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X1V

ABSTRACT

The goal of this thesis is to evaluate the performance of a hybrid wind-microturbine
energy system through computer simulation studies. The primary focus of this study is
the development of dynamic models for a standalone wind energy conversion system and
a microturbine generation system. The system model developed is suitable for power
management in distributed generation studies.

The developed model of the wind energy conversion system consists of dynamic
models for a wind turbine as well as an electric generator. A detailed model of the wind
turbine based on a set of nonlinear curves is presented. The electric generator, driven by
the wind turbine, is a self-excited asynchronous (induction) generator suitable for isolated
and grid-connected operations. Modeling of the electric generator, complete with
saturation characteristic, is done using dg-axis theory. Also, the importance of excitation-
capacitors during isolated mode of operation is explained.

A dynamic model for the microturbine generation system is achieved by integrating
models of a microturbine and an electric generator driven by it. The model illustrates the
dynamics of the microturbine and its control systems. A set of mathematical equations
are used to model a permanent magnet synchronous machine acting as the electric
generator of the microturbine generation system. The developed system is capable of
simulating the dynamics of the microturbine generation system, demonstrating its ability
to meet load power requirements.

The dynamic models of the wind energy conversion system and the microturbine
generation system are integrated using power electronics interfacing and simulated in
MATLAB/Simulink. Simulation results indicate the suitability of the developed model to
study the dynamic behavior of the hybrid generation system under different load
conditions.



CHAPTER 1

INTRODUCTION

Background

This thesis is concerned with the development of a computer simulation model to
evaluate the performance of a stand-alone hybrid generation system comprising of a wind
energy conversion system and a microturbine generation system. Models representing
each system components are developed, integrated and used to observe the overall system

behavior.

The ever increasing energy demands, dwindling sources of fossil fuels and concern
about pollution levels in the environment has been the driving force behind electricity
generation using renewable energy sources. Tapping the energy available from the
renewable resources allows the attainment of notable reductions in the pollution levels
and worrying climate changes. On the other hand, the availability of energy from
renewable sources like wind energy, solar energy, etc. is unpredictable and is affected by
factors beyond human control. Therefore, such renewable energy systems should be
backed up by conventional sources of energy or energy storage devices in order to ensure
continuity of the energy supply. This leads us to the topic of hybrid generation units
comprising conventional or unconventional sources of energy or both, where two or more

individual generation systems operate in parallel supplementing each other. A typical



hybrid generation system relies on power electronic interfacing for functioning and
interfacing between different generating units and with the distribution network (in grid-

connected operation).

In remote and isolated areas far from the grid, it may not be an economically viable
option to supply electric power from the grid. This is due to the high cost of transmission
lines and higher transmission losses that accompany distribution of centrally generated
power to remote areas. The deregulation of electricity market has made it possible for the
hybrid systems to be installed as isolated units or grid-connected units (not discussed in
this thesis) acting as distributed generations (DG) sources. It is well documented in the
literature that DGs could have positive impacts on the operation of power systems to
which they are connected. DGs come in different forms such as on-site gas or diesel fired
turbines, reciprocating engines, microturbines, small hydro induction generators, wind
turbines and fuel cells. DG technology promises to be an efficient, environmentally
friendly and reliable power source. Proper modeling of these DGs, which constitute
hybrid generation systems, is needed in order to study their operation and impact on

power systems.

Hybrid Generation System

Hybrid generation systems usually combine renewable sources like wind power with
conventional sources of energy like gas turbines (or microturbines) to from an equivalent

of a miniature (or virtual) grid. Such a configuration addresses two important issues



namely, higher emissions because of conventional generation techniques and high cost of
energy capture from renewable sources. For wind energy systems, the renewable source
of energy considered in this thesis, the emissions are nil but it has relatively high capital
costs. With modern microturbine systems, the other generating system in the hybrid
generation system, the energy costs are relatively lower and the emissions of undesired
gases is also low. In this thesis, these two systems models are integrated to form a model

of the hybrid generation system as explained in the following paragraphs.

A hybrid system could be designed to operate either in isolated mode or in grid-
connected mode, through power electronic interface. The power electronic interface
should have the ability to maintain the hybrid generation system parameters like voltage,
frequency etc., at prescribed (acceptable) levels. It is essential to have a good control of
the power angle and the voltage level by means of an inverter which is the main block of
the power electronic interface. Control of the inverter’s output voltage and the power
angle controls the flow of real power and reactive power. A typical wind-microturbine
hybrid generation system, along with its power electronics interface, is shown in Figure

1.1.



Wind energy system

Power electronics
Generator X
interface
Wind turbine
AC load
Power electronics
Generator . 1
interface $
Microturbine
Storage

Microturbine system

Figure 1.1 A typical wind-microturbine hybrid generation system.

The hybrid system presented in this thesis comprises of a wind energy conversion
system (WECS) acting as the renewable source of energy and a microturbine generation
(MTG) system serving as the conventional source of energy. In general, it also includes a
storage unit which helps to increase the overall system efficiency (Figure 1.1). However,
as the emphasis is on MTG and WECS systems, the hybrid system considered in this

thesis doesn’t have a storage device.

Electricity generation by wind promises to be the best source of renewable energy, as
rapid advances in wind turbine technology have made utilization of wind energy for
electricity generation possible. Moreover, the economic aspects of these technologies are

now sufficiently promising to justify their use.



The other component of the proposed hybrid generation system (Figure 1.1), which
tries to offset the high installation costs involved with the wind energy system, is the
microturbine system. With the combination of high reliability and low installation costs
microturbines are seen as one of the key components in the distributed generation. The
emission levels of microturbines are low and they are capable of working on a variety of

fuels like natural gas, sour gas, propane etc.

Literature Review

This section offers a brief review of some of the published work on the hybrid
generating systems. The work referred in the following sections is focused mostly on the
modeling of individual components of the hybrid system. However, this section doesn’t
offer any review on the modeling of power electronics interface, as it is beyond the scope

of this thesis.

Reference [1.1] presents a hybrid configuration comprising of a wind—diesel system
originally developed by the Hydro-Quebec, aimed at reducing the cost of electricity
supply in remote areas. The two main blocks of the system presented are, diesel- driven
synchronous generator and the wind turbine driven by the asynchronous (induction)
generator. The wind turbine block uses a 2-dimensional lookup table to compute the
turbine torque output as a function of wind speed and turbine speed. At low wind speeds
both the induction generator and the diesel-driven synchronous generator are required to

feed the load. When the wind power exceeds the load demand, it is possible to shut down



the diesel-generator. In this all-wind mode, the synchronous machine is used as a
synchronous condenser and its excitation system controls the grid voltage at its nominal
value. A secondary load bank is used to regulate the system frequency by absorbing the

wind power exceeding consumer demand.

Reference [1.2] presents a hybrid generation system referred as a virtual power plant.
The system consists of a wind farm and a gas turbine driven synchronous generator
whose outputs are combined before connecting to the grid. In this paper, the authors
developed dynamic models for the synchronous generator and induction generator and,
the dynamic model of a wind turbine is scaled appropriately to represent the output of a
wind farm. The voltage and the output power are controlled via the gas turbine and the
synchronous generator model with the help of an automatic voltage regulator (AVR) and

a power system stabilizer (PSS) attached to the synchronous generator.

Literature Review on Wind Energy Conversion System

Wind energy conversion systems (WECS) are the devices which are used to convert
the wind energy to electrical energy. There exists a large collection of literature on the
modeling of wind energy conversion systems more specifically on the modeling of
individual system components of a wind energy conversion system. A wind energy
conversion system is mainly comprised of two subsystems, namely a wind turbine part

and an electric generator part. Detailed descriptions of these concepts can be found in text



books on wind energy [1.3]-[1.5]. A summary of the typical wind turbine models and

their control strategies is presented in [1.4].

Literature Review on Wind Turbines. In the literature, most of the models used to

represent a wind turbine are based on a non linear relationship between rotor power

coefficient and linear tip speed of the rotor blade [1.3]-[1.9].

Muljadi and Butterfield [1.6] mention the advantages of employing a variable speed
wind turbine and present a model of it with pitch control. In this model, during low to
medium wind speeds, the generator and the power converter control the wind turbine to
maximize the energy capture by maintaining the rotor speed at a predetermined optimum
value. For high wind speeds the wind turbine is controlled to maintain the aerodynamic
power produced by the wind turbine either by pitch control or by generator load control.
However, generator load control in the high wind regions, in some cases suffers from the
disadvantage of exceeding the rated current values of the stator windings of the generator.

Care should be taken not to exceed the rated values of the current.

References [1.7] and [1.8] propose a detailed model of the variable speed pitch
controlled wind turbine suitable for studying the transient stability of multi- megawatt
sized wind turbines. The simulated model is based on a set of non linear curves depicting
the relation between the blade tip speed, rotor power coefficient and pitch angle of the
wind turbine. The references also consider a detailed model for the wind input which

includes the effects of gust, noise added to the base value of wind input. Reference [1.7]



uses transfer-functions to represent the dynamics of the electrical generator driven by the
wind turbine, while [1.8] uses dg-axis representation for the synchronous machine acting
as an electrical generator. A proportional integral (PI) controller is used to implement the
pitch angle controller to limit the wind turbine output in the high wind speed regimes.
Simulation results obtained for these models indicate a good approximation of the
dynamic performance of a large wind turbine generator subjected to turbulent wind

conditions.

As an extension to this work done in [1.7] and [1.8], Slootweg et al [1.9] presented a
general model that can be used to represent all types of variable speed wind turbines in
power system dynamic simulations. The modeling of the wind turbine given by the
authors retains the pitch angle controller, which reduces wind turbine rotor efficiency at
high wind speeds, as given in [1.7] and [1.8]. The wind turbine dynamics are
approximated using nonlinear curves, which are numerical approximations, to estimate
the value of wind turbine rotor efficiency for given values of rotor tip speed and pitch
angle of the blade. The authors offer a comparison between the per-unit power curves of
two commercial wind turbines and the one obtained theoretically by using the numerical
approximation. The results indicate that a general numerical approximation can be used

to simulate different types of wind turbines.

Literature Review on Self-excited Induction Generator. The conversion of mechanical

power of the wind turbine into the electrical power can be accomplished by an electrical

generator which can be a DC machine, a synchronous machine, or an Induction machine.



DC machine was used widely until 1980s, in smaller power installations below 100 kW,
because of its extremely easy speed control [1.3]. The presence of commutators in DC
machines has low reliability and high maintenance costs. The second kind of electric
generators are synchronous generators, suitable for constant speed systems. Requirement
of DC field current and reduced wind energy capture of constant speed systems,
compared to variable speed systems, are discouraging factors in their use in wind systems
[1.3]. Another choice for the electric generator in a WECS is a permanent magnet
synchronous generator. Reference [1.10] presents a model of the variable speed wind
turbine connected to a permanent magnet synchronous generator (PMSG). But PMSGs
suffer from uncontrollable magnetic field decaying over a period of time, their generated
voltage tends to fall steeply with load and is not ideal for isolated operation [1.11].
Induction generators, on the other hand, have many advantages over conventional
synchronous generators due to their ruggedness, no need for DC filed current, low

maintenance requirements and low cost [1.3].

References [1.12] and [1.13] give a model of the WECS using doubly fed induction
generator (DFIG). DFIGs allow one to produce power both from the stator and the rotor
of'a (wound rotor) induction generator. However increase in the power output comes with
increased cost of power electronics, and their control, for the rotor circuit. One advantage
of this configuration is its suitability for grid-connected operations where reactive power

is supplied by the grid.
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One of the early works done on the process of self-excitation in induction machines
was by Basset and Potter [1.14]. In this paper the author shows that the induction
machine, driven by a prime mover, can be self-excited using a bank of capacitors
connected across its stator terminals. This facilitates the operation of induction machine
as an isolated generator by using excitation capacitors to address the reactive power
needs of the machine, while still enjoying the basic advantages of using induction
machines for electricity generation. Additional benefits include a self-protection
mechanism against short circuits. The authors also discuss the importance of the
saturation curve and the excitation capacitance reactance. The author draws conclusion
that induction generator can be made to handle any type of load, provided that the loads

are compensated to present unity power factor characteristics to the generator.

As a continuation to this work Wagner [1.15] proposed a method to predetermine the
induction machine characteristics when operating as self-excited induction generator
(SEIG). His analysis is based on equating the reactive power of the whole induction
generator system to zero. He points out that the value to which the terminal voltage of the
SEIG will rise due to self-excitation is dependent upon the speed of the rotor, value of the
capacitor, and the load. In a capacitor-excited generator used as an isolated power source,
both the terminal voltage and the frequency are unknown and have to be computed for a
given speed, capacitance and load. The analysis is complicated owing to the magnetic
saturation in the machine. Murthy et a/ [1.16] proposed an analytical technique using the

‘Newton-Raphson’ method to identify the saturated parameters, and the generated
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frequency for given operating conditions (speed, load and capacitance value). This
method uses a steady-state equivalent circuit to estimate the (steady-state) parameters
using the values obtained from the analytical analysis. Although, the method is suitable

for computer simulations, it is efficient for steady-state analysis only.

In [1.17], Elder et al examine the phenomenon of self-excitation in induction
machines by offering a physical interpretation of the process. The authors compare the
initiation of the machine excitation with the response of a resonant circuit (induction
machine with capacitors), caused by the action of remnant magnetism present in the rotor
circuit of the machine. They rightly acknowledge the importance of residual magnetism
for self-excitation to occur, in addition to the parameters identified in the earlier works.
As a continuation of this work, the authors [1.18] examine the use of a self-excited
induction machine as low-cost stand-alone generator, using dg-axis representation,
addressing the problem of guaranteed excitation in the case of loss of residual magnetism.
In this paper the authors also examine the behavior of the generator under balanced and
unbalanced conditions. The results obtained are used to evaluate the static VAR sources
available to control the machine excitation. The authors conclude that the excitation

problem is minimal if added capacitance or increased machine speed are allowed.

Grantham et al/ [1.19] have proposed a method for predicting the minimum and
maximum values of capacitance necessary to initiate self-excitation in a stand-alone
induction generator. The maximum capacitance is usually so large to have any practical

significance. Subsequently, their method has been extended to predict the transient
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voltage build-up initial stages of self-excitation. Also, steady-state voltage and frequency
are obtained theoretically as well as by practical means, taking into account the rotor
parameter variations with frequency. The analysis was done using dq axis theory. In
[1.20] the authors continued their work by simulating a wind energy conversion system
(WECS) obtained by integrating the dg-axis SEIG model with a wind turbine model. The
wind turbine model is modeled using the torque-speed characteristic of a wind turbine.
The effects of magnetizing inductance on self-excitation and the loading analysis of

induction generator are studied theoretically as well as in a laboratory set up.

In a work related to estimate the minimum value of excitation capacitance for self-
excitation to occur, Al-Jabri and Alolah [1.21] presented a method to estimate the value
of capacitance when inductive load is connected. This was done by solving two nonlinear
equations which are obtained by applying loop-impedance method on the steady-state per
phase equivalent circuit of the induction generator. Also, using this method it is possible

to predict the (rotor) speed threshold below which self-excitation fails to occur.

In a similar work Malik and Al-Baharani [1.22] have examined the effect of the
exciting capacitors on the steady-state performance of an isolated SEIG with a balanced
three-phase load. They conclude that the terminal voltage is independent of the load

power factor and depends only on the magnitude of the load impedance.

Li wang and Jian-Yi Su [1.23], in their paper showed and compared the dynamic

performance of an isolated SEIG under different power factor loading conditions, using
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both simulations and laboratory experiments. Similar to [1.19], they employed dg-axis
theory for the analysis and simulated the saturation characteristic of the SEIG as a

function of magnetizing reactance and magnetizing component of the current.

