Each source in the DC micro grid comprises of a DC-DC converter as shown in
Figure 3.2, where input voltage from the renewable energy source is denoted by V;,,,

I}, is the instantaneous inductor current, V,,,; is the output voltage of the converter,
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Ryoqq 18 the load resistance, C'is the capacitance of the output filter capacitor while
L is the inductance of the coil. By using circuit analysis techniques, the nonlinear

dynamic model of the system is written as:

- 1 (‘/;n—&—(Sn)
I = —(1—u)=V,y + —mtonl
L ( U)LV tt L
. 1 1
Vour = (1 — Iy — Vou ’ 3.1
¢ ( U)C 5 (Rigad + ARey)C (3-1)

where dn is an unknown but bounded time varying disturbance, which satisfies
the condition |dn| < Vi,; AR, represents the parameter uncertainty caused by
Equivalent Series Resistance (ESR) of the capacitor. Since the power electronic
switch can be either On or Off, thus mathematically the control signal u belongs
to a discrete set: u € {1,0}. We define & = (1 — u), where the control input u is

defined with respect to the power electronic switch as:

1, Switch is conducting,
0, Switch is open circuit.

The boost converters are nonlinear and non-minimum in-phase with respect to
output voltage [114, 115] and the dynamics of the inductor current are unstable
if the output voltage is considered to be the only variable to be controlled [116].
However, the boost converter satisfies the motion separation principle derived
from singular Perturbation Theory [117, 118]. It means that the dynamics of I,
are much faster as compared to the dynamics of V,,,; and the problem can be solved
by designing a cascaded control structure with two control loops. The inner loop
controls the inductor current while the outer loop controls the load voltage. The
inner control loop is designed using fixed frequency SMC while the outer control

loop having slower dynamics is designed using PI controller.

Since the controller is robust; therefore, throughout the article, we consider the
simplified model with on = 0 and AR,.,, = 0. The section on experimental results
and discussion where the input voltage is varied and sudden changes in load are

deliberately applied is an exception in order to evaluate the performance of the
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controller and verify its robustness. The steady state dynamics of the system are
found by setting the time derivatives of system states to zero. Thus, as t — oo,
I L= Vout =0 and V,,; = V. Setting these values in Equation (3.1), the reference
current in the inner loop is derived as:

‘/dQ

= 3.3
rel Rload‘/;n 7 ( )

where I}, ; is the reference current for the inner control loop at equilibrium and V4

is the desired output voltage of the converter.

A
>
Yo

| Y, .
RL |
w = . X
= M@ == 5 g
D [} =
2 R2 |
DC-DC CONVERTER
>
=)
3
IL -
FIXED FREQUENCY| -y -y DESIRED GRID
SMC CURRENT | &{t) ( ) + cgllxl\T/r?(;TLAL%Ec)p <)+ VOLTAGE
CONTROLLER (Y vd)
CONTROLLER

FIGURE 3.2: Simplified scheme for the voltage and current control using DC—
DC boost converter.

3.3 Controller Design

The SMC design concept is based upon a discontinuous control law, which directs
the system states towards a sliding manifold in the state space. Sliding manifold
is designed to insure the finite time convergence of the state trajectories at the

origin. The control process of SMC can be segregated into two phases, namely the
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reaching phase and the sliding phase. During the reaching phase, the controller
generates a series of switching commands such that the state trajectories hit the
sliding manifold irrespective to their initial conditions as shown in Figure 3.3a. In
the second phase, the controller executes its operation via switching commands,
ensuring the trajectory to be in a small vicinity of the sliding manifold o = 0, which
in turn gets directed concurrently towards the desired reference at the origin 'O’ as
shown in Figure 3.3b. In short, the sliding mode operation can be explained such
that the controller utilizes the sliding plane as a reference to perform its decisions
in order to ensure the convergence of the state trajectories to the origin, where
steady state operation is achieved. We select the control law based on the reaching
law [21] as:

u= %(1 + sign(o)). (3.4)

y
\J
|

/

\ o/ \r:ﬁ}ngphase N

FIGURE 3.3: State space trajectories under Sliding Mode Control (SMC). (a)
reaching phase; (b) sliding phase.

