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ABSTRACT

Growing concerns of carbon dioxide emission and environmental pollution motivated
the mankind worldwide towards the utilization of green and clean energy. The various energy
sources in the green energy domain are wind, solar, biomass, tidal, ocean waves etc. There is a
lot of potential to tap the green energy utilizing for medium and low power applications at
isolated places of the globe. Due to vast availability of medium and small generators such as
self-excited induction generator, brushless DC generator, permanent magnet generators and
switched reluctance generator etc., the possibility of power generation from said energy sources
enhanced manifold. The basic problem associated with these energy sources are their
intermittent power supply nature. However, the matured power electronics technology has
provided the viable solution if its proper interface is provided with the main energy source and
load. The self-excited induction generator (SEIG) is the natural choice over other generators
for three phase medium power applications due to its better electrical and mechanical
characteristics. However, the problem of voltage and frequency variation is the concern for
researchers at variable loading even at constant power supply from the prime mover turbine.
Moreover, due to extensive use of nonlinear circuits in load, power quality problems such as
unacceptable level of harmonics in the supply current, load unbalance at the generator terminal,
are an additional issue to address. Further, the power electronics devices like active power
filters (VSC/ DSTATCOM) are useful to mitigate the aforementioned problems. The operation
of these devices is greatly dependent on the feedback controllers working in the current and
voltage loops. There are many pulse width modulation techniques available for generating the
gate pulses. The controllers in loops are equipped with control algorithms which are getting

various feedback electrical signals at its Analog to digital converter (ADC). The selection of
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these control algorithms is dependent on their accuracy, speed and capability to extract
fundamental components under dynamic loading conditions.

Therefore, this thesis deals with the implementation of a few adaptive control
algorithms based on least mean square principle, for improving the performance of Self Excited
Induction Generator. The SEIG under study is working in standalone mode to feed power at
isolated places and connected to linear/nonlinear load. The major problems associated with
such kind of standalone power system is regulation of its voltage and frequency under variable
loads. Further, maintaining a purely sinusoidal supply current with improved power factor is
also one of the major objectives towards power quality standards. A static compensator
(STATCOM) is used along with load to compensate currents to maintain power quality of
standalone generator under various operating conditions.

The Leaky-Momentum Control Algorithm (LMA) is being used to generate switching
signals. A voltage source converter (VSC) to enhance the performance of a three-phase self-
excited induction generator operating with varying loads is used. This LMA technique controls
VSC to regulate voltage and frequency of SEIG within a permissible limit. The LMA control
is implemented to reduce the higher demand of reactive power, eliminations of harmonics in
source current and balancing of loads under different operating conditions. During the electrical
and mechanical dynamical conditions, the LMA technique is maintaining a constant voltage
and frequency at point of common interfacing (PCI). The proposed technique is a modified
control technique of basic Leaky and Momentum Algorithms. This control has removed the
drawbacks of Leaky and momentum algorithms. Moreover, it is observed that LMA performs
better when there are uncertainties in input conditions.

In the second case, a modified NLMS based control algorithm is designed to control
the SEIG system feeding three-phase nonlinear loads. The control algorithm extracts the

fundamental weight components with reduced oscillations from sensed load current.
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Implementation of modified algorithm for control of voltage source converter (VSC) provides
fast dynamic response, harmonic eliminations, active/reactive power compensation, load
leveling, rapid convergence and enhances the power quality in an isolated distributed wind
energy generation system under nonlinear load conditions. The battery energy storage (BES)
is employed at DC Link of STATCOM to balance the power in the system during load
perturbations and wind speed changes. The simulation study on the proposed system shows the
improved steady state and dynamic performance of SEIG system under fixed/varying wind
speed while feeding fixed/varying nonlinear load.

The entire system comprising SEIG, nonlinear load, voltage source converter and
battery storage system is implemented in MATLAB /SIMULINK. Also, the experimental
validation of proposed control approach is carried out in the laboratory environment to study
the effectiveness. It has shown promising performance under both dynamical state and steady

state of the system.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVEIW

1.1 General

The problem of global warming is growing day by day due to exorbitant use of fossil
fuels such as coal, oil and natural gas which are major cause of emissions. The emissions of
CO:2 due to consumption of fossil fuels to generate electricity is maximum. To reduce
greenhouse gas emissions emphasis are now made to produce electricity from renewable
energy sources.[1]. The solar, tidal, wind, biomass, etc. can be used for generation of
electricity to bring down the effect of global warming [2]. The energy generated from the said
non-conventional sources are used for reduction of conventional generation and grid
integration [3]. Consequently, it is easy to regulate the frequency and voltage of a complicated
power system. Due to recent advancement in the wind technology, the electrical power
generation is becoming cost effective, while maintaining system stability and reliability [4].
Conventional power generation in remote and hilly areas is not workable/practicable options
of electrical energy generation. Economic growth in the remote isolated areas is set to grow
due to development of renewable energy technology [5]. Maintaining grid connected power
supply in the remote areas is a costly and difficult proposition. Therefore, the standalone and
distributed generations are feasible options to provide electrical supply in remote and hilly
areas. Self-excited induction generators (SEIGS), permanent magnet synchronous generators
and brushless dc generators have emersed as potential energy conversion machines for

increased scope of standalone wind- based energy generation [6].
1.2 Why SEIG is Selected?

Due to durability, ruggedness, simple construction, low-maintenance cost in

comparison to other machines, SEIG is preferred in wind energy conversion systems for study
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purpose [7]. Another good aspect is its capability to retain the residual magnetism after sudden
loss of magnetization due to overloading or short circuit. Additionally, it has natural ability to
withstand the sudden short circuit without any harm to the stator or rotor windings. The low
weight to torque ratio makes it suitable for wind energy system. Also, it has low maintenance
cost. The design of the SEIG and its various electrical parameters such as stator and rotor
resistances, mutual inductances, self-inductances are least affected when overload or sudden
change in load occurs. Therefore, less sensitive and simple controllers which are low-cost work
effectively to control the generator voltage and frequency. Hence, SEIG is becoming popular
for wind energy conversion system where generators are mounted at higher altitude. But there
is issue of poor power quality issues such as frequency variation and change in voltage level

with variation in load.
1.3 The Need of Power Electronics Interface

The power electronics technology is playing very important role for making renewable
energy system more reliable and controllable. The advancement in the power semiconductor
devices technology enhances the possibility to operate the semiconductor switches at higher
switching frequency and also at higher power ratings. If the combination of such devices is
used as power electronics converters in wind energy system, the reliability and power quality
of supply is improved significantly. The switches are also arranged to form various topology
of converters such as two level, three level, cascade, hybrid, isolated or multilevel converters
depending upon different requirements and applications. There are certain advantages and
disadvantages of each converter topology. The need of power electronics interface provides
compatibility between various components of the wind energy conversion system. For
example, if dc supply is needed for charging the laptop battery, the need of power electronics-
based chargers arises. This charger is working as an interfacing device between ac supply and

laptop battery. Similarly, there are so many applications need power electronics interface for
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improving the energy efficiency and compatibility. But, excessive use of power electronics
creates the problem of harmonics injection and poor power quality in the system. However,
power electronics can also provide the remedies to power quality issues by some degree.
Further, the performance of converter relies on the control techniques/ algorithms used for

switching control of converters for its effective working.
1.4 The Application of Control Algorithms

The controllers in feedback loops of the systems are major component in effective
operation and control of any power electronics system. The operation of 3-phase converters
used for power quality improvements is governed by classical control techniques based on
Park’s and Clarke’s transformation, Synchronous Reference Frame theory and PQ theory-
based techniques, etc. These control algorithms are employed for the generation of reference
current and hence generating switching signals to operate the VSC [8]. But these control
techniques lack adaptive behavior or their working depends on coefficients of loop gains.

Hence control algorithms with adaptiveness are more suitable for wind energy systems.

1.5 The Role of Voltage Source Converter

The use of SEIG has increased in wind energy generation because of its operation at
different speeds. Therefore, electricity can be generated at small scale using low cost small
SEIG. The poor voltage and frequency regulation and need for variable reactive power support
with varying loads are the two major drawbacks of an induction generator. The use of voltage
source converter is needed to support active and reactive power requirements of the SEIG in
varying load conditions. There are extensive literatures available to support the above claim.
An electronic load compensator (ELC) has been developed to manage constant voltage at a
fixed frequency even with variation in consumer loads [9]. Another problem with SEIG is that
it draws the non-sinusoidal current from generator terminals and causes distortion of terminal

voltage under nonlinear loading conditions. Different current control methods of STATCOM
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are being used to control voltage and frequency in a SEIG-based standalone generating system.
A dynamic electronic load controller (DELC) is developed and designed to maintain constant
voltage and frequency of a three-phase SEIG [10]. It consists of a VSC which provides variable
reactive power under varying load conditions, and hence controls the terminal voltage of SEIG
under varying load conditions. The frequency of generator is managed at constant value by
dumping excess consumer load in a variable speed AC Drive connected at the DC link of
converter. In this scheme two VSC of almost same rating of SEIG is required which is a
complex and costly arrangement. Three-phase SEIG in combination with STATCOM is able
to feed nonlinear loads up to its rated capacity [11]. By using DSTATCOM as a compensator
and sliding mode controller along with proportional and integral controller voltage and power
quality issues of a three-phase SEIG under both linear and non-linear loads conditions can be
significantly improved [12]. A combination of ELC and STATCOM which is called as
Decoupled Voltage and Frequency controller (DVFC) is also used to control the SEIG
performances. In DVFC the frequency and voltage of the system is maintained within
prescribed range. The DVFC independently controls both frequency and voltage by adjusting
real and reactive power at the generator terminal [13]. Applications of DSTATCOM in a
distributed power generating system with an SEIG is explained in the literatures. A composite
observer-based control algorithm is used for the extraction of fundamental current components
in the load [14]. A VSC controlled by implementing Lorentzian norm based adaptive filter
(LAF) for power quality enhancement of SEIG in a star-connected three-phase wind based

distributed power generating system is also described [15].
1.6 Literature Review: The State of Art

The wind energy system development and its operation with available controllers are
provided in literatures. The LAF also neutralizes the effects of wind impulses on the frequency

and voltage of generator. The leaky Least mean fourth (LLMF) algorithms are used for the
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control of DSTATCOM in solving power quality issues in the grid-connected solar
photovoltaic system reported in literature [16]. But the acceleration problem of the convergence
process is a major issue. The analysis and basics of momentum least mean squares algorithm
(MLMS) is described [17]. The MLMS converges faster because of scaling factor. A Variable
Learning and Gradient-based Least Mean Square (VLLMS) algorithm is implemented for
control of VSC in a distributed generation [18]. There is no effects of step size, gradient and
sensor-noise on convergence performance of VLLMS algorithm due to its insensitivity to these
parameters. But in LMS, convergence performance is influenced by step-size parameters.

