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ABSTRACT

Enhancement of Frequency Support Capabilities of Type 1 and Type 2 Wind
Turbines
Olivare Dzune Mipoung, Ph.D

Concordia University, 2012

Electricity production in remote communities in northern Quebec is still largely based on
diesel power supply. Environmental concerns and the cost of electricity are driving the
integration of wind energy in such systems. However, due to the stochastic nature of the
wind and the highly variable load characteristic in these communities, the displacement
of diesel fuel is usually small. In addition to this, when the system operates with high
wind penetration, the frequency tends to vary widely, thereby raising some important
stability concerns. This research work investigates important technical issues related to
the implementation of fixed-pitch wind turbines that present large droop factor in droop-
controlled hybrid diesel mini-grids, to enhance the frequency regulation. An assessment
of generators for small scale generation is first presented. Next, a concept for
implementing a fixed speed (type 1) wind turbine in a hybrid system is developed, using
the power-frequency characteristic of the wind turbine. Due to some limitations of the
proposed concept, resulting mainly from the fact that wind turbine power-frequency
characteristics present a relatively low droop factor, type 1 wind turbines cannot assist to
a high extent with the network frequency regulation. Therefore an approach to implement
type 2 wind turbines which present a better droop factor has been developed and used to
overcome the limitations of the type 1 system. A hybrid wind diesel mini-grid model
without storage has been developed and used to validate the analysis. The proposed
implementation concepts provide several benefits for the electrification of remote

communities, which are highlighted at different stages of the thesis.
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CHAPTER 1

INTRODUCTION

This chapter introduces the research work presented in this thesis. A brief overview of renewable energy
sources with emphasis on wind energy technology is given. Some related work done on hybrid wind-diesel
systems are presented, leading to the definition of the research goal and research objectives. The chapter
ends with the key steps used to address the objectives, the new contribution of the research, and the

structure of the thesis.

Electrical energy is an essential component in the development process of remote
communities. However these communities are still prone to several electrification
problems in many countries. More than one billion people in the world still do not have
access to electricity, of which 83% live in isolated areas [1]. Some of the factors
increasing the delay of the electrification process in these areas are:

= High population growth;

= High dispersal load distribution in isolated areas;

= Costs associated with grid extensions;

= Poor access to roads in some locations;

= Low profits for most power supply companies who could invest in these

locations;

Rural people often rely largely on wood, agricultural residues and animal dung to meet
their energy needs. Thus, the following impacts can be observed:

= Increased pressure on traditional energy resources (such as wood) ;

= Limited supply of traditional and commercial energy versus increasing energy

demand;



= Heavy dependence on fuel, leading to fossil fuel depletion and increasing
environmental pollution etc.

The increasing problem of rural electrification due to the use of conventional and non-
renewable energy resources is the main reason why renewable energy sources are
becoming better alternatives for isolated communities.
1.1 Renewable energy sources
Renewable energy comes from resources which are naturally replenished and can be
classified into the following types:

= Hydro, where electricity is produced from water;

= Biomass, where electricity is produced from the wastes;

= Geothermal, where electricity is produced from naturally occurring steam under

the earth's surface;

=  Wind, where electricity is produced from the power available in the wind;

= Photovoltaic, where electricity is produced from sunlight;

= Tidal, where electricity is produced from ocean waves.
The use of renewable energy sources can provide the following benefits:

= Low or no negative environmental impact

= No natural resources depletion

= Low orno carbon or other greenhouse gas emission

= Reduced cost of operation

= Sustainable energy



1.3 Research Background
Electricity generation in remote communities in the north of Quebec is still based on
diesel power plants. Environmental concerns and the cost of electricity are driving the
integration of wind energy in such systems. However, due to the stochastic nature of the
wind and the highly variable load characteristics of remote communities, the
displacement of diesel fuel is usually small. This research work builds up from the need
to adapt fixed-speed (or limited variable speed) wind turbines and diesel generation
concepts, to design a suitable low cost hybrid wind-diesel system for remote
communities. The energy supply of rural areas requires the design and application of
suitable integrated renewable energy systems with analytical matching of needs,
resources and technologies [2].
1.4 Hybrid wind-diesel systems
A hybrid power system is a system that combines two or more electrical power sources
where at least one source is a renewable energy source. Recent international appeal on
environmental issues such as the reduction of CO, emissions and fossil fuel depletion has
made hybrid power systems to become better alternatives for decentralized power
generation. Some of the aspects justifying the importance of hybrid power systems are:

= The need to take advantage of local renewable resources when they are available ;

= [tis possible to centrally locate the power plants where electricity is needed;

= Jtis possible to store some of the energy produced for later use;

= The importance of having backup generators or secondary power supply;

= Jtis possible to achieve high scale benefits using multiple generation units;

= Renewable energy technology is relatively mature and well understood;



Figure 1.1 represents a typical configuration of a hybrid wind diesel power system.
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Figure 1. 1 Typical hybrid wind-diesel system

In such as system, both generators would have to share the load demand while the
regulation of the system’s voltage and frequency is fixed by the diesel-generator set. A
dump load could be used to absorb the excess power generated by the wind turbine and, a
battery set could be used to meet the energy storage requirements. The system
configuration and component size depend on the load characteristic and available wind
resource on the site. The level of the power control depends on the level of wind
penetration. The wind turbine can be fixed-speed or variable speed.

1.4.1 Fixed speed wind turbines

Fixed-speed turbines operate at almost constant rotor revolutions per minute (rpm) and
are optimized for energy capture at a given rotor diameter and at a particular speed in the
wind-power curve. Figure 1.2 represents a typical configuration of a fixed-speed wind

turbine. In such a system, the electrical generator is directly connected to the grid.



Therefore, only a limited variation of the rotor shaft speed is allowed. This mode of

operation has been used in the early 1990s [3].
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Figure 1. 2 Typical fixed speed wind application

Regardless of the wind speed, the turbine shaft speed is fixed by the gear box ratio, the
generator design and the utility frequency. Fixed-speed wind systems are generally
equipped with an induction generator (wound rotor or cage rotor) directly coupled to the
grid. In typical applications the generator is connected to the grid through a soft starter (at
startup) and a capacitor bank is used to provide reactive power compensation. These
systems are designed to achieve maximum efficiency at one particular wind speed. In
order to increase the power production, the generator of some fixed speed turbines has
two winding sets [3]: one used at low wind speeds (typically 8 poles) and the other at
medium and high wind speeds (typically 4 to 6 poles). In direct drive applications, the
generator shaft is directly connected to the turbine shaft, resulting in a low speed
generator with a high number of poles and large diameter. Fixed-speed wind turbines can
present the following advantages:

= Simple construction;

= Robust and reliable operation;

= Relatively low cost of the electric parts;

= Well proven technology;



However, the following disadvantages can be highlighted:
= Uncontrollable reactive power consumption;
= Large mechanical loads resulting from torque pulsations due to power
fluctuations;
*= Limited power quality control;
» In weak grids, power fluctuations lead to voltage fluctuations which may cause
flicker problems;
Voltage and power fluctuations resulting from large mechanical loads develop
mechanical stresses that decrease the lifetime of the turbines [4]. In fixed speed operation,
there is only one wind velocity that results in an optimum tip speed ratio. Therefore, the
wind turbine often operates below its optimum performance, and generally does not
extract maximum power from the wind [5]. Variable speed turbines are being used to
overcome these drawbacks.
1.4.2 Variable speed wind turbines
As the wind speed varies, the speed of the turbine varies accordingly. In typical variable
speed applications, a converter unit (connecting the generator to the grid) is controlled to
operate at the optimum tip speed ratio, thereby achieving an optimum operation of the
system at different wind speeds [6]. Variable speed wind turbines can present the
following advantages:
= Increased Annual Energy Production (AEP) due to the fact that the turbine speed
can be adjusted as a function of wind speed to maximize the output power [6];
= Reduced mechanical stresses. Energy stored in the mechanical inertia of the

turbine, creates a compliance that reduces torque pulsations [7-8];



= Improved Power quality due to low power pulsations. The reduction of power
pulsations decreases the voltage deviations from its rated level at the point of
common coupling (PCC), thereby allowing an increased penetration of the wind
power in the network [8];
= Reduced acoustic noise.
The main disadvantages of the variable-speed wind systems are the additional cost and
the complexity of power converters required to interface the generator and the grid.
1.4.3 Power control in wind energy systems
Wind systems are designed with specific controllers used to control the aerodynamic
forces acting on the wind rotor. The following control techniques are typically used.
1.4.3.1 Stall or passive control
In this method, the blades are bolted onto the hub at a fixed angle. The rotor
aerodynamics is designed to cause the rotor to lose power (to stall) when the wind speed
exceeds a certain level. This is a slow aerodynamic power regulation resulting in low
power fluctuations of the wind generator compared to fast—pitch regulation. Some
advantages of the passive control method are:
= Simple structure;
=  Robust control method;
=  Lower cost of the control unit;
The following drawbacks of the passive control can be highlighted:
= Low efficiency at low wind speeds;

= No assisted start up;



» High steady-state power variations due to the air density and grid frequency
variations.
1.4.3.2 Pitch or active control
In this method, the blades are allowed to turn out or into the wind as the output power
becomes too high or too low. Active control method can present the following
advantages:
= Good power control. At high wind speeds, the output power is kept close to the
rated power of the generator;
=  Assisted start up;
= Emergency stop;
Some disadvantages of the active control method are:
= Extra complexity (due to the pitch mechanism);
= Limited speed of the pitch mechanism. Thus, the instantaneous power fluctuates
around the rated mean power due to the gusts components of the wind speed;
1.4.3.3 Active stall control
In this method, the stall of the blade is actively controlled by pitching the blades. At low
wind speeds, the blades are pitched (similar to the pitch-control method) in order to
achieve maximum efficiency. At high wind speeds the blades are kept into a deeper stall
by being pitched slightly into the opposite direction to that of the pitch-control. Active
stall wind turbines can generate power with limited fluctuations compared to pitch-
controlled wind turbines. This control method has the advantage of being able to
compensate variations in the air density. The combination with the pitch mechanism

makes it easier to carry out emergency stops and start up assistance.



1.4.4 Main characteristics of hybrid wind-diesel systems
Hybrid diesel systems are systems designed to increase the capacity and to reduce the
cost and environmental impact of the electricity generation in remote communities and
facilities that are not linked to a power grid. The following aspects represent some of the
features related to these systems.

= Reduced consumption of the fuel;

= Reduced environmental impact, fuel transportation and emission issues;

= Canbeused for larger power demands up to MW ranges;

= Batteries, if used, store power to cover short lulls in the renewable sources;

= Reduced diesel storage needs;

= However, it requires a good renewable resource to be economical;
Hybrid wind-diesel systems owe their sustainable operation to the amount of wind
resource available where they operate. In general, low, medium and high wind
penetration hybrid diesel systems are being used [9-13].
1.4.4.1 Low penetration Wind-diesel systems
Wind-diesel systems with low wind penetration can present the following characteristics:

= FEasy integration in existing diesel system with little or no diesel modifications

required;

= Diesel engines provide all the frequency, voltage and reactive power control;

= Switch gear would have to be modified to add wind turbines in the system;

=  Modest fuel savings up to approximately 20% is possible;

= Require limited operating staff.



1.4.4.2 Medium penetration Wind-diesel systems
Medium penetration systems present the following characteristics:

= Diesels are expected to operate all the time and provide main system stability
control;

= Additional components are required to control the system frequency, to eliminate
the excess energy and to provide VAR support;

= Secondary diesels may be shut off when not needed, reducing diesel operating
hours and fuel used;

* In high wind periods, primary diesel runs at low loading. Therefore, Diesels may
operate outside of their standard operating region and may require more
maintenance;

=  Thermal loads could be used to set minimum loading;

= A limited supervisory control is required to assist diesels in maintaining the power
quality.

1.4.4.3 High penetration Wind-diesel systems
In high penetration systems the following observations can be made:

= All diesel engines are allowed to shut down during high wind periods, reducing
fuel consumption and operation hours;

= Require hardware to maintain voltage, frequency and reactive power control;

= High technology dependency with system architecture that requires automated
operation;

= A safe operation strategy is required so that if some components are not working,

diesel engines can be operated to supply the load;
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= There is a limited required operating staff.

Table 1.1 summarizes the main features related to the individual hybrid system

configurations.
Table 1. 1 Summary of the hybrid systems characteristics
Level of wind penetration Operating characteristics
Low - Wind power reduces negative load on diesel
- All wind energy goes to primary load
- Does not require complex supervisory control
Medium - At high wind speeds, secondary loads are dispatched to ensure
sufficient diesel loading or wind power curtailment
- Requires relatively simple control system
High - Diesel(s) may be shut down during high wind availability
- Auxiliary components are required to regulate voltage and frequency
- Requires sophisticated control system

High penetration systems have low operating costs and greater fuel savings. Therefore,
these systems are the type assumed in this research work. However, their capital cost can
be relatively high.