From the above mentioned references, it is clear that the analysis using the steady-
state per-phase equivalent circuit of the induction machine is mostly used to predict the
steady-state operating parameters of the machine, and the excitation capacitance needed
for initiation of the self-excitation. The other method used [1.18], [1.19], [1.23] is, the dg-
axis model based on the machine theory, to study the transient as well as the steady-state

response of the induction machine.

Literature Review on Microturbine Generation System

A microturbine generation (MTG) system comprises of a microturbine driving an
electrical generator. The following paragraphs give a brief summary on the earlier work
done on the microturbine part of the MTG system as well as a brief review of its

electrical generator part.

Microturbines are small high-speed versions of conventional heavy-duty gas turbines.
Hence the dynamic model of a conventional gas turbine, with relatively small
thermodynamic constants, can be adopted to study the impacts of a microturbine on the
overall system. Rowen [1.24] was among the first ones who presented a model of a
heavy-duty gas turbine suitable for use in dynamic power studies and in analyses of

connected equipment. The author gave a mathematical model of a single-shaft gas turbine
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in terms of p.u. values. The control systems of the given model include speed control,
acceleration control, and fuel system. Also, the developed model is suitable for both

isolated and parallel operation.

Hannett and Afzal Khan [1.25], in continuation to Rowen’s work, validated the gas
turbine model by comparing its dynamic performance with that of an operating gas
turbine generation system. The authors conclude that the model proposed by Rowen is

adequate for the representation of a gas turbine.

In [1.26], the authors used the validated model of the gas turbine [1.25] to simulate
the response of a combined cycle plant. Their system comprises of a gas turbine model
and a steam turbine model which uses the waste heat from the gas turbine through a heat
recovery system. This simulated (combined cycle) model can be used for system dynamic

performance studies.

In an extension to this work, Jurado et a/ [1.27] studied the influence of microturbines
on distribution networks stability. They also examined the transient and voltage stability
of the system. The authors conclude that the microturbines, acting as distributed
resources, are capable of providing effective load following service in a distribution
system. In [1.28] the authors utilize the proposed model of the microturbine to develop a
control system with an adaptive controller for a fuel cell-microturbine hybrid power
plant. The developed adaptive controller has the ability to stabilize the system for

different disturbances affecting the plant like load power variation or a change in the
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plant model parameters such as gas composition. Continuing their work in [1.29], the
authors used autoregression with exogenous signal (ARX) identification algorithm to
arrive at the transfer-function of a microturbine model. These transfer-functions have the
same dynamic response as the original dynamic model of the microturbine, with the

added advantage of significant reduction in the model order.

Amer Al-Hinai and Ali Feliachi [1.30] presented a complete model of the MTG
system, used as a distributed generator, by making use of the microturbine model
discussed in the earlier paragraphs. It includes the power electronic interfacing and is
suitable for transient analysis as well as simulation of unbalanced three-phase power

system. This paper also presents the simulation results obtained in MATLAB/Simulink.

The electric generator used in a modern MTG system is usually a permanent magnet
synchronous generator (PMSG). The equations to model a PMSG are can be found in any

standard textbook on electric machines e.g. [1.11].

Obijective of this Thesis and Organization of Remaining Chapters

The objective of this thesis is to develop and integrate simulation model of various
components of a hybrid generation system. Achieving this objective, involves
performance evaluation of all the system components (MTG and WECS) and
demonstrating its power management ability with the help of simulation results. The

simulation model is suitable to study the impacts of DGs on the power systems besides
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being able to simulate the behavior of the overall hybrid system under different operating

conditions.

The remaining part of this thesis is organized in to four chapters. Chapter 2 introduces
a variable speed WECS and gives detailed modeling of the wind turbine part of it.
Dynamic modeling of the electric generator part is explained in chapter 3. Chapter 4
presents modeling of the MTG system followed by the overall hybrid generation system
complete with power electronics interfacing given, in chapter 5. Chapter 6 gives the
conclusion of this thesis and aspects worthy of future work. Simulation results obtained
in MATLAB/Simulink are given at the end of each chapter and simulation models are

given in the appendix at the end of this thesis.
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CHAPTER 2

WIND ENERGY CONVERSION SYSTEM — WIND TURBINE MODELING

Introduction

One way of addressing the rising energy demands and growing environmental
concerns, is to harness green sources of power. Among these, tapping wind energy with
wind turbines appears to be the most promising source of renewable energy. Wind energy
conversion systems are used to capture the energy available in the wind to convert into

electrical energy.

In this chapter, a functional structure of a wind energy conversion system is
introduced, before making a comparison between the two typical wind turbine operating
schemes in operation, namely constant-speed wind turbine and variable-speed wind
turbine. In addition, the modeling and dynamic behavior of a variable speed wind turbine

with pitch control capability is explained in detail.

The average commercial turbine size of the wind installations was 300kW until the
mid ninety’s [2.1]. Newer machines of larger capacity (up to SMW) have been developed
and are being installed. Wind, when available, is an infinite source of energy. Other

environmental impacts of wind power are limited as well.

A schematic diagram of a wind energy conversion system is presented in the next

section along with a detailed description of wind turbine and its modeling. The
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functionality of other system components is also discussed briefly. In the last section,
simulation results, obtained for the variable speed wind turbine, are presented to give a

better understanding of the wind turbine dynamics.

Functional Structure of Wind Turbines

The functional structure of a typical wind energy conversion system is as shown in

Figure 2.1:
. Mechanical-
Wind Energy Electrical
C -
onversion Energy Conversion
Wind Speed
Ind Spee Torque and Speed
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Figure 2.1. Power transfer in a wind energy converter.

A wind energy conversion system is a complex system in which knowledge from a
wide array of fields comprising of aerodynamics, mechanical, civil and electrical
engineering come together. The principle components of a modern wind turbine are the
tower, the rotor and the nacelle, which accommodates the transmission mechanisms and
the generator. The wind turbine captures the wind’s kinetic energy in the rotor consisting

of two or more blades mechanically coupled to an electrical generator. The main
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component of the mechanical assembly is the gearbox, which transforms the slower
rotational speeds of the wind turbine to higher rotational speeds on the electrical
generator side. The rotation of the electrical generator’s shaft driven by the wind turbine
generates electricity, whose output is maintained as per specifications, by employing
suitable control and supervising techniques. Besides monitoring the output, these control

systems also include protection systems to protect the overall system.

In this thesis self-excited induction generator (SEIG) is used as the generator for
electrical power generation, whose dynamics are simulated in the next chapter. The
developed SEIG model is suitable for both steady-state and transient operations. It also
includes the effects of saturation of magnetizing inductance, which is very important in

the process of self-excitation.

Two distinctly different design configurations are available for a wind turbine, the
horizontal axis configuration and the vertical axis configuration. The vertical axis
machine has the shape of an egg beater, and is often called the Darrieus rotor after its
inventor. However, most modern turbines use horizontal axis design [2.1]. In this chapter
the dynamic model of a horizontal axis turbine is developed and simulated in the

MATLAB/Simulink, based on the turbine performance curves.

Wind Turbine Modeling

As noted above, a WECS is a complex system converting wind energy to rotational

energy and then to electrical energy. The output power or torque of a wind turbine is
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determined by several factors like wind velocity, size and shape of the turbine, etc. A
dynamic model of the wind turbine, involving these parameters, is needed to understand
the behavior of a wind turbine over its region of operation. By studying its modeling, it is
possible to control a wind turbine’s performance to meet a desired operational
characteristic. In the following pages we will look at different performance characteristics
and variables that play an important role in wind power generation, by deriving the speed
and power relations. The control principles of the wind turbine are also discussed in this

section.

Inputs and Qutputs of a Wind Turbine

The inputs and output variables of wind turbine can be broken into the following:

1. The independent input quantity wind speed, determines the energy input to the

wind turbine.

2. Machine-specific input quantities, arising particularly from rotor geometry and
arrangement (i.e., different configurations like horizontal axis or vertical axis

turbines, area of the blades, etc.).

3. Turbine speed, rotor blade tilt, and rotor blade pitch angle, arising from the

transmission system of the wind energy conversion system.

4. Turbine output quantities, namely Power or Drive torque, which may be

controlled by varying the above three input quantities.
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Power Extraction from the Air stream

With the identification of the wind turbine’s input and output variables, now it is
possible to derive an expression relating these two values. The relation between the

power and wind speed is derived as follows [2.1]:

The kinetic energy in air of mass m moving with speed V' is given by the following:
L 1 2
Kinetic energy = 35 m. V° Joules (2.1)
The power in moving air flow is the flow rate of kinetic energy per second.
1 2
Power = > .(mass flow rate per second). V" (2.2)

The actual power extracted by the rotor blades is the difference between the upstream and

the down stream wind powers. Therefore, equation (2.2) results in
1
P= > .(mass flow rate per second). (VZ -V’ ) (2.3)

Where:
P is the mechanical power extracted by the rotor in watts.
V is the upstream wind velocity at the entrance of the rotor blades in m/s.

V, is the downstream wind velocity at the exit of the rotor blades in m/s.
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Let p be the air density in (kg/m’) and 4 is the area swept by the rotor blades in (m?);

then, the mass flow rate of air through the rotating blades is given by multiplying the air

density with the average velocity.

V+V,

mass flow rate = p. A. p

(2.4)

From (2.3) and (2.4), the mechanical power extracted by the rotor is given by:

Il V) e
P_Z{p.A.—2 }(V v?) (2.5)

After algebraic rearrangement of the terms, we have:

1
P=Ep.A.V3.Cp (2.6)
Where:
2
1+V” 11— &
14 4
C,= p is the fraction of the upstream wind power, which is

captured by the rotor blades and has a theoretical maximum value of 0.59. It is also
referred as the power coefficient of the rotor or the rotor efficiency. In practical designs,
the maximum achievable C, is between 0.4 and 0.5 for high-speed, two-blade turbines

and between 0.2 and 0.4 for slow-speed turbines with more blades [2.1].
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From (2.6), we see that the power absorption and operating conditions of a turbine are
determined by the effective area of the rotor blades, wind speed, and wind flow
conditions at the rotor. Thus, the output power of the turbine can be varied by effective
area and by changing the flow conditions at the rotor system, which forms the basis of

control of WECS.

Tip Speed Ratio

The tip speed ratio 4, defined as the ratio of the linear speed at the tip of the blade to

the free stream wind speed and is given by the following expression [2.1-2.4]:

TSR=) = %R Q2.7)

Where:
R is the rotor blade radius in meters.
o 1s the rotor angular speed in rad/sec.

TSR is related to the wind turbine operating point for extracting maximum power. The
maximum rotor efficiency C, is achieved at a particular 7SR, which is specific to the
aerodynamic design of a given turbine. The rotor must turn at high-speed at high wind,
and at low-speed at low wind, to keep 7SR constant at the optimum level at all times. The
larger the TSR, the faster is the rotation of the wind turbine rotor at a given wind speed.

High (rotational) speed turbines are preferred for efficient electricity generation. From
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(2.7), for a particular value of wind speed V, turbines with large blade radius R result in
low rotational speed @, and vice versa. For operation over a wide range of wind speeds,

wind turbines with high tip speed ratios are preferred [2.3].

Typical Wind Turbine Operating Systems

There are mainly two kinds of wind energy conversion systems in operation; fixed-
speed or constant speed wind turbines which operate at a nearly constant speed,
predetermined by the generator design and gearbox ratio, and variable speed wind

turbines.

The overall operating strategy determines how the various components are controlled.
For example, as part of the overall control strategy, the rotor torque can be controlled to
maximize energy capture, or pitch angle control can help control the power output at high
wind speeds. Fixed-speed stall-regulated turbines have no options for control input. In
these turbines the turbine blades are designed with fixed pitch to operate near the optimal
TSR at a specific wind speed. As wind speed increases, so, too does the angle of attack,
and an increasingly large part of the blade, starting at the blade root, enters the stall
region resulting in the reduced rotor efficiency and limitation of the power output. A
variation of the stall regulated concept involves operating the wind turbine at two distinct,
constant operating speeds, by either changing the number of poles of the electrical
generator or changing the gear ratio. The principal advantage of stall control is its

simplicity, but there are significant disadvantages; for instance, the stall regulated wind



turbine will not be able to capture wind energy in an efficient manner at wind speeds

other than that it is designed for.

and after start-up only to control the power above the rated wind speed of the turbine.
Variable speed wind turbines typically use generator torque control for optimization of
power output. They use pitch control to control the output power, only above their rated

wind speed. With variable speed, there will be 20-30% increase in the energy capture

Fixed-speed pitch-regulated turbines typically use pitch regulation for start-up and,
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compared to the fixed-speed operation [2.1-2.5].

Typical curves for a constant speed and variable speed wind turbine are as shown in

the Figure 2.2 [2.2].

Active Power(p.u)

Figure 2.2 Typical curves for a constant speed, stall-controlled (dotted) and variable speed pitch controlled
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This feature provides an element of passive power output regulation, ensuring that the
generator is not overloaded as the wind speed reaches above nominal values [2.5]. With
variable speed operation although the energy capture is more, the cost of variable speed
control is added to the overall system cost. This tradeoff between the energy increase and
cost increase has to be optimized in the system design. The advantages and disadvantages
of the variable and fixed-speed operations can be summarized in the following table [2.1,

2.2].

Table 2.1 Comparison of Fixed and Variable Speed wind turbine systems.

Constant Speed Variable Speed
Simple and robust Less mechanical stress
Inexpensive electrical
system Higher energy capture
Aerodynamically
Electrically efficient efficient
Fewer parts, hence
high reliability Low transient torque
Advantages Mechanical damping
No frequency system not needed, the
conversion, hence, no electrical system could
current harmonics provide the damping
No synchronization
problems. Stiff electrical
controls can reduce
Lower capital cost voltage sags
Aerodynamically less
efficient Electrically less efficient
Disadvantages Mechanical stress Expensive

Sometimes, involves
complex control
Noisy strategies
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Variable Speed Wind Turbine System

A typical variable speed pitch-regulated wind turbine is as shown in Figure 2.3. Many

parameters that characterize a variable-speed wind turbine are linked [2.6]. For example:

1. The turbine power coefficient curve, the nominal rotor speed, and the rotor
diameter determine the nominal wind speed for a wind turbine of a given

nominal power

2. The allowable amount of rotor over speeding and the rated power

determines the parameters of the pitch controller.

3. The rotor inertia determines the turbine cut-in wind speed.

‘Retationship.
Relationship P

Pitch Angle
Controller

rpm

Pitch l:':© kW Power ref

Mechanism W
y

-+ ]

Torque
Controller

Figure 2.3 Typical pitch-regulated variable-speed wind turbine.
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Variable speed pitch-regulated wind turbines have two methods for affecting the
turbine operation, namely speed changes and blade pitch changes. In other terms, the

control strategies employed in the operation of variable speed wind turbine system are

[2.7]:

1. Power optimization strategy, employed when the speed is below the rated wind
speed, to optimize the energy capture by maintaining the optimum tip speed ratio.
This can be achieved by maintaining a constant speed corresponding to the
optimum tip speed ratio. If the speed is changed by controlling the electrical load,
the generator will be overloaded for wind speeds above nominal value. To avoid

such scenario, methods like generator torque control are used to control the speed.

2. Power limitation strategy, used above the rated wind speed of the turbine to limit
the output power to the rated power by changing the blade pitch to reduce the
aerodynamic efficiency, thereby reducing the wind turbine power to acceptable

levels.