A novel Leaky-least logarithmic absolute difference (LLLAD)-based control algorithm
is experimentally implemented in a PV based system [19]. This technique enhanced the power
quality. The MLMS employs additional term called momentum Factor [20]. This factor of the
control enhances the converging rate. Also, its tracking competence increases for a signal of
non-stationary nature. There are some applications of this control algorithm in distributed
power generation system [18-21]. The active and reactive power control technique for SEIG
working in standalone mode is described [21]. In nano-grid operations standalone mode
supervisory control seems good options [22]. However, due to slow response in randomly
changing environment, it is less effective. By using field programmable gate array (FPGA) for
peak power point operation, a closed loop control technique has been developed and
implemented [23]. A generalized impedance controller (GIC) based speed adaptive stator
current compensator control is implemented for the frequency regulation and voltage balance
of SEIG in standalone three-phase four wire (3P4W) system [24].

There are few applications which are using simple, robust, accurate and fast dynamics
adaptive control techniques but these control applications are either dependent on step size
parameters or some independent gain parameters. Therefore, in this thesis attempts have been

made to use the combined characteristics of leaky LMS control algorithm and momentum LMS
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control algorithm which is more suitable to control the system for random input type of sources
such as wind energy system.

Use of evolutionary control algorithm applied in the domain of SEIG research such as
a genetic algorithm (GA) technique is also described for steady-state performance analysis
instead of using higher order polynomials for the loop or nodal equations [25]. A STATCOM
is designed and implemented based on the relative rotation speed theory, which reduces the
frequency deviation and maintain synchronism of the system [26]. The STATCOM controls
the point of common interface (PCI) voltage through reactive power support and eradicate the
harmonics [27]. A simple linear search algorithm and a binary search algorithm are also
implemented to operate the SEIG system and control its frequency at a given speed [28]. The
non-linear adaptive second-order Volterra filter (NVLF) based adaptive and nonlinear control
algorithm is designed to operate voltage source converter (VSC). The NVLF based VSC
provides harmonic eradication, power compensation, load leveling and enhance the power
quality of the system. The NVLF based control technique has been deployed to evaluate the
fundamental load current component for further estimation of reference current [29]. The
kernel incremental meta-learning (KIMEL) based control algorithm with DSTATCOM is
developed for the extraction of real/reactive weights component and maintains the different
parameters of the system [30]. A composite observer-based control algorithm is developed to
estimate the fundamental component during distorted current condition and the control
algorithm with DSTATCOM maintains the system frequency and voltage at PCI of the
generator eliminate harmonics and enhance the power quality of the system [31]. A software
phase lock loop (SPLL) control technique is implemented for the extraction of fundamental
component of load current and generates the switching pulses for the DSTATCOM [32]. A
PLL without VCO has been implemented to generate reference current and this control works

both in abc to af transforms to reduce the computational burden. The control technique with
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VSC provides fast dynamic response and improved power quality under dynamic conditions
of wind and nonlinear load [33]. An LCL filter is interfaced between DC-DC converter and
battery energy storage (BES) to minimize the ripple current. An additional dump load is used
to compensate the disturbances of SEIG under different operating conditions [34]. In reference
[35], A DQ based power control algorithm is applied in microgrid system [35]. Genetic
algorithm (GA) technique is being used to evaluate the requirements of excitation capacitance
to build-up terminal voltage in SEIG at no-load [36]. A perturb & observe MPPT technique is
designed to harness maximum power from wind turbine under variation in wind velocity and
BES is also used to provide active power support between the source and the load [37]. An
adaptive theory based MLMS algorithm is implemented to generate switching pulses for VSC,
which provides harmonic eradication, fast response, and enhances the power quality and
maintain the system frequency and voltage under varying wind speed/load demand [38]. An
MLMS control algorithm is designed to extract fundamental weight component with reduce
static error and less oscillations. An MVSS-LMS based adaptive control algorithm is
implemented for the accurate estimation of fundamental weight component with speedy
convergence and less oscillations [39]. An NLMS based control algorithm is designed to tune
the variables regularization factor which accelerates the convergence speed [40]. The concept
of droop control mechanism for power balancing among various component of wind energy
conversion system is also available [41]. A new power controller is also discussed [42] which
is very easy to implement for wind energy system. A VSC with dump load is implemented to
maintain the frequency and voltage of SEIG and the dump load is used to consume the extra
power under less load demand [43]. The design features of an isolated 3-phase induction
generator system are presented and authors have also suggested two stator winding
configurations for voltage and frequency regulation from dual stator winding [44]. One more

control strategy that consist of static var compensator (SVC) is also presented [45]. The series
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compensator concept for improving the transient performance of self-excited induction
generator is discussed [46]. Some topology of hybridization of two generators are also
proposed [47]. The operation of self-excited induction generator and synchronous generator in
parallel is proposed in this article. A comprehensive review on three-phase induction generator
is provided [48]. Many SEIG features under in various operating conditions are described in
this review. PWM control strategy of VSC is explained and discussed for voltage and frequency
regulation of SEIG [49]. The overall efficiency of the generating system is also improved by
effective operation of generator. Ojo et al. [50] have suggested the effective utilization of
voltage source converter using PWM technique in case of dual stator winding induction
generator. This is very effective for separate voltage and frequency control in SEIG. Fukami et
al [51] have analyzed the performance of single-phase induction generator using three phase
induction machines. It is found to be suitable for different isolated loads where issue of load
unbalance is observed. The controlled operation of induction generator in rural applications is
presented using VS-PWM technique [52]. The use of bidirectional converter is also suggested
for proper power balance. Chen et al. have presented the application of DSTATCOM for
voltage and frequency control under random load variations [53]. The control strategy used is
very simple and easy to implement. In [54] the evaluation of operating performance for three
phase induction generator is presented where practical impedance approach for steady-state
analysis in the frequency domain is utilized. Barrado et al. [55] have presented the idea of
coordinated operation of STATCOM with bidirectional converter for mitigating the power
quality problems of self-excited induction generator. It also provided the flexibility for
removing the additional dump load and its controller which was necessary component of
conventional controller system for SEIG. Some other configurations such as use of an
additional leg in conventional VSC are neutral current compensation under unbalance loading

conditions [56]. It has made system very economical and easy to control based on power
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balance theory for wind energy applications. In [57], induction generator system is used for
voltage and frequency regulation for low and medium power applications. In the Indian power
context, a combination of PV generation system and self-excited induction generator is also
suggested [58]. This combination is found to be suitable for standalone operation for isolated
locations. For obtaining reliable, fast and accurate operation of induction generator, another
class of controller named adaptive controllers are presented [59]. These controllers are able to
change their gain coefficients or weights for adaptation purpose so that error between actual
response and reference quantity can be made zero. The static excitation for dual winding
induction generator is presented in [60]. The reduced inverter rating for voltage and frequency
control for SEIG is also suggested [61]. Another control algorithms based on leaky minimal
disturbance theory (LMDT) for enhance power generation with controlled voltage and
frequency is proposed [62]. The constant voltage and frequency operation of SEIG has been
analyzed in steady state condition using Genetic Algorithm [63]. An optimized operation is
achieved for power quality improvement using Antlion Algorithm [64]. The AC/DC Hybrid
system is developed using dual stator winding generator with static excitation controller [65].
There are controllers proposed for voltage and frequency control using electronic load
controller and generalized impedance controller [66-68]. The series compensation-based
scheme is for frequency sensitive loads [69]. For isolated power generation system with high
wind penetration a frequency control scheme is discussed [70]. A dynamic VAR control
scheme in wind turbine generators is discussed for mitigation of flickers [71]. A micro-
controller for voltage and frequency control, flicker etc in case of wind turbine-based system
is described and adaptation of control system is also reported [72]. The controller which is
based on intelligent neural network has been implemented for wind energy conversion system
[73]. A recurrent fuzzy neural network has been used in a three-phase SEIG-based system [74].

A power electronic converter is used for excitation of an induction generator [75]. The
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controller used have the same reactive power rating as that of induction generator. The main

advantage for such kind of excitation is to remove the excitation of generator in discrete steps

which may be higher or lower than required excitation.

1.7 Advantages and Novelties of Proposed Control

The few interesting features of the anticipated control techniques are mentioned below:

1.

The proposed control schemes of VSC for SEIG system improve the adaptation
performance instead of its current values.

In proposed control techniques, the quantity of earlier gradients is used for updating the
present and hence gives more precise and faster convergent results.

It gives the faster convergent rate and minimum probability of trapping in the local
minima, in the proposed distributed generation system for control of voltage and
frequency in a three-phase SEIG.

It provides faster dynamics in voltage and frequency control either variation in wind
speed or random variations in loads. The implementation of algorithm named Leaky-
Momentum Control Algorithm (LMA) is discussed and analyzed in details.

A modified NLMS control has been also implemented to estimate the fundamental load
current component and generate the triggering pulses for VSC.

A modified NLMS control with VSC provides rapid convergence, harmonic
eradication, fast dynamic response with reduced oscillations, load leveling,
compensation of neutral current and enhance the power quality in standalone SEIG
system operation.