1.5 Technical issues in high penetration wind-diesel systems

In high penetration systems, the diesel engine (genset) may be shut down during high
wind availability. Therefore three modes of operation can be observed: “diesels only
(DO)”, “wind only (WO)” and “wind and diesel (WD)”. A sophisticated control system
for voltage and frequency regulation and suitable energy storage devices are required. An
important issue with hybrid systems based on high wind penetration is the power
shedding. When there is excess of the wind power and the storage device is full, part of
the power produced by the wind system needs to be shed. One way to achieve this is to
use a dump load.

During the “WD” operating mode, the load power is supplied by both generators.

However, due to the stochastic nature of the wind and the highly variable load
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characteristic (typical in remote communities), the frequency tends to vary widely. Thus,
the diesel engine which is the grid forming unit would have to compensate for the power
imbalance due to the wind variations. On the other hand, load variations in the system
create an output power variation of the individual generators, which could lead to torque
pulsations (resulting in high stress on mechanical components), reactive power variations
and unbalanced current in the individual generators. This can be especially severe in the
genset unit since diesel engines have relatively poor dynamic performance.

Significant research efforts have been made to reduce the fuel consumption and to
provide good power quality of diesel power system. In [14], a multivariable frequency
domain technique for dynamic analysis of an autonomous wind-diesel power system is
discussed. The author demonstrates that it is possible to improve the system performance
using simple model based controllers for the diesel engine. In [15], an adaptive fuzzy
logic controller for a wind-diesel system using a stall regulated wind turbine equipped
with induction generator is presented. In this work the authors use an adaptive network
based inference system (ANFIS) to generate fuzzy membership functions and control
rules for the diesel engine governor. Authors in [16] deal with the implementation of a
distributed control system using the controller area network (CAN) in hybrid wind diesel
systems with high wind penetration. In [17], the authors propose a Monte Carlo based
method for predicting the economic performance and reliability of autonomous energy
systems consisting of diesel generators and wind energy converters (WECs), meanwhile
in [18] an algorithm for determining the optimal operation scheduling over a period of
hours for an autonomous energy system consisting of diesel units and wind generators is

given.
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These related works do share a common feature. The approach and contributions
suggested by the authors are based on active control systems whereby a converter unit
used to interface the wind generator and the grid is required, thereby increasing
considerably the cost of the system.
The contribution of the research work presented in this thesis differs from the cited works
based on the fact that it is based on passive or reduced active control approach in which
no converter is required between the wind generator and the grid. In this case the overall
cost of the electrification system can be considerably minimized.
1.6 Research goal and research objectives
The goal of this research is to design a small scale hybrid wind-diesel system that
presents suitable power sharing scheme between the generators, while featuring
reasonable cost and efficient load demand satisfaction. The research objectives are the
following:

= Examine the appropriate generator selection for small scale generation;

= Propose an approach to obtain the power-frequency characteristic of fixed-speed

wind turbines;

= Identify key parameters that affect the slope of the power-frequency curve;

= Examine the performance of type 1 wind turbines in the mini-grid;

= Propose an approach to enhance slope of the power-frequency curve using simple

variable speed (type 2) wind turbines in the hybrid system.

The research work presented in this thesis involves the following steps:

= Elaborate the background and related work on hybrid wind-diesel systems and

define the research goal and objectives (details in chapter 1);
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= Generator assessment for small scale generation (details in chapter 2);

Mathematical modeling and experimental validation (details in chapter 3);

Fixed-speed wind turbine performance in diesel mini-grids (details in chapter 4);

Type 2 wind turbine performance in diesel mini-grids (details in chapter 5);

Figure 1.4 summarizes the key steps of the study presented in this thesis.

Wind-diesel systems of the research
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(Chapter 5)
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( Appendix )
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y

Figure 1. 3 Key steps of the research work
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1.7 New contributions of the research

The limitations of the diesel power supply, mainly the electricity cost and environmental
concerns have made hybrid wind-diesel generation to be a better alternative for remote
communities. For optimum wind energy extraction at all wind speeds the system would
typically operate with variable speed turbine. This configuration involves a converter that
allows wide speed range operation of the wind turbine. However, the cost of the
electrification system using this configuration increases considerably. From this aspect
(cost wise), simple wind turbine technologies such as typel and type 2 wind turbines
appear to be cost effective. Droop control is a well-known technique used for parallel
operation and power sharing of generators, whereby the relationship between generated
power and generator frequency is required.

While a desired droop characteristic can easily be realized in the governor of controllable
generators (such as a diesel engine), it is not as obvious for uncontrollable ones like
fixed-pitch type 1 and type 2 wind generators. The new contribution of this thesis involve
three main aspects: first, an algorithm which can be used to obtain the droop
characteristic of type 1 and type 2 wind turbines is proposed and verified experimentally.
Next, an identification of key parameters that affect the slope of the wind turbine power-
frequency curves is done based on which a design approach to achieve suitable droop-
controlled operation of the wind turbine in the hybrid diesel mini-grid has been proposed.
Some standards such as the new European grid codes require that renewable energy
sources should be able to decrease their output power proportionally to the grid
frequency, as the frequency exceeds certain values. In droop controlled systems, this

requirement can be achieved if the renewable energy source presents a means to control
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the droop factor of the power-frequency characteristic. The third aspect of the
contribution of this thesis concerns an approach that has been suggested to achieve this,
using controlled type 2 wind turbines. A dynamic model of a storage-less hybrid wind
diesel mini-grids has been developed and used to demonstrate the effectiveness of the
proposed techniques. Several benefits of these techniques are highlighted.

Although the integration of wind turbines in diesel power plants is aimed at reducing the
fuel consumption of the system, while providing good power quality to the mini-grid, the
work presented in this thesis does not address the diesel engine fuel optimization, or
advanced control strategy for regulating the network frequency. Instead, this research
focuses on a simple approach that uses the aerodynamic characteristics of wind turbines
to enhance the frequency regulation of the mini-grid through a passive control scheme.
This way, the system does not require any converter or advanced control strategy to
interface the wind generator and the mini-grid. Thus, the overall cost of the mini-grid can
be substantially reduced.

1.8 Summary of chapter 1

This chapter has provided an overview of the related work and research issues through
which the research goal and objectives have been defined. The key steps used to achieve
the goal of the research work are presented. The chapter ends with the new contributions
of the research and provides the structure of the thesis as well as the list of publications

related to this research.
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1.9 Structure of the thesis

Chapter 1 discusses the background and related work. Some research issues are
discussed and the goal and objectives of the research are defined. This chapter ends with
the key steps of the research work.

Chapter 2 presents an assessment of suitable generator types for low power applications.
A dynamic model of the individual generator types is derived and used to aid the
analysis.

Chapter 3 proposes an approach to obtain the droop characteristic of fixed-speed wind
turbines.

Chapter 4 provides the design steps to achieve a droop controlled behavior of the fixed-
speed wind turbine in the hybrid mini-grid. The performance of type 1 wind turbines in
the hybrid mini-grid is verified in this chapter.

Chapter 5 presents the potential of type 2 wind turbines in the hybrid mini-grid. An
approach to implement type 2 wind turbines is proposed in this chapter.

Chapter 6 draws the conclusion and future prospects of the research work.
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CHAPTER 2

GENERATORS FOR SMALL SCALE POWER APPLICATIONS

This chapter presents an assessment of generators for small scale power generation. Different generator
configurations are analyzed. Some synchronization techniques suitable for the individual generator types
are introduced. Detailed models of the individual machine types are developed and used to aid the
analysis. The equations representing the dynamic model and the parameters of the machines used are given

in the appendix.

Generators represent one of the essential components of the electrification system. There
is a scant literature on generators for small scale generation (< 100 kW). However,
diverse types of electrical machine with different performance characteristics and power
rating are available, thereby providing the possibility to design decentralized units at
relatively reasonable cost. The following generator configurations are examined in this
analysis:

= Three phase grid connected induction generator (TIG);

= Three phase self-excited induction generator (SEIG);

= Single phase capacitor start induction generator (SCIG);

= Permanent magnet synchronous generator (PMSQ);

= Single phase split-phase induction generator (SSIG);

= Three phase induction machine excited as single phase generator (TIGES).
2.1 Generator models
2.1.1 Three phase grid connected induction generator
In this mode of operation the generator consumes reactive power from the grid and
supplies active power to the grid. The equivalent circuit of the three phase induction
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machine where the machine variables are vector quantities can be represented as shown
in the figure below. R, and X represent the stator resistance and reactance, R, and X, the
rotor resistance and reactance referred to the stator side, X, the magnetizing reactance,
and v, the phase voltage of the machine. p denotes the differential operator d/dt. A;, Ay,
and A, represent the flux in the stator coil, the flux in the magnetizing inductance and the
flux in the rotor coil respectively, meanwhile i; and i, represent the stator and rotor

current vetors.

i R X R X

4
+ W - YN
vi,
v pAl  phX,  pl, Jok,

Figure 2. 1 Phase equivalent circuit of the three phase induction machine

Based on this circuit, a dynamic model of the three phase induction machine can be
derived as described in the appendix. Some results of the grid connected induction
generator obtained using the experimental set-up presented in the figure below are

presented in Figure 2.3.
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Figure 2. 2 Experimental set-up of the grid connected induction generator
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Mechanical power is applied on the shaft at 40s, to drive the machine into generation

mode. This explains why at 40s, the shaft speed becomes greater than synchronous speed

and the phase current in the machine increases.
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Figure 2. 3 Results of the three phase induction generator: a) torque response b) speed response, c)

phase current, d) active power

Figure 2.3.d shows the active power obtained based on the measured phase voltage and

phase current of the machine. Notice that at 40s, the active power becomes negative. A

negative power means the energy is flowing from the generator to the grid.

Figure 2.4 represents the stator phase voltage along with the instantaneous power of the

machine. For proper validation of the model, it is important to verify that the frequency

of the power is twice that of the voltage.
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2.1.2 Three phase self-excited induction generator

In this mode of operation, the machine is not connected to the grid and needs to be self-
excited. Thus, suitable capacitor bank is used to provide the self-excitation. The generator
needs to be loaded after reaching steady state to avoid losing the self-excitation. The
equivalent circuit of the SEIG in the stationary reference frame can be represented as
shown in the Figures bellow. Based on these figures a dynamic model of the SEIG in the

stationary reference frame has been derived. This model is described in detail in the

appendix.
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Figure 2. 5 Phase equivalent circuit of the self-excited induction generator alpha-axis
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Figure 2. 6 Phase equivalent circuit of the self-excited induction generator beta-axis

2.1.2.1 Magnetizing inductance and capacitance for self-excitation
Unlike the grid connected mode of operation where the magnetizing inductance of the
machine is fixed at rated voltage, in self-excited mode, the magnetizing inductance of the
machine varies as the voltage builds up. Therefore, for accurate modeling of the SEIG,
the relationship between magnetizing inductance and current (or voltage) obtained
experimentally from open circuit tests at synchronous speed is required. Then, the
minimum capacitor value required for self-excitation can be estimated. The magnetizing
inductance characteristic of the machine used in this analysis with the parameters given

in the appendix is shown in the figure below.

O. 1 4 T T T T T
—©— measured

.......... simulated

0.12
C

Lm (H)

01F "o,

Figure 2. 7 Magnetizing characteristic of the induction machine

This characteristic can be represented by a fifth order polynomial curve fit using the
following equations.

L, =—0.00047> +0.00257* —0.00277> —0.01161> +0.02337, +0.115 (2.1)
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I = \/([m +1,) + (U, +1,) (2.2)

where 7, is the measured magnetizing current of the machine,/,,/,,/,, and I, the

dtsad T spo T ra
stator and rotor currents in the stationary reference frame. The minimum capacitance

required for self-excitation can be estimated using equation (2.3).
C..=—— (2.3)

Some results of the self excited induction generator obtained using the experimental setup

shown in Figure 2.8 are represented in Figures 2.9 and 2.10.
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Figure 2. 8 Experimental set-up of the self-excited induction generator
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Figure 2. 10 Magnetizing inductance
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Figure 2. 9 Phase voltage
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Figure 2.9 represents the phase voltage of the generator at no load. The variation of the
magnetizing inductance as the voltage builds up till steady state where the inductance
reaches its saturated value can clearly be seen from Figure 2.10.