The regions of the above mentioned control strategies of a variable speed wind

turbine system are as shown in the Figure 2.4:



Active Power(p.u)

Figure 2.4 Variable Speed pitch controlled wind turbine operation.

controls the wind flow around the wind turbine blade, thereby controlling the toque
exerted on the turbine shaft. If the wind speed is less than the rated wind speed of the
wind turbine, the pitch angle is kept constant at its optimum value. It should be noted that
the pitch angle can change at a finite rate, which may be quite low due to the size of the
rotor blades. The maximum rate of change of the pitch angle is in the order of 3 to 10

degrees/second. In this controller a slight over-speeding of the rotor above its nominal
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Pitch Angle Controller. As mentioned in the previous subsection, pitch controller
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value can be allowed without causing problems for the wind turbine structure [2.6, 2.8].

The pitch angle controller used in this thesis, employs a PI controller as shown below

[2.7,2.9-2.11]:
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Pitch Angle
Max
p q + P-1 | Pitch Angle
mepaiure error signal Control Rate Limiter| pitch
. J J Angle
P ref Pitch Angle
p.u Optimum

Figure 2.5 Pitch Angle Controller.

As long as the wind turbine output power is lower than the rated power of the wind
turbine, the error signal is negative and pitch angle is kept at its optimum value. But once
the wind turbine output power exceeds the rated power P, the error signal is positive
and the pitch angle changes to a new value, at a finite rate, thereby reducing the effective
area of the blade resulting in the reduced power output. Inputs to the PI controller are in

per-unit and the parameters for the controller are obtained form reference [2.11].

Performance Curves

The performance of variable speed pitch-regulated wind turbines is determined by the
characteristic curves relating the power coefficient C,, tip speed ratio 7SR and pitch

angle @ . Groups of C,— /. curves obtained by measurement or by computation can also

be approximated in closed form by non linear functions [2.3], which can be shown as:
C,=C,(C,-C,6-C,0°-C;)e ™ (2.8)
Where:

6 1is the pitch angle and 4 is the tip speed ratio.
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The values chosen for C;-Cs and 4, in this thesis are:

1 1 0.035

L 10080 0°+1

1

According to the characteristics chosen, the coefficients C;-Cs should be modified to
obtain a close simulation of the machine in consideration. The differences between the
curves of various wind turbines are small and can be neglected in dynamic simulations
[2.3]. In [2.6], a comparison was made between the power curves of two commercial

wind turbines using the general numerical approximation similar to (2.8).

Simulation Results

In this section, the simulations results of a variable speed pitch controlled wind
turbine model are presented. All the simulations were carried out using
MATLAB/Simulink. The dynamics of the wind turbine model can be represented with
the help of a flow chart, as shown in the Figure 2.6 followed by a brief description of the

simulated model.
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Figure 2.6 Simulation model of the variable speed pitch-regulated wind turbine.

The inputs for the wind turbine model are, wind speed, air density, radius of the wind
turbine, mechanical speed of the rotor referred to the wind turbine side and power
reference for the pitch angle controller. The output is the drive torque 74 Which drives
the electrical generator. The wind turbine calculates the tip speed ratio from the input
values and estimates the value of power coefficient from the performance curves. The
pitch angle controller maintains the value of the blade pitch at optimum value until the

power output of the wind turbine exceeds the reference power input.

The performance curves used in this thesis (from (2.8)) are as shown below:
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Cp-TSR Curves

0 deg
1 deg

Power Coefficient, Cp

\

10
Tip Speed Ratio

Figure 2.7 C,— characteristics (blade pitch angle € as the parameter).

From the above set of curves (Figure 2.7), we can observe that when pitch angle is
equal to 2 degrees, the tip speed ratio has a wide range and a maximum C, value of 0.35,
suitable for wind turbines designed to operate over a wide range of wind speeds. With an
increase in the pitch angle, the range of 7SR and the maximum value of power coefficient

decrease considerably.
The parameters used for the simulation are as follows:

Rated power of the wind turbine = 370 kW.
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Radius of the wind turbine blade = 20 m.
Gearbox turns ratio = 1:20.
Air density = 1 kg/ m’.

Figure 2.8 shows the wind turbine output power of the simulated model for different
wind velocities. It can be observed that the output power is kept constant at higher wind
velocities, even though the wind turbine has the potential to produce more power; this
power limit is used and to prevent the over speeding of the rotor and to protect the

electrical system.

Wind turbine power output

Power output (kW)
n ) N
S S S
) ) S
1 1

—_
o
o
T
1

0 — : ‘ ‘
0 5 10 15 20 25
Wind velocity in m/s

Figure 2.8 Output power of the wind turbine for different wind velocities.

For the following simulation results, the wind turbine starts with an initial wind
velocity of 11m/s at no-load, and load was applied on the machine at /=10 seconds. At

=15 seconds there was a step input change in the wind velocity reaching a final value of



38

14 m/s. In both cases the power reference remained the same (370 kW). The simulation

results obtained for the above mentioned conditions are as follows:

Wind turbine speed variations
2000 T ‘ \

—

No Load@11m/s

1800
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1400

T
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T

1200 Pref=370kW @11m/s

1000 ’ ‘ ‘
0 5 10 15

Time (seconds)

20

Figure 2.9 Wind turbine rotor speed (referred to generator side) variations with wind.

25

From Figures 2.9 and 2.10 we can see the changes in the tip speed ratio

corresponding to the changes in the rotor speed for different wind and load conditions.

During no-load operation, the wind turbine is not connected to the load and therefore

rotates freely under the influence of wind attaining high angular velocities. From (2.7),

which gives the relation between the tip speed ratio and angular velocity of the wind

turbine, it can be concluded that higher angular velocities result in higher tip speed ratios.

In this case as 7SR reaches a value grater than 18, the value of the power coefficient

obtained from the set of performance curves is almost zero. As the rotor power

coefficient value is zero, the energy captured by the rotor blades is also zero. Therefore,

the torque exerted on the generator shaft also equals to zero.
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Figure 2.10 Tip speed ratio of the wind turbine.

As load is applied on the wind energy conversion system, the speed of the electrical
generator (to be discussed in the next chapter) drops which reduces the speed of the wind
turbine (as they are coupled through a gear box, Figure 2.9). This drop in angular speed
of the wind turbine reduces the value of 7SR resulting in a higher value of the power
coefficient as can be observed from the power coefficient curves (Figure 2.7). Since rotor
power coefficient is now a positive, non-zero, the rotor blades extract energy form the

wind resulting in some output power.

Figure 2.11 shows the changes in the power coefficient with changes in the tip speed
ratio. From Figure 2.7 it can be seen that, on the right hand side (after reaching the peak
value) of the C, Vs 4 curves, with increase in the value of 7SR the value of C, decreases.

Figure 2.11 shows that lower wind velocities (higher 7SR, see (2.7)) result in high power
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coefficient, and higher wind velocities (lower TSR) result in lower power coefficient

values, so that the wind turbine output does not exceed its rated power.
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Figure 2.11 Variation of power coefficient with wind.
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Figure 2.12 Pitch angle controller response to the wind speed change.
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Observe that the pitch angle is kept constant by the pitch controller at an optimal
value of 2 degrees (Figure 2.12) until the wind turbine reaches above the nominal wind
speed (13.5 m/s), where it has the capability to produce more power than the rated power
of the system. In this region pitch control alters the pitch of the blade, at a finite rate,
thereby changing the airflow around the blades resulting in the reduced efficiency of
wind turbine rotor. Also, from Figure 2.7 we see that with increase in the pitch angle the

range of TSR which produces a positive value for rotor power coefficient reduces sharply.

x 10° Wind turbine output power varations

’ Pref=370kW @14m/s

Power output (watts)

Pref=370kW @11m/s ‘
Noload@11m/s

| \ \

0 5 10 15 20 25
Time (seconds)

Figure 2.13 Wind turbine output power variation with change in wind speed.

From Figures 2.12 and 2.13 we see that the output of the wind turbine is about 220
kW at 11 m/s and has the ability to supply more than rated power of 370 kW at 14 m/s.
As explained above, the wind turbine output power is limited to the rated power by the

pitch controller.
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Figure 2.14 Wind turbine torque variation with wind.

The driving torque produced by the wind turbine as observed in Figure 2.14, varies
based on the input (wind) and load conditions. When the system is not loaded the driving
torque produced the wind turbine is zero, since the energy captured by the rotor is zero.
When load is applied at /=10 seconds, we can see a rise in the value of the torque
produced by the wind turbine. With a step increase in wind velocity (to 14 m/s), the
torque increases from its previous value, and delivers a higher toque to the electrical
generator. Torque seen here is obtained by dividing the power extracted from the wind by

the angular velocity of the rotor and then referring it on to the generator side.

Conclusion. In this chapter a variable speed wind energy conversion system has been
presented. Emphasis has been laid on the wind turbine part of the total system. A
comparison was made between the two typical existing wind turbine systems after a brief

introduction of each system. A variable speed wind turbine model was simulated based
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on the power coefficient curves. The response of the simulated model was observed with
dynamic load and changing wind conditions. It was observed with the help of the
simulation results, that the power limitation strategy can be successfully enforced by
using a pitch controller. This chapter also sets the ground for the next chapter, where a
detailed analysis of the electrical generator part of the wind energy conversion system is

carried out.
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CHAPTER 3

WIND ENERGY CONVERSION SYSTEM - SELF-EXCITED INDUCTION

GENERATOR (SEIG) MODELING

Introduction

Induction machine is used in a wide variety of applications as a means of converting
electric power to mechanical work. The primary advantage of the induction machine is its
rugged brushless construction and no need for separate DC field power. These machines
are very economical, reliable, and are available in the ranges of fractional horse power
(FHP) to multi —megawatt capacity. Also, unlike synchronous machines, induction
machines can be operated at variable speeds. For economy and reliability many wind
power systems use induction machines, driven by a wind turbine through a gear box, as
an electrical generator. The need for gearbox arises from the fact that lower rotational
speeds on the wind turbine side should be converted to high rotor speeds, on the electrical

generator side, for electrical energy production.

There are two types of induction machine based on the rotor construction namely,
squirrel cage type and wound rotor type. Squirrel cage rotor construction is popular
because of its ruggedness, lower cost and simplicity of construction and is widely used in
stand-alone wind power generation schemes. Wound rotor machine can produce high

starting torque and is the preferred choice in grid-connected wind generation scheme.
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Another advantage with wound rotor is its ability to extract rotor power at the added cost

of power electronics in the rotor circuit.

This chapter focuses on the electrical generation part of a wind energy conversion
system. After a brief introduction of the induction machine, the electrical generator used
in this thesis, a detailed analysis of the induction machine operated in stand-alone mode
is presented. As a generator, induction machines have the drawback of requiring reactive
power for excitation. This necessitates the use of shunt capacitors in the circuit. The
effect of magnetization inductance on self-excitation of the induction generator is
discussed. Also, this chapter presents the two existing methods to analyze the process of

self-excitation in induction machine and the role of excitation-capacitors in its initiation.

Simulation results of the self-excited induction generator driven by the variable speed
wind turbine are presented in the last section of this chapter. The process of voltage build

up and the effect of saturation characteristics are also explained in the same section.

Induction Machine

In the electromagnetic structure of the Induction machine, the stator is made of
numerous coils with three groups (phases), and is supplied with three phase current. The
three coils are physically spread around the stator periphery (space-phase), and carry
currents which are out of time-phase. This combination produces a rotating magnetic
field, which is a key feature of the working of the induction machine. Induction machines

are asynchronous speed machines, operating below synchronous speed when motoring
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and above synchronous speed when generating. The presence of negative resistance (i.e.,
when slip is negative), implies that during the generating mode, power flows from the

rotor to the stator in the induction machine.

Equivalent Electrical Circuit of Induction Machine

The theory of operation of induction machine is represented by the per phase

equivalent circuit shown in Figure. 3.1 [3.1-3.3].

X1 X2

Vs Rz(1-s)/s %
Re }Xm

Figure 3.1 Per-phase equivalent circuit of the induction machine referred to the stator.

In the above figure, R and X refer to the resistance and inductive reactance
respectively. Subscripts 1, 2 and m represent stator, rotor values referred to the stator side

and magnetizing components, respectively.

Induction machine needs AC excitation current for its running. The machine is either
self-excited or externally excited. Since the excitation current is mainly reactive, a stand-
alone system is self-excited by shunt capacitors. In grid-connected operation, it draws

excitation power from the network, and its output frequency and voltage values are
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dictated by the grid. Where the grid capacity of supplying the reactive power is limited,

local capacitors can be used to partly supply the needed reactive power [3.3].

Self-Excited Induction Generator (SEIG)

Self-excited induction generator (SEIG) works just like an induction machine in the
saturation region except the fact that it has excitation capacitors connected across its
stator terminals. These machines are ideal choice for electricity generation in stand-alone
variable speed wind energy systems, where reactive power from the grid is not available.
The induction generator will self-excite, using the external capacitor, only if the rotor has
an adequate remnant magnetic field. In the self-excited mode, the generator output
frequency and voltage are affected by the speed, the load, and the capacitance value in
farads [3.3]. The steady-state per-phase equivalent circuit of a self-excited induction

generator is shown in the Figure 3.2.

X1+ X2

R1+R2 m

oy
Load D T Xe V1 R. Exm Rz(1-s)/§/

Figure 3.2 Self-excited induction generator with external capacitor.

The process of self-excitation in induction machines has been known for many

decades [3.4]. When capacitors are connected across the stator terminals of an induction
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machine, driven by an external prime mover, voltage will be induced at its terminals. The
induced electromotive force (EMF) and current in the stator windings will continue to
rise until the steady-state condition is reached, influenced by the magnetic saturation of
the machine. At this operating point the voltage and the current will be stabilized at a
given peak value and frequency. In order for the self-excitation to occur, for a particular
capacitance value there is a corresponding minimum speed [3.5]-[3.8]. So, in stand-alone
mode of operation, it is necessary for the induction generator to be operated in the
saturation region. This guarantees one and only one intersection between the

magnetization curve and the capacitor reactance line, as well as output voltage stability
under load as seen in the Figure 3.3:

1

Operating
point

Vi and
ImXec

<

tan ! (1)
oC

Magnetizing current Im

v

Figure 3.3 Determination of stable operation of self-excited induction generator.

At no-load, the capacitor current /, =V,/X, must be equal to the magnetizing

current/ =V,/X . The voltage V; is a function of /,, linearly rising until the saturation
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point of the magnetic core is reached. The output frequency of the self-excited generator

is, f=1/27CX, ) andw=2nrf where C is self-exciting capacitance.

Methods of Analysis

There are two fundamental circuit models employed for examining the characteristics
of a SEIG. One is the per-phase equivalent circuit which includes the loop-impedance
method adopted by Murthy et a/ [3.9] and Malik and Al-Bahrani [3.10], and the nodal
admittance method proposed by Ouazene and Mcpherson[3.11] and Chan [3.12]. This
method is suitable for studying the machine’s steady-state characteristics. The other
method is the dg-axis model based on the generalized machine theory proposed by Elder
et al [3.6] and Grantham et a/ [3.7], and is employed to analyze the machine’s transient

state as well as steady-state.

Steady-state Model

Steady-state analysis of induction generators is of interest both from the design and
operational points of view. By knowing the parameters of the machine, it is possible to
determine the performance of the machine at a given speed, capacitance and load

conditions.