The reaching law ensures that the state trajectories are always directed towards
the sliding manifold ¢ = 0, regardless of their initial conditions. It is shown in
[119] that a double integral type sliding manifold performs better in terms of steady
state error as compared to conventional PID type sliding manifold. Therefore, a

double integral type sliding surface is selected as:

o=\ //e(t)dt dt + Ag/e(t)dt + A3 e(t), (3.5)

where

€<t) = lref — [L (36)
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and A1, A\ and A3 are positive design constants. When the state trajectories reach
the manifold o = 0, sliding mode is said to be established. Now onwards, the

system becomes parameter invariant [21] and its behavior is described as:

o=\ / / e(t)dt dt + g / e(t)dt + N e(t) = 0, (3.7)

we differentiate Equation (3.7) w.r.t time and get:

The Laplace transform of Equation (3.8) is:

S?E(s) + Si—zE(s) + ;—;E(s) =0. (3.9)

Since A1, A2 and A3 are positive design constants, hence the Laplace transform in
Equation (3.9) is a Hurwitz polynomial and both of the roots lie on the left side

of the S-plane. Hence, as t — oo, e(t) — 0 and V,,; — Vj.

Implementation of SMC using Pulse Width Modulation (PWM) is based upon
two well known theorems which sets the stage for the implementation of fixed
frequency SMC. The first theorem [21] states that the discontinuous control u in
SMC can be replaced theoretically with a smooth and continuous time function
called equivalent control signal, such that 0 < u., < 1. The second theorem states
that, at sufficiently high frequency, the equivalent control coincides with the duty
ratio of the PWM control [120].

The equivalent control u., of the system under sliding mode is derived by substi-
tuting the time derivative of the sliding surface equal to zero. Thus, setting ¢ = 0,

we get:
5=\ / e(t)dt + Moe(t) + Agé(t) = 0. (3.10)

Involving the dynamics of the system from Equation (3.1) and rearranging the
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terms, we get:
5 Vin Ay e(t) A1 [ e(t)dt
= =y =L 3.11
T Vo N Vo N Vo (30

Substituting @ = (1 —u), the expression of u., is derived from Equations (3.6) and

(3.11) as:

Vm A [7"@ —1I —
" 2 (Tres = 11) | 5 JUrey=1o)at (3.12)

)\3 Vvout A3 Vout

Since the equivalent control signal u., coincides with the duty ratio d of PWM

converter, we can write:

‘/con
Ueg = d=
7 VPramp
- ‘/con = Ueq X VPramp> (313)

where V,,, is the control signal to the PWM modulator and Vp,qm, is the peak
voltage of ramp signal, respectively. By choosing Vp,emp = Vour and using Equation

(3.13), we get:

A A

Vion = (Vout — Vin) + LA—Q(Jmf —I) + L)\—l /(Imf — I,)dt, (3.14)
3 3

VPTCme = Vout- (315)

It is worth mentioning that the proposed structure in Equation (3.14) differs from
the PI controllers because of the term (V,,, — Vi;,). It acts as an adaptive feed-
forward gain which automatically changes, in an effort to nullify the disturbances
in V;,. This adaptation is also reflected in Equation (3.15) which means that the
peak amplitude of the ramp signal is modified in relation with V,,,. It acts as
an agent to change the modulation index in order to achieve faster dynamic re-
sponse. Conditions to guarantee stability and avoid over modulation are discussed
in Section 3.4. Another important difference between the two controllers is the
way they are designed. The PI controllers are designed on the concept of small

signal analysis which makes the response of the system specific to an operating
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point while sliding mode controllers are large signal systems, where the design is

independent from the operating point.

3.4 Stability of Sliding Mode Control

This section deals with the proof of stability and finite time convergence of the

states to the sliding manifold.

3.4.1 Existence of Sliding Mode Control

The existence and stability of SMC is ensured if the control law enforces the state
trajectories towards the sliding manifold o = 0. Mathematically, the following two

constraints shall be satisfied in the neighborhood of the manifold:

lim & < 0, (3.16)
o—07t
lim ¢ > 0. (3.17)
o—0—

For the proposed controller, we obtain the equation for ¢ by using Equations (3.1)
and (3.5) as:
‘/Out V;ln

U —

L L

& = M (t) + Aowa(t) + As( ), (3.18)

where x1(t) = [e(t)dt and zo(t) = e(t). The specific conditions for the stable

operation of the system are as follows:

Case 1:

When 0 — 07, then Constrain (3.16) states that ¢ < 0. This turns Equation

(3.18) into an inequality as:

‘/out ~ V:m
u _—

(j' = )\133’1@) -+ )\QSCQ(t) + )\3( L L

) < 0. (3.19)
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The control law (3.4), in Case 1, takes the value u =1 (@ = 0). To ensure that

Condition (3.19) remains true, the following constraint shall be satisfied:

A
fvm > M|z ()] + [ Aoz (1) (3.20)

The biasing voltages of the operational amplifiers computing x;(¢) and x5(t) are +8
and £5, respectively. This physically limits the maximum and minimum values of
x1(t) and zo(t). Mathematically, |z1(¢)| < 8 and |z2(t)| < 5; thus, by appropriate
choice of design constants A;, Ao and A3, the constraint in Equation (3.20) is

satisfied.
Case 2:

When o — 07, then Constrain (3.17) states that ¢ > 0. This turns Equation

(3.18) into inequality as:

‘/out ~ V;n
u —

L L

o= /\1?[71(75) + )\21’2(t) + )\3( ) > 0. (321)

The control law will turn w =0 (@ = 1). To ensure that condition in Inequality

(3.21) remains true, the following constraint shall be satisfied:

V:m - ‘/;n

The Inequality (3.22) is satisfied by an appropriate choice of design constants.
It is important to notice that, if the output voltage of the converter is less than
the input source voltage, then the inequality (3.22) is not satisfied. This requires
careful selection of the initial conditions that guarantee the convergence of the state
trajectories to o = 0. At startup of the boost converter, this problem is solved by
starting the converter in open loop and then closing the loop once the condition
Vout > Vip is satisfied. Another simple way to solve the problem is by introducing

a protection circuit that always ensures the control signal Vi, < Vpremp in the
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PWM circuit, which in return results in stable switching of the power electronic

switch until the condition V,,; > V;, is achieved.

3.4.2 Finite Time Convergence to the Sliding Manifold

In order to show that the states converge to the sliding manifold ¢ = 0 in finite

time, we consider the following Lyapunov function:

V = —o? (3.23)

where its time derivative is given as:
V =06 (3.24)

Since both the conditions (3.20) and (3.22) are satisfied, hence V is real and

negative, thus we write:

V =—|o]¢  where £ € R (3.25)

It is shown in [121] that for any general case of equation (3.25) the following

estimate holds true:

V< —3V2V (3.26)

The inequality (3.26) guarantees that the state trajectories of the system reach

the manifold ¢ = 0 in finite time ¢z, [122] which is given as:

t2 < 5 V2V (0(0)) (3.27)

Once the state trajectories reach the sliding manifold, the behavior of the system is



Power Converter for Micro-grid Operation 35

completely described by the dynamics of the sliding surface as previously discussed

in Section 3.3.

3.5 Sliding Surface and Parametrization of the

Controller

In order to achieve the desired dynamics of the system during sliding mode, the
controller is parametrized using Ackermann’s formula. When the system is sliding
on the manifold 0 = 0, then the reduced order dynamics of the system are totally

described by the sliding coefficients. Rearranging Equation (3.8), we get:

e Ay d A
Tae(t) + )\—zae(t) + ZLe(t) = 0. (3.28)

The standard second order equation is given as:

d*y(t)
i

+ 24%%—?) + w?y(t) = 0. (3.29)

Comparing coefficients of the Equations (3.28) with (3.29), we get:

where w, is the natural frequency and ( is the damping ratio. Recalling that
the damping ratio in a linear time-invariant second order system corresponds to
the response of the system, which is over damped for ¢ > 1, critically damped
for ( = 1 and under damped for ( < 1. In order to achieve a smooth and fast
response with no overshoots, we choose ( = 1. Rearranging the above equation in

terms of the bandwidth fp,, of the converter, we get:

= =d4nf,, and % =4 fl,. (3.30)
3
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For the desired bandwidth of 65 kHz, the calculations of the sliding coefficients

using Equation (3.30) are as follows:

A
A—Z = A7 fy, = 4m(65k) = 816.4 x 10°,
3

N A f2 = 4m*(65k)? = 2.6 x 10",

It is important mention that the maximum allowable limits of the op-amps should
be considered while parameterizing the controller. In our case, both V;, and V,,;
of the converter exceed the limits. This problem is solved by feeding V;,, and V,
via voltage divider network with attenuation constant . For the desired output
voltage of V; = 24 V, the reference voltage V. is kept as 2.5 V. Hence, v is

calculated as:

Vi, 25
— 22 0104,
V, 24

The combination of feedback resistor is calculated using . Selecting resistor R;

as 6.8 k€2, R, is calculated as:

o 0.104
Ry = Ri = 6.8 k = 789.2 €.
2T M T TS 0am "

Using a series combination of standard value resistors, we get v = 0.103. The

constant vy modifies the feedback control Equation (3.13) as:

7‘/0071 . ‘/con
P)/‘/out 7‘/out ’

ueq = d =
where V., is computed from Equation (3.14) as:

A A
Ve = ("Vour —YVin) + ’YL)\_2<Iref —1I)+ VLA—I /(Iref — I)dt. (3.31)
3 3
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Equation (3.31) can be expressed as:
V;: = (7‘/out - 7‘/;71) + k1<]ref - IL) + k? /(]ref - IL)dt; (332)

where k; and ks are:

A
ky = 7L>\—2 — 8.25, (3.33)
3
A
ky = 7L/\—1 = 1.7 x 10°, (3.34)
3

and Vppqmp is computed from Equation (3.15) as:

VPramp = ’V‘/out- (335)

The output of op-amps computing x1(f) and xo(t) in Equation (3.18) are also
scaled by the constant v such that:

—052 < ay(t) <052,

—0.83 < 2,(t) < 0.83.