2.1.3 Capacitor start induction generator

The configuration of the single phase capacitor start induction machine is represented in
Figure 2.11. This circuit comprises two coils, a centrifugal switch and a capacitor. The
capacitor and the auxiliary winding are about 90° ahead of the main winding. The
capacitor is used to achieve maximum starting torque. When the switch is closed, the

auxiliary winding current leads the main winding current for about 90°.
g
A
SW

() 3iq —C

Ld
AV e ds

Figure 2. 11 single phase capacitor start induction machine configuration
Based on Figure 2.11, the following observations and modelling steps can be highlighted:

= The axes of the main and auxiliary windings are orthogonal;

= Therefore, for simplification purposes, the stationary dq axes may be aligned with
the orthogonal axes of the physical windings;

= The rotor cage may be represented by a pair of equivalent dq symmetrical rotor
windings;

= The rotor dq windings and variables need to be transformed to the stationary dq

reference frame;
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= The transformed variables and rotor winding parameters have to be referred to the
input side (relative to the main winding);
= For asymmetrical stator windings, the d-axis winding and the capacitor will also
have to be referred to the main winding side.
Based on these assumptions, the equivalent circuits (per phase) of the single phase

capacitor start induction generator in the dq reference frame can be represented as

follows:
]\]dS l' 1
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Figure 2. 12 Phase equivalent circuit of the single phase CSIG-d axis
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Figure 2. 13 Phase equivalent circuit of the single phase CSIG-q axis

A dynamic model of the single phase capacitor start induction generator has been derived
and given in the appendix. Figure 2.14 represents the experimental setup used to validate
the model of the capacitor start induction generator while Figures 2.15 represents some

results of the model.
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Figure 2. 14 Experimental set-up of the capacitor start induction generator
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Figure 2. 15 Simulated and experimental results of the SCIG: a) torque response, b) currents in the
windings, c) speed response, d) measured phase current

An increase in the current at 55s (Figure 2.15.d) is due to the applied mechanical power
on the generator shaft. This explained why at 55s, the shaft speed increases above
synchronous speed (Figure 2.15.c). The open circuit condition is shown in Figure 2.15.b
where the auxiliary winding current becomes zero.

2.1.4 Permanent magnet synchronous generator

Permanent magnet synchronous generators are often used in renewable energy systems
for fixed and variable speed applications [19]. A typical configuration of such a system is

illustrated in the figure below.
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Figure 2. 16 Typical permanent magnet synchronous generator application

The generator is connected to the grid through a converter which is used to control the
generator frequency. An important issue when a permanent magnet generator is
connected to the grid is the flow of reactive power. In typical applications, the generator
can be controlled to provide no reactive power to the grid. A dynamic model of the
system represented in Figure 2.16 is derived in the appendix. To simplify the analysis, the
prime mover and the grid side converter models are left beyond the scope of this analysis.
Some results of the permanent magnet generator are represented in the figures below,

showing how the torque (or mechanical power) variations affect the generated currents.
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Figure 2. 17 Generator torque response

29



80

R

time (s)
Figure 2. 18 Generator output currents

2.1.5 Split phase induction generator

The electric circuit of the split phase induction machine is represented in the figure

below.

SW

"

Ld

‘ YT Y

Figure 2. 19 Single phase split phase induction machine configuration

The auxiliary winding is made of smaller conductor size, requiring fewer turns than the

main winding. Therefore, the auxiliary winding has a higher resistance to inductance ratio

than the main winding. Similar to the capacitor start machine, a dq model of the single

phase split phase induction machine can be derived as given in the appendix. Some

results of this model are represented in the figures below.
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Figures 2.24 and 2.25 represent the voltages and currents waveforms of the main and
auxiliary windings respectively. The open circuit condition can clearly be seen from the
current waveforms. The switch is open at 2s. Thus, the auxiliary winding current

becomes zero.
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Figure 2. 20 Main and auxiliary winding Voltages Figure 2. 21 Main and auxiliary windings

currents

Figure 2.26 is used to verify that the frequency of the instantaneous power is twice that of

the applied voltage.
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Figure 2. 22 Stator voltage and instantaneous
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Figure 2. 23 Electromagnetic torque and load
torque

Figure 2.27 represents the torque response. Mechanical power is applied on the shaft at

5s. Thus, the slip becomes negative while the shaft speed increases.
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Figure 2. 24 Slip response Figure 2. 25 Speed response of the single phase

SPIG
At start up, the slip is 1 since the shaft speed is zero. The speed of the machine increases
as the slip decreases. At 5s, mechanical power is applied on the shaft and the machine
runs into generation mode, therefore, the shaft speed becomes greater than synchronous
speed, resulting in negative slip.
2.1.6 Three phase induction machine excited as single phase generator
Three phase induction machines can be used to supply single phase loads [20]. This

configuration is illustrated in the figure below.

Za Zc Vioad

Zb
Figure 2. 26 of the three phase induction machine excited as single phase generator
The use of a three phase induction generator to supply single phase loads results from the
fact that single phase machines are available up to 15 hp only. Thus, it becomes

expensive to meet certain load requirements using single phase generators. The cost per
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kW of a single phase generator is generally higher than that of the three phase generator.
In order to minimize the investment cost of the electrification system, three phase
machines can be excited as single phase generators while connecting the stator windings
in delta. However, this operating condition results in an output power lower than the
nominal power of the machine. Approximately 80 % of the rated power can be achieved.
Single phase operation of three phase machines might lead to torque pulsations, resulting
in lower output power quality of the system. Figure 2.27 represents the conventional
approximated single phase equivalent circuit referred to the stator side, of a three phase

induction machine.

Figure 2. 27 Induction machine phase equivalent circuit

In the generating mode, the slip is negative. Thus, the real part of the equivalent circuit
terminal impedance will be negative if the generating requirements are to be satisfied.
This means that [RS+R,/s[< 0. Thus, the slip range providing the operation in generating
mode is -R,/R; < s < 0. However, it is possible to increase this range using higher rotor
resistance at the expense of reduced efficiency. The experimental setup used to validate
the model of the three phase induction machine excited as single phase generator is

represented in the figure below.
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Figure 2. 28 Experimental set-up of the three phase machine excited as single phase generator

Figure 2.29 represents some results of the three phase induction machine operating as a

single phase generator.
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Figure 2. 29 Results of the three phase induction machine excited as a single phase generator

At 62 s, mechanical power is applied on the shaft, thereby driving the machine into
generation mode. Thus, the current in the machine winding increases as shown in Figure
2.29.b. One issue with three phase machines running as single phase generators is that the
current in the generator windings might not be balanced.

2.2. Synchronization schemes of the generator types

Synchronization is an essential requirement to be met when a generator needs to be
connected to the utility or in parallel with other generators. This requires having the same

amplitude and phase angle of the generator output variables before closing the breaker, to
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avoid damaging the protection system and the load. This Section introduces suitable
synchronization (or soft grid connection) techniques for the generator types discussed in
the previous Sections. Basic grid synchronization (or interconnection) schemes can be
classified as follows:

= Soft starter based connection scheme (SST)

= Zero crossing detection based connection scheme (ZCD)

= Phase lock loop based connection scheme (PLL)

= Inverter interface based connection scheme (IVT)

2.2.1 Soft-Starter based Connection Scheme

Soft starters are being widely used in industrial applications to reduce mechanical stress
on mechanical components and electrical stress on supply systems. Other applications of
soft starters can be found in direct grid connected wind systems equipped with three
phase squirrel cage induction generators. Figure 2.30 represents a typical application of

soft starters in wind systems.

By-pass switch
P

Gearbox Transformer Utility

. 1 Soft-starter
Capacitor

Turbine bank

Figure 2. 30 Typical application of the soft starter in direct grid connected wind system

In such applications, a control system is required to assure proper operation of the wind
system under all conditions. The soft starter is made of two antiparallel thyristors per

phase. A capacitor bank is used to control the generator output power factor. The soft
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starter is used only during the generator start-up sequence, in order to limit the inrush
currents and the starting torque transients in the drive train.

2.2.2 Zero-crossing detection based connection scheme

The ZCD is another type of soft connection scheme suitable for single phase induction
machines. This scheme can be used to synchronize a generator with the grid or to
synchronize generators operating in parallel to form a mini-grid. A typical application of
the ZCD scheme is represented in Figure 2.31. In this scheme, the generator and grid
signals are compared in order to connect the incoming generator to the grid at the instant
of perfect phase matching. The grid and generator voltages are stepped-down and
converted into square waves (using the ZCD modules). Phase angles of the grid and

generator voltages are compared using a phase matcher.
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Figure 2. 31 Typical application of the ZCD scheme
2.2.3 Phase Lock Loop based Connection Scheme
Phase lock loop schemes are being used in industrial applications and power generation
systems. This scheme is often used for three phase machines. Figure 2.32 represents the

general concept of the phase lock loop.
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Figure 2. 32 General concept of the PLL

The PLL estimates the grid angle used to generate the control signals for a converter
intended to be connected to the grid. Input voltages are transformed into components
referred to the grid voltage phasor. These components provide sufficient information
concerning the phase angle of the system. A low pass filter (loop filter) is used to
suppress the noise and high frequency terms in the signal (from the phase detector),
which can be due to the asymmetry in the three phase voltages. The performance of the
PLL would depend on the phase detector and the bandwidth of the loop filter. With a
slow dynamic response of the PLL loop, a higher rejection of disturbances can be
achieved at the expense of poor tracking of the grid angle. Table 2.1 summarizes the

features related to the individual generator types.

Table 2. 1 Summary of the generator characteristics

Generator types | Cost, power range & maintenance | Synchronization scheme
SST | ZCD | PLL | IVT
TIG +++ + - + +
SCIG +-- - + - -
PMSG -+- - - + +
SSIG +-+ - + - -
TIGES ++- - + - -

2.3 Summary of chapter 2
In this chapter, an assessment of generator types for small scale power generation is
presented. Suitable generator selection (based on cost and required maintenance) can
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enhance the design of the electrification system. Induction machines have simple and
rugged construction, low maintenance with possible direct connection on AC power.
Therefore they have relatively low costs. In single phase applications requiring high
starting and accelerating torques, single phase capacitor start induction machines will be
suitable. These machines can present high starting torque, due to the capacitor used in the
electric circuit. For low power single phase applications, capacitor start and split phase
induction machines can be used. However split phase machines present low or moderate
starting torque. Induction machines can be limited in applications where high efficiency
is required. Permanent magnet machines have high power density, high efficiency due to
the elimination of magnetizing current and copper losses in the rotor and they can provide
high performance. The main disadvantage of these machines is the cost of magnets and

converter required for their application.
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CHAPTER 3

MATHEMATICAL MODELS AND EXPERIMENTAL VALIDATION OF
FIXED-SPEED WIND TURBINES

In this chapter, an algorithm to obtain the power-frequency characteristic of fixed-speed wind turbines is
proposed. The research work presented in this thesis is based on the parallel operation of a wind turbine
and a diesel engine generator set. Droop control is a well known technique for parallel operation of
generators, however, it requires having the power-frequency characteristic of the individual generators.
While this characteristic is usually available for diesel gensets, it might not be easy to be obtained for
uncontrolled wind turbines. In this chapter a simple approach to obtain this characteristic for fixed speed

wind turbines is developed and verified experimentally.

Parallel operation of diesel gensets and wind turbines can provide several benefits
including reduced fuel consumption and reduced environmental impact. These benefits
are high when the wind turbine is a variable speed wind turbine, due to the possibility
provided by variable speed wind turbines to achieve maximum wind energy extraction at
all wind speeds. However, in these configurations, the wind turbine is equipped with a
power converter that increases considerably the cost of the electrification system.
Therefore, fixed-speed wind turbines appear to be cost effective. Figure 3.1 illustrates a
typical wind-diesel system configuration using fixed-speed wind turbine. The wind
system is equipped with a squirrel-cage induction generator (SCIG). Squirrel-cage
induction machines are robust and widely manufactured with relatively low cost [21-23].
In high penetration systems, three modes of operation can be observed: “diesels only
(DO)”, “wind only (WO)” and “wind and diesel (WD)”. A sophisticated control system

for voltage and frequency regulation and suitable energy storage devices are required.
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When the load cannot absorb the power produced by the wind turbine, a dump load is
added to the system to prevent reverse power flow and consequently tripping of the grid
forming diesel unit(s). During the “WD” mode, the load is supplied by both sources. As
the wind is characterised by an intermittent and stochastic nature, the power produced by
the wind turbine can vary significantly and the genset (master unit) is responsible for
balancing power generation and demand. This is not an easy task, especially in remote

communities due to their highly variable load characteristic.
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Figure 3. 1 Typical hybrid wind-diesel system configuration

3.1 Problem statement

There have been significant research efforts to optimize the design and operation of
hybrid wind-diesel mini-grids so as to meet the load demand with reduced fuel
consumption and cost, while providing good power quality and system reliability [24-28].
This is usually achieved by means of power electronic interfaces for the renewable
energy sources and energy storage devices employing sophisticated control algorithms.

This research work investigates the impact of simple fixed-pitch wind turbines (type 1
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and type 2) on steady state and transient state frequency regulation of storage-less wind-
diesel hybrid mini-grids.