A BES is being interfaced at DC link of VSC which is employed to provide active
power support between the SEIG and the load under dynamic conditions of wind and

loads.
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1.8 Organization of Thesis

The work presented in this thesis is divided into six chapters excluding abstract and
acknowledgement.
The Chapter-1 presents introduction and the state of art literature review on voltage and
frequency control methods and algorithms for SEIG. In this chapter, extensive literature survey
is carried out and findings are cited.
The Chapter-11 presents research objectives and methodology. In this chapter, objectives are
derived for the research work to be carried out. Moreover, systematic planning and approaches
are discussed to achieve the desired research objectives.
The Chapter-I11 presents configuration of proposed SEIG system and estimation of capacitors
required to excite and operate the self-excited induction generator under steady state condition.
The various techniques for estimation of capacitor are provided in this chapter.
The Chapter-1V presents implementation of Leaky momentum control algorithm to improve
the power quality issues in standalone such as voltage and frequency variation under varying
load conditions, harmonics mitigation in the source current and reactive power compensation
etc. The control algorithm modelling, simulation results and experimental demonstration of
proposed scheme are also discussed.
The Chapter-V presents implementation of a new control algorithm (Modified NLMS) for
maintaining terminal voltage and frequency under varying wind speed and load conditions for
a standalone SEIG system.
The Chapter-VI presents conclusion and future scope of the present work and in last section of

the thesis, the appendix, list of publications, author’s biography and references are provided.
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CHAPTER 2
RESEARCH OBJECTIVES AND METHODOLOGY

2.1 General

The chapter 1 of this thesis covered the detailed literature study in the domain of voltage
and frequency control of self-excited induction generator. Moreover, study on control
algorithms which are most suitable for power quality improvement of SEIG, have been major
focused area of the present research work. The suitability of control algorithm should be based
on accuracy, faster dynamic response and less steady state error under variable wind speed or
varying load conditions in wind energy-based operation of SEIG. An extensive literature
review of the published research work is carried out and accordingly research objectives are

devised.

2.2 Research Obijectives of the Thesis

1. Power quality improvement in VSC based operation of three phase self-excited
induction generator using advanced control algorithms as per IEEE -519 standards
under variable speed operation and varying load conditions.

2. Voltage and frequency control of self-excited induction generator in variable speed

wind energy conversion system under varying load conditions.
2.3 Major Contributions

The main contributions in this thesis are as follows:

1. Planning and Development of three phase self-excited induction generator-based
generation system for supplying power to isolated locations.

2. To design the control algorithm for power quality improvement including voltage

and frequency control of SEIG under varying loads.

12| Page



3. To evolve applications of new control algorithms for operation of VSC based
control of SEIG and implementation of the control scheme in MATLAB/Simulink
for validation of their performance.

4. To develop prototype experimental study set-up for validation of adopted control

algorithms for power quality improvement of SEIG system.
2.4 Research Methodology

The research methodology consists of generation system planning, designing of control
algorithms, simulation study in MATLAB/Simulink and hardware experimentation to validate
the proposed research objectives.

2.4.1 Planning of SEIG based Standalone Generation System

The complete system is planned and designed as per the loading requirements for
standalone operation of SEIG. The rating of SEIG is selected accordingly to a specified load
and battery energy storage system. The rating of wind turbine is estimated for driving the SEIG.
A VSC is connected at point of common coupling (PCC), accordingly rating of VSC is also
evaluated. Due to isolated operation of the SEIG system, a battery back-up is also needed to
support the SEIG and load under varying load conditions. An integrated operation of all the
units is planned for ensuring power quality index as per IEEE-519 standard. The equipment
ratings are given in appendix.

2.4.2 Design of Control Algorithms

The reference source current to operate the VSC is estimated with the use of control
algorithm. Three phase reference source currents are utilized by PWM technique to generate
the gate pulses for six Insulated Gate Bipolar Transistors (IGBTs) of VSC. The PWM voltage
output of VSC injects current at PCC for compensation of the load current. The injected
currents at PCC are such that only fundamental current component of load is to be supplied

from the generator terminals, other multiple frequency current harmonics components are

13| Page



supplied from the VSC. For faster load dynamics, execution speed of the control scheme should
be fast enough to catch the dynamics of the load current. Therefore, fast, accurate and adaptive
response are the required features of any control algorithm used for reference generation. Many
control algorithms based on adaptive control theory have been published in literature for
STATCOM or shunt active power filters. In the present work, some new adaptive control
algorithms have been implemented for VSC control to improve power quality issues in SEIG
based wind energy conversion system for isolated applications.
2.4.3 To perform the MATLAB Simulations

The generation system model has been developed using MATLAB/Simulink library
toolboxes and simulations are carried out in a discrete mode with a variable step size and an
ode23tb (stiff / TR-BDF-2) solver. The system power circuit and control circuit diagram are
built and properly interfaced for simulation study. The waveforms of various electrical
quantities of interest are captured and analyzed for verifying the research objectives.
2.4.4 To perform the Experimentation

The laboratory prototype of the proposed system is developed for experimentation
where SEIG is major component for power generation and dSPACE-1104 is working as a
controller. The diode based non-linear consumer loads are used for VSC performance
assessment. The Hall-effect voltage sensors are used to sense ac phase voltages and dc link
voltage of VSC. The Hall-effect current sensors are also used to sense various currents at PCC.
The DS 1104 R&D controller is used to generate the gate pulses for IGBTs of VSC. The gate

pulses are fed to three-leg IGBT module and control algorithm is run inside the processor.
2.5 Conclusions

This chapter is summarized as below:

(a) Research objectives are derived for the present work in thesis.

(b) The detail planning and methodology to fulfill the research objectives are discussed.

14| Page



(c) The components of simulation tools and hardware prototype have also been

discussed.
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CHAPTER 3
SEIG CONFIGURATION FOR DISTRIBUTED GENERATION
AND ESTIMATION OF EXCITATION CAPACITANCE

3.1 General

Conventional sources of energy such as fossil fuels are not environmentally friendly
and continuously depleting. The adverse effects of conventional energy sources may be
prevented by means of using renewable energy sources such as wind, solar, hydro and tidal
energy, etc. Self-excited induction generators have gained importance in recent years owing to
the global trend towards usage of wind energy, which is renewable and cleaner sources of
energy. SEIGs are robust in design, have long life, require minimal maintenance and able to
generate power at varying speed. They find application in wind energy conversion system for
harnessing wind energy. The system under study in this chapter is a wind turbine coupled self-
excited induction generator, delivering power to a three-phase balanced load, with an excitation
capacitor bank. For standalone operation with varying speed a minimum capacitance is
required to maintain self-excitation of SEIG. An analysis of this SEIG system is carried out for
variable speed applications by solving the non-linear algebraic equations governing the
performance of the system in steady state condition. Multivariate Newton Raphson technique
has been employed for obtaining the solution of algebraic equation, where excitation reactance
(Xc) and per unit speed (N) are chosen as variables and allowed to vary within their upper and
lower bounds. Thereby a study is being carried out on the speed and minimum excitation

capacitor requirement for generation of rated voltage under varying load conditions.
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3.2 SEIG System Configuration

A basic SEIG configuration with shunt excitation capacitor bank is considered for
analysis in the present work for wind energy applications. Fig. 3.1 shows the wind turbine
driven SEIG system supplying isolated loads. A capacitor bank is interfaced at the terminal of
SEIG to generate rated voltage. The steady state performance of SEIG is analyzed under

varying wind velocity and varying load demand.

W: ,",sg ‘L,a
s Isp iLp
> —> 1 3-Phase
ls& Wl‘ic Load
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e ¢
Wind Gear Box fabe
Flow
/}3
Excitation
Capacitor

Bank

Fig. 3.1 A SEIG coupled to a wind turbine and delivering power to a 3 phase load

3.3 Method for determining Excitation Capacitance for rated voltage

operation of SEIG under varying Loads.

Rising demand for energy is a consequence of rapid development happening all around
the world. Proportion of power which is generated through conventional sources, like coal, fuel
and gas, is around 70-75% of the total generation, which causes harmful effects on
environment. Thus, in recent years emphasis has been laid for use of non-conventional energy
sources for power generation like: solar, wind, hydro, bio-gas etc. Among these renewable
sources it has been found that wind is one of the most potential resources for electricity
generation [76-78]. Induction generator is popularly employed for harnessing wind energy
because of its capability to generate power at variable speeds. It has advantages like low cost,

small size, robust design, and minimal maintenance and repair [79]. Induction generator has an
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important feature of self-excitation, which is possible by connecting a capacitor bank across
the stator terminal of the induction generator. The self-excitation process in SEIG is similar to
that observed in dc generator. Also, there should be some residual magnetism present in
machine, which is essential to initiate the voltage build up process in SEIG. Also, it is noted
that the residual magnetism must be enough for voltage build up process to occur. T. F. Chan
et.al [80] described a practical approach to compute the minimum values of capacitance
required for initiation of voltage build-up process in a three-phase SEIG. Despite its numerous
advantages SEIG finds limited applications due to its poor voltage and frequency regulation.
However, introduction of power electronic controllers has significantly changed the scenario
of its potential applications in distributed generation. Venkatesa and Singh have examined the
performance of SEIG using controllers like impedance controller and DSTATCOM [81-82]
and it was demonstrated that these controllers are quite effective in regulating output voltage
and frequency. The frequency and voltage control issues of a three-phase SEIG-based
distributed generating system were analysed [83] and the Leaky-momentum control technique
is implemented to control the voltage -source converter in wind energy conversion system
using SEIG. For studying the power generation and problems associated with SIEG using wind
energy, steady state analysis of SEIG is necessary under varying speed and load conditions.
There are various methods for steady state analysis, the most common being application of
loop impedance and nodal admittance method for per phase equivalent electrical circuit of the
SEIG. Steady state analysis of SEIG has been examined and presented by S.S. Murthy [84] and
Sharad Rajan [85]. In this paper nodal admittance method has been used for obtaining the non-
linear equations governing the system in steady state. These non-linear equations are used in
study and analysis of performance parameters such as output power, value of excitation

capacitance, speed and generated voltage and frequency.
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In previous published work on performance analysis of SEIG, magnetizing reactance
(X,,) of machine and frequency (f) of generated voltage has been evaluated for known values
of load, speed and capacitor bank. D.K. Jain, et al. [86] developed a new iterative technique for
steady state analysis of a three phase SEIG, thereby determining the frequency and magnetizing
reactance. A similar work is presented using linear search and binary search algorithms [87].
Applications of optimization techniques GA, APSO, PSO and simulated annealing for steady

state analysis of SEIG has also been reported in literatures [88-89].