The integrator in Equation (3.32) is designed using op-amp circuit, where gain

ks = 1/(R1;C1;). By selecting C; = 100 pF, the value of Ry; is calculated as:

1
Oy x 1.7 x 106

Ry, = 5.8 k(.

The outer PI control loop has a proportional gain of 8.2 and an integral gain of
1/R9;Cy = 5000. The integral gain is achieved by selecting Cy = 10 pF and
Ry; = 20 k2. In order to limit the maximum duty cycle of the power converter to
95%, a shunt regulator using TL431 with its reverse breakdown voltage adjusted
at 4.8 V is placed at the output of the operational amplifier generating the control
signal V,,,. TL431 cannot be adjusted to regulate the output voltage lower than
2.5 V| hence a summing gain of 2 is introduced so that the signal V,,, is greater

than the minimum regulated voltage of TL431. This gain is then compensated
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in Equation (3.13) by amplifying the ramp peak Vp,qm, by the same gain. The

hardware implementation of 4., and Vp,qm, is given as:

02X Veen  2X Vi
2% Veramp 2 XAV

Ueqg = d (336)

(b)

FIGURE 3.4: Experimental set-up for the proposed technique. (a) 24 V setup;
(b) 110 V setup.
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FIGURE 3.5: Schematic diagram of the proposed technique for voltage regula-
tion in a single source using boost converter.

3.6 Results and Discussion

This section is devoted to the experimental results and their discussion. Both the

open loop and closed loop responses are presented and the performance of the
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later is discussed in comparison with conventional controllers. Fixed switching
frequency for the sliding mode operation is selected to be 50 kHz and the exper-
imental setup is shown in Figure 3.4. The complete circuit diagram for voltage

regulation in a single source is shown in Figure 3.5.

3.6.1 Open Loop Response

In order to emphasize the need of the feedback control, the open loop response of
the system is presented in Figure 3.6. The converter is operated, in open loop with
a PWM signal having a 50% duty ratio. The calculated output of the converter
at this signal is 24 V, but the experimental output is 22.8 V, which is 1.2 V less
than the calculated output. This difference occurs due to the voltage drop in the
parasitic resistance of the hardware components and the connecting leads. The
output further drops to 20 V when an additional load of 47 € is connected to the
existing 82 () load. Hence, it may be concluded that in open loop, the output of
the power converter exhibits a steady state error that changes with variation in

load resistors.
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FIGURE 3.6: Output voltage of the boost converter in an open loop during
rated load and full load.
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3.6.2 Performance of Proposed Controller in Comparison

with PI-Controller

The performance of the proposed technique is analyzed along with the conventional
current-mode controller, having a PI loop each for voltage regulation and current
tracking. For the sake of comparison, the bandwidth of the proposed technique is

set to be the same as the current-mode controller.

3.6.2.1 Dynamic Response

The dynamic response of the current-mode PI controller is presented in Figure 3.7a.
The controller achieves 24 V with rise time of 43 ms and settles to final value in
80 ms. Figure 3.7b shows the response of the proposed fixed frequency SMC. The
proposed controller has rise time of 40 ms and settling time of 75 ms which shows
an appreciable improvement in the dynamic response of the closed loop system.
The response is faster as compared to the current-mode PI controller due to the

presence of a feed-forward term in the proposed technique.
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FIGURE 3.7: Step response of the system. (a) conventional current-mode con-
troller; (b) fixed frequency Double Integral Sliding Mode Control (DI-SMC).

The switching sequence generated by the controller is shown in Figure 3.8a. The
drain voltage resulting due to switching of MOSFET is shown on CH1 in Figure
3.8b. The CH2 in the same figure shows the inductor current. It shall be noticed
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TABLE 3.1: Parameters of power converter.

Parameter Value
Input Voltage 55 V
Output Voltage 110V
Inductance of Coil 100 pH
Output capacitance 1000 pF
Max. Output power 2000 W

that the time period of switching sequence is constant, hence the objective of fixing

the switching frequency in SMC is achieved by the proposed technique.
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FIGURE 3.8: Fixed frequency operation of the converter. (a) switching signal;
(b) drain voltage and inductor current.