Figure 3.2 illustrates a simple hybrid wind-diesel power system, where both sources
present a droop characteristic. Usually, the droop characteristics of the gensets are known
while those of wind turbines are not. It is assumed in this analysis that wind turbine droop
characteristics have smaller slopes compare to genset droop characteristics. In systems
such as the one represented in figure 3.2, load variations (Apy,qg) resulting in frequency
variations (4Ay), will be shared by the genset (Apg.,) and the turbine (Ap,,).

It appears from Figure 3.2 that for a given frequency variation (A), the genset due to its
larger slope will experience higher power variation compared to the wind turbine (Apgen
>Apyy). In order to identify how much load variations will be shared by the individual

generators, the power-frequency characteristic of the wind turbine should be known.

Genset

we [T

Load Load
A :

Wind generator

Figure 3. 2 Parallel operation of the wind and diesel generators
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In this chapter, a simple approach to estimate the power injected into the grid by fixed-
speed wind turbines at different grid frequencies and wind speeds based on the torque-
speed characteristic of the induction generator and the aerodynamic characteristic of the
wind turbine is proposed and verified experimentally.

3.2 Wind system modeling

The speed loop of a fixed-speed wind turbine can be represented as shown in figure 3.3,
where T,,(w,) represents the wind turbine torque, K., the gear box ratio, J,, the
equivalent moment of inertia of the system, 7,,(w,) the torque developed by the
generator and w,, the shaft speed of the generator. The torque-speed curves of the

assumed wind turbine are represented in Figure 3.4.
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Figure 3. 3 Speed loop of a fixed-speed wind turbine
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Figure 3. 4 wind turbine torque speed characteristic
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3.2.1 Wind turbine torque model
A simple model of the wind turbine rotor aerodynamic characteristic can be represented

using the following equations [29-32],

1, = AR C (2. ) 3.1)

1=% R (3.2)
u

P, =§ﬂR2u3Cp(/1,ﬂ) (3.3)

where A is the tip speed ratio, £ the pitch angle, R the rotor radius, w, the turbine shaft
speed, u the wind speed, T, the turbine torque and P,, the turbine power. C; (A,) and
Cp(A,p) represent the torque and power coefficient characteristics of the turbine, which
are functions of the tip speed ratio and pitch angle. The torque-speed characteristic of the
wind turbine can be obtained by substituting equation (3.2) in equation (3.1), as given in

the following equation (for f=0).

wr

T = gﬂR%ﬂCT @ R) (3.4)
u

3.2.2 Induction generator torque model

The phase equivalent circuit of the induction machine is illustrated in Figure 3.5, where
R, and X, are the stator resistance and reactance, R, and X, the rotor resistance and
reactance referred to the stator side, X, the magnetizing reactance, s the slip and V), the

phase voltage of the machine.
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Figure 3. 5 Phase equivalent circuit of the induction machine

The following equations can be derived based on Figure 3. 5.

X
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ph
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Tem _ Wsyp _j)shaft
R @
Rth e +(Xth +Xr)2
a)syn - wshaft

(3.7)

(3.8)

(3.9)

(3.10)

oy, tepresents the synchronous speed of the machine and f; the stator frequency.

Equation (3.10) represents the induction generator torque-speed characteristic.

3.3 Power estimation algorithm

The approach to obtain the power-frequency characteristics of a type 1 wind turbine is

presented in this Section and validated by means of a laboratory prototype. In order to

calculate the power injected into the grid by the wind turbine in steady state at different

wind speeds and grid frequencies, the value of the shaft speed (w,) should be known. This

can be done assuming that in steady state, the torque developed by the wind rotor
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reflected to the high speed side of the gear box (7., ) is equal to the electromagnetic
torque of the induction generator (7).

The curves of T, W* and T, using the parameters given in Table H of the appendix, are
represented in Figure 3.6 at different wind speeds and grid frequencies. An ideal gear box
with a gain K, (>1) has been assumed. The point of intersection between both curves
provides the shaft speed on the high speed side (w, ) that satisfies the steady state
condition. At this point, the slip of the generator and the generator losses should be

known, since the grid frequency is known.
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Figure 3. 6 Torque-speed curves of the wind rotor and induction generator on the generator side

Then, the mechanical power and the power injected into the grid by the wind generator at
the point of intersection can be predicted. An algorithm for calculating the shaft speed

and the power injected into the grid by the wind turbine is developed as illustrated in
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Figure. 3. 7. The shaft speed is calculated iteratively by comparing the error between T},
and T,,, for candidate shaft speeds. A good initial guess (w,.o ) is the shaft speed at which
the generator operates with zero slip (s = 0). This is then increased by a small factor
(Aw,*) until the error between T, W,* and T, is smaller than en,,. Once the shaft speed is
known, the mechanical power developed by the wind rotor (P,,,) can be calculated. Then,
the power injected into the grid by the wind turbine for a given wind speed and grid
frequency is obtained by subtracting the induction generator losses from P,,. The
induction generator losses are calculated using the approach described in the IEEE
Standard Test Procedure for Polyphase Induction Motors and Generators (IEEE Std 112-
1991). The mechanical losses are assumed to be 1.8% of the rated power, as
recommended for machines under 125 HP. The following equations have been used to

calculate the generator losses.

Prot(a)r) =3Rr[12 (a)r):l2 (3.11)
L(w)= _— (3.12)
[(R, +——)+j(X, +X,)]
s(®,)
P, (@,)=3R [ (0,)] (3.13)
I(w,) = Va : (3.14)
R +jX, + I ]
. + R
X —+ X,
s(®,)

P]OSSES(a)I”) = ])I”Ot (a)l’) + Pstat(a)r) + P

we+ frict

(3.15)
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where I, (w,) represents the steady state rotor current, /; (w,) the steady state stator
current, P,, (®,) the steady state rotor losses, Py, (®,) the steady state stator losses and

P,e+piic the mechanical losses of the generator.
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Figure 3. 7 Flow chart of the proposed algorithm
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The proposed approach has been validated experimentally using a laboratory prototype
hybrid system. The prototype system is made of a hybrid wind-diesel emulator developed
and used to aid the analysis. The concept and development of the assumed emulator is
described in detail in the following Section.

3.4 Experimental set-up development

Figure 3.8 represents the configuration of the experimental set-up. This set-up consists of
two DC drive systems (DCS 800 and buck converter), controlled using DSP controllers

(dSpace DS1103 PPC) plugged in a host PC.

ABB
DCS800 SYNCHRONISER
DC Drive
DCM SG
: L
PC and
SIGNAL
“» SCU |—>» - dSpace Load
ACQUISITION
_ ] system Q
Buck
Converter

PMDC SEIG

Figure 3. 8 Hardware configuration of the experimental setup

The DC motor (DCM) is used to emulate the diesel engine prime mover torque, while a
wound rotor induction machine is excited to operate as a synchronous generator (SG).
The wind turbine unit consists of a permanent magnet DC motor (PMDC) that emulates
the torque characteristic of the wind turbine, and a squirrel cage induction generator
excited externally using a capacitor bank (not shown in the figure). A synchronizer is
used to match the phases of the individual generators before connecting them in parallel.

48



Signals from the set-up are used to feed a Signal Conditioning Unit (SCU), which serves
to ensure the galvanic isolation between the PC and the dSpace hardware. The developed
system supports the C code extension and Matlab files. Models crated in Simulink are
transformed in to C code and used as program to control the setup. Visualization and
control parameters are available on a dSpace control desk where layouts that fit specific
requirements have been developed.

3.4.1 Wind turbine model used in the set-up

The implementation of the wind turbine torque characteristic is achieved using the
aerodynamic characteristic equations given in Section 3.2.1. The induction generator
used in the wind system is externally excited. It is therefore necessary to estimate the
capacitor value that will provide the required reactive power to the generator. To achieve
this, a critical case study where the generator supplies a resistive-inductive (RL) load will
be assumed.

3.4.1.1 Capacitor required for the self-excitation

The steady state circuit of a self-excited induction generator per phase feeding an RL load
can be represented as shown in Figure 3.9 [33], where the core losses of the machine
have been neglected. In this figure, all the parameters except X,, are assumed to be
constant and unaffected by the saturation effect. The loop equation for the current shown
in Figure 3.9 can be expressed as follows.

1Z=0 (3.16)
where Z is the net loop impedance given by:

Z=A4,+B, (3.17)
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Figure 3. 9 Steady state equivalent circuit of self-excited induction generator with RL load

Under steady state excitation 7 # 0, it follows from equation (3.16) that Z = 0 (or both real

and imaginary parts of Z are zero). The real part yields,

—a,F* +a,F* +(a,X, +a,)F —a, X, =0 (3.20)
and the imaginary part yields,
—bF*+b,F? +(b,X, +b,)F> —(b X, +b,)F —b,X, =0 (3.21)

where a;, i =1,....5 and b; , j=1,....7 are positive real constants given in [34] Equations

(3.20) and (3.21) can be solved for X, as shown in the following equations.

3 _ 2 _
x = AF - f}F - AF (3.22)
3b T 45

B F4 _ 3 2
x -5 BzzF B,F*+B.F (323)
B,F*—B.F B,

where 4,=a; and B;= b, are evaluated at X,, = X, Which is the maximum reactance
obtained from the no load test characteristic of the induction machine. Figure 3.10
represents the magnetizing characteristic of the induction generator used in this analysis
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with the machine parameters given in the appendix. It appears from this figure that X,

is the reactance value that corresponds to L, = 0.11H.

L L L L L
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0.1
L 0.08
£
- 0.06F
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002 r r r r
0 0.5 1 1.5 2 2.5 3

I (A)
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Figure 3. 10 Magnetizing characteristic of the induction generator

Equations (3.22) and (3.23) can be rearranged as follows:

AF’ —A4F’ - A,F _BF'-B,F’ - B,F’ +BF

(3.24)
A F — A B,F’ -B,F - B,
This simplifies after a tedious elaboration into the following equation.
a,F*—a,F’ +a,F* —a,F+o, =0 (3.25)

where a;, 1 = 0,....4 are positive constants given in [34]. Equation (3.25) has 4 positives
real roots. Substituting these roots in equation (3.22) or (3.23) and solving for the
capacitor will results in C;, 1 < 4. It follows that the minimum capacitor required for self-
excitation is:

C,., =min(C,,i <4) (3.26)
The minimum capacitor required for self-excitation under resistive and no load
conditions can be estimated by setting X; and (or) R; in equation (3.19) equal to zero
accordingly, and solving for X.. The frequency corresponding to C,;, can be used to
estimate the minimum speed below which the self-excitation fails to take place. If

equation (3.25) has no real roots, no excitation is possible.
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3.4.2 Diesel engine model used in the set-up

The diesel engine model used in the experimental set-up is a simplified model of diesel

prime mover. This model is illustrated in the figure below.

f NL Speed Diesel prime-mover s
¢ regulator |- ——————————— |

T T I —

' L k — | J| @
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- ]
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l+s7, Tothe D.C.drive 2 <+

Figure 3. 11 Simplified Diesel engine model

The model represented in Figure 3.11 can be used to achieve two operating conditions of

the diesel engine. The fixed-speed mode and the droop controlled mode of operation. fy;,

m, Pg represent the no load frequency, the slope of the droop characteristic and the power

of the synchronous generator respectively. w,.r represents the reference speed of the

governor and w,. the shaft speed. k,, and k. are the actuator constant, and the engine

torque constant respectively while 7, 745 and 7, represent the actuator time constant, the

load disturbance on the engine shaft and the engine dead time respectively. In fixed-speed

mode, fy; and m are set to zero. Table 3.1 provides the parameters of the genset used in

the experimental set-up [35].

Table 3. 1 Diesel engine parameters

Woodward governor EG-3P and EAS00 actuators

Parameters Value (p.u., s)
Engine torque constant (k) 0.8-1.5
Actuator constant (k) 1.0
Engine inertia (J) 0.5
Actuator time constant (z,) 0.05-0.2
Engine dead time (z,) 0.0-0.25
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3.4.3 Wind-Diesel emulator model

The wind-diesel emulator model implemented in the experimental set-up is illustrated in
the figure below. Motors DCM1 and DCM2 are D.C. motors coupled mechanically to the
self excited induction generator and synchronous generator (SG) respectively. A

synchronizer unit serves to match the phase angle and voltage amplitude of the individual

generators.
D.C. drive 1 SE.LG.
V. Wind -
wind emulator gy
Phase

s5\ Synchronizer
Diesel engine NN ﬁ
ﬁef ’ emulator -

D.C. drive 2
Figure 3. 12 Wind-diesel emulator model

The wind emulator model consists of the aerodynamic characteristic of the turbine, a
speed controller and a current controller as illustrated in Figure 3.13.