However, in the analysis presented in this chapter, the value of magnetizing reactance
is fixed for rated voltage operation and the generated frequency as 50 Hz in all the nonlinear
algebraic equations which are governing the system in steady state condition. The nonlinear
algebraic equations are solved for the value of capacitance to be connected at stator terminal
and the corresponding rotor speed for different types of loads to maintain self-excitation in the
machine. Multivariate Newton-Raphson technique is used to obtain the solution of these non-
linear algebraic equations. Once speed and capacitance are known, evaluation of load voltage,

load current and output power is obtained.

3.3.1 Steady state Analysis of SEIG

Fig. 3.1 represents the schematic diagram of SEIG setup under study for estimation of
capacitance. A wind turbine is coupled, via gear, to the rotor of an induction generator. A
capacitor bank is connected at stator terminals for providing reactive power support to

generator and load.

Per phase equivalent circuit of the SEIG is shown in Fig 3.2
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Fig. 3.2 Per phase equivalent circuit of SEIG

Where

Ri1: Stator Resistance

R2: Rotor Resistance (referred to stator)

Xi: Stator Leakage Reactance

Xo: Rotor Leakage Reactance (referred to stator)
Xm: Magnetizing Reactance

Xc: Excitation Capacitive Reactance

RL: Load Resistance

XL: Load Reactance

f: Per unit frequency

N: Per unit speed

Application of KCL in the equivalent circuit yields
L+1,=1,

%xY1+‘;—ngm=—‘;—ng2

Since air gap voltage must not be zero e,

Y, + Y, +Y,=0

Vg

(3.1)
(3.2)

# 0, Therefore

(3.3)
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Where

1

1= (F+ix1)+(R=jx) (3.4)
RL, iy iXc
R_]X_(f:_] L)X( ];2 ) (35)
Fri(x-36)
_ (e (AE) ) o5
. :
(F) +(x5%)
_ ()71 (%)
= = 5 (3.7)
(s
Y,, = % (3.8)
Y, = o (3.9)
mHXz
Equating real and imaginary parts of equation (3.3) to zero, real part yields
(=) =) _, 3.10

R1)? Ry \? - ( . )
(R+T) +(X;,—X)2 (m) +(X)?
and equating imaginary part

X1-X) (X2) 1
—=0 3.11

(B sermnn () v @11

3.3.2 Performance analysis using Multivariate Newton-Raphson Method

Equations (3.10) and (3.11) have been solved for known values of speed, load and
excitation capacitance. Solution of these equations thus yields value of generated frequency &
magnetizing reactance. However, in the present analysis, aim is to evaluate the speed and
capacitance required for rated voltage operation of a SEIG, i.e., at rated value of Xm and rated

frequency which is 50 Hz and parameters load voltage, current and power are evaluated.
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Once Xmand f are fixed, and considering the applied load to be balanced, each of equations

(3.10) and (3.11) is essentially a two variable function given by:

(%) ()

Re(Y)= F1(Xc, N) = =0 3.12

( ) 1( C ) (R+I;—1>2+(X1—X)2 (%>2+(X2)2 ( )

IM(Y)= Fo(Xe, Ny = — a0, &) 4 1 (3.13)
(R+71) +(x-x02 f—_ZN) +(Xp)2  Xm

There are two nonlinear equations with two unknowns: the excitation capacitive reactance
(Xc) and the per unit speed (N). The equations (3.12) and (3.13) are solved for Xc and N

using the Multivariate Newton Raphson Method given below:
X+ = X - [JT1F (3.14)

Where, X!, J'and F' are given by equations (3.15), (3.16) and (3.17) respectively.

) i

Xi = Xf{] (3.15)
Nl
aFl(XC,N) 6F1(X(;,N)

S B D B G2 3.16

= 0F,(Xc,N) 0F,(Xc,N) ( )
0X¢ (Xé,Ni) ON (Xé'Ni)

. Fy (XL Nt

pi = |0 N) (3.17)
F,(Xe, NY)

Initially i=0 and X° is the initial solution guess, and thereby X is evaluated with help of
equation (3.14). Each iteration of equation (3.14) gives a closer value to the actual solution.
Hence, similarly X? is evaluated after having found X!, and so on X3, X* ... are evaluated.
Equation (3.14) is allowed to execute in a loop and the condition for the termination of loop is
when the solution, i.e., Xc and N, either starts repeating itself or converges.

Once Xc and N are known, capacitance is simply given by equation (3.18)

22| Page



_ 1
T 2XTX50XX(

(3.18)

and rotor speed is given by equation (3.19)

N, = N X synchronous speed (3.19)
Load voltage and current are obtained using equations (3.20) and (3.21) respectively. Equation

(3.22) and (3.23) are used for calculating power.

V= —EC vy, (3.20)

\/(R+R71)2+(X1—X)2

Vi
I, =vV3x —L— (3.21)
2
(%) +exw?
. _ \/§XVL><IL
Output Power(in kVA) = —o00 (3.22)
Output Power(in kW) = V3xVy Xy xcos (9) (3.23)

1000

3.4 Results and Discussions

Induction machine considered for the present study is rated as 3.7 kW, 3 Phase, 4 Pole,
50 Hz, 415V, 7.6 A, 1420 rpm. Also, per phase stator and rotor parameters of the machine are
Ri= 0.053 p.u, R>= 0.061 p.u, X1= 0.087 p.u, Xo= 0.087 p.u, and magnetizing reactance

Xm=1.853 p.u.

In equations (3.12) and (3.13), values of f and Xm are taken as 1 p.u and 1.853 p.u.
respectively. Multivariate Newton Raphson method is applied, as discussed in section 3, to
solve for ‘Xc’ and ‘N’. Two different types of balanced loads are considered for present study:

purely resistive load (pf = 1) and inductive load (pf = 0.8 lagging).
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Varying resistive loads, of per phase value, 1 p.u, 1.2 p.u, 1.4 p.u, 1.6 p.u, 1.8 p.u and
2 p.u are considered at the stator terminals at rated voltage condition. The values of speed and
capacitance requirements for rated operation are predetermined using Newton Raphson
technique with varying loads. Load voltage, line current and three phase output power have

been determined and shown in table 3.1.

Table 3.1. Self-excitation capacitance requirements under varying resistive loads

S o, R Speed Slip (%) Excitation Capacitance Vi (V) L (A) Power(kw)
(p.u) | (rpm) per phase (uF)
1 1.0 1601.5 -6.7652 26.156 417.6335 7.6490 5.530
2 12 1584 .4 -5.6250 23.672 419.5780 6.4038 4.654
3 14 15724 -4.8248 22.171 421.1734 5.5099 4.019
4 16 1563.4 -4.2301 21.184 422.4807 4.8361 3.539
5 1.8 1556.6 -3.7699 20.498 423.5628 4.3098 3.162
6 2.0 1551.0 -3.4027 19.997 424.4696 3.8871 2.858

Output Load voltages obtained for various upf loads are very close to rated voltage, as shown
in Fig. 3.3 and hence voltage of the SEIG is regulated within the permissible limit with varying
requirements of excitation capacitors. Also, it is noted that all the output voltages are
determined/calculated at rated frequency i.e., 50 Hz and at upf loads. It is observed that with
almost 100% increase of load currents (3.889 A to 7.649 A), the terminal voltage of generator

changes only from 424 V to 417 V.
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Fig. 3.3 Variation of load voltage with load current of SEIG at resistive loads.

This analysis is also carried out for inductive loads at 0.8 lagging pf. The load

Impedance connected at the stator terminal is varied in steps as 1.25 p.u, 1.375 p.u, 1.5 p.u,

1.625 p.u, 1.75 p.u and 1.875 p.u. The steady state performance with inductive loads is also

analyzed using modified Newton Raphson technique and are shown in table 3.2. and it is

observed that with 50% increase of load currents (from 4.1585 A to 6.1869 A) the terminal

voltages fall only from 425 V to 422 V.

Table 3.2 Excitation capacitance requirements under varying inductive loads (0.8 pf lagging)

Excitation Power
Sno. | Z(p.u) Speed Slip (%) Capacitance per VL(V) IL(A)
(rpm) KVA | kw
phase (uF)
1 1.250 1564.947 -4.3298 37.498 422.2545 6.1869 | 4.52 3.62
2 1.375 1559.156 -3.9438 35.434 423.1468 5.6363 | 4.13 3.30
3 1.500 1554.344 -3.6229 33.756 423.9211 5.1761 | 3.80 3.04
4 1.625 1550.279 -3.3519 32.359 4245980 | 4.7856 | 3.52 2.82
5 1.750 1546.799 -3.1199 31.181 425.1943 | 4.4500 | 3.28 2.62
6 1.875 1543.784 -2.9189 30.173 425.7230 | 4.1585 | 3.07 2.45

Fig 3.4 shows the variation of output terminal voltages of SEIG at rated frequency 50Hz with

the increase of load current at inductive load of 0.8 pf. It is observed that with increase of load,

the terminal voltage of generator falls from 425 V to 422 V at rated frequency 50 Hz.
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Fig 3.4 Output voltages versus load current under varying inductive loads.