The hardware can be easily scaled for operation at any desired output by proper
selection of . The value of ~ shall be selected such that the feedback signal
does not exceed the power supply voltages of the operational amplifiers and other
control circuitry. In order to observe the behavior of the controller for high voltage
and large power applications, the technique is also applied to the converter with
specifications shown in Table 3.1. The experimental setup is shown in Figure 3.4b
where the input voltage is applied using four 12 V lead acid batteries connected
in series having 200 AH current rating. The output is regulated at 110 V while
delivering 1230 W to the load. Figure 3.9a shows the inductor current that is
measured using a current to voltage conversion circuit while the dynamic response

of the converter is shown in Figure 3.9b. For the sake of analysis, the output
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TABLE 3.2: Output voltages for variations in input.

‘/i ‘/out
12.1  24.0
145 24.0
16.0 24.0

18.1 24.0

voltage is fed to the oscilloscope through a resistive network of 0.1 attenuation

and is measured using its 10 X settings.
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FIGURE 3.9: Performance of the DI-SMC during large power application. (a)
inductor current; (b) step response.

3.6.2.2 Robustness of the Controller

The robustness of the controller is verified by applying a step change in load from
82 €2 to 29.9 €. This step change is emulated by connecting and disconnecting a
47 ) resistor in parallel with 82 €2 load at a frequency of 10 KHz. The switching
is achieved by using a Darlington paired Positive-Negative-Positive (PNP) power
transistor (TIP142) whose base is driven by Negative-Positive-Negative (NPN)
transistor (C828). Figure 3.10a shows that the conventional current-mode con-
troller exhibits an undershoot of 4.1 V and recovers in 640 us. Figure 3.10b shows
that the proposed DI-SMC exhibits an under-shoot of only 2.8 V and recovers in
250 pus with no steady state error. Hence, the voltage dip during load transaction
is reduced by 31.7%. This verifies the robustness of the proposed technique to a

sudden change in load which is a key feature of SMC designs. The experimental
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setup for the proposed controller is shown in Figure 3.4. The proposed controller
is also tested for line variations. The test is performed by changing the input
voltage from V;, = 12 V to V;,, = 18 V. The controller operates effectively and the

results are summarized in Table 3.2.

_ RIGOL STOF P | =" 1] RIGOL STOFP P firerirnsd £ B 256U
v

2 (Curf: 168ns ] [CurA: 21.20
2~ CurE: 286hs CurB= 24.8U
o= TAR1 = 64Ens (a¥i= z.8au
2L (T 1esi= 1.58HHz .
4 G -
29 4‘1VI .
55 @
68 g 24V
a II' oA .
g = ; S e Instance when load is N
22 88 changed.
=3 =3
g2 S ,
ST > Time Time .
R (1us/Div) (100 ns/Div)
=y -
n CH1= S.08U [EES 5.000 Time 1.006us OH6.0060= I 16,60 Time 188.8ns 04128 .0ms

(@) (b)

FIGURE 3.10: Experiment waveform of the output voltage when an additional
load of 47 €2 is connected in parallel to 82 Q load. (a) conventional current-mode
controller; (b) fixed frequency DI-SMC.

3.6.3 Grid Testing for Fault Condition

The capability of the proposed technique to operate in a DC micro-grid is experi-
mentally validated on a test rig comprising of three sources. An outer control loop
based on a Pl-controller provides reference current signal for the each source con-
nected to the micro-grid. The tracking of the reference current is accomplished in
each source by using a boost converter controlled by the proposed double integral
type fixed frequency SMC. During the steady state condition, the bus voltage is 24
V and the currents supplied by the sources are 1.61 A, 1.63 A and 1.62 A, respec-
tively. The system is operated at a partial load such that, if one source fails, the
other two sources have sufficient power capability to fulfill the load demand. The
fault in Source 2 is emulated by disconnecting its control signal. Figure 3.11a—c
show the current of each source during the fault condition. Figure 3.11d shows
the voltage transient at the load during the fault. The new currents supplied by
Sources 1 and 3 are 2.42 A and 2.44 A, respectively, which corresponds to 0.82%

error in load sharing. Hence, the load disturbances on the position of DC-DC
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micro-grids have been effectively addressed, confirming that the proposed tech-

nique is capable of operation even during an instantaneous increase in the load

demand or in case of a fault in the connected sources.
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FIGURE 3.11: Grid operation of DI-SMC. (a) output current of Source-1; (b)
output current of Source-2; (c) output current of Source-3. (d) Load voltage
during fault condition.