The output of the aerodynamic block provides the speed command to the speed
controller. The speed controller is used to provide the reference current signal for the
hysteresis current controller and the output of the current controller block is used to
control the switch of the DC drive 1, which is a buck converter. The speed and current
controller derivation of the wind emulator is left beyond the scope of this thesis.

Speed

\ Controller Hysteresis
‘ TWt Wind Turbine ‘ a)* R N cur[?r]tgoirﬁ?
| Aerodynamic | |
i — | driver
w,, 7

Figure 3. 13 Wind emulator concept
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The diesel engine emulator consists of the governor actuator and diesel engine torque
model as represented in Figure 3.14. The output of the torque model provides the
reference torque (1. ) used to control a D.C. drive (DCS800) that operates in torque
control mode. The D.C. drive is used to controls the D.C. motor connected to the
synchronous generator. 7z (=& Ploaqa /W) Tepresents the torque disturbance due to the
loading of the diesel genset. Pj,.4 represents the load power demanded from the genset

and w, the shaft speed of the genset.

Governor actuator

& Speed regulator _ _ z-dis
a)ref 4» Diesel prime-mover # . DCarive
J > k g7 T T, ac
Wer — > — > k e d @ —Cp / —»D.C motor
B —» 1+s7, e D.C.

Figure 3. 14 Diesel genset emulator concept

3.4.4 Diesel engine speed controller design
In order to design the genset speed controller shown in Figure 3.14, the direct loop of the
system represented in the figure below is needed.

T,..(disturbance)

|
o

) + : k, f; k, k, 1-s7, dn )
ref—» —» k +-—L (> >
4 - L st,+1||1+s7, st +B, at
Controller T
[0

T

Prime mover-shaft em

v

Figure 3. 15 Direct loop model of the coupling shaft

The controller parameters are tunned based on the second order standard system. In
Figure 3.15, the time delay of the engine has been expressed using the first order Padé
approximation as given in the following equation:
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I_SE l-s7
e*STd ~ ~ d (327)
l+std I+s7,
where,
t
T, = Ed (3.28)

In order to obtain a closed loop second order system including the PI controller transfer
function, the prime mover-shaft part of Figure 3.15 can be approximated to a lower order
model, based upon the assumption that 7; < 7,< Jo/B.y, where J,, and B,, are the
equivalent moment of inertia and friction coefficient of the diesel genset respectively.

Thus, the transfer function of the direct loop system can be derived as follows:

D(S):wfc,(s):(skﬁkij( 1-s7, ] (529

s sJ,, + B,

The characteristic equation of the closed loop system is obtained by solving the equation

1+D(s) = 0.

k +B_—k .
P Tl PO B S Y (3.30)
oy Tk, Joy — Tk,

eq eq

Based on equation (3.30), the following standard parameters for the second order

transient response can be derived:

o, = K (3.31)
ki (Jeq - Tdkp)
2 . k, -1,k
=2 2 (3.32)

k[ (‘]eq - Tdkp)
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Tl

PO.=e'" (3.33)

¢ (3.34)

N

4
L o,
w, and ¢ represent the natural frequency and the damping ratio of the control system
respectively. P.O. and ¢, represent the percentage overshoot and the settling time of the
system. Parameters k; and k, of the controller are obtained by setting the percentage
overshoot and settling time and solving equations (3.31) to (3.34).
3.4.5 Experimental Set-up configuration
The implemented experimental set-up of the hybrid wind-diesel emulator is shown in the

figure below.

Dspace Unit '-

Figure 3. 16 Experimental set-up of the wind-diesel emulator
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3.4.6 Results of the wind-diesel emulator

3.4.6.1 Operation in the fixed-speed mode

Figure 3.17 shows some results of the emulator when the diesel engine operates in fixed-

speed mode.
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Figure 3. 17 Results of the emulator at constant wind speed and variable load: a) speed response, b)
rms phase currents, c) active power of the individual generators, d) grid frequency

A decrease in the load is applied at 12s and brought back to its initial value at 20s. It

appears from Figure 3.17.c that the genset power decreases while the wind turbine power

remains constant since the wind speed is constant. Figure 3.17.d represents the grid

frequency. The genset frequency returns to its initial value after load disturbances. This

observation results from the fact that the diesel prime mover operates in fixed speed

mode.
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Figure 3. 18 Result of the emulator at constant load and variable wind speed: a) wind speed, b) active
power, ¢) frequency response

Figure 3.18 represents the case where the load is kept constant while the wind speed
varies as shown in this figure. As the power generated by the wind system increases, the
genset power decreases (Figure 3.18.b). The resulting frequency response is shown in
Figure 3.18.c. Since the genset operates in fixed-speed mode, the frequency returns to its
steady state value after a step variation in the wind speed has been applied.

3.4.6.2 Operation in the droop control mode

Figure 3.19 represents the system frequency when the genset operates in droop control
mode. The genset unit has a rated power of 5 HP meanwhile the wind turbine unit is rated
at 2 Hp. The no-load frequency of the genset is set to 52.5 Hz with a minimum frequency

at rated power of 50 Hz. Thus, the droop factor of the gen-set is 1.492 kW/Hz. Two cases
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are illustrated in Figure 3.19.The case where the genset supplies the load alone and the

case where both the wind turbine and the genset share the same load.
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Figure 3. 19 Frequency variations when the system operates in droop controlled mode

The load is increased at 10s and brought back to its initial value at 15s while the wind
turbine operates at constant wind speed. It appears from Figure 3.19 that a step change in
the load changes the frequency operating point, relatively to the droop operation of the
diesel engine (in both cases). Furthermore, when both generators supply the same load
the grid frequency is lower than the case where only the genset supplies the load. This
characterises the droop controlled behaviour of the system whereby, as the power
supplied by the genset (grid forming unit) increases, the system frequency at which it
operates must decrease and vice versa.

3.5 Wind turbine droop characteristic validation

The power estimation algorithm illustrated using the flowchart of Figure 3.7 is verified
experimentally in this Section. Since this aspect concerns the wind turbine only, the wind
turbine unit of the experimental set-up described in the previous Section has been

configured as illustrated in the figure below and used to validate the proposed algorithm.
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Figure 3. 20 Experimental set-up used to verify the power estimation algorithm

The variable grid frequency is achieved using a 4.5 kVA variable frequency power
supply from California Instruments. A resistive load, calculated to consume more power
than the power supplied by the wind turbine is used to prevent reverse power flow in the
unidirectional power supply. The active power injected into the grid by the type 1 wind
turbine is obtained by subtracting the power generated by the AC supply (W1) from the
load power (W2). Tables 3.2 and 3.3 summarize the estimated and measured results at

different wind speeds.

Table 3. 2 Estimated and measured injected Table 3. 3 Estimated and measured injected

power at 8 m/s power at 10 m/s

fs(Hz) [ Estimated | Measured fs(Hz) W Estimated | Measured
(rad/s) | (W) (W) (rad/s) (W) (W)

47 154.6 | 1035 1015.3 47 167.6 3078 3048.7

48 157.5 19794 965.29 48 171 3053 3035.7

49 1604 | 921 903.40 49 174.4 3021 2993.9

50 163.2 | 858 847.36 50 177.7 2983 2963.6

51 166 796.4 774.89 51 180.9 2938 2918.5

52 168.8 | 730.1 717.17 52 184.1 2888 2877.6

53 171.6 | 661.8 651.74 53 187.2 2830 2812.4

A (Hz) 6 Ar (Hz) 6

Ap (W) -62.20 -60.59 Ap (W) -248 -236.3

S1, (W/Hz) -10.37 -10.10 S1,(W/Hz) -41.33 -39.38
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Figure 3.21 represents the power-frequency characteristics of the wind turbine plotted

using the estimated and measured quantities of Tables 3.2 and 3.3.
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Figure 3. 21 Estimated and measured power-frequency curves at different wind speeds

It appears from Figure 3.21 that both characteristics present similar shapes. However, the
estimated quantities are larger than the measured quantities. This is mostly due to the

rotational losses of the generator which have been neglected in the estimation part.

The errors depicted in Figures 3.21.c and 3.21.d are relatively small. These errors are
good enough to validate the proposed approach to estimate the power-frequency
characteristic of type 1 wind turbines.

3.4 Summary of chapter 3

Fixed-pitch fixed-speed wind turbines equipped with induction generators present low

capital and maintenance costs which are interesting features for small hybrid diesel mini-
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grids. However, the lack of means for controlling the amount of injected power might
create some concerns regarding frequency stability. In this chapter, a method for
obtaining the injected power vs. grid frequency characteristic of this wind turbine type
has been presented. The proposed approach has been validated by means of simulation
and experimental results. An experimental set-up involving a diesel genset and a wind

turbine emulator was built.
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CHAPTER 4

TYPE-1 WIND TURBINES IN DROOP-CONTROLLED DIESEL MINI-GRIDS

This chapter examines the performance of fixed-speed wind turbines in diesel mini-grids. In the previous
chapter, it has been shown that this turbine type presents an inherent droop characteristic. A design
approach to select the turbine parameters that will results in high slope of the power-frequency curve is
first presented in this chapter. High slope is beneficial for the hybrid system, since it will help to assist
more with the frequency regulation. Next, the steady state and transient behavior of the hybrid system is

analyzed.

The use of renewable energy sources to offset conventional power generation based on
diesel fuel in remote communities can present many benefits [36]. Usually the diesel
power plant forms the grid and balances the active and reactive powers in autonomous
power systems. This is not an easy task in diesel hybrid mini-grids operating with high
wind penetration, since the wind speed is highly intermittent. In addition to this, the load
profile in remote communities can vary with the peak loads as high as 5 to 10 times the
average loads [37]. Thus, the power demanded from the diesel generator sets and the grid
frequency tend to vary widely, compared to conventional systems, thereby increasing the
mechanical stress of the generators and decreasing the power quality of the system [38].

Energy storage units could be used to assist with power balancing, but the capital cost can
become considerable if large amounts of storage are required. Another option could be to
use secondary loads with intrinsic energy storage characteristics (such as water heaters,
water pumps, water desalination plants and ice making plants), that can be switched on
and off for some time without creating major effect on the consumer load. This can be

achieved in a centralized way, via a communication channel as presented in [39-40].

63



However, this can become costly if the controllable loads are far from the mini-grid
supervisory controller. Alternatively, a decentralized approach can be used where the
controllable loads would react relatively to locally measured quantities such as the grid
frequency. This scheme can be implemented by operating the mini-grid with a variable
frequency, based on a power-frequency droop characteristic. In this way, the frequency
value conveys the information of power availability in the mini-grid and the controllable
loads as well as the generation units dispersed in the mini-grid so that they can adjust
their power levels to assist with frequency control. Although systems operating with
tightly regulated frequencies are customary, some standards such as the European
EN50160 only require the frequency in autonomous power systems to be within + 2% of
the rated value (50 Hz) during 95% of the week and within 15% during 100% of the
week [41].

As for the renewable energy sources integrated into diesel hybrid mini-grids, it is also
desirable that they adjust their output power to assist with power balancing and frequency
control. For instance, the new European grid codes require that renewable energy sources
decrease their output power proportionally to the grid frequency, when this exceeds
certain values [42-43]. In general, this can be achieved using pitch controlled wind
turbines where the generator could be squirrel-cage induction generators (SCIG), double-
fed induction generators (DFIG) or permanent magnet synchronous generators (PMSM)
[44-46]. In the two latter cases, the power electronic interfaces also offer reactive power
flow control capabilities. However, these features obviously increase the cost of the wind

turbine and the electrification system.
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Fixed-speed fixed pitch wind turbine is a configuration that is less expensive but often
overlooked. However, this configuration presents some desirable features for practical
applications in remote communities such as lower part count, improved reliability,
reduced maintenance and lower technician expertise, the latter being extremely difficult
to find in remote northern communities. In cases where the technical expertise is
available nearby, travel conditions can introduce lengthy delays in repair, thus mandating
longest possible times between failures. In addition to this, type 1 turbines have an
inherent inertial response that helps to reduce the rate of change of frequency whenever
there is an active power imbalance in the system [47-48], which can be an asset for
systems with reduced rotating masses. Furthermore, the output power of type 1 turbines
is affected by the stator frequency [49-50], which makes it possible to assist with
frequency regulation in a passive way.