3.5 Conclusion

In this chapter a simple approach to determine the capacitance and rotor speed, for
different load conditions of SEIG, which ensues rated operation of a SEIG is presented. It is
inferred that for varying resistive loads for different speed, there is a minimum excitation
capacitance requirement to maintain self-excitation in the machine and maintain operation at
rated voltage. Similar trend is observed when inductive loads (0.8 pf lagging) ranging between
1.250 p.u — 1.875 p.u are considered. Again, with increasing load current, the excitation
capacitance requirement increases and terminal voltage is maintained near to rated voltage.
Frequency of generated voltage is 50 Hz in all cases. It is noted that load power is compromised
for ensuring rated voltage operation under inductive load. The present analysis is helpful in
designing of power electronics-based controller which constantly monitors the load and for any
change in load current it automatically generates needed reactive power compensation to the

SEIG to maintain rated output voltage and frequency.
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CHAPTER 4

IMPLEMENTATION OF LEAKY-MOMENTUM CONTROL
ALGORITHM FOR VOLTAGE AND FREQUENCY
CONTROL OF 3-PHASE SEIG

4.1 General

This chapter presents implementation of Leaky-Momentum Algorithm (LMA) based
control scheme used for switching control of VSC for regulation of voltage and frequency in
SEIG based distributed generation system, power balancing and other power quality issues
such as harmonic compensation and neutral current compensation under varying load
conditions. The schematic diagram of the SEIG based distributed generation system with the

proposed LMA control algorithm is shown in Fig. 4.1.
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Fig. 4.1 Schematic diagram of distributed generation (DG) system based on LMA control algorithm.
A three-phase star- connected variable capacitor bank is interfaced at the terminal of SEIG to

generate rated voltage at no load. A three-phase star-delta (Y-A) transformer is being used for
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neutral current compensation under unbalanced load conditions. The neutral points of capacitor
bank, transformer and load are connected to a common point. A DSTATCOM is interfaced in
shunt at the point of common interface (PCI) through interfacing inductors. The battery energy
storage system (BES) is interfaced at DC link and consumes the extra power under less load
condition. The procedure for reference current estimation is elaborated below which is used to

generate the switching pulses of voltage source converter.

The simulation model of three-phase induction generator is developed in MATLAB
with a VSC and nonlinear load and simulation is carried out under various operating conditions
to analyze the performance of SEIG system using LMA control scheme of VSC. The developed
LMA control Algorithm has been executed for generating control signals for VSC and
regulating the voltage and frequency of proposed system. This control technique has been used
to calculate the updated weights of load current components and after finding these weights,
reference source currents components are computed. For mitigation of power quality problems
in standalone wind energy system using SEIG, the adequate ratings of DSTATCOM and BES

are selected.
4.2 Leaky Momentum Control Algorithm: An Introduction

Applications of adaptive filtering in control of VSC have grown significantly in the last few
decades. The least mean square algorithm (LMS) has become one of the most popular adaptive
filtering algorithms due to its inherent simplicity and robustness but it often converges slowly.
Further LMS and its variant such as normalized LMS or modified LMS (MLMS) do not
perform well in noisy or distorted signal conditions. This section analyses the leaky momentum
LMS algorithm which provides information regarding the almost sure behavior of the
parameter estimates due to its flexible convergence property and it offers an improvement in
convergence rate as compared to that of LMS. The leaky momentum control algorithm is

implemented for the extraction of reference current from the estimated values of active and
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reactive components of distorted or nonlinear load current to operate the shunt connected
voltage source converter. Due to decreasing spread of input Eigen values, the faster
convergence is achieved under variable input output operating conditions. Moreover, the
dynamic response of voltage source converter is also improved for various operating
conditions. The value of the leaky factor and momentum factor must be between 0 to 1, and
most of the time it should be near to 1 to reduce the Eigen spread for the simultaneously
improved dynamic response.
In any linear system, its input u(n) and output x(n) is normally related by

x(n) = h" u(n) +d(n) (4.1)
Where h is the impulse response of the system with L tap length, u(n) is the input tap vector in
linear system and d(n) is the distortion or independent surplus noise.
The objective function that can be minimized by leaky momentum algorithm is as follows

J(n) =€*(n) + v z'(n)z(n) (4.2)

where z(n) is the weight coefficient vector of the adaptive algorithm with length L,  is known

as leakage factor which is a positive and e(n) is the error signal given by
e(n) = x(n) — z'(n) u(n) (4.3)
The minimum of J(n) can be sought recursively using the gradient method [40]
z(n + 1) = z(n) —p (8J(n) /2 0z(n))
=(=p v)z(n) + u e(n) u(n) + afz(n) - z(n-1)] (4.4)
where . is the size of adaptation step and a is momentum factor [90],[91]. This equation is finally
utilized to achieve the reference current for voltage source converter. This is convergent

equation and gives the optimum value of weight throughout tap length.

4.2.1 Weight calculation using LMA Control Algorithm
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Peak value of terminal voltage (Vi) of SEIG is calculated using sensed 3-phase terminal

voltage of the SEIG.

_ vZ, +vE +vZ
V= Jo(Herrri @5)
Veq . Vsp and vy, represents instantaneous phase voltages at PCI. The in-phase unit voltage

templates are calculated as follows:

Vsq Vg _ VUsc
upa = Tt, upb = Ttb y upC —_ Tt (4.6)
-1 0 1
Ugq Upq
[uqb] = % v3 1 -1 [upb] 4.7
Uge %5 % 2 [upe

Where u,, , u,, and u,. shows unit voltages template of in-phase component respectively.
All unit voltages are instantaneous phase voltages. Similarly, u,, , ug, and ug. are the

quadrature phase instantaneous unit voltage templates of 3- phase voltages.

A Leaky Momentum Control Algorithm is used to update the weights of active (w,,) and
reactive (wg,) components of the fundamental load current. Here, the weights are adjusted till

the error in the current state and previous state becomes zero. The active component of power

of phase a load current is estimated as shown below:
Wpa(n+1) = (l—TpOZ) Wpa(n)+ Tp upa(n) epa(n) - upa(n)enpa(n)"' € (Wpa (I’)) — Wpa (I’)—l)) (48)
Where, e,,(n) and ey,,(n) are the adaptive error component and noise component of the

proposed control algorithm for phase ‘a’.

The following equations are used to determine the relation between both factors:

ePa(n) = WSP(n - 1) - {(1 - Tpa)WLpavg (Tl - 1) upa(n - 1)} - Tp{o-epa(n - 1)iLa(n -

Dupe(n— 1)} (4.9)
and
enpa(n -1 = kupa(n){wpa(n) — Wsp (n)} (4.10)
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Where, wi,qvg(n — 1) is average amplitude of active power component of load current,
wgp(n — 1) is the total active components of reference supply currents and i;,(n — 1) is load
current of phase ‘a’ at (n — 1) sampling instant. Other factors &, o, o and T,, are noise factor,
leaky factor, error constant factor and learning rate respectively.
Similarly, for active power components of phase b and phase c are estimated as follows:
Wpb(N+1) = (1—1par) Wpb(N)+ Tp Upp(N) € (N) — Upp(N) €npp (1) +e(Wpb(N) — Wpb(N—1))
(4.11)
Wpc(N+1) = (1=7p0) Wy (N)+ Tp Upc(N) epc(N) = Upc(N) enpe(n) +e(Wpe(n) — wpc(N—1))
(4.12)
The average magnitude of weighted fundamental active power components is calculated by

at +Wpc
Wipavg = (WpW3—ppr) (4.13)

In the similar manner as estimated in above mentioned equations, reactive components of the
three-phase (a, b, c) load currents can be estimated as follows:
Waa(N+1) = (1=790) Wga(N)+ TqUga(N) €qa(N) — tga(N) enga(n)+e(Weqe () — Weq(n—1))
(4.14)
Wap(N+1) = (1—190) wgp(N)+ Taugp(N) eqp(N) — Ugp(N) engp )+ e(wgp() - wyp(n—1))
(4.15)
Wac(N+1) = (1=1q90) Woc(N)+ Tquige(n) eqe(n) — uge(N) enge(n) + e(Wac(n) - Woe(n—1))
(4.16)
Where, 7, is the learning rate of proposed control algorithm for reactive power component
estimation.
The average magnitude of weighted fundamental reactive (wpqqyg) POWEr components is

calculated by

(Wga+wgp+wge
Wigang = %bq) (4.17)
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4.2.2 Reference Source current calculation and gate pulses generation
Reference source current is obtained by adding active and reactive components of source

current obtained as below.

i;abc = i;pt + i;qt (4-18)
The source current iz, IS sensed and this estimated reference current i;,;,. are given at the

input to the hysteresis current controller for generation of gate pulses. The complete LMA

control process is shown in control diagram of the system in Fig. 4.2

Addition e
im Woo = (1= 1,0)w,, () +1,u,, (n)e,, () — u,, (e, (n & and Pl Controller s
B 4wy (1) — wpu(n— 1) N . Upabe
o Woa = (l =% “5“’@ () + 7, ug, (n)eys () — ug (e, (n) Wua= lap L . &
+e(w,, (n) — w,(n—1)) Wab, 4 isL; < | E G2
i Wpe Oy ———
"Ju; W = (L= T, @)Wy, () F T, 1y, ()€, (1) — Wy ()€, (7 » Rgfefenfe fb 1< G3
toy +e(Wpp (n) — wyy (n — 1)) Waa bl B -Ix:@'l
Gl i > Generation| iZ,
lwes = (I =i a)ulqb () + 11y (W ey, () — ug, (N)e,y, (n ch: e = & G5
i e(we () —w(n—1)) Wae ry a -II:GS
Upe Mw,. = (1 —1,a)wy, () + Ty, (e, (n) —u, (M) ey,, (n s
U > +&(Wpe (1) =W, (n—1)) e
)
) Woe = (1 - r,,a)wqc(n) + Tty () ey, () —ug (ney, (n)
+e(w,. (n) —w,.(n—1))

P| Controller

#| Quadrature Phase
> Template
Upc | Calculation

Unit Template Calculation

Fig. 4.2 Block Diagram of LMA control Algorithm

4.3 Simulation Results of SEIG Based Distributed Generation using
Leaky Momentum Control Algorithm
Simulation study on a 3-phase SEIG of rating 3.7 kW, 230 V, 1440 rpm operating in

standalone mode with excitation capacitor bank of 4 kVAR and DC link voltage of VSC 400

V is carried out under varying nonlinear load.