Loop impedance and nodal admittance methods used for the analysis of SEIG are
both based on per-phase steady-state equivalent circuit of the induction machine (Figure

3.4), modified for the self-excitation case. They make use of the principle of conservation
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of active and reactive powers, by writing loop equations [3.9], [3.10], [3.13] or nodal
equations [3.11], [3.12], for the equivalent circuit. These methods are very effective in
calculating the minimum value of capacitance needed for guaranteeing self-excitation of
the induction generator. For stable operation, excitation capacitance must be slightly
higher than the minimum value. Also there is a speed threshold, below which no
excitation is possible, called as the cutoff speed of the machine. In the following

paragraph, of loop impedance method is given for better understanding.

The per-unit per-phase steady-state circuit of a self-excited induction generator under

RL load is shown in Figure 3.4 [3.9], [3.11].

L §X RA(f-v
Volf 2 Vol f m /(=v)

Figure 3.4 Equivalent circuit of self-excited induction generator with R-L Load.

Where:

R, R,, R : p.u. per-phase stator, rotor (referred to stator) and load resistance respectively.

Xis, X, X, X : p-u. per-phase stator leakage, rotor leakage (referred to stator), load and

magnetizing reactances (at base frequency), respectively.
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Xsmax © p-u. maximum saturated magnetizing reactance.

C : per-phase terminal-excitation capacitance.

X. : p.u. per-phase capacitive reactance (at base frequency) of the terminal excitation

capacitor.

£, v :p.u.frequency and speed, respectively.

N : base speed in rev/min

Zy : per-phase base impedance

f» : base frequency

Ve, Vo : per-phase air gap and output voltages, respectively.

In the analysis of SEIG the following assumptions were made [3.9]:

1. Only the magnetizing reactance X,, is assumed to be affected by magnetic
saturation, and all other parameters of the equivalent circuit are assumed to be
constant. Self-excitation results in the saturation of the main flux and the value of
X reflect the magnitude of the main flux. Leakage flux passes mainly in the air,
and thus these fluxes are not affected to any large extent by the saturation of the

main flux.
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2. Stator and rotor leakage reactances, in per-unit are taken to be equal. This

assumption is normally valid in induction machine analysis.
3. Core loss in the machine is neglected.

For the circuit shown in Figure 3.4, the loop equation for the current can be written

as.
1Z=0 (3.1)

where Z is the net loop impedance given by

(7)o
s JA

Since at steady-state excitation/ # 0, it follows from (3.1) that Z =0, which implies

: R, . —JX.
.]Xm +_+.]le+ 2
f f

Z

that both the real and imaginary parts of Z are zeros. These two equations can be solved
simultaneously for any two unknowns (usually voltage and frequency). For successful
voltage-buildup, the load-capacitance combination and the rotor speed should result in a
value such that X,,=Xgu., which yields the minimum value of excitation capacitance

below which the SEIG fails to self-excite.
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Steady-state and Transient Model (abc-dg( transformation)

The process of self-excitation is a transient phenomenon and is better understood if
analyzed using a transient model. To arrive at transient model of an induction generator,

abc-dq0 transformation is used.

abc-dq0 Transformation. The abc-dq0 transformation transfers an abc (in any
reference frame) system to a rotating dg(0 system. Krause et al.[3.1] noted that, all time
varying inductances can be eliminated by referring the stator and rotor variables to a
frame of reference rotating at any angular velocity or remaining stationary. All
transformations are then obtained by assigning the appropriate speed of rotation to this
(arbitrary) reference frame. Also, if the system is balanced the zero component will be

equal to zero [3.1].

A change of variables which formulates a transformation of the 3-phase variables of

stationary circuit elements to the arbitrary reference frame may be expressed as [3.1]:

fqdos = stabcs (33)
Where:
cos6 cos[@— ﬂj co:[@+ ﬂj
L L , N N [
Foans=| Fu S| s [ K, =5 sint sin[@— 7”} sin[9+ 7”) 0= w(@de +0(0);
Jos Sos Ji Ji Ji ’
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¢ is the dummy variable of integration.

For the inverses transformation:

cost sinf 1
(K. )" = COS[@—ZTEJ sin[@—Z—;j 1

In (3.3), f can represent voltage, current, flux linkage, or electric charge. The
subscript s indicates the variables, parameters and transformation associated with
stationary circuits. This above transformation could also be used to transform the time-
varying rotor windings of the induction machine. It is convenient to visualize the
transformation equations as trigonometric relationships between variables as shown in

Figure 3.5.

Figure 3.5 Transformation for stationary circuits portrayed by trigonometric relationships.
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The equations of transformation may be thought of as if the f;; and f;, variables are
directed along axes orthogonal to each other and rotating at an angular velocity of w,
whereupon f, fs, and f;s (instantaneous quantities which may be any function of time),
considered as variables directed along stationary paths each displaced by 120°. Although
the waveforms of the ¢gs and ds voltages, currents and flux linkages, and electric charges
are dependent upon the angular velocity of the frame of reference, the waveform of the

total power is same regardless of the reference frame in which it is evaluated [3.1].

Voltage Equations in Arbitrary Reference-Frame Variables. The winding

arrangement for a 2-pole, 3-phase, wye-connected, symmetrical induction machine is

shown in Figure 3.6.

Neutral Neutral

Figure 3. 6 Two-pole, 3-phase, wye connected symmetrical induction machine

The stator windings are identical sinusoidally distributed windings, displaced 120°,

with N, equivalent turns and resistance ;. The rotor is consists of three identical
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sinusoidally distributed windings, with N, equivalent turns and resistance 7,. Note that

positive a, b, ¢ sequence is used in both in Figures 3.5 and 3.6.

The voltage equations in machine variables can be expressed as [3.1]:

Vabm = rs iabm + pj‘abm (3 4)
Vabcr = rr iabcr + pj‘abcr (3 5)

Where:

Subscript s denotes parameters and variables associated with the stator.

Subscript 7 denotes parameters and variables associated with the rotor.

Vabess Vaber are phase voltages.

Lubes, Laver are phase currents.

A A, are the flux linkages and p = d/dt.

abcs > ““aber

By using the abc-dg0 transformation and expressing flux linkages as product of
currents and winding inductances, we obtain the following expressions for voltage in

arbitrary reference frame [3.1]:

quos = rs iqdos + a)}'dq.v + p}'qdos (3 6)
V'qdor = rr'ic']dor + (Cl)— @, ) }';qr + p}'c']dor (37)
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Where:
o is the electrical angular velocity of the arbitrary reference frame.

o, 1s the electrical angular velocity of the rotor.
(xdqs )T :[xds _xqs 0] 5 (x'dqr)T :[x'dr _7\"qr 0]

“” denotes rotor values referred to the stator side.

Using the relations between the flux linkages and currents in the arbitrary reference frame
and substituting them in (3.6) & (3.7), the voltage and flux equations are expressed as

follows:

Vi =1+ ol + ply (3.8)

Vi = Fig— 04+ ply (3.9)

Ve =ri,+(@-,)l,+ pi, (3.10)
Vi =ri,—(w—0,)A\,+ pl, (3.11)
Ay =Lyt + L (i, i, ) (3.12)
Ay =L, +L (i, +i,) (3.13)
Mo =L,i,+L,(i +i,) (3.14)



59
Ao =L i,+L (i,+i,) (3.15)
Where:

L and L, are leakage and magnetizing inductances of the stator respectively.

L; and L, are leakage and magnetizing inductances of the rotor respectively.

Magnetizing inductance, L, = %L

ms

The voltage and flux linkage equations suggest the following equivalent circuits for

the induction machine:

rs O)}hds LIS Llr (0‘)_ O‘)r )xdr I,
— WO =0
n +
—
i S I r
VqS lg L, q Vqr
r (qus Lls L1 (O‘)_O‘)r)qu r'
s — Y " _ !
W . :
: » I'ar
ds V'
Vds Lm dr

Figure 3.7 Arbitrary reference-frame equivalent circuits for a 3-phase, symmetrical induction machine.

Torque Equations. The expression for electromagnetic torque, positive for motor

operation and negative for generator operation, in terms of the arbitrary reference

variables can be expressed as [3.1]:
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. P , ,
For motor action, 7, = [EJ[EJ L, (i, —140, ) (3.16)

. P , ,
For generator action, 7, = [EJ[EJ L, iy, —1,i,) (3.17)

The torque and speed are related by the following expressions:

: 2
For the motor operation, 7, , . =J [Fj po,.+T, (3.18)
: 2
For the generator operation, 7, =J [Fj po,+T, ., (3.19)
Where:

P: Number of poles.
J: Inertia of the rotor in (Kg m?).
Tp : Drive torque in (Nm).

Stationary Reference Frame. Although the behavior of the induction machine may be

described by any frame of reference, there are three which are commonly used [3.1]. The
voltage equations for each of these reference frames can be obtained from the voltage

equations in the arbitrary reference frame by assigning the appropriate speed tow . That
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is, for the stationary reference frame, w =0, for the rotor reference frame, w =, and for

the synchronous reference frame, w =, .

Generally, the conditions of operation will determine the most convenient reference
frame for analysis and/or simulation purposes. The stator reference frame is used when
the stator voltages are unbalanced or discontinuous and the rotor applied voltages are
balanced or zero. The rotor reference frame is used when the rotor voltages are
unbalanced or discontinuous and the stator applied voltages are balanced. The stationary
frame is used when all (stator and rotor) voltages are balanced and continuous. In this

thesis, the stationary reference frame(w = 0) is used for simulating the model of the self-

excited induction generator (SEIG).

In all asynchronously rotating reference frames(w # w, ) with 6(0)=0 (see (3.3)),

the phasor representing phase a variables (with subscript as) is equal to phasor

representing gs variables. In other terms, for the rotor reference frame and the stationary

reference frame, f, = f., f,. = f.. Z120° and f. = f. £240° [3.1].
as qs bs as cs as

SEIG Model. As discussed above, the dg model of the SEIG in the stationary
reference frame is obtained by substituting @ =0 in the arbitrary reference frame
equivalent of the induction machine shown in Figure 3.7. Figure 3.8 shows a complete
dg-axis model, of the SEIG with load, in the stationary reference frame. Capacitor C is

connected at the stator terminals for the self-excitation. For convenience, all values are
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“"’

assumed to be referred to the stator side and here after “” is neglected while expressing

rotor parameters referred to the stator [3.14].

Figure 3.8 dg model of SEIG in stationary reference frame (All values referred to stator).

For no-load condition, rearranging the terms after writing loop equations for Figure

3.8, we obtain the following voltage equations expressed in the form of a matrix [3.1,

3.14]:
0 rY+pL§'+]/pC 0 me 0 iqs cho
0 0 r+pL +1/pC 0 L i V
— K p s p p m .ds + cdo (320)
0 me _erm l"r+er _err lqr Kq
0 w}’Lm me err r}’+ er idl‘ Kd
Where:

K, and K, are constants representing initial induced voltages along the d-axis and g-axis

respectively, due to the remaining magnetic flux in the core.
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Veqo and Veq, are initial voltages in the capacitors.

L =L +L and L =L +L .

The above equations can further be simplified in the following manner using (3.8)-(3.15):

In the stationary reference frame (3.8) can be written as,

Vs‘ :_ch :Kviqu+0deV+plq‘?

q:
Substituting (3.12) in (3.21), will result
0 = ch + rsiqs + Lspiqs + Lm piqr

Solving for pi,, by substituting (3.14) and (3.15) in (3.10) yields:

1
plqr -

7 V,-ni,tolLi,+olLi,—L, pi,)
I

r m
/3

Substituting (3.23) in (3.22) results in the final expression for iy as:

r*~r-gs m-=r mrrlqr_merLrldr+Lqu_Lerq)

1
i, :z(—rLi ~L o,i+L

Where:

L = LSLV - LIZTI

(3.21)

(3.22)

(3.23)

(3.24)
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Similarly, the expressions for other current components are obtained and the SEIG

can be represented in a matrix form as:

pl = AI+B (3.25)
Where:
_ers _LIanV Lmrr _merl’r Lqu_Lerq
A _ ] LIanV _Lsrs merl’r Lmrr - B= ] LmKd_Lerd
L Lmrs strl’m _Lsrr strl’r ’ L Lchq_Lqu
_strl’m Lmrs _strl’r _Lsrr LmI/cd_Lst

qs

vV

=0 ¢

lds . _ ] .
[ = . 5 ch _E.[lqsdt-i_ch

d = i i di+V,,
Iy, C

t=0

l dr

Any combination of R, L and C can be added in parallel with the self-excitation
capacitance to act as load. For example, if resistance R is added in parallel with the self-
excitation capacitance, then the term //pC in (3.20) becomes R/(1+RpC). The load can be

connected across the capacitors, once the voltage reaches a steady-state value [3.7, 3.14].

The type of load connected to the SEIG is a real concern for voltage regulation. In
general, large resistive and inductive loads can vary the terminal voltage over a wide
range. For example, the effect of an inductive load in parallel with the excitation

capacitor will reduce the resulting effective load impedance (Z.4) [3.15].
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Z., =R+ j[coL —Lj (3.26)
oC

This change in the effective self-excitation increases the slope of the straight line of
the capacitive reactance (Figure 3.3), reducing the terminal voltage. This phenomenon is

more pronounced when the load becomes highly inductive.

Simulation Results

A model based on the first order differential equation (3.25) has been built in the
MATLAB/Simulink to observe the behavior of the self-excited induction generator. The

parameters used, obtained from [3.1], are as follows.

Table 3. 1: Induction Machine Parameters

Machine Rating IB (abc) rr rs Xis Xir Xm J
hp Volts | rpm Amps | Ohms | Ohms Ohms Ohms Ohms Kg.m”"2
500 | 2300 | 1773 93.6 | 0.187 | 0.262 1.206 1.206 54.02 11.06

All the above mentioned values are referred to the stator side of the induction machine

and the value of self-exciting capacitance used is 90 micro farads.

From the previous subsection, it can be said that with inductive loads the value of
excitation capacitance value should be increased to satisfy the reactive power
requirements of the SEIG as well as the load. This can be achieved by connecting a bank
of capacitors, across the load meeting its reactive power requirements thereby, presenting

unity power factor characteristics to the SEIG. It is assumed in this thesis that, such a
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reactive compensation is provided to the inductive load, and the SEIG always operates

with unity power factor.

Saturation Curve. As explained in the previous section, the magnetizing inductance is

the main factor for voltage build up and stabilization of generated voltage for the
unloaded and loaded conditions of the induction generator (Figure 3.3). Reference [3.15]
presents a method to determine the magnetizing inductance curve from lab tests
performed on a machine. The saturation curve used for the simulation purposes is,
obtained from [3.16] by making use of the B-H saturation curve of the magnetic material

(silicon iron 1%), shown in Figure 3.9.

Saturation curve
0.4 ‘ ‘

0.3 4

0.1+ .

0 [ [ [ [
0 50 100 150 200 250

Magnetizing Current, Im (Amps)

Magnetizing Inductance, Lm (Henrys)
o
[\
T
1

Figure 3.9 Variation of magnetizing inductance with magnetizing current.

Using least square curve fit, the magnetizing inductance L, can be expressed as a

function of the magnetizing current /,, as follows:

Lm = 1.1%(0.025+0.2974*exp(-0.0271*Im)) (3.27)
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Where [m = \/[(ldv + idr )2 + (iQS + iqr )2 ] :

It must be emphasized that the machine needs residual magnetism so that the self-
excitation process can be started. Reference [3.15] gives different methods to recover the
residual magnetism in case it is lost completely. For numerical integration, the residual
magnetism cannot be zero at the beginning; its role fades away as soon as the first

iterative step for solving (3.25) has started.