This Chapter investigates the potential of fixed-pitch type 1 wind turbines for remote
communities, to assist with primary frequency control in storage-less wind-diesel hybrid
mini-grids. As a passive system, it does not require any wind speed, active power and
grid frequency measurements for control purposes. The impact of the number of blades
and pitch angle on the power-frequency characteristics of the wind turbine is investigated
using the approach described in the previous Chapter. Design parameters that maximize
the capacity of this passive low-cost wind turbine technology to share load variations
with a droop controlled diesel generator, thereby helping with frequency regulation, are
identified. The effectiveness of the suggested designs is demonstrated by means of

simulation using a storage-less hybrid wind-diesel mini-grid model.
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4.1 System description

A wind-diesel hybrid mini-grid without storage, using type 1 wind turbine and a
secondary (controllable) load is represented in Figure 4.1. The diesel gen-set operates
with a drooped power-frequency characteristic. In such a case, the grid frequency is high
when the output power of the gen-set is low. The controllable load is used to provide a

coarse compensation for the consumer load and wind turbine power variations.
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T T Nimeal g o - T T T T T 1
Diesel generator set Consumer loads

Voltage
regulator

Secondary

fior

Governor [———

v

Diesel engine

Figure 4. 1 Typical storage-less hybrid wind-diesel system

The power (P,e,) vs. frequency (f) characteristic of a generator operating in droop
controlled mode can be described using the following equation:

Poen=5,(fui=1) (4.1
where f < f,. sp represents the slope of the curve (kW/Hz) and f,; the no-load frequency
of the generator (Hz), often used for power dispatching. The impact of load variations on
the grid frequency of a system supplied by two droop controlled generators can be

calculated using the following equation.
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Af=—Bloaa (4.2)

spl +Sp2

The output power variations of each generator due to load variations can be calculated as

follows.

LENYVE (4.3)

APenI,Z =
Spl +Sp2

g

In general, all rotating prime movers tend to behave in a similar fashion: As the power
drawn from them increases, the speeds at which they turn, and the frequency of the power
they produce, decrease. However, if the slope of the droop curve (sp) of a given generator
is much smaller than those of the other generator(s), it will not be able to assist
sufficiently with frequency regulation and power balancing.

In the following Sections, the impact of some parameters on the power-frequency
characteristic of type 1 wind turbines is investigated. Ideally, this would provide a means
for implementing a slope large enough to allow the type 1 wind turbine to share load
variations with the grid forming diesel gen-set, thus helping with frequency regulation.
4.2 Wind Rotor Characteristics

In Figure 4.1 the main components of a type 1 wind turbine (wind rotor, gear box and
SCIG) are represented. In typical applications, a breaker is used to disconnect the turbine
from the grid and a fixed capacitor bank is used to provide the reactive power required by
the induction machine. These components do not have any effects on the issues discussed
in this analysis and, are therefore omitted from the analysis. The power (P,,) and torque

(T,,) developed by a wind rotor can be obtained using the following equations.

By =L a R Cp(2. ) (4.4)
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T, = §ﬂR3u2CT(/I, 5) 4.5)
Where p is the air density, R is the rotor radius, u the wind speed, Cp and Cr the power

and torque coefficients of the wind rotor. The latter are functions of 4, the tip speed ratio,

and f, the pitch angle. The tip speed ratio is defined by:

A=2p (4.6)

u
where w, is the wind rotor angular velocity.

Manufacturer specific power coefficient curves are typically represented by high order
polynomials with dozens of coefficients [51]. This research work assumes only general
features of the 2- and 3-blade rotors generic expressions of power coefficients. The power
coefficient of a generic 3-blade wind rotor can be represented using the following

equation [52].

21

Cps(2, )= 0.5176[E —045- 5] 7 0.00681 4.7)
Zi
where,
1 | 0.035 58

5 A+0088 B+l
That of a generic 2-blade wind rotor can be represented by [49]
Cpr (1, 8)=0.5(1-0.022 8% —5.6)e 7 (4.9)

The torque coefficient for both cases can be obtained using equation (4.10).

(4, pB)= Cpl2.p) (4.10)

It is assumed in this analysis that the values of R and f of the wind rotor are fixed and the

slip of the induction generator can be neglected. In this case, the impact of grid frequency
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variations on the power developed by the wind turbine will depend mostly on the Cp vs. 4
curve characteristics.

Figure 4.2 represents the Cp-A curve for a 3-blade wind rotor at different pitch angles.
From equation (4.6), it can be seen that as the grid frequency increases, the shaft speed of
the induction machine and wind rotor increase, thus increasing A. In order to have a
decreasing output power of the wind turbine, the system should always operate with 4 >
Acp-m, Where Acp.y is the value of 4 at which Cp is maximum. It appears from Figure 4.2
that as the pitch angle increases, the slope of the Cp vs. 1 curve decreases. Thus, in
principle, the largest slope for the power-frequency characteristic of the wind turbine
should be obtained at minimum f. On the other hand, for the wind turbine to produce
power, it has to operate with Cp > 0 and 4 < A¢p-g, Where Acp— is the value of 4 at which
Cp is equal to zero. As f increases, so does Acp—g, which will have an impact on the

minimum wind speed at which the wind turbine can generate power.
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Figure 4. 2 Cp-A curve of a 3-blade wind rotor at different pitch angles.

Figure 4.3 represents the Cp-4 curve of a 2-blade wind rotor at different pitch angles. The

shape of this curve is different from that of the 3-blade wind rotor, featuring large values
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of Acp—p with a variable slope in the region where 4 > A¢p.y. However, these curves do not

change much with the pitch angle.
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Figure 4. 3 Cp-A curve of a 2-blade wind rotor at different pitch angles.

4.3 Wind turbine parameter selection
In this Section, the impact of the number of blades and pitch angle on the wind rotor
power-frequency droop characteristic of a type 1 wind turbine is used to define the
turbine design specifications. Design approaches based on the power-frequency droop
characteristics of type 1 wind turbines are not common in literatures. Therefore, a simple
methodology for selecting the main parameters of the wind turbine is proposed in this
Section. The design specifications used in this analysis can be stated as follows; the
turbine should:
=  Supply rated power (P,4) to the grid at rated frequency (f,,,) and rated wind speed
(4,q). Passive stall is assumed as a means for limiting power injection as the wind
speed exceeds the rated value.
= Inject power into a variable frequency grid, from f,,;;, to fu., for wind speeds

above a minimum value (#m;n).
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= Reduce the injected power as the grid frequency increases, thus presenting the
desired power-frequency droop characteristics.
To comply with the third criterion, the wind rotor should always operate with 4 > Acpmax.
From equation (4.6), it can be seen that the critical case is at minimum shaft speed and
rated wind speed (# = u,,). Taking into account the gear ratio and neglecting the slip of
the induction generator ( @, = @gynemin/Kgp), the following constraint can be defined based
on equation (4.6).

K

gb < Dsyncmin (4 12)
R Upat ﬂ“CP max

Concerning the second criterion, it is necessary that the power produced by the wind
rotor be larger or equal to the losses in the induction generator at minimum wind speed (u
= Umin). To simplify the analysis, it is assumed that the induction generator losses are
fixed and equal to the no-load losses (Pjg.nz) of the generator at rated grid frequency.
These losses can easily be obtained from the no load tests of the induction machine.
Thus, the wind rotor has to operate with Cp = Cpyim for all cases when u = up,;,. A ratio
between Cpmim and Cpmax can be derived using equation (4.4) based on the assumption
that at rated wind speed and operating with Cpmax, the wind rotor generates rated power
injected into the grid plus the generator losses. In addition to this, at minimum wind
speed and operating with Cpmin, the wind rotor should generate a minimum power equal

to the mechanical power, so as to match the generator losses. Therefore,

3
Com =[) Fow ¢, .13)

min Prat + P[G—NL
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The worst case related to the second criterion occurs at maximum grid frequency, which
results in maximum synchronous speed and maximum shaft speed at the low speed side
of the gear box. In this case, taking into account the effect of the gear box, the following
design constraint can be derived using equation (4.6).

K

gb S Dgyncmax (414)
R Umin ﬂ“CPmin

Where Acpmin can be calculated from Cppn,;, and the Cp vs. A curve of the wind rotor.

Assuming that the number of poles of the induction generator is known, the only missing
parameters of the turbine are K, and R. After selecting a ratio for Ky, and R that complies
with equations (4.12) and (4.14), the value of R that satisfies the first criterion is
calculated iteratively, using the approach developed in chapter 3. If the value obtained
from equation (4.14) exceeds the one obtained using equation (4.12), the value of the
Kg/R ratio should be selected using equation (4.14). The actual cut-in wind speed is

obtained using the following equation.

@y A
. __syncmaX 4CP max
Umin ® Upar (415)

Osynemin ACP min
4.3.1 Case study of the wind turbine parameter selection
The main objective of this Section is to compare different designs of a type 1 wind
turbine and identify how their parameters affect their power-frequency characteristics.
The general specifications of the wind turbine and the parameters of the induction
generator selected for this study are given in the appendix.
4.3.1.1 2-Blade wind turbine parameter selection
As shown in Figure 4.3 the pitch angle (#) has low impact on the Cp-A curve of the 2-

blade wind rotor. However, since this turbine type presents a wider variation of 4 and
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dC,/d4, it will be used for identifying the impact of different regions of the Cp-A curve on
the power-frequency characteristics of the turbine. The numerical values of some
parameters required for the design and analysis of the 2-blade wind rotor at f = 0° are
given in Table 4.1. The no-load losses of the induction machine are estimated to be 2.2
kW while Cpmin = 0.165. As shown in this table, the value of K,/R min is greater than
that of K,;/R max. Thus, one of the two constraints should be ignored. It has been noticed
that increasing uni, makes it possible to achieve a relatively high droop factor of the

power-frequency characteristics. This appears to be a useful compromise.

Table 4. 1 Parameters of the 2-blade wind rotor

CPmax j~CPmax /ICPmin Kgb/ R max Kgb/ 'R min

£C)
0

0.417 11.2 23.43 1.332 1.689

Two values of Kg/R are considered to compare the behaviour of the wind turbine when
operating at two different regions of the Cp vs. A curve: 0.75 and 1.15. In the following,
both cases will be referred to as design #1 and design #2 respectively. The power injected
into the grid by the wind turbine at different wind speeds and grid frequencies for both

deigns are represented in Figure 4.4, using their respective data given in Tables 4.2 and

4.3.
Table 4. 2 Power-frequency variation of the 2-blade (design 1)
Design #1: K,;,/R=0.75 (R=10.4 m)
f(Hz) u =12 m/s u=10.5m/s u=9m/s
Power (kW) | 1 | Power (kW) | A Power (kW) | A

57 81.9 20.1 40.6 22.9 15.6 26.5
58 79.5 20.4 39.0 23.2 14.9 27.1
59 77.1 20.8 37.4 23.6 14.0 27.6
60 74.7 21.1 35.8 24 12.7 28.0
61 72.3 21.4 34.2 24.4 11.7 28.4
62 69.0 21.8 32.2 24.9 10.5 28.9
63 65.3 22.2 30.0 25.3 9.3 29.3

S, (kW/Hz) 2.77 -—-- 1.77 -—-- 1.04 -—--
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It appears from these tables that both designs can supply rated power at 60 Hz and rated
wind speed. However, as the grid frequency varies, the output power of design #1 varies
more than that of design #2.

Table 4. 3 Power-frequency variation of the 2-blade (design #2)

Design #2: K,,/R=1.15 (R=7.68 m)
f(Hz) u =12 m/s u=10.5m/s u=9m/s
Power (kW) | 1 Power (kW) | 1 Power (kW) | 1
57 76.8 13.1 46.9 14.9 22.9 17.4
58 76.0 13.3 45.9 15.2 22.5 17.7
59 75.4 13.6 45.0 15.4 22.1 18.0
60 74.6 13.8 44.0 15.7 21.6 18.3
61 73.9 14.0 42.9 16.0 21.0 18.6
62 73.0 14.2 42.0 16.2 20.4 18.8
63 71.9 14.5 41.0 16.5 19.9 19.2
s,.. (kW/Hz) 0.81 -—-- 0.97 - 0.50 -—--
85 T T T T T
a) kgy! R=0.75
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s kg R=1.15
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Figure 4. 4 Power-frequency curves of the 2-blade designs at p = 0° and different wind speeds

This is due to the region in the Cp vs. 4 curve where both designs operate for the given

wind speed and grid frequency values and also on the variation of A. Furthermore, design
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#1 provides a larger power boost at rated wind speed when the grid frequency drops to
the minimum value. On the other hand, as the wind speed decreases, the output power of
design #1 becomes smaller than that of design #2, for the same wind speed and grid
frequencies. This is mainly due to the increased value of A, resulting in smaller values of
C,. The average slope (s,) of the power-frequency curves for both designs is 1.86 for
design #1 and 0.76 for design #2.

Unlike conventional generators or controllable wind turbines, type 1 wind turbines do not
generally operate at “no-load.” In this case, a different mathematical representation of the
power-frequency variations should be considered. The following equation can be used to

represent the type 1 WT power-frequency variations.
PWT = Bﬁfmﬂx + Spfu (ﬁmx - f) (416)

where fmin < f < fmax- Pu-finax 1 the injected power at a given wind speed and maximum
grid frequency. sp., represents the slope of the curve which varies with the wind speed.
Equation (4.16) is compatible with Equation (4.1) since fn.x for a conventional generator
represents f,; and P,._snax 1S €qual to zero. This equation provides the value of the slope for
the droop curve (sp.,), required to calculate the variation of the grid frequency and power
supplied by the individual generating units, in response to load variations.