4.3.1 Generation of Control Signals of VSC using LMA Control Algorithm
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The LMA control technique is simulated in MATLAB/Simulink to generate control
signals of the VSC for regulating three phase terminal voltages of SEIG, (v,,;.) and frequency
(F). The magnitude of SEIG terminal voltage (v;) is determined from the sensed value of three
phase voltages (vs, , Vsp , Vsc). The active components (u,q, Upp, Upc) Of unit templates are
generated by dividing three phase instantaneous voltages (v, , vy, , Vsc) by magnitude of the
terminal voltage (v,). Further, reactive component of unit templates (u,q, ugp, ugc) are derived

from active components of unit templates (u,,, u,p, upc) by using delay elements.

N AVAVA VAVAVAVAVAVAVAVAVAVAVAVAVAVAVATAVAY

Time {sec)

Fig. 4.3 Simulation Results of Reference Current Generation Process

The waveforms of phase ‘a’ unit templates’ reactive component (u,,) and active component
(upq) Of source current have been shown in Fig.4.3, which are in quadrature with each other.

The LMA control is being used to update the fundamental active and reactive component (u,,,

Upps Upe) AN (Ugq, Ugp, Uge) OF the load current (iyp, ) are presented in Fig.4.3. The LMA updates

these active and reactive components of three-phase templates (wy,q, Wy, wy,e) and (weq, wep,

wy,.) respectively till the error in unit templates and load currents are converged. After
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determining the error between load current and unit templates of active and reactive currents
separately, the leaky and momentum term of the weights i.e., W, and W, are calculated and
active and reactive components of error templates are updated accordingly. Under varying load
conditions, the variation of these weights (Wc, W) is shown in Fig.4.3. It is observed that
leaky weight factor (W) is varied as the load current (i,p..) changes. The average active
weight of all three phase (Wp) and average reactive component weight factor (W) are
determined to obtain the magnitude of active power component of load current. The variation
of these weights is also shown in Fig.4.3. Total magnitude of reference active real power
component of load current is calculated through sum of average active weight (W.) and
frequency, proportional integral output. The summation block output is multiplied with active
unit templates of the reference load current and generated reference current corresponding to
fundamental load current component (I.,,). Similarly, the output of Pl controller is deducted
from the average weight of reactive currents for regulating the terminal voltage to determine

magnitude for component of reactive power of the load (/,,). These active and reactive

reference currents are shown in Fig.4.3.

4.3.2 LMA Control Algorithm Performance for Voltage and Frequency Control

under Load Variation on SEIG System

Fig.4.4 shows the variation of the SEIG terminal voltages (v,.), currents (izpcs),
nonlinear load currents (iypc.), VSC currents (igpcc), frequency (F) and dc-link voltage V,
while worst case switching in load from 3-phase to 1-phase and subsequently 2-phase
conditions. It is observed that SEIG is started with initial 3-phase load with terminal phase
voltages about 130V (rms). At t=3.9 sec. the load currents in phase ‘b’ and ‘¢’ are suddenly

interrupted causing severe unbalance in load currenti.e., i, =i, =0, i, =i ;. However, due to
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the presence of VSC, the SEIG terminal currents are still balance, and as VSC supplement the
necessary load current and therefore the compensating currents (i, p.c) of VSC are also
unbalanced till unbalance in the load sustain till t= 4.1 sec. Further, it is clear that the SEIG
phase voltage (v,;.) remain balanced despite the unbalances in the load. Also, the frequency
(F) of the system remains in close proximity of 50 Hz, since the battery energy storage system
at DC link ensure balance between power generated and power consumed during variations of

load. The theoretical values of voltage and frequency in steady state is shown in Table 4.1.

nlnnn 1[11[111'[1'

f _18 fflflftflhmm "l*l'ii'n’aft,a, "" "' w’.‘?ﬂ; ] ”N! t"ll'

Time (sec)
Fig. 4.4 Simulation results using LMA Control Algorithm for voltage and Frequency Control of SEIG
under Load Variation

Table 4.1 Voltage and Frequency Control Operation

Sr. No. Electrical Parameters Nominal Value Steady state error Settling
1 Phase Voltage (V) 184 V Peak 1-2V 2 Cycles
5 Frequency (f) 50 Hz +0.05 Hz 3 Cycles
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4.3.3 Power Balance during sudden change in Load

Fig.4.5 shows the variation of load currents (i;p..), SEIG terminal voltage (v,.), the
generated real power (Pg), real power consumed in the load (PL) and real power support
from VSC (Pc) and power in BESS (Pb). It is observed that during t = 3.72 second to t = 3.9
second, when load is constant, SEIG generates 2 kW out of which about 1.5 kW is consumed
in fixed nonlinear load and balance 500W is being utilized in charging of BESS at DC link
of VSC. When loads of phases ‘b’, and ‘c’ are suddenly opened at t = 3.9 sec. and load
power is reduced to a about 500 W, the VSC absorb more real power in BESS and the
difference between generated power (Pg) and power consumed (P. +Pc) are maintained and
therefore the frequency (F) of the system is maintained close to 50 Hz even in isolated mode
of operation of SEIG. The numerical values of different powers in steady state operation of

system are shown in Table 4.2.
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Fig. 4.5 Simulation performance of LMA during power dynamics of system

Table 4.2 Steady State Load Balance Operation

Sr. No.

Py

PL

Pc

1.

2000 W

1600 W

400 W

-400 W

4.3.4 Power Quality Indices in Steady State Condition

Fig. 4.6(a), 4.6(b) and 4.6(c) shows THD in SEIG terminal voltage (v,), SEIG phase ‘a’

current (i,) and load current (i;) under steady state conditions. THD observed in terminal

voltage is only 1.9 %. Further, the load being nonlinear has very high THD it’s about 31.31%,

but still the SEIG terminal current THD is about 4.02%. These values of THD are also depicted

in Table 4.3. It is clear that LMA is not only effective in regulating voltage and frequency of

SEIG based isolated energy generation systems but equally well in elimination of harmonics

from source currents.
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Fig.4.6 Simulation Results of Harmonic distortion in steady state (a) THD in phase ‘a' of supply
voltage (b) THD in phase ‘a' of supply current (¢) THD in Load current of phase ‘a’
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Table 4.3 Power Quality Indices in Steady State

Sr. No. THD in Is THD in Vs THD in I
1 4.02 % 1.92 % 31.31%

4.4 Experimental Performance

Fig. 4.7 shows the photograph of the proto-type experimental set-up developed in the
laboratory to validate the simulation study. The experimental results on the developed system
are recorded using a 4- channel DSO. The system comprises power circuit and control circuit.
The generator, 3 leg intelligent power module of VSC based on IGBT switches, dc link
capacitor, battery energy storage system, interfacing inductors and nonlinear load comprising
of 3-single phase diode rectifier with inductive load on dc side of the rectifier are the part of
power circuit. The major component of control circuit is digital controller board d-SPACE
1104. There are 8 ADC channels out of which four are multiplexed and remaining four are
available without any multiplexing. Also, there are 8 independent DAC’s available with high
quality resolution. The voltage handling capacity of ADC is bipolar 10 V. The LEM based LA
55 and LV 25 current and voltage sensors are used for signal conditioning purpose. The seven
optocoupler ICs 6N136 are used for optical isolation between controller and IGBT gate driver
circuit. The similar number of transistor TL 2N2222 are used to configure this circuit. It
required 0-5V DC supply and transistor amplifier amplify to 15 V level. For recording of real
time waveforms one four channels KEYSIGHT DSO-X 2004A is used for capturing the
dynamics waveforms of the system. The waveforms are also recorded single phase power
quality analyzer of FLUKE make-43B for harmonics analysis of the waveforms. The entire
system performance is divided into two parts. The first part belongs to dynamic state and other

part belongs to steady state performance of the system which are discussed below.
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Fig. 4.7 A photograph of the proto-type experimental set-up developed in laboratory

4.4.1 The Experimental results under sudden change in System Dynamics

The system dynamics is studied during experimentation and shown in Fig. 4.8 (a-f). The
effect of load current variation (i;,, i, i1c) On source voltage (vy,) is studied in Fig. 4.8 (a).
It is evident from the observation of result that the dynamics in load is created by switching off
the load from phase ‘a’ and phase ‘c’. It is also observed that there is no variation in the voltage
magnitude as well as frequency of the supply voltage (vq,). It means that due to proper control
action of the proposed LMA control, voltage and frequency remains unaltered. The Fig. 4.8 (b)
depicts the effect of load dynamics (i) and its nonlinearity on supply current (isa), terminal
voltage (v;) and frequency (f). From this result, it is clear that despite the load current variation
in phase ‘a’, the supply current is continuous and sinusoidal. The terminal voltage and
frequency are also maintained at constant value. The validity of Kirchhoff’s current law is
tested and presented in Fig. 4.8 (c). It is clear from the observed result that the supply current
of phase ‘a’ is equal to compensator current of the same phase when load is disconnected from
the phase ‘a’. The load balancing performance of the proposed control algorithm is verified

experimentally and presented in Fig.4.8 (d). From the results, it is clear that the generator is
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always supplying the balance current from its all phases though the load current is unbalanced.
The unbalanced is created by switching actions in phase ‘a’ of the load. The neutral current
compensation and frequency of the zero-sequence current under unbalanced and balanced
condition is verified and presented in Fig. 4.8 (€). When loads are balanced the three time of
fundamental frequency is observed and it was expected also. From the dynamic performance

of the proposed control, it is concluded that the system performance is satisfactory and as per

standards.
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Fig.4.8 Experimental performance of proposed control with system under study and waveforms of (a) variations
in source voltage (vy,) with load current dynamics (iy,, iyp, irc), (b) study of v, f, isa With i, 4, (C) isa, i1q 15
i.q), (d) load balancing of iz, With i, (€) study of zero sequence current ir,, with load current dynamics (i,

irp, iLc), () Steady state performance and powers of generator (Pg), Load (P.) and battery (Py) and loss in the

system.