Process of Self-excitation. The process of self-excitation can be compared with the

resonance phenomenon in an RLC circuit whose transient solution is of the exponential

form Ke”" [3.6], [3.7]. In the solution, K is a constant, and root p, is a complex quantity,
whose real part represents the rate at which the transient decays, and the imaginary part is
proportional to the frequency of oscillation. In real circuits, the real part of p, is negative,
meaning that the transient vanishes with time. With the real part of p, positive, the
transient (voltage) build-up continues until it reaches a stable value with saturation of
iron circuit. In other terms, the effect of this saturation is to modify the magnetization
reactance X, such that the real part of the root p, becomes zero in which case the

response is sinusoidal steady-state corresponding to continuous self-excitation of SEIG.

Any current (resulting from the voltage) flowing in a circuit dissipates power in the
circuit resistance, and an increasing current dissipates increasing power, which implies
some energy source is available to supply the power. The energy source, referred to

above is provided by the kinetic energy of the rotor [3.7].
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With time varying loads, new steady-state value of the voltage is determined by the
self-excitation capacitance value, rotor speed and load. These values should be such that
they guarantee an intersection of magnetization curve and the capacitor reactance line

(Figure 3.3), which becomes the new operating point.

The following figures show the process of self-excitation in an induction machine

under no-load condition.

Phase wiltage, Va
3000 T T T T T

2000 W

1000 -

-1000

Volts
o

-2000 -

-3000 ! ! ! ! !
0 1 2 3 4 5 6

Time (seconds)
Figure 3.10 Voltage build up in a self-excited induction generator.

From Figures 3.10 and 3.11, it can be observed that the phase voltage slowly starts
building up and reaches a steady-state value as the magnetization current /,, starts from
zero and reaches a steady-state value. The value of magnetization current is calculated
from the instantaneous values of stator and rotor components of currents (see (3.27)). The

magnetization current influences the value of magnetization inductance L,, as per (3.27),
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and also the capacitance reactance line (Figure 3.3). From Figures 3.10-3.12, we can say
that the self-excitation follows the process of magnetic saturation of the core, and a stable

output is reached only when the machine core is saturated.

In physical terms the self-excitation process could also be explained in the following
way. The residual magnetism in the core induces a voltage across the self-exciting
capacitor that produces a capacitive current (a delayed current). This current produces an
increased voltage that in turn produces an increased value of capacitor current. This
procedure goes on until the saturation of the magnetic filed occurs as observed in the

simulation results shown in Figures 3.10 and 3.11.

Magnetization Current,Im
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Figure 3.11 Variation of magnetizing current with voltage buildup.



70

Magnetization inductance, M
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Figure 3.12 Variation of magnetizing inductance with voltage buildup.

For the following simulation results the WECS consisting of the SEIG and the wind
turbine (see chapter 1) is driven by wind with velocity of 6 m/s, at no-load. At this wind
velocity it can only supply a load of approximately 15 kW. At /=10 seconds a 200 kW
load is applied on the WECS. This excess loading of the self-excited induction generator

causes the loss of excitation as shown in the Figure 3.13.

Failed Excitation
3000 ‘ ‘ ‘

2000 - i
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1000 - *

-1000 - .
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Figure 3.13 Failed excitation due to heavy load.
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Rotor speed variations
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Figure 3. 14 Generator speed (For failed excitation case).

Figure 3.14 shows the rotor speed variations with load during the loss of excitation.
The increase in load current should be compensated either by increasing the energy input
(drive torque) thereby increasing the rotor speed or by an increase in the reactive power
to the generator. None of these conditions were met here which resulted in the loss of
excitation. It should also be noted from the previous section that there exists a minimum
limit for speed (about 1300 rpm for the simulated machine with the self-excitation

capacitance equal to 90 micro-farads), below which the SEIG fails to excite.

In a SEIG when load resistance is too small (drawing high load currents), the self-
excitation capacitor discharges more quickly, taking the generator to the de-excitation

process. This is a natural protection against high currents and short circuits.

For the simulation results shown below, the SEIG-wind turbine combination is driven

with an initial wind velocity of 11m/s at no-load, and load was applied on the machine at
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=10 seconds. At ¢ = 15 seconds there was a step input change in the wind velocity
reaching a final value of 14 m/s. In both cases the load reference (full load) remained at

370 kW. The simulation results obtained for these operating conditions are as follows:

Phase voltage varriations with load
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Figure 3.15 SEIG phase voltage variations with load.

For the voltage waveform shown in Figure 3.15, the machine reaches a steady-state
voltage of about 2200 volts around 5 seconds at no-load. When load is applied at =10
seconds, there is a drop in the stator phase voltage and rotational speed of the rotor

(shown in Figure 3.18) for the following reasons.

We know that the voltage and frequency are dependent on load [3.14]. Loading
decreases the magnetizing current /,,, as seen in Figure 3.16, which results in the reduced
flux. Reduced flux implies reduced voltage (Figure 3.15). The new steady-state values of

voltage is determined (Figure 3.3) by intersection of magnetization curve and the
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capacitor reactance line. While the magnitude of the capacitor reactance line (in Figure
3.3) is influenced by the magnitude of 7,, slope of the line is determined by angular
frequency which varies proportional to rotor speed. If the rotor speed decreases then the
slope increases, and the new intersection point will be lower to the earlier one, resulting
in the reduced stator voltage. Therefore, it can be said that the voltage variation is
proportional to the rotor speed variation (Figure 3.18). The variation of magnetizing

current and magnetizing inductance are shown in the Figures 3.16 and 3.17 respectively.
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Figure 3.16 Magnetizing current variations with load.
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Figure 3.17 Magnetizing inductance variations with load.
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Figures 3.16 and 3.17 verify that the voltage is a function of the magnetizing current,

and as a result the magnetizing inductance (see (3.27)), which determines the steady-state

value of the stator voltage.
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Figure 3.18 Rotor speed variations with load.
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Figure 3.18 shows the variations of the rotor speed for different wind and load
conditions. For the same wind speed, as load increases, the frequency and
correspondingly synchronous speed of the machine decrease. As a result the rotor speed
of the generator, which is slightly above the synchronous speed, also decreases to

produce the required amount of slip at each operating point.

As the wind velocity increases from 11m/s to 14m/s, the mechanical input from the
wind turbine increases (see chapter 1). This results in the increased rotor speed causing
an increase in the stator phase voltage, as faster turning rotor produces higher values of
stator voltage. The following figures show the corresponding changes in the SEIG

currents, WECS torque and power outputs.
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Figure 3.19 Stator current variations with load.
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Load current variations
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Figure 3.20 Load current variations with load.

From Figures 3.19 and 3.20, we see that as load increases, the load current increases.
When the machine is operating at no-load, the load current is zero. When the load is
applied on the machine, the load current reaches a steady-state value of 100 amperes
(peak amplitude). With an increase in the prime mover power input, the load current
further increases and reaches the maximum peak amplitude of 130 amperes. Also, the
stator and load currents will increase with an increase in the value of excitation
capacitance. Care should be taken to keep these currents with in the rated limits. Notice
that, in the case of motor operation stator windings carry the phasor sum of the rotor
current and the magnetizing current. In the case of generator operation the machine stator
windings carry current equal to the phasor difference of the rotor current and the
magnetizing current. So, the maximum power that can be extracted as a generator is more

than 100% of the motor rating [3.17].
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Torques variation with load
3500 \ 7

soo- Te |4

2500 -

2000

Pref=370kW @ N
f\\ ( 14 m/s
NS r

1500

Torque (Nm)

/ Pref=370kW @

1000 11 m/s 7

500 - ‘ No load@11m/s

0 k, | L [

0 5 10 15 20 25
Time (seconds)

Figure 3.21 Variation of torques with load.
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Figure 3.22 Output power produced by wind turbine and SEIG.
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Equation (3.17) has been simulated to calculate the electromagnetic torque generated
in the induction generator. Figure 3.21 also shows the electromagnetic torque 7, and the
drive torque 7. produced by the wind turbine at different wind speeds. At /=0, a small
drive torque has been applied on the induction generator to avoid simulation errors in

Simulink.

Figure 3.22 shows the electric power output of the SEIG and mechanical power
output of the wind turbine. The electric power output of the SEIG (driven by the wind
turbine), after =10 seconds after a short transient because of sudden increase in the load
current (Figure 3.20), is about 210 kW at 11 m/s and reaches the rated maximum power
(370 kW) at 14 m/s. Pitch controller limits (see chapter 1) the wind turbine output power,
for wind speeds above 13.5 m/s, to the maximum rated power. This places a limit on the
power output of the SEIG also, preventing damage to the WECS. Since, the pitch
controller has an inertia associated with the wind turbine rotor blades, at the instant =15
seconds the wind turbine output power sees a sudden rise in its value before pitch
controller starts rotating the wind turbine blades out of the wind thereby reducing the
value of rotor power coefficient. Note that the power loss in the SEIG is given by the

difference between P,,, and P4, shown in Figure 3.22.

Conclusion. In this chapter the electrical generation part of the wind energy
conversion system has been presented. Modeling and analysis of the induction generator,
the electrical generator used in this thesis, was explained in detail using dg-axis theory.

The effects of excitation capacitor and magnetization inductance on the induction
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generator, when operating as a stand-alone generator, were explained. From the
simulation results presented, it can be said that the self-excited induction generator
(SEIQG) is inherently capable of operating at variable speeds. The induction generator can
be made to handle almost any type of load, provided that the loads are compensated to
present unity power factor characteristics. SEIG as the electrical generator is an ideal
choice for isolated variable-wind power generation schemes, as it has several advantages

over conventional synchronous machine.
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CHAPTER 4

MICROTURBINE GENERATION SYSTEM

Introduction

In a hybrid energy system consisting of renewable sources of energy, there should be
some storage facility or backup generation to maintain continuity of supply to the load
when renewable source alone is not sufficient. The objective this chapter is to present one

such generating system that is capable of acting as a backup generator.

This chapter presents the modeling and simulation of a microturbine generation
(MTG) system, the nonrenewable source of energy considered in this thesis, suitable for
isolated as well as grid-connected operation. The system comprises of a permanent
magnet synchronous generator driven by a microturbine. A brief description of the
overall system is given and mathematical models for the microturbine and permanent

magnet synchronous generator are presented.

MTG systems are gaining popularity in distributed power generation because of their
smaller size, high efficiency (with recuperator), and faster response compared to the
conventional gas turbines. Microturbines are capable of burning a number of fuels at high
and low pressure levels, including natural gas, waste (sour) gas, landfill gas, or propane.
Today’s microturbine technology is the result of the development work, in small

stationary and automotive gas turbines, pursued by the automotive industry beginning in
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the 1950’s. As a result of which, modern microturbines are able to combine the reliability
of on board commercial aircraft generators with the low cost of automotive

turbochargers.

In the last section of this chapter, the developed models are simulated in
MATLAB/Simulink. The simulated microturbine model is of single shaft type with
control systems capable of regulating its output power. Simulation results are presented

for the developed model of the MTG system under different load conditions.

Microturbine Generation (MTG) System

Microturbines are small gas turbines which burn gaseous or liquid fuels to create high
energy gas stream that turns an electrical generator. There is a growing interest in the
application of MTGs as they can start quickly and are especially useful for on-peak
power supply for grid support. Other applications include remote power and combined
heat and power (CHP) systems by utilizing the heat contained in the exhaust gases to

supply thermal energy needs in a building or industrial process [4.1]-[4.4].

Generally MTG systems range from 30 to 400 kilowatts [4.11]-[4.13], while

conventional gas turbines range from 500 kW to more than 300 MW [4.9], [4.10].

Microturbines are capable of burring a number of fuels at high and low pressure
levels. They generally have marginally lower electrical efficiencies than similarly sized

reciprocating engine generators. Without a recuperator the overall efficiency of a
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microturbine is 15 to 17%, where as with an 85% effective recuperator the efficiency can
be as high as 33 to 37% [4.13]. However, because of their design simplicity and relatively
fewer moving parts, microturbines have the potential for simpler installation, higher
reliability, reduced noise and vibration, lower maintenance requirements, lower
emissions, continuous combustion and possibly lower capital costs compared to
reciprocating engines [4.1], [4.4], [4.12]. Microturbines emissions can be up to eight
times lower than diesel generators, and currently available ones produce less than 50% of

the NOx emissions of a state of the art natural gas lean-burn engine [4.1].

Types of Microturbine Systems. There are mainly two types of microturbine systems

available, single-shaft models and two shaft models. In single-shaft designs, a single
expansion turbine turns both the compressor and the generator. As a result they operate at
high-speeds, some in excess of 100,000 rpm, and generate electrical power at high
frequency (in the order of kHz). Two-shaft models on the other hand, uses a turbine to
drive the compressor on one shaft and a power turbine on a separate shaft connected to a
conventional generator via a gear box which generates AC power at 60 Hz or 50 Hz
[4.17]. In a single-shaft design, since the generator provides a high frequency AC voltage
source, a power electronic interface between the MTG system and the AC load is
required. For a two-shaft design, on the other hand, there is no need for such interfacing.

This thesis considers the modeling single-shaft type only.
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Basic Process and Components of a MTG System.

The basic components of a microturbine generation system are: compressor, turbine,

recuperator, high-speed generator and power electronics interfacing. In the following

paragraphs a brief description of each component is given, followed by a detailed

modeling of microturbine and high-speed generator. Figure 4.1 shows the schematic

diagram of a single-shaft microturbine based generation system [4.1], [4.5].
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Figure 4.1 Microturbine based CHP system (Single-Shaft Design).

Heat

Microturbines, like large gas turbines, operate based on the thermodynamic cycle

known as the Brayton cycle [4.1]. In this cycle, the inlet air is compressed in a radial (or

centrifugal) compressor. The compressed air is mixed with fuel in the combustor and
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burned. The hot combustion gas is then expanded in the turbine section, producing
rotating mechanical power to drive the compressor and the electric generator, mounted on
the same shaft (single-shaft design). In a typical microturbine air to gas heat exchanger
called recuperator is added to increase the overall efficiency. The recuperator uses the
heat energy available in the turbine’s hot exhaust gas to preheat the compressed air before
the compressed air goes into the combustion chamber thereby reducing the fuel needed

during the combustion process.

The high-speed generator of the single shaft design usually employs a permanent
magnet synchronous generator (PMSG), and requires that the high frequency AC output
in the order of kHz be converted to 60 Hz (or 50 Hz) for general use. This power
conditioning involves rectifying the high frequency AC to DC and then inverting the DC
to 60 Hz (or 50 Hz) AC. Power electronic interfacing is a critical component in the

single-shaft design and is generally designed to handle transient and voltage spikes [4.1].

The model presented in this thesis concentrates on the slow dynamics of the MTG
system, suitable for power management of MTG combined with other types of distributed
generation (DG) systems. It is reasonable, while modeling the microturbine for the above
purpose, to assume that the system is operating under normal operating conditions by
neglecting fast dynamics of the microturbine (e.g., start-up, shutdown, internal faults and
loss of power). Also, since the electromechanical behavior of the MTG system is of main
interest the recuperator is not included in the model as it only serves to increase the

turbine efficiency [4.17].
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Mathematical Representation of a Microturbine

There exists a large literature on the modeling of gas turbines, with varying level of
complexity depending on the intended application. The concept of gas turbine system
presented in this section is based on the paper presented by Rowen [4.6]. He proposed a
single-shaft design, generator driven gas turbine model which includes speed control,
temperature control and fuel system. This model was successfully adopted by the several
authors for gas turbine simulations [4.7]-[4.10] as well as for microturbine simulations

with smaller time constants [4.11], [4.12].