4.3.1.2 3-Blade wind turbine parameter selection

As illustrated in Figure 4.2, the pitch angle () has a significant impact on the Cp vs. 4
curve of 3-blade wind rotors. As f increases, Cpmax decreases, Acpmax and Acp—g increase
and the slope of the Cp-4 curve in the region where 4 > Acpmax decreases. In this Section,
the cases of a 3-blade wind rotor at f = 0° and f = 2° will be considered. The numerical

values of the parameters required for the design and analysis of these cases are given in
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Table 4.4. Values of Cppin at f = 0° and p = 2° are 0.19 and 0.17 respectively. Since

Kq/R max is smaller than K,,/R min for both cases, the selected values of K,/R should

be smaller than K,,/R max, similarly to the 2-blade wind rotor case.

Table 4. 4 Parameters of the 3-blade wind rotor

ﬂ (O) CPmax /ICPmax iCPmin Kgb/ R max Kgb/ R min
0 0.48 8.1 12.0 1.833 3.288
2 0.44 10.2 17.5 1.463 2.259

The selected values of K,/R are 1.75 for = 0° (design #3) and 1.2 for § = 2° (design #4)

slightly lower than K,/R max for both cases. R is then calculated for both cases to

achieve rated power at rated wind speed and rated grid frequency. The resulting power

injected into the grid by the wind turbine at different wind speeds and grid frequencies in

these cases is represented in Figure 4.5 using Tables 4.5 and 4.6.

Table 4. 5 Power-frequency variation of the 3-blade (design 3)

Design #3: f=0"K,4/R=1.75(R=7.1 m)
f(Hz) u =12 m/s u=10.5m/s u=9m/s
Power (kW) | A | Power (kW) | 1 | Power (kW) | 1

57 76.5 8.6 44.0 9.8 17.4 114
58 76.1 8.8 42.9 10.0 14.8 11.6
59 75.3 8.9 41.6 10.1 13.3 11.8
60 74.8 9.0 40.2 10.3 11.7 12.0
61 74.1 9.2 38.9 10.5 10.0 12.2
62 73.1 9.3 374 10.7 8.3 12.4
63 72.4 9.5 35.8 10.8 6.4 12.6

5, (KkW/Hz) 0.68 o 1.36 ---- 1.83 ----

Table 4. 6 Power-frequency variation of the 3-blade (design 4)

Design #4: =2° K/R=1.2 (R ="7.88 m)

f(Hz) u =12 m/s u=10.5m/s u=9m/s
Power (kW) | 1 | Power (kW) | 1 | Power (kW) | 1

57 76.7 8.6 43.7 14.3 17.5 16.6
58 76.0 8.8 42.5 14.5 16.2 17.0
59 75.3 8.9 41.2 14.8 14.9 17.2
60 74.6 9.0 39.0 15.0 13.1 17.5
61 74.0 9.2 37.5 15.3 11.8 17.8
62 73.2 9.3 36.0 15.6 10.5 18.1
63 72.0 9.5 33.8 15.8 9.2 18.3

5, (KkW/Hz) 0.78 - 1.64 - 1.37 -
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It appears from these results that while the slope of the power-frequency characteristics
of design #3 increases as the wind speed increases, it first increases and then decreases
for design #4. The average slope (s,) of the power-frequency curves for design #3 and

design #4 are 1.29 and 1.26, respectively.
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Figure 4. 5 Power-frequency curves of the 3-blade designs at different p and wind speeds

4.4 Steady state performance of type 1 wind turbines in the hybrid diesel mini-grid

The aim of this Section i1s to verify how the droop factor magnitude of the power-
frequency characteristics of type 1 wind turbines affects the variation of the grid
frequency and power developed by the gen-set in the wind-diesel mini-grid, during
steady state. The dynamics of the wind turbine and gen-set are neglected and the
simulation is done using an energy flow model of the hybrid system [53]. The energy

flow model of the system is illustrated in Figure 4.6. Designs #1 and #2 presenting the
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highest and the lowest droop factors are selected for this analysis. For both designs, the
wind turbine presents a nominal power of 100 HP and operates in parallel with a 30 kVA
gen-set. The genset no-load frequency is 62 Hz while its minimum frequency at rated
power is 58 Hz. Thus, the droop factor of the gen-set is 7.5 kW/Hz. Generally, in similar
systems (with high wind penetration), a secondary load is used to assist with power
balancing. Figures 4.7 and 4.8 represent the wind speed and load profiles assumed in this
analysis.

Genset droop characteristic

No load frequency —»
Slope of the curve —»

» Grid frequency
Diesel engine power
————————————— P

2

Frequency variation

WT Power :

Wind speed A +
i e
Wind profile
1 i Power demanded
Load profile

Figure 4. 6 Energy flow model of the hybrid system

The wind speed varies in steps while the load profile varies between minimum and
maximum values, estimated such that the individual wind turbines can operate in parallel

with the gen-set without exceeding their output power constraints.
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Figure 4. 8 Load profile

Unlike using typical wind and load profiles, this approach allows considering all possible
operating points on the assessment of the average frequency and gen-set power variations
with respect to both designs. The variations of the gen-set output power and grid
frequency are represented in Figures 4.9 and 4.10 for both designs, where the results of
Design #1 are represented using the solid line and those of design #2 represented using

the dotted line.

79



5 | i i
0 20 40 60 80 100

Time (h)

Figure 4. 9 Genset output power: design#1 (solid line); design#2 (dotted line)

625 T T

Time (h)

Figure 4. 10 Grid frequency: design#1 (solid line); design#2 (dotted line)

It appears from this result that as the load demand varies, design #1 due to its larger
droop factor reduces the frequency and gen-set output power variations more than design
#2 which presents lower droop factor. The benefits are the largest at high wind speeds. It
also appears from these results that the power from the gen-set increases when the wind
turbine with high droop factor is used. The numerical values of these results are given in

the Table below.

80



Table 4. 7 Summary of the simulation results

WIND Pioad Design #1 Design #2
u (nv/s) | Min (kW) | Max (kW) | AP..,(kW) | Pyy (kW) | Af (Hz) | AP, (kW) | Py (KW) | Af (H2)

8 10.4 355 23.53 18.24 3.13 24.03 12.02 3.12
9 20.5 449 21.39 19.3 2.85 22.82 11.41 3.04
10 34.8 61.0 21.99 19.0 2.93 23.52 11.76 3.13
11 52.3 82.5 24.08 17.96 3.21 26.89 13.45 3.58
12 72.9 106 24.65 15.03 3.26 30.0 15.0 4.0

Ave. - - 23.13 17.91 3.08 25.45 12.73 3.37

The gen-set output power and frequency variations obtained from the simulation are in
good agreement with those obtained using equations (4.1) to (4.3).

One aspect to be further investigated is the impact of the increased droop factor on the
diesel engine shaft loading. This requires a dynamic model of the hybrid mini-grid with
accurate values of the turbine inertia, compliance of the drive train, and time constants of
the gen-set frequency control loop.

4.5 Dynamic model of the hybrid system

The dynamic model of the hybrid system developed in this chapter involves the wind
turbine aerodynamic model (see Section 4.2), the drive train model and the diesel gen-set
model. The diesel gen-set model consists of two main elements: A synchronous generator
(SG) and the prime mover (diesel engine). The SG is implemented with the 37.5
kVA/460 V, 18000 RPM/ 60 Hz “synchronous machine” block available in Simulink.
The input field voltage “Vf” is provided by a PI voltage regulator for which the reference
voltage is set to be equal to the generator rated voltage. The mechanical input is selected
to be the “speed w,” thus making the inertia constant H of the block to be disregarded.
The mechanical shaft of the gen-set is represented by a first order transfer function with
the moment of inertia of the engine and SG lumped together. The fuel injection actuator

is represented by a first order transfer function while a delay block models the time
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interval between fuel injection and torque developed in the mechanical shaft of the diesel
engine. The governor of the gen-set is of the PI type with droop, fed from the no-load
speed of the gen-set which can be used by the supervisory controller for frequency
regulation and/or power dispatching.

4.5.1 Drive train dynamic model

Figure 4.11 represents the model of the drive train used in this analysis. This figure
illustrates a two-mass model of the wind turbine drive train, where an equivalent stiffness
and damping factor of the system has been assumed. The moment of inertia for the shafts
and gearbox wheels can be neglected since they are small compared to that of the wind

turbine or generator. Thus, the resultant model is essentially a two mass model connected

by a flexible shaft.
S yr
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Figure 4. 11 Model of the turbine drive train on the generator side

The dynamic equations of the drive-train written on the generator side can be derived as

follows:

i =i 22081 (o)~} K (G~ 00 @16
—Toen =J v da;,GtEN +D (a’GEN _a)l'/VT)+ K'(QGE -6y ) 4.17)
dziw v (4.18)
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dgGEN

= Oy (4.19)
where the equivalent moment of inertia of the turbine is

\ 1
Jwr =Jwr 75 (4.20)

k.,
and the equivalent stiffness and damping coefficient given by,
1 (4.21)
K M kGEN
k2,

D =D, + D—VZVT (4.22)

gb

Twr represents the wind turbine torque, Jy the turbine moment of inertia, wyr the wind
turbine shaft speed, kyr and kggy the spring constants indicating the torsional stiffness of
the shaft on the turbine and generator sides respectively. Tggy represents the generator
torque, Jiey the generator moment of inertia, wgey the generator shaft speed and Ky, the
gear ratio. Dgey and Dy represent the damping coefficients on the generator and wind
turbine sides respectively. The turbine drive train parameters assumed in this study were
obtained from [54], and are given in the appendix.

4.5.2 Diesel engine prime mover model

The diesel engine model used in this study is a simplified model of diesel prime mover. A
complete dynamic simulation of the diesel engine would require a very large order
model. However, for the purpose of the analysis reported in this work, it is sufficient to
use a much lower order model. Figure 4.12 represents the diesel prime mover model

assumed in this work.
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Figure 4. 12 Diesel engine prime-mover model

wy; represents the no load speed of the diesel generator, m the slope of the power-
frequency characteristic of the diesel gen-set and P, the active power of the
synchronous generator. w,.s represents the reference speed of the governor and @, the
shaft speed of the prime-mover. k,, and k. represent the actuator constant and engine
torque constant respectively, while z,, 74, and 7, represent the actuator time constant, the
load disturbance on the engine shaft and the engine dead time. The speed controller and
voltage regulator parameters are tuned based on the approach given in [55]. The
parameters of the diesel gen-set used are given in the appendix [55].

4.6 Dynamic performance of type 1 wind turbines in the hybrid diesel mini-grid
Three cases have been considered to evaluate the dynamic performance of the hybrid
system. The first case follows a step variation in the load; the second case, a step
variation in the wind speed and the third case concerns the response of the system due to
the gust components in the wind speed. Similar to the steady state analysis, designs #1
and #2 of the 2-blade turbine presenting the largest and the smallest slopes have been
selected for this study. In general, the total moment of inertia of the wind turbine depends

on the physical dimension and material used in the turbine parts. Designs #1 and #2
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present different rotor diameters. Therefore, it is necessary to estimate the moment of
inertia corresponding to the individual designs. The total moment of inertia of a wind

turbine can be approximated using the following equation [56]:

J=Nym, @T _ ;m,RZ (4.22)
where N, is the number of blade of the turbine, m; the mass of the blade, R the blade
radius and m, the mass of the whole rotor including all the blades. In equation (4.22), the
ratio R/3 is based on the assumption that the blade has its mass middle-point at about 1/3
of the radius. The approximated relationship between the rotor mass and diameter is
given by [56]:

m, =0.486x(d, )** =0.486x (2R)* (4.23)

where d, is the diameter of the rotor.

Based on equations (4.22) and (4.23), the rotor mass and rotor inertia of the individual

designs considered in this study have been derived and given in the Table below.
Table 4. 8 Total inertia moment of the individual designs

Parameters | Design #1: K,;,/R =0.75 (R=10.4 m) | Design #2: K,;,/R=1.15 (R=7.68 m)

m, (kg) 1299 590.54
J (kg.m?) 15611 3870.2

Equation (4.23) is valid for Mega-watt (MW) class wind turbines [56]. Therefore, in the

simulation process, the values of the inertia moment obtained in Table 4.8 have been
slightly modified to yield reasonable results for a preliminary comparison of the
performance of both designs.