4.4.2 The Experimental performance under Steady State Condition of the system

The steady state performance of the system under study is carried out experimentally and
presented in Fig. 4.8 (). The active power sharing between generator, load and battery energy
storage unit is discussed here for readers understanding. It is clear from the results that when
no load is applied, all the real power generated (Pg) is equal to (Py). It means power generated
under no load conditions is stored in battery system. However, when load (P.) is applied over
the generator terminal, the charging of the battery or in other words storage power of the battery
weakens. Moreover, when load power is exceeding the upper limit of generator power, battery
started discharging means its power became opposite polarity of its own previous one. From
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this observation, it is concluded that the real power match is always maintained by the proposed

control algorithm with good accuracy, effectiveness and speed.

4.5 Conclusions:

The findings of this chapter are summarized as below

1. The Leaky momentum control algorithm is mathematically modelled on the basis
of research problems.

2. The entire setup including Control Algorithm is modelled in MATLAB/Simulink.

3. The simulation study of said control is carried out under load dynamics and
simulation results found as per expectation. The control algorithm has responded
within one cycle to track the load variation under transient conditions.

4. The experimental validation of the control algorithm is also carried out and results

are found satisfactory.
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CHAPTER 5

IMPLEMENTATION OF MODIFIED NLMS CONTROL
ALGORITHM FOR COORDINATED OPERATION IN
THREE-PHASE WIND-ENERGY CONVERSION SYSTEM

5.1 General

In this chapter, a modified NLMS (new least mean square) control technique is designed
and implemented to estimate the parameters of distributed generation system. Wind energy
systems are deployed in remote areas specially where grid supply is either not available or
difficult to maintain due to rough weather conditions. In such standalone power system voltage
and frequency are vulnerable to change with varying loads or variation in wind conditions. The
VSC with advance control can mitigate most of the power quality issues in such system like
reactive power compensation, load balancing, power balancing and harmonics eliminations etc.
These standalone systems may consist of BES system for providing back up during bad weather
conditions and means of storage during light load conditions and can provides capability to
such system in managing intermittency of wind energy. This control algorithm enables VSC to
regulate the frequency and voltage of the SEIG based wind energy conversion system. A
schematic diagram of wind energy based distributed generation system using modified NLMS

control algorithm for VSC is shown in Fig. 5.1

5.2 Modified NLMS algorithm: An Introduction

The conventional LMS algorithm is one of the most popular adaptive algorithms which has
been widely used in estimation and control but it suffers from problem of drifting, wherein the
algorithm generates unbounded parameter estimates for a bounded input sequences result in
divergence of weight update equations. It is known that a large step size may lead to fast
convergence but big mis-adjustment and small step size may provide small mis-adjustment but

slow convergence. The modified NLMS algorithm is a class of adaptive control technique,
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which has better convergence than LMS but it involves computational complexity. The
modified NLMS resolves the problem of drifting by bounding parameter estimates and
modified part improves the convergence rate.

The main aim of using modified NLMS algorithm is to estimate accurately fundamental
active and reactive components of nonlinear load current during steady state and dynamic load
conditions. The weight update equation of the standard LMS algorithm is given by [40].

w(n) =w(n —=1) + « (n)x(n). (5.1)
It can be seen from (5.1) that the filter coefficients are updated by the addition of previous stage
weight vector (w(n-1)) and a weighted input signal x(n). Therefore, the aim of the adaptive
filtering is to find a proper weight « (n) for faster convergence as well as true estimation of
filter coefficients. In order to achieve the same, the conventional NLMS algorithm employs the
squared posteriori error as its cost function [92],[93],[94] which is given by

e 2(n) = d?(n) — 2d(n) wT(n)x(n) + wT(n)x(n)xT(n)w(n) (5.2)
Where d(n) is the distortion or independent surplus noise.
Meanwhile, the weight « (n) can be found by minimizing (5.2). After some straightforward
mathematical manipulations, one has

a (n) = e(m)[x"(nx(n)]™. (5.3)
To trade off the convergence speed and the misadjustment as well as avoid dividing by zero, a

step size u and regularization parameter ¢ are introduced as follows:
a(n) =2 em)[Xx"(n)x(n)+ 61 (5.4)
The step size p and a regularization factor 6 makes NLMS algorithm very difficult in practice,

so an updated cost function, with a variable regularization factor B (B > 0), is used as follows:

& (n) =« *(n) + B [w(n) —w(n-1)] (5.5)
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To minimize (5.5), one can substitute (5.1) into it and calculate the derivative of & (n) on «
(n) as follows:
0 EMY 0 am)=4{2¢(n) 9 e () d am}+28 amx (Nx(n)
= 2[d(n) —wT(n = 1)x(n) = e (X ()] X [XT()xM)] +2 8 a (XT(Mx(n).  (5.6)

Let 0 &(n)/ 9 a(n) =0, the weight « (n) can be obtained as

a (n) = {d(n) —wT(n = 1)x(n)} / (X"(N)x(n) + B) (5.7)
Substituting (5.7) into (5.1), we have
w(n) = w(n - 1) + [d(n) —w'(n = 1)x(n)] x(n) / [x"(n) (x(n) + B]

=w (n-1) + [e (n) x () [X"(n)x(n) + 8] (5.8)
which constitutes our modified NLMS adaptive filtering algorithm with a variable
regularization factor 8 (8 > 0) [40]. The implementation of the modified NLMS Control

algorithm for power quality assessment of distributed power generation system comprising the

three-phase induction generator is given here in the subsequent section.

5.2.1 Evaluation of peak value of SEIG terminal voltage, in-phase

and quadrature unit vectors

The peak value (1},,) of the terminal voltage of wind driven SEIG is evaluated as

Vm — <\/2(v5‘2a + vszb + USZC)/3> (59)

Vsq, Vgp aNd v, are the instantaneous phase voltages at point of common interfacing

(PCI).
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Fig. 5.1 Schematic diagram of distributed generation (DG) system based on Modified NLMS Control Algorithm

The in-phase and quadrature unit vectors are determined as

Pua = Is_ma'pub = %'puc = 1;_:: (5-10)
-1 0 1
Qua Pua
11V3 1 -1
= — A1
IQub] 73 3 1 1 [pub] (5 )
Quc -~ 5 Puc

Where, pyq, Pup and py are the in-phase unit vector and q,,, qup and g, are the quadrature

phase vectors of the 3-phase voltages of the system.

5.2.2 Generation of reference source current for VSC

A new modified NLMS control algorithm is implemented for the generation of VSC

switching pulses; this modified control depends on the equation (5.12).

1

wn)=wn-1)+ —pﬂabc(n)U(nHﬁ

€rr (n) Puabc (n) (5 : 12)
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In this modified algorithm, the value of variable regularization factor (P) is valid for f>0. [21].
The modified NLMS control technique is applied to modify the fundamental in-phase
(Pua Pup and py,) and quadrature (g4, qup and q,) unit vectors of the load current. The
NLMS based control modifies the in-phase and quadrature weight components of 3-phase
templates (wpq, wpp and wy,) and (wgq, wyp, and wy). Frequency error is estimated from the
source voltage frequencies and the reference frequency (50Hz), and is fed to the PI regulator
for frequency control. The output of frequency PI regulator is added to weight for the in-phase
component of load current. The summation of PI regulator current and fundamental active
average components of the nonlinear load current generates the active component of reference
source current. Similarly, to regulate the AC terminal voltage magnitude, difference of fixed

reference voltage and evaluated peak voltage is given to the AC terminal voltage P1 controller.

1
w,,(n)=wn-1)+ e.-(n n
pa( ) ( ) pZL‘a (n)pua (n) + ﬁ T‘T( )pua( )
1
w,,(n)=wh-1)+ e,r(n n
qa( ) ( ) ql’{a (n)qua (n) + ﬁ T‘T( )qua( ) F )
: « Fre
i, Summation D L | -l- Fr 1
P N, of voltage PI [+« Teq.
— e - dng Controller
Qua Modified-NLMS (Wp,q, Wgq,) j_vgeihts p : i G,
] + XL G
ILb I i, Ji* i* C:r:’t\:gfler i
P 2 Wpavg 4 La -y Isb And ji
b 11 Modified-NLMS (Wpp, Wgp) S et | G
N g, duabe g . Pulses |
| dave lsc | Generation | =
el | + + i G,
ue | - lL —
du¢ | Modified-NLMS (Wpe: Wec) g ‘ Reference Gate
ol Current Pulses
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Waavg

| AC terminal
voltage PI
Controller

™ iqq

Fig. 5.2 Block diagram of Modified NLMS Control Algorithm
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The output of PI controller for terminal voltage regulation is added to the weight for quadrature
component of reference source current. The fundamental reactive weight component and Pl

controller current are used to generate quadrature reference current.
iZa =lpq X Puabc (5-13)
iZq = iLq X Quabc (5.14)

The summation of eq. (5.13) and (5.14) give extracted reference source current and the
extracted current is purely sinusoidal under nonlinear load condition. The extracted current and
reference current of source is fed to the PWM block for the generation of switching pluses of

VSC.
lsabe = iLa + g (5.15)

Control structure of NLMS algorithm for PWM switching of VSC in an isolated wind energy

system has been shown in Fig.5.2
5.3 Simulation Study of Modified NLMS Control Algorithm

Simulation study on distributed wind energy conversion system consisting of a 3.7 kW,
230V, 50 Hz SEIG excited with a capacitor bank of 4 kVAR and supported with a 400 V, 7.5
AH, BESS is carried out in MATLAB/Simulink to demonstrate the application of algorithm to
mitigate the power quality issues of this standalone system. Configuration of control scheme
for VSC control is shown in Fig. 5.2. Extensive simulation study has been done and its
simulation results are shown and analyzed in this section. For the feasibility study of the control
algorithm, the designed MATLAB model is simulated under various operating conditions. The
control algorithm has been implemented to obtain the multi-objectives power quality
improvement in SEIG-based distributed system. The estimation of updated weights of active

and reactive load current components, for calculating the reference source current, are obtained
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using Modified NLMS control algorithm. Fig. 5.3 to Fig. 5.8 shows the simulation results and

detailed descriptions of these results are given in sub-sections 5.3.1 to 5.3.6 as follows:
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Fig. 5.3 Intermediate signals of modified NLMS algorithm () active/reactive unit templates, AC terminal
voltage PI controller current and DC link voltage PI controller current (b) Extracted active/reactive weight

templates, active/reactive reference current (c) active/reactive current component and extracted reference current