Temperature
Control
Least Value
Gate
e
Speed Ref. Speed Fuel Compressor -
+ Control System Turbine
'Y
- =

:Acceleration:
Control :

Speed

Figure 4.2 Block diagram of a microturbine.

The three control functions of the microturbine are: speed control acting under part
load conditions, temperature control acting as an upper output power limit, and
acceleration control to prevent over speeding. The output of these control function blocks

are all inputs to a least value gate (LVG), whose output is the lowest of the three inputs
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and results in the least amount of fuel to the compressor-turbine as shown in Figure 4.2.
This figure shows the per-unit representation of a microturbine, along with its control
systems [4.6]. Each subsystem of the microturbine is discussed in the following

subsections.

Speed and Acceleration Control. The speed control operates on the speed error

formed between a reference (one per-unit) speed and the MTG system rotor speed. It is
the primary means of control for the microturbine under part load conditions. Speed
control is usually modeled by using a lead-lag transfer function [4.6], or by a PID
controller [4.8]. In this work a lead lag transfer function has been used to represent the
speed controller, as shown in Figure 4.3. In this figure K is the controller gain, 7, (7>) is
the governor lead (lag) time constant, and Z is a constant representing the governor mode
(droop or isochronous). A droop governor is a straight proportional speed controller in
which the output is proportional to the speed error. An isochronous speed controller is a
proportional-plus-reset speed controller in which the rate of change of the output is

proportional to the speed error.

Acceleration control is used primarily during turbine startup to limit the rate of the
rotor acceleration prior to reaching operating speed. If the operating speed of the system
is close to its rated speed, the acceleration control could be eliminated in the modeling

[4.6], which is the case in this study.
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Figure 4.3 Speed controller for the microturbine.

Fuel System. The fuel system consists of the fuel valve and actuator. The fuel flow
out from the fuel system results from the inertia of the fuel system actuator and of the

valve positioner [4.6], [4.8], whose equations are given below.

The valve positioner transfer function is:

E =—"F, (4.1)

and the fuel system actuator transfer function is:

_ Kf \
Wf = E, 4.2)
T_ stc

In (1) and (2), K, (K)) is the valve positioner (fuel system actuator) gain, 7, ,7y are the
valve positioner and fuel system actuator time constants, ¢ is a constant, F,; and E; are the

input and outputs of the valve positioner and Wf'is the fuel demand signal in p.u.

The output of the LVG, V.., represents the least amount of fuel needed for that

particular operating point and is an input to the fuel system. Another input to the fuel



90

system is the per-unit turbine speed N (limited by the acceleration control). The per-unit
value for V. corresponds directly to the per-unit value of the mechanical power on

turbine at steady-state. The fuel flow control as a function of V. is shown in Figure 4.4.

Ké6
Valve Fuel system
positioner actuator
FE 1K, | B | K
+ — -
From LVG Ve Ts+c Tis+c
e
N " Wi-Fuel Flow
Delay

Figure 4.4 Block diagram of the fuel system.

The value of V. is scaled by the gain K3 (K3= (1-K06)), then delayed and offset by the
minimum amount of fuel flow K6 to ensure continuous combustion process in the
combustion chamber. K6 is essentially the minimum amount of fuel flow at no-load,

rated speed.

Compressor-Turbine. The compressor-turbine is the heart of the microturbine and is

essentially a linear, nondynamic device (with the exception of the rotor time constant)
[4.6]. There is a small transport delay 7¢g, associated with the combustion reaction time,
a time lag T¢p, associated with the compressor discharge volume and a transport delay
Trp , for transport of gas from the combustion system through the turbine. The block
diagram of the compressor-turbine package is shown in Figure 4.5. In this figure both the

torque and the exhaust temperature characteristics of the single-shaft gas turbine are
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essentially linear with respect to fuel flow and turbine speed and are given by the

following equations [4.6]:

Turbine-Exhaust
System Delay A

_sT Exhaust
e Sltp [———» —»
WAl System Tx

Compressor- T

Combustor discharge delay R
Delay 1
Wf-Fuel Flo W12
% > Torqge — Turbine Torque
Teps+c Function

A

N

Figure 4.5 Compressor-Turbine package of a microturbine.
Torque = Kuny (Wp-0.23)+0.5(1-N) (Nm) (4.3)
Exhaust Temp., Tx = Tz-700(1-W;)+550(1-N) (°F) 4.4)

where Ky s a coefficient which depends on the enthalpy or higher heating value of the
gas stream in the combustion chamber and 7% is the reference temperature [4.6], [4.9].
The Kpumy and the constant 0.23 in the torque expression cater for the typical power/fuel
rate characteristic, which rises linearly from zero power at 23% fuel rate to the rated

output at 100% fuel rate.

The input to this subsystem is the p.u. fuel demand signal Wf and outputs are the p.u.

turbine torque and exhaust temperature (°F).

Temperature Control. Temperature control is the normal means of limiting the gas

turbine output power at a predetermined firing temperature, independent of variation in
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ambient temperature or fuel characteristics. The fuel burned in the combustor results in
turbine torque and in exhaust gas temperature. The exhaust temperature is measured
using a series of thermocouples incorporating radiation shields as shown in the block
diagram of the temperature controller (Figure 4.6). In Figure 4.6, T; is the temperature
controller integration rate and 73 74 are time constants associated with the radiation
shield and thermocouple, respectively. K, and K are constants associated with radiation
shield and T’ is the time constant associated with temperature controller. The output from
the thermocouple is compared with a reference temperature, which is normally higher
than the thermocouple output. This forces the output of the temperature control to stay on
the maximum limit permitting the dominance of speed control through the LVG (Figure
4.2). When the thermocouple output exceeds the reference temperature, the difference
becomes negative, and the temperature control output starts decreasing. When this signal
(Figure 4.2) becomes lower than the speed controller output, the former value will pass
through the LVG to limit the turbine’s output, and the turbine operates on temperature
control. The input to the temperature controller is the exhaust temperature (7y) and the

output is the temperature control signal to the LVG [4.6], [4.9].

Temperature
Radiation Shield Thermocouple Control
_ Max
K 1 - Ts+1 To LVG
— K, + A _— [ To
Tx Tys+1 T,s+1 N Ts
Min
Temperature

Ref.

Figure 4.6 Temperature controller.
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Permanent Magnet Synchronous Generator (PMSGQG)

Microturbine produces electrical power via a high-speed generator directly driven by
the turbo-compressor shaft. Small gas turbines benefit in particular when the gearbox that
reduces the shaft speed to the speed of conventional electrical machines is eliminated, as
is the case with the single-shaft designs considered here. The result is a more efficient,
compact and reliable machine and the shaft speed is normally above 30,000 rev/min and
may exceed 100,000 rev/min. High energy permanent magnets and high yield-strength
materials like neodymium-iron-boron (NdBFe) or Samarium-cobalt magnets have proved

very suitable for high-speed electrical machines [4.1], [4.5].

In the following sections the equivalent circuit of a permanent magnet synchronous
machine (PMSM) is presented along with a brief description of its construction, operation

and the permanent magnet materials.

In a permanent magnet synchronous machine, the dc field winding of the rotor is
replaced by a permanent magnet. The advantages are elimination of filed copper loss,
higher power density, lower rotor inertia, and more robust construction of the rotor. The
drawbacks are loss of flexibility of field flux control and possible demagnetization. The
machine has higher efficiency than an induction machine, but generally its cost is higher

[4.15].

Permanent Magnet Materials. The property of a permanent magnet and the selection

of the proper materials are very important in the design of a permanent magnet
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synchronous machine (PMSM). A good permanent magnet should produce a high
magnetic field with a low mass, and should be stable against the influences which would
demagnetize it. The desirable properties of such magnets are typically stated in terms of
the remanence and coercivity of the materials, and are quoted in Tesla, the basic unit for

magnetic field B.

Iron, nickel, cobalt and some of the rare earth metals exhibit a unique magnetic
behavior which is called ferromagnetism. Ferromagnets tend to stay magnetized to some
extent after being subjected to an external magnetic field. The fraction of the saturation
magnetization retained (remanence) when the driving filed is removed is an important
factor for the selection of the permanent magnets. All ferromagnetic materials have a
maximum temperature known as Curie temperature, where the ferromagnetic property
disappears. Consequently, the range of temperatures plays an important role in the

operation of a PMSM [4.14].

Remanence: a measure of the
remaining magnetization when the
driving field is dropped to zero.

B(Tesla)
A

. .
» Saturation

H (oersted), Strength of
'magnetizing signal

Coercivity: a measure of the reverse
filed needed to drive the magnetizatio
to zero after the being saturated.

L e
Saturation

Figure 4.7 Hysteresis loop in the form of magnetization B and magnetic field strength H.
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Operating Region of a PMSM. Figure 4.8 shows the demagnetization segment of the

B-H curve where the permanent magnet is usually designed to operate [4.15].

Recoil line

No load
T

Full load . .
\ . \B ,Aremanence

C
C - %A
-—
Worst Case /'D = —

demagnetization Load line

B (Tesla)

H (oersted), Strength of

LC.
Coercivity magnetizing signal

Figure 4.8 Permanent magnet machine operating points on B-H curve.

The maximum flux density B, corresponding to A will be available initially (no
airgap). When the magnet is installed in the machine, the air gap will have some
demagnetization effect and the operating point B will correspond to the no-load line as
shown in Figure 4.8. When current flows in the stator winding, the magnetic axis (direct
axis) armature reaction effect can have further demagnetization effect, which will reduce
the air gap flux density further. A load line representing worst-case demagnetization
(may be due to starting, transient or machine fault condition) is also shown in Figure 4.8.
Once the operating point reaches the D and the demagnetization effect is removed, the
magnet will recover along the recoil line (DA). Subsequently, the stable operating point

will be determined by the intersection of the load line and the recoil line. The magnet is
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therefore permanently demagnetized at no-load operation, corresponding to the vertical
distance between A and A. If the permanent magnet material has a straight-line
demagnetization curve, the recoil line will coincide with the demagnetization line
irrespective of the worst case magnetization point (i.e., permanent demagnetization will
be negligible). The characteristics for several possible permanent magnet materials are

given in reference [4.15].

dg Axis Representation of a PMSM. In a PMSM, the permanent magnets are glued on

the rotor in surface sinusoidal magnet machine (SPM), and are mounted inside the rotor
in case of an interior or buried magnet synchronous machine (IPM). The stator has three-
phase sinusoidal winding, which creates a synchronously rotating air gap flux. If the
machine is rotated by a prime mover, the stator windings generate balanced three-phase
sinusoidal voltages. The dg axis representation of a permanent magnet synchronous
machine (for a balanced system the 0-axis quantities are equal to zero), where is shown in
the Figure 4.9 [4.15], [4.16], [4.18]. In this figure the finite core loss is represented by the

dotted damper windings.
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Figure 4.9 Synchronously rotating frame equivalent circuits of a PMSM.

Ignoring core loss, the circuit equations can be written as (equations are valid for both

IPM as well as SPM (for SPM Ly, =Lgm):

. : .y,
Vqs = Rslqs + a)el//ds + a)el//f + dtq (45)
d
Vds = Rsids - a)el//qs + % (46)

=Ly, 4.7)

l//;ls = ids (Lls+ Ldm) = idedv (48)
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l//qs = iqs (le + Lqm ) = iqs qu (4 10)

The electromagnetic developed in the machine air gap is given by:

3_P : :
Te :Exg(l//dslqs_l//qslds) (411)

Substituting (4.5)-(4.8) in (4.3), (4.4) and (4.9) and simplifying, we have

di ]

. o V. -Ri Lo~y o, (4.12)
di, 1 . .
7? - V,-Ri,+o,L,i,] (4.13)
3P _. . ..
Te :T[l//flqs—i_(l’ds_qu)lqslds] (414)

The rotor speed is obtained from the dynamics of the mechanical system as follows:

do, 1
dtr :7(T9_thaﬁ) (415)

where ,,w, are electrical and mechanical angular velocities of the rotor (rad/sec), Vs,

Vas (Iys, 1as ) are g and d axis voltage (current) components and L, and Ly are g and d axis
inductances of the stator respectively. Lgy, is the common d-axis mutual inductance of the
stator lumped with the damper windings and the permanent magnet inductance L,.

(associated with the recoil slope).
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Iris an equivalent field current of the permanent magnets and / / is its equivalent referred

to the stator side,

Yy, =Ly 1 , = consant) denotes flux linkage induced by the permanent magnets of the

rotor in stator phases,

J is the inertia of the rotor (Kgm?®),

Tnapi 1s the shaft torque produced by the microturbine (Nm),
T, is the electric torque generated by the PMSG (Nm), and
P is the number of poles.

Note that the signs for the generated torque 7. and shaft torque Tius are positive for

motor operation and negative for generator operation.

Simulation Results

A mathematical model of the microturbine as explained in the previous section is
built in MATLAB/Simulink using SimPowerSystems blockset. An inbuilt model of the
permanent magnet synchronous machine in the SimPowerSystems blockset, based on
(4.12)-(4.15), s used to simulate the PMSG by applying negative torque to the model. All
the parameters values used for the simulation are given below. The block diagram of the
simulated MTG system is given in Figure 4.10 followed by the simulation results for

different operating conditions.
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Figure 4.10 Block diagram of the simulated MTG system.

Parameters are obtained form [4.6], [4.9], [4.10], and adopted for this simulation. All

time functions are in seconds.

Microturbine ratings: 400 kW, 70000 rpm.

Speed controller parameters (Figure 4.3):

K=25, T/=0.4, T»=1.0, Z=3.

Fuel system parameters (Figure 4.4):

K~=1, T,=0.05, c=1, K3=0.77, K6=0.23, K~1, T=0, 7=0.04.

Compressor-turbine combination parameters (Figure 4.5):

TCR:0.0I, TTD:0.04, TCD:0-2, KHHV:1-2-
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Temperature controller parameters (Figure 4.6):
K=0.8, K5=0.2, T5=15, T,=2.5, T5=3.3, T=450 °F, Tx=950 °F.
Parameters used for the PMSG simulation [4.4], [4.18].
R~=12.5m Ohms, L;=L,~165e-6 Henrys, ¥,=0.2388 wb, P=4, J=0.011 kg m’.

Speed reference was kept constant at 1 p.u. for all simulations. All values are referred
to a base power rating of 1 MV A. The response of the developed MTG system is given in

the following simulation results:

Initially the system is operating at no-load. At # =10 seconds a load of 200kW is
applied on the MTG system, and at £ = 15 seconds, the load is increased to 400 kW.
Figure 4.11 shows the output power of the MTG system, responding to the above load
variations. Figure 4.12 shows the fuel consumed by the microturbine for the applied load
conditions. The fuel demand is equal to 23% (0.23 p.u.) until the load is applied on the
system at /=10 seconds, increasing the amount of fuel required to keep the combustion
process alive. Note that the fuel demand signal is 0.62 p.u. at 200kW load and increasing

to 1 p.u. at full load (400kW).
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Figure 4.11 Power output from the MTG system.
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Figure 4.12 Fuel demand signal of the microturbine.
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Figure 4.13 Variation of shaft torque and electric torque generated.

Figure 4.13 shows the shaft torque (7i44) produced by the microturbine, which drives
the PMSG, and the electromagnetic torque (7,) generated by the PMSG. The generator
torque is approximately same as the shaft torque produced by microturbine at steady-

state. At no-load the electromagnetic torque is equal to zero; it increases to about 50% of

its base value at 200kW and to 1 p.u. at full load.
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Figure 4.14 Rotor speed variations with load.
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Figure 4.15 Voltage across the stator terminals of PMSG.
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Figures 4.14 and 4.15 show the rotor speed and output voltage of the PMSG. When
the MTG is operating at no-load, the speed of the rotor is equal to 1 p.u. and the stator
line voltage of the PMSG reaches no-load steady-state value of 1.p.u. (1p.u.=6000 volts
peak, Figure 4.15). When the PMSG is loaded at # =10 seconds, the voltage decreases
from no-load value to 0.94 p.u. and the frequency of the voltage waveform decreases
from 2.33 kHz to 2.17 kHz. At =15 seconds, as the load is increased again, the rotor
speed (Figure 4.14) and the stator voltage decrease further to 0.86 p.u. and 0.865 p.u.,

respectively.