3.7 Summary

In this chapter, voltage regulation of DC micro-grid using fixed frequency SMC
with a novel double integral type sliding manifold is proposed along with a rigorous
proof for the stability of the system. The controller is tested experimentally and
the results show the desired performance of the proposed technique along with

providing robustness against fluctuations in input voltages and change in load
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conditions. A detailed discussion on parametrization of the controller, hardware
design and circuit implementation is presented. The technique is also applied on
a micro-grid test bench, having three sources and the results show satisfactory
operation of the closed loop system. The controller is implemented using com-
mercially available analogue ICs which eliminated the need of using expensive
analogue-to-digital data acquisition cards along with phasing out the issues due
to their finite sampling time. For the purpose of bench marking, the results are
compared with conventional PI controller. The proposed technique improved the
dynamic response of the closed loop system by reducing both, the rise time and
the settling time. It is observed that a sudden voltage dip appears in the regulated
voltage when an additional load is connected. This dip is reduced by 31.7% for

the proposed controller as compared to that of the conventional PI controller.



Chapter 4

Power Quality Improvement

4.1 Introduction

A solution based on dual loop control structure is proposed in Chapter 3 and pub-
lished in [123] where it is shown that fixed frequency SMC achieves better dynamic
response in DC micro-grids. Now, this chapter is devoted to improve the power
quality by achieving a robust, fixed frequency and parameter invariant solution. A
fixed frequency SMC along with harmonic cancellation of the chattering signal in
a micro-grid by utilizing a PI-type sliding manifold is presented. A dual loop con-
trol structure is used, where the inner current loop is based on the proposed SMC
technique with fixed switching frequency. The outer control loop is based upon a
conventional PI controller which provides reference signal to the inner loop. The
proposed methodology achieves a wide range stable operation along with address-
ing the load sharing problem of parallel connected converters in a micro-grid. The
objective of the presented research is not only to achieve required robustness and
harmonic cancellation of chattering but also to outline the hardware design ap-
proach in accordance with mathematical calculations, while ensuring the stability
of the system. Design of the controller hardware based on low cost commercially
available IC’s is presented in order to avoid use of discrete time signal processors

which are more sensitive to electromagnetic interference.

47
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FIGURE 4.1: Structure of control loops in DC micro-grid using boost converter.

P oo

4.2 Design of Fixed Frequency SMC using PI-
Type Sliding Manifold

The renewable energy resources and DERs supply power to the DC micro-grid
via controllable DC-DC converters as shown in Fig. 4.1. Their connection to the
grid results in parallel operation of these converters as shown in Fig. 4.2. The
mathematical model of the system has been discussed in Chapter 3. To achieve
the objective of better power quality by harmonic cancellation of the chattering

signal we propose a Pl-type sliding surface is designed as:

o=k / (1)t + hoes (1) (41)
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FIGURE 4.2: Block diagram showing parallel operation of power converter in a
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where ky, ko are positive design constants and e;(t) is the current error defined as:

6i<t) = dpef — IL (4.2)

where I, is the reference inductor current provided by the outer PI voltage control
loop. The derivation of constant frequency SMC is based on equivalent control
[21] method. The equivalent control signal w., is a theoretical continuous time
signal that replaces the discontinuous control signal for the sake of mathematical
analysis. The expression of u., for this system under sliding mode is computed by

equating the time derivative of the sliding surface to zero. Thus we get:

By using (3.1) and (4.3) we get:

Vin R L
‘/out k2 V;)ut

U’eq ==

ei(t) (4.4)
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We derive the equivalent control for the system by substituting ., = (1 — Teq)

and using (4.2) we get:

Viuy , b L
V:mt k2‘/out

Ueqg = (1 - ([ref - [L) (45)

After the establishment of SM control when o = 0 is achieved, the equivalent

control of the system equals the duty ration d in PWM converters [120].

2
_VPr

(4.6)

Ugq = d

V; = Ueq X Vpr (47)

where Vp, is the peak amplitude of ramp signal and V. is the SM control based
control signal which is PWM modulated to get a discontinuous control for the

power electronic switch having a fixed switching frequency [120]. By using (4.5)

and (4.7) and selecting (Vp, = V,.1) we get the control equation as:
ky
‘/C = (‘/Out - ‘/;n) + Lk_(I»pef — [L) (48)
2

and the peak of ramp signal Vp, as:

VPr = Vout (49)

The equivalent control is a theoretical signal that completely describes the sliding
motion when ¢ = o = 0 has been established [21]. Taking Laplace transform of
=0 in (4.3) we get:

SkoEi(S) + k1 Ei(S) =0 (4.10)

The time domain solution of (4.10) ensures that e;(¢) — 0 and V,,; — V. Substi-

tuting these values in (4.8) and (4.9) we get:
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k

Loy — 1) (4.11)

and the peak of ramp signal Vp, as:

It shall be noticed that the proposed control structure in (4.11) does not have any
adaptive tuning of Vp,, as in previously proposed work in fixed frequency SMC.
This simplifies the hardware implementation and solves the problem of modulation
non-linearities which arise due to changing amplitude of modulating ramp signal.
The structure of (4.11) contains the term (V; — V;,) which acts as feed forward
gain and helps achieve smaller settling time as compared to conventional PID

controllers.