5.3.1 Intermediate Control Signal profiles in NLMS Control Algorithm

Fig 5.3 (a), (b) and (c) show the intermediate signals profiles in implementation of
modified NLMS based control algorithm for distributed generation sysetm. Fig. 5.3 (a) shows
the estimated signals namely pyq, Guas Pubs Qubs Pucr Quer ipa @nd igq Under disconnection of
load of phase ‘a’ at t=3.2 sec. The Fig. 5.3(a) control signals show the active/reactive unit
templates, DC and AC voltage regulating PI controller current profiles ipd and iqq. Fig. 5.3(b)
depicts weight updation of the inner control signal wy,q, Wy, Wpp, Wap, Wper Wy, g @aNd ipq
under removal of load of phase ‘a’ at t=3.2 sec. The Fig. 5.3 (b) shows control signals
waveforms of the extracted active/reactive components and extracted reference current. Fig.
5.3 (c) shows control signal iy,q, igq, ipps igns iper Iqe AN igqp Under disconnection of load of
only one phase at t=3.2 sec. The extracted reference source current is purely sinusodial under

nonlinear load condition on the distributed generation system.
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5.3.2 Steady State Performance of Distributed Generation System Under

Fixed Wind Velocity Feeding Fixed Nonlinear Load

Fig. 5.4 shows the steady state performance of distributed generation system under
fixed wind velocity (21 m/s) feeding fixed nonlinear load. The NLMS based control stabilizes
the system frequency and voltage of distributed generation system while feeding nonlinear
loads. The excess power generated other than the nonlinear load is supplied to the battery

energy storage (BES) and controller also maintains the DC link voltage.

= :gg i i i i i i i i
= a0 3 3.05 3.1 3.15 32 3.25 3.3 3.35 3.4
m L
E
E o0
._,__3 o I | I I I I I I
3 3.05 341 3.15 32 3.25 3.3 3.35 34

Fig. 5.4 Steady state performance of distributed generation system under fixed wind velocity

and fixed load

5.3.3 Dynamic Performance of Distributed Generation System Under Varying

Wind Velocity Feeding Fixed Nonlinear Load

Fig. 5.5 depicts the dynamic performance of distributed generation system under
varying wind velocity feeding fixed nonlinear load. The wind velocity is declined from 21 m/s

to 15 m/s at t=3.2 sec. Due to variation in wind speed, the battery current is slightly reduced
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and supplying the active power through VSC at PCI, the BES is used to maintain the power
balance between the DG system and the load. The modified NLMS based controller maintains

the source terminal voltage and sinusoidal source current, DC link voltage and frequency are

also maintained constant during reduction in wind velocity.
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Fig. 5.5 Dynamic performance of distributed generation system under varying wind velocity

and fixed load
5.3.4 Dynamic Performance of Distributed Generation System Under Fixed

Wind Velocity Feeding Varying Nonlinear Load

Fig. 5.6 shows the dynamic performance of distributed generation system under fixed
wind velocity feeding varying nonlinear load. The single-phase load of phase ‘a’ is

disconnected at t=3.1 sec to t=3.3 sec. During disconnection of load, the load current is

53| Page



decreased and battery charging current is increased in the period t=3.1 sec. to t=3.3 sec. The
simulation results show that controller maintains the source voltage, source current, battery
voltage, DC link voltage and neutral current during variation in load. During removal of load,

the extra current is supplied to battery storage system (BES), which is interfaced at DC link of

VSC.
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Fig. 5.6 Dynamic performance of distributed generation system under fixed wind velocity and

varying load
5.3.5 Power Quality Indices in Steady State Condition/Power Balance

Performance in Load Dynamical Conditions

Fig. 5.7 (a)-(c) shows the power balances of distributed generation system under fixed
wind speed feeding nonlinear load. Fig. 5.7 (a) shows the power balance of distributed
generation (DG) system under fixed wind velocity and constant load. Fig. 5.7 (b) shows the
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power analysis of DG system under varying wind speed and constant load. The wind velocity
is reduced at t=3.2 sec, due to reduction in wind speed the generator power, load power and
battery power is reduced. Fig. 5.7 (c) shows the power analysis of DG system under fixed wind
speed feeding varying nonlinear load. The load is disconnected at t=3.1 sec to t=3.3 sec, during
this duration, the generator power and battery power is increased and load power is decreased.

The numerical values of powers are provided in Table 5.1.
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Fig. 5.7 (a)-(c) Power quality indices of DG system a) Generated power b) Load power and c) Battery power

under fixed/varying wind velocity feeding fixed/varying nonlinear load

Table 5.1 Power Balance in Different Operating Conditions

Sr. No. Generated Power (Pg) Load Power (P.) Battery Power (Py)
1. 3.700 kw 0.950 kw 2.600 kW
2. 3.500 kw 0.975 kw 2.500 kW
3. 3.000 kw 0.600 kw 2.300 kW

5.3.6 Power Quality analysis of distributed generation (DG) system under nonlinear

load

Fig 5.8 (a)-(c) show the waveforms and their respective THD of (a) source voltage (b)
source current and (c) load current respectively under nonlinear load condition of DG system.
The THD of source voltage, source current and load current are 3.14%, 4.81% and 26.75%
respectively. The values of THD in various waveforms are also provided in the Table 5.2. The
THD of source voltage and source current is below 5%, which satisfy the IEEE-519 harmonic

standard for distributed system.
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Waveform and THD of source voltage of phase 'a’
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Waveform and THD of load current of phase "a’
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Fig. 5.8 (a)-(c) Steady state THD analysis of DG system (a) Source voltage (b) Source current and (c) Load

current under nonlinear load condition

Table 5.2 Power Quality Indices in Steady State

Sr. No. THD in Is THD in Vs THD in I
1 4.81 % 4.14 % 26.75 %

5.4 Conclusions:

The findings of this chapter are summarized as below:

1. The Modified NLMS control algorithm is mathematically modelled and
implemented for power guality improvement in wind energy conversion system
operating in standalone mode.

2. The complete system setup including Control Algorithm is modelled in
MATLAB/Simulink.

3. The simulation study of the distributed generation system with modified NLMS

control is carried out under varying load conditions and simulation results
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validates the effectiveness of the control scheme for regulating voltage and
frequency and also other power quality parameters. The proposed control
algorithm has fast dynamic response and it responds within one cycle to track

the load variation under transient conditions.
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CHAPTER 6
CONCLUSIONS AND FUTURE SCOPE OF WORK

6.1 Main Conclusions

A three-phase SEIG based distributed generating system with advance control
algorithms for improving power quality issues have been designed and studied through
simulations in MATLAB/Simulink and also experimental analysis. The main objective of this
research work was to discuss the effectiveness of advance control algorithms for control of
VSC in SEIG based wind energy system to mitigate power quality issues. The leaky momentum
control algorithm is described and implemented in wind based distributed energy system which
is vulnerable to random variations in wind speed and loads. The LMA has shown capability
for regulation of voltage and frequency of the system. It also mitigates the problems of
harmonic injections, reactive power compensation and load unbalancing. The LMA is capable
in effective elimination of harmonics in the source current which are found to be less than 5%
and it is within acceptable range as per IEEE standards-519. This algorithm is able to adopt a
suddenly changing wind conditions and load variations. In dynamic conditions it is observed
that the dc link voltage of VSC has been maintained within the specified limits. The proposed
control scheme is having notable higher convergence rate and faster dynamic response. The 3-
phase DG system consisting of a wind driven SEIG with BES has capability to store excess
power generation and also deliver power to load during lower wind speed. A modified NLMS
control algorithm with VSC is also implemented to work as a harmonic eliminator, regulate
the magnitude of source voltage at PCI, active/reactive power support, load leveling, neutral
current compensation and other power quality issues in the standalone system. The
fundamental weight components for requisite active and reactive component of current are

evaluated using a fast, accurate modified-NLMS control algorithm using sensed load current
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of the DG system. The BES is interfaced at the DC link of the VSC, which consumes the extra
power during less load demand and maintain the power balance between the source and load.
The DG system performance is studied under steady-state condition as well as under the
perturbation in wind and variation in the nonlinear loads and the performance of SEIG is found
satisfactory in standalone operating conditions. The THD of source voltage/current is below

5%, which satisfy the IEEE standard-519.
6.2 Future Scope of the work

The scope of the future works may include the implementation and modelling of some
new topology based on types of generators as well as voltage source converter. In addition,
some new control algorithms such as adaptive controllers, passivity principle-based controllers,
PLL less based controllers, model predictive based controller etc. may be explored to operate
the voltage source converter in distributed generation system for regulation of voltage,
frequency and improving power quality issues. Further, the research work can be also carried
out with microgrid configuration where two to three optimized controllers can be used for

parallel interface.
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APPENDIX A

Al. Rating and Parameters of three Phase SEIG

Ratings: 3.7 kW, 230 V, 50 Hz and 4-pole; 1440 rpm, Parameters: stator resistance per phase
Rs = 2.93 Q, Mutual inductance =0.0267544 H, Rotor resistance Ri= 0.4816 Q, Rotor
inductance L, = 0.002016 H, Inertia constant (H) =0.0011 J (Kg m?), Friction =0.0023;
Excitation capacitor (Ceg) = 4000 VAR;

A2. Compensator/VSC parameters: Ls =10mH; Cqc =2300uF, Six IGBT having 1200V,
50A.

A3. BESS Parameters: Lithium-ion type, 400V, 7.5AH, SOC (10% to 90%), rs=0.05Q

A4. Non-linear load in Phase ‘a’, b’ and phase ‘c’: Three Single phase Diode bridge
Rectifier with dc side load components R =30 Q, L=100 mH.

A5. Wind Turbine simulation Parameters [3]: Pw=5kW, Radius of turbine blades r = 1.4m,

Cp (4, p) = 0.87, Vuw=12.5 m/s and p= 0.48.
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