Conclusion. The modeling of a single-shaft microturbine generation system suitable
for power management in DG applications is presented in this chapter. The model is good
for both, power only and CHP applications. Detailed mathematical modeling of the
control systems of the microturbine is given and simulation of the developed MTG
system model is carried out. A MATLAB/Simulink model of the proposed MTG system
was implemented in the SimPowerSystems blockset. Different load conditions are
applied on the MTG system. The simulation results show that the developed model of the
MTG system has the ability to meet the power requirements of the load, within MTG’s

rating.
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CHAPTER 5

HYBRID WIND-MICROTURBINE GENERATION SYSTEM

Introduction

In this chapter power management of a hybrid (wind-microturbine) generation system
is presented. A brief description of the power electronic interface is given, through which
the output of the each generating unit is passed before they are connected to a common

load.

Two major problems have to be addressed when employing non-dispatchable
distributed generation sources, such as wind (the renewable source of energy considered
in this thesis), for electric power generation. The first issue is the unpredictable nature of
wind and the subsequent need for standby energy systems to ensure continuity of supply.
The second issue is the usage of induction generator as an electrical generator. While
these machines are well suited for variable speed nature of wind turbines, they can not
operate without reactive power support from the network to which they are connected.
Therefore, the ability to provide a reliable supply to the load depends on successful
integration of the renewable resources (wind energy, in this case) with existing non-

renewable sources of energy; addressing the above mentioned concerns.

In this thesis, a microturbine generation system (MTGQG) is considered as the backup

generator, to meet the energy requirements when wind energy is not sufficient. Thus, we
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have a hybrid system consisting of a wind energy conversion system (WECS) and a
microturbine supplementing each other. Such a system could also be referred as a virtual
power plant and could be operated either in grid-connected mode (not discussed in this
thesis) or in a stand-alone (isolated) mode. Hybrid systems in general are influenced by
factors like input (wind) and load conditions, which may affect their voltage and
frequency, necessitating the use of power electronics to control and maintain these
system variables at desired values. The power electronics interface used in this thesis is

taken from [5.1] and has been adapted for the system under consideration.

In the last section of this chapter, a hybrid configuration comprising of a WECS and a
MTG system interconnected through a power electronics interface is simulated. The
power electronic controls presented have the ability to manage the real and reactive
power components at prescribed level. The system response under different load
conditions and the load management ability of the power electronics are shown through

simulations studies carried out in MATLAB/Simulink.

Hybrid Wind-Microturbine System

A hybrid generation system consisting of a 370kW WECS and a 400kW MTG system

along with the power electronics interfacing is presented in this section.

Although a hybrid plant may use other combinations of energy sources, the
combination of wind generation and MTG systems are particularly complimentary [5.1],

[5.2]. Wind power generation is high on capital cost and low on operational cost; Once
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installed there no ongoing fuel costs and the maintenance costs are also very low. On the
other hand, gas turbine generation is low on capital cost and high on operational cost
compared to wind turbine due to its need for fuel and maintenance. This combination is
also environmentally friendly in that the emission of greenhouse gases from the
microturbine is very low compared to the conventional fossil fuel steam turbines. Figure

5.1 shows the block diagram of the proposed system.

Microturbine > PMSG > AC Bus
Power

Electronics
Vier Interface1

SEIG Power ¥

Electronics
Interface2 AC
Load

Pref 4

—_—
Qref

Wind Turbine
Vr

Figure 5.1 Block diagram of the hybrid generation system.

Description of the System

The hybrid system, shown in Figure 5.1, consists of models for WECS, MTG, and
power electronics interfacing connected to an AC bus which supplies an AC load. The
WECS and MTG system were presented in chapters 2, 3 and 4, respectively. In the

following paragraph, a brief description the power electronics interfacing [5.3] is given.
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Power Electronics Interface

In order to realize a hybrid system, the output voltage and frequency of each
component should be maintained at a predetermined level so that the interconnection
between the different components of the hybrid system can be achieved. This is made
possible by employing power electronics interface which has the ability to control the
system output variables such as voltage, frequency, active and reactive power to keep or
bring them to match their reference values after a disturbance. In the hybrid configuration
considered, the WECS and the MTG system each have their own dg transformed [5.4]
power electronics interface and the control logic is the same in both cases. The power
electronics interface comprises of a rectifier and voltage source inverter. A pulse width
modulation (PWM) controller was used to control the inverter in order to satisfy the
voltage regulation as well as to achieve real and reactive power control [5.3]. A brief

description of each sub system of this block is given in the following sections.

The power electronics interface used has the ability to control the real and reactive
power by controlling the inverter output voltage, angle and frequency [5.3]. This is
realized by converting AC power output from the generator in to DC and then in to AC.
A 3-phase uncontrolled rectifier made up of six bridge connected diodes has been used to
rectify the generator output from AC to DC. A voltage source inverter (VSI) is then
employed to convert the DC output from the rectifier to AC. Control of voltage source

inverter is achieved by means of two control loops namely, the inner current control loop
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and the outer voltage regulator loop. The overall system along with its control strategies

is shown in Figure 5.2.

AC Input

| ||

3-phase Rectifier

3-phase
t dq/ab PWM
Curren > g/abe . » SPW » Voltage Source
Controller Transformation Generator
Inverter
LC Filter
i ab,c
1/
=y v, abc/dg 777 Voltage and
X je—=4 Transformation vy Current Meter
N
Voltage | Y Vabe
Controller datre
dg Reference Signal ¢ P ACO
Compuattion Q utput
ref

4_
t
ref
(Voltage Reference)

Figure 5.2 Block diagram of the power electronics interfacing.

The “abc/dg Transformation” block takes the time varying currents and voltages (in
abc coordinates) from the voltage and current measurement devices and converts them
into dg (time-invariant) values. The voltage controller takes the error signals between the
actual output in dg frame (V,,) and the reference voltage (V,440p) and generates the
current reference signals (/z44.p) for the current controller loop. The current controller
produces the dg control signals, which are converted back to the control signals in abc

coordinates through the “dg/abc Transformation” block. These control signals are used
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generate the gating pulses for the inverter to control its output voltage, using sinusoidal
pulse-width modulation (SPWM) generator. In the following paragraphs the control

principle of the power electronics interfacing along with the control loops are presented.

Control Principle. Consider a circuit having a sending end voltage of V, £J and

receiving end voltage equal to ¥ £0”, connected through a coupling impedance of

(R+jX), as shown in Figure 5.3.

iX

P+Q
+

v£0°

Figure 5. 3 Power flow between two points.

The real and reactive power transferred between the source and load end are [5.3]:

2

P= V;‘ 005(92—5)—%005(92) (5.1)
2

0= V;“ sin(@z—é)—%sin(ﬁz) (5.2)

Where Z =vR’+ X’ and 6. =tan™' (X/R).

From (5.1) and (5.2) it is clear that the real and reactive powers delivered are

completely determined by the amplitude and angle of the sending voltage source, i.e. the
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output voltage of the inverter. On the other hand, if the desired values of real and reactive

power are given, the values of V; and & can be determined from (5.3) and (5.4):

1z

2 2
v, = {% (P?+Q? )+ ¥+ 2 PZcos(d, )+ 2 OZsin(®, )} (5.3)
0 :Gz—cosl(f—;:+%cm(92 )j (5.4)

The corresponding dg0) component values of V; in (5.3) can be obtained through abc/dg
transformation, as discussed in chapter 3. In Figure 5.2, the “dgq Reference Signal
Computation” block uses (5.3) and (5.4) to calculate the magnitude and angle of the
filtered output voltages of the inverter and then convert them into dg voltage reference

signals using abc/dq transformation.

3-Phase Voltage Source Inverter. The DC power output from the uncontrolled

rectifier is converted to AC by a 3-phase voltage source inverter, and delivered to a load
as shown in Figure 5.4. It also shows the connection to the AC load bus through LC

filters and coupling inductors [5.3].
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Figure 5.4 Three-phase DC/AC voltage source inverter.

In the Figure 5.4, R, L and C denote resistance, inductance and capacitance values. Z,
denotes the load impedance of phase A. The subscripts f and s denote filter and coupling
inductor parameters respectively. N is the common reference point and » is a virtual
neutral point. V. is the DC bus voltage. The output phase potentials of the inverter, v,, v,
and v., can be obtained as v, =v_ +v, ,v, =v, +Vv, ,v. =V, +V, , Where v, vy, and ve,,
the inverter output voltages between each phase and its virtual neutral point n. The

voltage of phase A4 at the receiving end (load end) is given by ey.

Current Controller. Current control forms the inner control loop of the overall control

system and is designed to respond faster than the voltage control loop so that the two

control loops can be designed independently. As a result, when dealing with the inner
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loop, we take the voltage control loop as a constant input (i.e., I 44 1S constant in Figure
5.2). The current controller employed is a PI controller and the parameters used are

obtained from [5.3]. The block diagram of the current controller is shown in Figure 5.5.

1

sdq ref + 1 + Viq + N 1 is‘d
ST Geg(s) 49 Ky [ L sdq
cr(®) WM R +Ls

Tvndq

Figure 5.5 Block diagram of the current control loop for the inverter.
. kCl . .
In Figure 5.5, G, (s)= ka+TIS the current regulator, /.4, is dg component of the

current regulator output, Kppay is the overall gain of the PWM generator for the inverter,

F; is the equivalent admittance of the combination of LC filter, power transformer,
+

N N
coupling inductor and transmission line, and 1/k. is the current transducer ratio. v,q, is the

dg component of the virtual neutral point voltage'.

\% VM+VH

a

1 _ _ . . .
Vy Kabc/dq =V, TV, Kabc/dq =V + Vodg > where K418 the abe to dg transformation matrix.

\% VCH+VH

c
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Voltage Controller. A PI controller is employed to implement voltage controller. As
discussed above, this controller forms the outer loop in Figure 5.2 and is slower
compared to the inner current control loop [5.3]. This facilitates the approximation of the
current control loop (in Figure 5.2) as a simple lag block when analyzing the voltage

controller. The block diagram of the voltage controller is shown in the Figure 5.6:

dq
vsdq reft isdq ref k isdq + N deq
S Gygle) [ R L s
- Current
Control Loop
1/k,

Figure 5.6 Block diagram of the voltage control loop for the inverter.

k. . k, .
In Figure 5.6, G,(s)=k, +—is the voltage regulator, ; “—is the lag
s + 7.8

approximation for the inner current loop, (R,+ L.s) is the equivalent impedance of the

combination of the power transformer, coupling inductor and transmission line, and 1/,

is the voltage transducer ratio.

The parameters of the current and voltage controllers are as follows [5.3].

Table 5.1 Parameters of the controllers for 3-phase VSI.

Kci ch KVi Kvp

250 2.5 25 0.25
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Simulation Results

A model for the hybrid wind-microturbine generation system, shown in Figure 5.1, is
built in the MATLAB/Simulink. This is achieved by integrating the dynamic models of
the WECS and the MTG system through the power electronics interfacing. The
maximum power output from the WECS is 370kW and that of the MTG system is
400kW. So, the hybrid system is capable of supplying 400kW at any time of the day
irrespective of prevailing wind conditions. Simulation parameters used for the WECS can
be found in chapter 2 and 3, and the MTG system parameters are given in chapter 4. The
following paragraph explains the control principle behind the power management of the
hybrid generation system. Simulation results for the hybrid generation system under
different wind and load conditions follows next. The simulink diagrams of the hybrid

system are given in the appendix, at the end of this thesis.

The power reference P,.s, (Figure 5.1), for the WECS power electronics interfacing is
obtained by using the wind turbine simulations results (see chapter 2). Figure 2.8 gives
the power output of the wind turbine for different wind velocities. This can be
represented in the form of a look-up table whose input is wind velocity, and output is the
power reference (P,). The reactive power reference Q,., for the WECS is kept constant at
zero as the SEIG of the WECS is assumed to be operating on unity power factor. The
voltage references V. and V,.p for the MTG system and WECS (Figure 5.1) are kept
constant at Ip.u. in order to maintain AC bus voltage (at 1.p.u.). As a result, whenever

there is not enough power output from the wind turbine, to meet the load requirement, the
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voltage at the load terminals tends to drop from 1 per-unit. The power electronics
interface connected to the MTG system counters this drop by increasing the power output
from the microturbine and thereby maintaining the load voltage at a constant value of 1
per-unit. Since the output voltage levels of the PMSG and SEIG are different (Figures
3.15 and 4.15), a transformer with 1:2 turns ratio is used in between the inverter output
and the AC load (in side the power electronics interface?), to increase the output voltage

of the SEIG to an acceptable level.

For the following simulation results, all values are referred to a base power rating of
IMVA and a base voltage rating of 2400 volts. The speed reference for the microturbine
is kept constant at 1 per-unit. Initially the wind turbine is not connected to the hybrid
system and the MTG system is supplying the total load demand. At /=10 seconds, the
WECS is connected to the MTG system. Although with the help of power electronic
interfacing it is possible to get some reactive power output from the WECS, in this study,
it is assumed that the reactive power contribution from the WECS is zero. Accordingly,
Orer (In Figure 5.1) is kept constant at zero for all simulations. Different wind and load
conditions are applied, and results are presented in the following paragraphs. Simulation
results of the hybrid generation system including responses of the subsystems, for the
first case, are given with a brief discussion of each result. Power and voltage outputs of

the hybrid generation system are presented for remaining case studies.
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Case 1. (Rise in wind input —Constant load)

The wind velocity remained constant at 9m/s, until t=15 seconds and then starts
ramping up reaching a final value of 12m/s at /=16 seconds. This change in the wind
velocity is shown in Figure 5.7. As said above, MTG system is supplying the total load
demand of (0.4+j0.2) per-unit until the WECS is connected to the MTG system at =10

seconds.

Wind speed (m/s)

7 L L 1 L L
8 10 12 14 16 18 20

Time (s)

Figure 5.7 Wind input to the hybrid generation system.
The real power outputs of the MTG system and the WECS for the above mentioned

wind and load conditions are shown in Figures 5.8 and 5.9, respectively.
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Figure 5.8 MTG system real power output variations with wind.
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Figure 5.9 WECS real power output variations with wind.

Figure 5.8, shows that the MTG system alone is capable of supplying the total real
power requirement of the load (400 kW) before the WECS is connected to the hybrid

generation system. At /=10 seconds, the WECS is connected to the hybrid system and the
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real power output from the MTG drops which corresponds to an increase in the WECS
output power. From the chapter 2 (Figure 2.8) simulations, it is known that the wind
turbine output for a wind velocity of 9 m/s is about 85 kW. This will be the output of the
look-up table which is fed to the power electronics interface? as P, in p.u. (85
kW=0.085 p.u.). Figure 5.9 shows the output power produced by the WECS which is
about 0.085 p.u. (85 kW). Since the load power requirement is 0.4 p.u. (400 kW) the
remaining 0.315 p.u. is produced by the MTG system to maintain the AC bus (load)
voltage at 1 per-unit. As the wind velocity changes from 9 m/s to 12 m/s, between =15
and 16 seconds, the wind turbine is capable of producing more power. Correspondingly,
P,os(Figure 5.1) to the power electronics interface?2 is also increased to 0.275 p.u. (Figure
2.8). Observe that the output from the MTG system decreases from 315 kW (0.315 p.u.)
at =15 seconds to 0.14 p.u. around /=16.5 seconds. During the same time the WECS
output increases from 0.085 p.u. to 0.26 p.u. (Figure 5.9). From Figures 5.8 and 5.9, it
can be observed that at any point of time the real power requirement of the AC load
connected to the hybrid generation system is satisfied. Note that, the difference between
the reference power and the output power of the WECS is more pronounced at higher
power output. This is expected; as the output power increases correspondingly power
losses in the interfacing components between the hybrid generation system and the load

(e.g. the transmission line and the power electronic interfacing) are also increased.