4.2.1 Stability of the Controller

Sliding mode can exist on the manifold o = 0 if the following condition is satisfied

73).

lim oo < 0 (4.13)

o—0

By using (3.1) and (4.1) we derive the expression for ¢ as:

k k
& = kyei(t) + afvout - fvm (4.14)

when o — 0 then according to (4.13), 0 < 0 thus (4.14) is written as:

_ ko ka
k:lei(t) + Uf‘/out — f‘/;n <0 (415)
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As 0 — 07, the control law (3.4) turns u = 1 (@ = 0) and thus (4.15) is written

as:
ks

/{7162‘ (t) — I

Vin < 0 (4.16)

Since Vj,, is always positive, thus (4.16) is ensured to hold true if the following
condition is fulfilled.

k
12 Viall > s (417)

When 0 — 0~ then according to (4.13), o > 0 and we write (4.14) as:

_ko ko
- By =2y 41
klel(t) +u 7 ‘/;ut 7 ‘/z >0 ( 8)

As 0 — 0~ the control law (3.4) turns « = 0 (2 = 1) and (4.18) is written as:

ko ko
() + 2V — 2V, 4.1
krei(t) + 7 Vour = = Vi > 0 (4.19)

The following conditions shall be satisfied to ensure that (4.19) remains true.

ks

122 (Vo = Vi)l >l ) (4:20)

For boost converter V,,; > V;, and hence (4.17) and (4.20) are easily satisfied by

appropriate selection of ki and k.

4.2.2 Selection of Sliding Constants

When the system has entered the sliding phase then the dynamics of the system
are completely described by manifold o = 0, thus by using (4.1) we get:
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Taking time derivative of (4.21) we get:

) = et (4.23)

Since k; and ko are positive design constants, hence as e;(t) — 0. The rate of
decay of e;(t) is controlled by the ration of k; to k. The time domain solution of
(4.23) is:

e;(t) = eioe_(%)t (4.24)

where ¢;, is the initial value of error. It is important to note that the decay rate of
the error signal is controlled by the ratio of k; to ky. Large values of k;/ky leads
to faster decay of the error but at the cost of increased control effort (large duty
ratio). This causes high in-rush current at the start up of the converter which
may trigger the over circuit protection circuits in the source supply (renewable
energy resource). Hence there is a compromise in selection of the ratio. Primarily,
the constants k; and ky are selected such that constraint for stability in (4.17) is
satisfied. We select (koVj, /L) to be 1.2 times greater than k;, hence the inequality

(20) is transformed into equation as:
ko
120,01 1201 (4.25)

For Vi, =12V, L = 100 x 107® H, we get k;/ko = 10 x 10%. Assuming ky = 1 we
get ky = 10 x 10*. These values of k; and ky also satisfy the constraints in (4.20)
for V,,; =24 V.

4.2.3 Parameterization of Controller

In this subsection calculations for the specific case are presented. Both V;,, and V,;
exceed the maximum allowable limits of op-amps and are fed through a resistor

network with attenuation constant 3. By selecting reference voltage V,f of 2.5 V
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we calculate 3 as:

Vg 25
— L 22 0104 4.2
g TR 0.10 (4.26)

Selecting R; = 6.8 k), Rs is computed as:

p

o= 15

Ry =789 (4.27)

The constant £ is multiplied and divided in the control law as:

Ve V2
Ueq = BVp Vi (4.28)

where

k
Ve = BVa = BVin = BL,(Ley = I1) (4.29)
2

and peak of ramp signal becomes:

Vi, = BVa (4.30)

To use TL431 and limit the maximum duty cycle, gain of two is applied to both
Vpr and V. This gain has no effect on control law as same constant is multiplied

in numerator and denominator. The control law becomes:

(4.31)

4.3 Hardware Description

The boost converter used in the experiments has filter capacitance, C' = 2000 pF,
and inductor coil having L = 100 pH. A metal oxide field effect transistor (MOS-
FET), IRF540 is used as power electronic switch. It’s on resistance is 0.06 2
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tions for R, = 10 kQ2 while CH. 2 shows the generated gating sequence as a
consequence of improper selection of R,.