Figures 5.10 and 5.11 show the output reactive power variations of the MTG and

WECS, respectively, for the given wind conditions shown in Figure 5.7. It was noted in
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chapter 3, that the SEIG (of the WECS) fails to self-excite if the reactive power provided
by the excitation capacitor is not sufficient to satisfy the combined reactive power
requirement of the induction generator and inductive component of the AC load (if there
is any). Consequently, in the hybrid generation system, the reactive power requirements
are met by the MTG system and the SEIG supplies the active power whenever there is
sufficient wind (with the presence of power electronics interfacing, it is possible to

extract reactive power from the WECS also).

0.26 T T T T

0.24 o
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0.181 q

0.16 q

Microturbine output reactive power (p.u.)

0.14- 4

012 L L I L L
8 10 12 14 16 18 20
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Figure 5.10 MTG system output reactive power variations with wind.

Figure 5.10 shows that the MTG system meets the reactive power needed by the AC
load (0.2 p.u.). The reactive power output from the WECS (Figure 5.11), as explained in
the above paragraph, remained at zero (followed Q,.,=0) following a disturbance in the

wind after short transient periods.
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Figure 5.11 WECS output reactive power variations with wind.
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Figure 5.12 Fuel demand signal of the microturbine.

Figure 5.12 shows fuel consumed by the microturbine for the applied load conditions.

It can be observed that the fuel demand signal is slightly higher than 1.p.u. when
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operating at full load. This is possible as the microturbine tries to meet the losses
associated with power electronics interface. The fuel demand signal is about 0.85 p.u. at
0.315 p.u. load and drops to 0.52 p.u. after =15 seconds, as the power produced by the

WECS increases with increased wind velocity.

Figures 5.13 and 5.14 show the rotor speed variations of the microturbine and the

SEIG, respectively.
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Figure 5.13 Microturbine rotor speed variations.

The microturbine rotor speed (Figure 5.13) has a value of 0.85 p.u. (1 p.u.= 70000
rpm) at full load and increases as the load demand on the MTG system decreases.
Correspondingly, the speed of the SEIG (Figure 5.14) during same time period is 1 p.u.
(base speed =1500 rpm) as it is rotating freely under no-load conditions. At /=10 seconds,

the WECS is connected to the hybrid generation system. As a result, the WECS starts
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supplying the AC load and the rotor speed drops from 1.p.u. to 0.775 per-unit. As the
wind input increases from 9 m/s to 12 m/s (Figure 5.7), turning the wind turbine blades at
a faster rate and as a result, the rotor speed increases to 0.92 per-unit. This rise in rotor
speed results in increased power output (Figure 5.9), which causes a further decrease in
the power requirement from the MTG system. As a result the microturbine rotor speed

increases to 0.95 p.u. (Figure 5.13).
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Figure 5.14 SEIG rotor speed variations.

Figure 5.15 shows the variation of the DC bus voltage at the output of the 3-phase
rectifier on the MTG side (Figure 5.2). The DC bus voltage increases form 4720 volts to
5000 volts as the load demand reduces from full load (0.4 p.u.) to 0.315 per-unit. Also, it

can be seen that as the microturbine rotor speed (Figure 5.13) increases form 0.92 p.u. to
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0.95 p.u., the DC bus voltage increases from 5000 volts at 0.315 p.u. load to 5450 volts at

a decreased load demand of 0.14 p.u.
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Figure 5.15 Variation of DC bus voltage on the MTG side.
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Figure 5.16 Variation of the DC bus voltage on the WECS side.



128

Figure 5.16 shows the variation of the DC bus voltage on the WECS side of the
hybrid generation system (Figure 5.1). The DC bus voltage decreases form 3800 volts to
2200 volts when the load demand increases from no-load to 0.085 p.u. with a rotor speed
equal to 0.775 p.u. (Figure 5.14). At =15 seconds, with an increase in the wind speed the
rotor speed increases and correspondingly (the output voltage and thereby) the DC bus
voltage of the WECS increases to 2450 volts. Unlike microturbine, here we can see that
the voltage is greatly dependent on rotor speed, which is in turn based on the wind speed,

and the load.

Figures 5.17 and 5.18 show the voltage levels of the hybrid generation system at the
output terminals of power electronics interfacel and power electronics interface2,

respectively (Figure 5.1).
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Figure 5.17 MTG side inverter output voltage.
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Figure 5.18 WECS side inverter output voltage.

The above figures show that the output voltages at the terminals of the 3-phase
inverters of the MTG system and the WECS are maintained at the same level of 1.p.u. at
all times, with the exception of small disturbances during load switching. This
demonstrates the ability of the power electronics interfacing (Figure 5.2) to maintain the
inverter output voltage at the prescribed levels of voltage and frequency (60Hz). Figure
5.17 shows the voltage level on the MTG side, along with the transients when it is
connected to the WECS. Figure 5.18 voltage level, on the WECS side, when it is
connected to the system at /=10 seconds. After =10 seconds, the voltage and frequency
levels remained the same irrespective of the variations in the DC bus voltages (Figures
5.15 and 5.16), rotor speeds (Figures 5.13 and 5.14), except that the WECS side inverter

is slightly higher than 1 p.u. at higher power output (at wind velocity of 12m/s).
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Case 2. (Drop in wind input-Constant load)

The wind velocity remained constant at 14m/s, until /=14 seconds and decreased to a
final value of 12m/s at =15 seconds. This change in wind velocity is shown in Figure
5.19. To begin with the MTG system is supplying the total load demand of (0.4+j0.2)

per-unit. At =10 seconds the WECS is connected to the MTG system.
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Figure 5. 19 Wind input to the hybrid generation system.

The real power outputs of the MTG system and the WECS for the above mentioned
wind and load conditions are shown in Figures 5.20 and 5.21, respectively. These figures
demonstrate the ability of the MTG system acting as a backup generator for the WECS,

as explained in the following paragraph.
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Figure 5. 20 MTG system real power output variations with wind.
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Figure 5. 21 WECS real power output variations with wind.

Figure 5.20, shows the decrease in real power output of the MTG system from 400

kW to about 50 kW when WECS starts supplying the load at /=10 seconds. At a wind
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velocity of 14m/s the wind turbine has the capability to produce its rated output, 370 kW.
Considering the losses, associated with the wind turbine, SEIG and the power electronic
interfacing, the net output at the SEIG output terminals is about 350 kW. So, together the
MTG and the WECS supply 400 kW power to the load with most of the load demand met
by the WECS. At =15 seconds, with reduced wind input, the output of the WECS falls to

about 260 kW and the MTG picks up the remaining load of 140 kW.
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Figure 5. 22 MTG system reactive power variations with wind.

Figure 5.22 shows the reactive power supplied by the MTG system to the load. It can
be observed from the figure that the entire reactive power is supplied by the MTG system
as the reactive power output from the WECS follows its reference value which is zero
(Figure 5.23). The MTG system output shows a transient when the WECS is connected,

but otherwise remains fairly constant.
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Figure 5. 23 WECS reactive power variations with wind.
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Figure 5. 24 Voltage at the load terminals.
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Figure 5.24, shows the voltage at the AC load terminals. It can be observed that the
voltage matches well with the voltage reference (2400 volts RMS), and remained

constant, except for a switching transient at /=10 seconds.

Case 3. (Rise in load demand-Constant wind)

In this case, the input wind velocity remained constant at 9.3 m/s and the load
demand changed from (0.25+j0.1) per-unit to (0.4+j0.2) per-unit at t=11 seconds, as
shown in Figure 5.25. Initially, the MTG system is supplying the total load demand; the
WECS is connected in parallel to the MTG system at /=10 seconds. The step change in
load is applied at /=11 seconds, without giving much time for the wind turbine output to

reach a steady state value.
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Figure 5. 25 Load demand of the hybrid generation system.

The real power outputs of the MTG system and the WECS for the above mentioned

wind and load conditions are shown in Figures 5.26 and 5.27, respectively. These figures
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demonstrate the ability of the hybrid system in power management, as explained in the

following paragraph.
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Figure 5. 26 MTG system real power output variations with load.
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Figure 5. 27 WECS real power output variations with load.
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Figure 5.26, shows the decrease in real power output of the MTG system from 250
kW to about 150 kW when WECS starts supplying the load at /=10 seconds. At the wind
velocity of 9.3m/s, the wind turbine has the capability to produce an output power of 100
kW. As load demand increases from 250 kW to 400 kW at =11 seconds, the
microturbine picks up the additional load and its output reaches a final value of 300 kW.
During the same period, as the wind velocity remained constant, the WECS output

remained constant (Figure 5.27) at 100 kW.
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Figure 5. 28 MTG system reactive power variations with load.

Figure 5.28 shows the reactive power supplied by the MTG system to the load. The
MTG system reactive power output remains constant at 0.1 p.u. until t=11 seconds,
except for the transients at the instants of switching of WECS and load, and then rises to

0.2 p.u. to pick up the reactive power demand of the load. The WECS output reactive
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power output (Figure 5.29) reaches its reference value equal to zero after the load

switching transients.
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Figure 5. 29 WECS reactive power variations with load.
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Figure 5. 30 Voltage at the load terminals.
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Figure 5.30, shows the voltage at the AC load terminals, which is at its reference
value of 2400 volts (RMS), irrespective of the changing load conditions except for a

switching transient at /=10 seconds.

Case 4. (Rise in load demand-Constant wind)

This case is similar to the case 3 except that the wind turbine output is allowed to
reach a steady state value, before applying additional load on the hybrid generation
system. The input wind velocity remained constant at 9.3 m/s and there is a step increase

in the load demand at /=12 seconds as shown in Figure 5.31.
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Figure 5. 31 Load demand of the hybrid generation system.

The real power outputs of the MTG system and the WECS for the above mentioned

wind and load conditions are shown in Figures 5.32 and 5.33, respectively.
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Figure 5. 32 MTG system real power output variations with load.
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Figure 5. 33 WECS real power output variations with load.

Figure 5.32, shows the decrease in real power output of the MTG system from 250

kW to about 150 kW when WECS starts supplying the load at /=10 seconds as the wind
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turbine output at the wind velocity of 9.3m/s is 100 kW. As load demand increases from
250 kW to 400 kW at =12 seconds, the microturbine picks up the additional load and its
output reaches a final value of 300 kW. During the same period, as the wind velocity

remained constant, the WECS output remained constant (Figure 5.33) at 100 kW.
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Figure 5. 34 MTG system reactive power variations with load.

Figures 5.34 and 5.35 show the reactive power supplied by the MTG system and the
WECS, respectively. These figures show that the MTG system contributes the total
reactive power requirements of the load, and the WECS (Figure 5.35) follows its reactive
power reference which is set at zero. The MTG system reactive output remains constant
at 0.1 p.u. until =12 seconds, except for the transients at the instants of switching of

WECS and load, and then rises to 0.2 p.u. following the load demand.
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Figure 5. 35 WECS reactive power variations with load.
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Figure 5. 36 Voltage at the load terminals.



142

Figure 5.36, shows the AC load terminal voltage in volts. The voltage at the load
terminals matches well with its reference value of 2400 volts (RMS), irrespective of the

applied load conditions, except for the switching transient at /=10 seconds.

Conclusion. A Simulink based computer simulation model of a hybrid generation
system comprised of a wind energy conversion system and a microturbine generation
system is presented. This model is used to evaluate the performance of the proposed
stand-alone hybrid generation system with varying wind speeds and different load
conditions. A dg-transformed power electronic controller is employed to regulate the
output voltage and frequency throughout the period of operation. Simulation results
indicate that the proposed model has the ability to meet both real and reactive power
requirements of the load, maintaining prescribed values of voltage and frequency, with

the help of the power electronic controls.
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CHAPTER 6

CONCLUSION OF THE THESIS AND FUTURE WORK

Conclusion of the Thesis

Modeling of a hybrid wind-microturbine generation system suitable for power
management in DG applications is presented in this thesis. A complete model of the
hybrid generation system is achieved by developing dynamic models for each of the
system components namely, WECS and MTG system. The developed model of the
WECS consists of a SEIG driven by a wind turbine. The dynamic model of the SEIG is
complete with its saturation characteristic and is suitable for isolated operation as well as
grid connected operation. A mathematical model of a microturbine driving a permanent
magnet synchronous generator is used to represent dynamics of the MTG system. These
two systems (WECS and MTG system) were integrated through a power electronic

interface, feeding an AC load, and simulated in MATLAB/Simulink.

The simulation results presented in the previous chapters suggest the role of the
hybrid generation system as a reliable power source and the suitability of developed
model for power management studies of hybrid distributed generation systems. In
particular the ability of the WECS in picking up the load whenever wind is available, and
the ability of the MTG system (working as a backup generator) in meeting the load

demand whenever there is not sufficient wind, are demonstrated. Also, simulations results
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show that the power electronics interfacing maintained the output voltage and frequency

of the 3-phase inverter at the prescribed values during the entire period of operation.

Future Work

Some of the areas worth future investigation, but not limited to, are summarized in

the following paragraphs.

A detailed model for wind input can be used which includes noise, gust effects etc,
instead of the average wind input used in this study. Also, in the regions below rated
wind speeds, the generator speed could be controlled to follow the ideal speed curve;
resulting in the optimum value of 7SR and correspondingly maximum power output. This
can be achieved by employing methods like flux control, vector control etc., to control

the generator torque thereby controlling the rotor speed.

In this thesis it is assumed that the SEIG always sees a unity power factor load
connected to its stator terminals. This topic could be further extended to SEIG under
inductive loads, provided techniques are developed to determine the capacitance value
that needs to be connected across the load terminals meeting its reactive power
requirement. This capacitance should be added or removed with the connection or
disconnection of the inductive load. Modern static reactive compensators are a good
practical solution. Also, intelligent controls could be very helpful in designing methods to

estimate and vary the capacitance value for the above said purpose.
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The MTG system starts as a motor until it attains a predetermined rotor speed, with
the help of an external storage or device (such as a battery), and then starts to function as
a generating system. These start-up dynamics associated with the MTG system are not
considered in this thesis. Inclusion of these dynamics represents a significant
improvement to the model presented. Also in the microturbine model, for combined heat
and power (CHP) applications, recuperator model could be added to increase the overall
efficiency. Speed of the PMSG can be controlled, to operate the MTG system in the most

efficient regions, to get the optimum output with least fuel consumption.

Addition of storage devices helps to bring down the maximum ratings of the
subsystems (MTG and WECS, in this case) and increases the hybrid system’s overall
efficiency. Other issues related to the hybrid generation systems that are of concern are,
its impacts on the overall transmission and distribution system; when connected to an
existing network. In such cases, the hybrid energy systems could alter power flow
direction or can cause voltage, frequency fluctuations as well as "islanding" where a

hybrid plant might energize a dead power line.
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APPENDIX A

SIMULATION DIAGRAMS
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