and can sustain a continuous drain current of 20 A. The selected switching fre-
quency for fixed frequency SMC is 32 kHz. The selection of switching frequency
is a compromise between switching looses and maximum allowable amplitude of
chattering (ripples in the output). The efficiency of the converter also decreases
with increasing switching frequency because of increase in switching losses. The
designed converter has an efficiency of 92%. Experiments reveal that for proper
switching of the MOSFET, the resistance seen at the drain of the device shall be
less than 47 €, so that the body diode capacitance of the device can be easily dis-
charged. If this issue is not taken care off, then it may take significantly high time
for the MOSFET to turn off. To ensure discharge of gate capacitance a resistor
of 47 k) is placed between gate and source of the device. Adjustable shunt type
voltage regulator TL431 is used to generate reference signal of 2.5 V. It is impor-
tant to mention that experimentally some tuning of the reference signal may be
required. The inductor current is measured by placing a resistor Ry, = 0.47 €2, in
the return path of I;,. By Ohm’s law I, = Viye/Ryre = 2.1Vpze. Thus the voltage

Ve is amplified by a gain of 2.1, before being fed to the controller circuitry.
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FIGURE 4.5: Output of comparator IC LM311 showing oscillations at crossover
(a) For R, =1 kQ and V.. =9V (b) For R, =333 Q and V., =9 V.

TABLE 4.1: Voltage regulation at different input source voltages.

Reading No. Input source voltage Output Voltage

1 11.5 24.0
2 13.0 24.0
3 14.5 24.0
4 16.0 24.0
5 17.5 24.0

4.4 Experimental Setup and Results

The experiments are performed using Rigol oscilloscope having two channels of
70 MHz bandwidth. The maximum sampling rate is 1G samples/sec. To record
the controller behavior under varying input voltages, Matrix precision supplies
accurate to 0.1 decimal place are used. The op-amps are powered with 415 V using
same power supplies. The steady state behavior is measured with oscilloscope
settings of 10 V/div. It is worth mentioning that at 5 V/div and 10 V/div settings,
the oscilloscope has an accuracy to one decimal place. Thus any voltage above
23.95 V will be rounded off to 24.0 V indicating that the steady state error is less
than 40.2%.

4.4.1 Pulse Width Modulation Circuit

PWM signal is generated using IC (LM311) that compares V, with a ramp signal

having peak amplitude of Vp,. This comparator IC (LM311) has an advantage
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of isolated common mode input. The design engineer has a liberty to refer the
output of the comparator to ground or V... Referring the output of the IC to
ground inverts the output signal with respect to input signal. However, it is
important to mention that the rise time of the output pulse depends upon the
resistor R, in Fig. 4.3. For large values of R,, the rise time of the output pulse
is significantly high and it takes large time to reach 1.75 V which is logic 1 for
MOSFET gate driver MC34152. This causes a significant delay in the switching
command to MOSFET. For example with R, = 10 k) and frequency of ramp
signal fy = 150 kHz, the duty ratio can not exceed 42% even when V,,; = 0
(feedback signal disconnected). This is a non-linear behavior which is introduced
because of high rise time of the comparator when R, is not properly selected. In
this case the comparator IC fails to generate a duty ration equal to (V./Vp,). As
a result a false duty cycle is generated that increases I, in each switching cycle,
causing V,,; to increase. The controller generates lower V. to control the output
voltage drift but because of above mentioned non-linearity, the duty cycle does not
change accordingly. Finally the output increases to a level where the controller
makes the duty ratio significantly small resulting in decreasing the inductor current
in successive cycles. This results in low frequency oscillations in the output voltage
other than chattering (ripples in power electronic literature). These low frequency
oscillations along with the gating signal are shown in Fig. 4.4. It shall be noticed
that this non-linearity is a type of actuator saturation and belongs to a class of
unmatched disturbances and can not be canceled by SMC. Thus it is important to
eliminate them in proper hardware design. For mid range values of R, the output
of comparator may oscillate at crossing points as shown in Fig. 4.5(a). This may
occur when one of the inputs is a ramp signal or the source resistance generating
input signal is high. The problem is solved by adding a small hysteresis band
using positive feedback or by lowering both R, and the supply voltage of LM311.
Lowering Rx and the supply voltage of LM311 also lowers the peak of oscillations

at crossover to be less than 1.75 V and hence MC34152 will not get false trigger
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as shown in Fig. 4.5(b).

4.4.2 Step Response of the Closed Loop System

The performance of the controller is tested at different load conditions. The input
voltage of the converter is switched at 400 mHz to obtain step response of the
system. The switching action is accomplished by TIP147, a PNP power transistor,
that connects and disconnects V;, according to a 400 mHz square wave. The
complete response of the closed loop system is shown in Fig. 4.7. The controller
maintains 24 V f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>