4.6.1 Dynamic response of the system due to a step variation in the load

In this case, the hybrid system is subjected to a step variation of 3.3 kW in the load.
Three operating conditions have been assumed, representing the case where the genset

supplies the load alone and the case where the genset shares the load with the individual
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wind turbines (design #1 and design #2). A wind speed of 11 m/s during the short
duration of the test has been assumed. The initial loads for the three operating conditions
(15 kW, 48.5 kW and 55.4 kW) are selected so that a grid frequency of 60 Hz prior to the
load variation is achieved. The genset rating and droop characteristic are similar to those
used in the steady state analysis. Figure 4.13 represents the response of the system (grid
frequency) to the step variation in the load at 0.15s.

From this figure, one can see the advantage of wind turbines that present droop
characteristics. The peak transient (fix3 < foro < fox1), and steady state value (Ap < Ap <
Ag) of the frequency decrease when the genset shares the load with WTs presenting
droop characteristics. The benefit is the largest with WT presenting the larger droop
factor. The results obtained by simulation are in good agreement with those estimated

using equation (4.2).
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Figure 4. 13 Frequency response of the system subjected to load variation
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Figure 4.14 represents some additional responses of the system subjected to the load

variation.
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Figure 4. 14 System response to a step load increase. a) Active power of the genset; b) Active power
of the WT

The rate of rise, peak and steady-state values of the power supplied by the gen-set
decrease when a wind turbine is placed in parallel with the gen-set as shown in Figure
4.14.a. The reductions are bigger with the WT that presents a larger slope of the droop
characteristic. The main drawback using WTs with larger droop slope can be highlighted
in Figure 4.14.b: The amount of power provided by the WT, at a given wind speed and

grid frequency decreases since the droop slope tends to be high.
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4.6.2 Dynamic response of the system due to a step variation in the wind speed

Figures 4.15 and 4.16 represent the response of the system as the average wind speed
varies from 11 m/s to 11.3 m/s at 0.15s. One can see from Figure 4.15-a, that the peak
transient of the network frequency is lower when the wind turbine with the largest droop
factor is used. However, little frequency difference can be observed for both designs.
This is due to the fact that the inherent droop characteristic of the WT presents a

relatively small droop factor compared to that of the diesel engine.
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Figure 4. 15 a) Grid frequency; b) Active power of the wind turbine

Figures 4.16.a and 4.16.b represent the genset active power and torque respectively, due
to the average wind speed variation. As it can be seen from the first graph of this figure,
the genset power variation tends to be lower when the wind turbine that presents larger

slope of the droop characteristic is used (Ap;< Ap). However, these power variations
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appear to be relatively small, due to the inherent characteristic of the turbine which

presents a limited droop factor.
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Figure 4. 16 System response: a) Genset Active power; b) Genset torque

4.6.3 Dynamic response of the system due to gust components in the wind speed

This Section examines the response of the system when the wind turbine is subjected to a
wind speed variation that includes gust components. The wind profile used for this
analysis is represented in Figure 4.17.a. This profile was obtained by adding an average
wind speed of 11m/s to a white noise generator output with 5% turbulence and feeding a
low pass filter used to minimise the frequency of the turbulence components. The
parameters of the low pass filter are left beyond the scope of this thesis.

Figure 4.17.b represents the grid frequency response. The load is kept constant during
this interval of time. It can be seen from this figure that the frequency of the system tends
to vary less when the genset shares the load with the WT that presents a larger droop

factor. Similar effect can be noticed from Figures 4.18.a and 4.18.b, where the genset and
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WT power variations tend to be lower when the load is being shared with the WT that

presents a larger slope.

11.4 T T T T T T T
a)
E 11.2
£
T 1
o
aQ
[72]
_‘g 10.8
<
10.6
N
T
>
2
c
@
>
o
o
w ——— Genset & WT with kgb/R =0.75
Genset & WT with k b/R =1.15
56 - r r r 9 g
15 20 25 30 35 40 45 50
Time (s)

Figure 4. 17 System response to wind speed variation: a) Wind profile; b) Grid frequency
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Figure 4.19 represents the shaft loading of the diesel engine due to wind speed variations.
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Figure 4. 19 Diesel engine torque response due to wind speed variation

It appears from this figure that genset torque variations tend to be lower (Arg < Argi)
with the wind turbine that presents a larger slope of the power-frequency characteristic.
This in turn will result in reduced mechanical stress transmitted into the diesel engine
shaft as the wind speed varies. One important aspect to be mentioned based on these
results is that, while WTs with droop characteristic are being used to assist the genset ,
their torque and power variations also tend to be improved.

4.5 Summary of chapter 4

This chapter has examined the impact of some parameters of the wind rotor on the
power-frequency (droop) characteristics of fixed-pitch type 1 wind turbines. The main
objective was to investigate the potential of this turbine type for assisting with primary

frequency control in hybrid diesel mini-grids in a passive way for low cost remote
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applications. Based on wind turbine generic Cp-4 curves, it has been shown that although
the value of the pitch angle (f) has an impact on Cp.y, and Acpy for a 3-blade rotor, it
does not result in wind turbines with significantly different power-frequency
characteristics. Conversely, the value of f has a negligible impact on the Cp-4 curves of
2-blade rotors. However, due to the fact that this curve presents a wider range of possible
values for 4, the wind turbine can be designed to operate with either low or high values of
4, producing different power-frequency characteristics. A case study of storage-less diesel
hybrid mini-grid operating with variable frequency, high penetration of wind energy and
large load variations has been simulated, using an energy flow model and based on
models that were experimentally verified. The results show that 2-blade wind turbines
with large droop characteristics can be used to reduce the grid frequency and gen-set
output power variations of the hybrid system by approximately 10% during steady state.
A dynamic model of the hybrid system has been developed and used to analyze the
performance of the proposed designs when the hybrid system is subjected to different
transient operating conditions. The overall dynamic response of the system shows that
implementing a droop characteristic in fixed-speed wind turbines could reduce the
frequency variations due to load and wind speed disturbances, as well as the mechanical
stress transmitted into the diesel engine shaft. However, the inherent droop characteristic
of type 1 wind turbines presents a relatively low droop factor. Therefore, the impact of

the droop characteristic implemented in these turbines is found to be relatively low.
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CHAPTER 5

TYPE-2 WIND TURBINES IN DROOP-CONTROLLED DIESEL MINI-GRIDS

This chapter examines the performance of fixed-pitch type 2 wind turbines in hybrid wind diesel mini-grids.
In the previous chapter, it has been shown that due to the limitation of the wind turbine droop
characteristic resulting from its low droop factor, the type 1 wind turbine cannot assist to a high extent
with the mini-grid frequency regulation. Thus, the type 2 WT is proposed to overcome this limitation. In
this chapter, an approach to implement a type 2 WT that presents a high droop factor in the hybrid system

is proposed.

Wind energy integration in diesel power plants is aimed to reduce the fuel consumption
and consequently the operating costs of the system. An elementary storage-less hybrid
wind-diesel mini-grid is represented in Figure 5.1. The diesel power plant can operate
with one or several diesel engine generator sets in parallel, using droop control. In
systems with high penetration of fluctuating wind power and large load demand
variations (typically in small remote communities), active and reactive power balancing
might be difficult to achieve. Therefore, the grid frequency can vary widely and the
mechanical stress on the gen-sets and unit cycling can increase, leading to higher
operating and maintenance costs of the system.

The output power of pitch controlled WTs associated with power electronics interfaces
can be remotely controlled using a supervisory controller via a dedicated communication
channel to overcome these problems, and also to assist with primary frequency control.
However, this solution might not be economically viable for small mini-grids. In order to
achieve an overall cost minimization of the power system (mini-grid), the use of

sophisticated wind turbines and supervisory control systems is usually avoided.
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Figure 5. 1 Generic storage-less wind-diesel hybrid system

From the previous chapter, it has been shown that fixed-pitch type 1 wind turbines can
assist with frequency regulation while providing reduced genset torque variations.
However, this turbine type presents an inherent droop characteristic with relatively small
droop factor. On the other hand, as requested by some standards (such as the new
European grid codes) renewable energy sources should be able to decrease their output
power proportionally to the grid frequency, as this exceeds certain values. Obviously, this
requirement cannot be achieved using fixed pitch type 1 WTs. In this case, the use of
simple fixed-pitch type 2 WTs, which are equipped with wound rotor induction
generators (WRIG) and variable external rotor resistances for adjusting the injected
power, might be cost effective. A typical configuration of type 2 WTs is integrated in
Figure 5.1. These turbines can provide several advantages, including a relatively low
cost, a better power quality compared to type 1 WTs and a possibility to achieve a

variable speed operation up to 10 %. The concept of type 2 WTs assumed in this analysis
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consists of three external rotor resistances, a diode-bridge rectifier, and an IGBT power
switch. The IGBT controls the rotor currents by short circuiting the external rotor
resistances.

For wind systems to be able to react to locally measured parameters such as the mini-grid
frequency while adjusting their output power accordingly to help the diesel power plant
balancing active power in the system without dedicated means of communication, WTs
should present a suitable power-frequency droop characteristic with a slope (Ap/Ay)
comparable to that of the gen-set(s).

This chapter discusses the benefits of incorporating a suitable power-frequency droop
characteristic in a fixed-pitch type 2 WT operating in hybrid wind-diesel mini-grids with
high wind penetration. By allowing the wind turbine to participate in the mini-grid active
power balancing, one should be able to reduce substantially the torque variations
(mechanical stresses) on the diesel engine shafts, the grid frequency variations and also
the unit cycling.

5.1 Hybrid system model including external rotor resistance

A dynamic model of the hybrid system has been described in detail in the previous
chapter. However, this model was based on a squirrel cage induction generator. In this
chapter, the wind system is based on a wound rotor induction generator, equipped with
external rotor resistance and rotor control circuit. Therefore the model of the wind system
developed in the previous chapter (mainly the induction generator model) needs to be

modified to meet the requirements of the type 2 wind turbine.
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5.1.1 Modified induction generator model

Figure 5.2 represents the phase equivalent circuit of the wound rotor induction machine,
where V), is the phase voltage of the stator, R, and X, are the stator resistance and
reactance, X,, is the magnetizing reactance, R, and X, are the rotor resistance and
reactance referred to the stator side, R, is the variable external resistance connected to the

rotor circuit by means of slip rings and s is the slip of the machine.
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Figure 5. 2 Phase equivalent circuit of the wound rotor induction generator

Based on this figure, the torque-speed characteristic of the wound rotor induction

generator can be derived as follows:

2
3V
By = O

T, = = (5.1)

R o
Rth + +(Xth +Xr)2
CUW" _a)shqft

Where R,; = R, + R,, R,, representing the total rotor resistance of the generator.

5.1.2 Rotor resistance control

Several configurations can be used to control the rotor resistance of a WRIG. The
configuration type assumed in this analysis is represented in Figure 5.3. The control
system is connected to the rotor circuit through slip rings. The equivalent resistance (R,)

is varied by controlling the duty cycle (D) of the IGBT. The operating frequency of the
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IGBT can be up to several kHz. The duty cycle is controlled based on the following
relation,
R =(1-D)R,, (5.2)

where R, 1S the resistance of the external resistors.

To rotor slip rings
O +

& x|

IGBT

% Rmas

Figure 5. 3 Rotor resistance control circuit

5.2 Droop characteristic of the fixed-pitch type 2 wind turbine

The power generated by the WT during steady-state can be calculated using the approach
derived in chapter 3, based on the assumption that in steady-state, the torque developed
by the wind rotor is equal to the electromagnetic torque of the induction generator. In this
Section, the effect of the rotor resistance, grid frequency and wind speed variations on the
active power injected into the mini-grid by the WT is discussed. It is assumed that the
voltage at the WT terminals is kept constant at rated value. The wind system used for this
analysis is a 100 HP 2-blade fixed-pitch type 2 WT with the parameters given in the
appendix. The variation of the power injected by the WT with the grid frequency at
different rotor resistances and wind speeds is given in Tables 5.1 and 5.2, and represented

in Figure 5.4.
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Table 5. 1 Power-frequency variation of the type 2 WT with Rrt = Rr

f(Hz) u=8m/s u=9m/s u=10m/s u=11m/s u=12m/s
Py (kW) Py (kW) Py, (kW) Py (kW) Py (kW)
58 5.45 14.33 28.81 49.71 77.83
59 4.92 13.44 27.38 47.67 75.142
60 4.47 12.59 25.86 45.68 72.49
61 4.05 11.71 24.55 43.74 69.89
62 3.62 10.95 23.28 41.86 67.35
s.p (KW/Hz) 0.45 0.84 1.38 1.96 2.62

Table 5. 2 Power-frequency variation of the type 2 WT with Rr < Rrt <15 Rr

f(Hz) u =8 m/s u =9 m/s u =10 m/s u=11m/s u =12 m/s
SR, 10R, 15R, SR, 10R, 15R, SR, 10R, 15R, SR, 10R, 15R, SR, 10R, 15R,
58 526 | 5.03 4.84 | 26.66 | 24.49 | 22.76 | 26.66 | 24.49 | 22.76 | 44.84 | 40.17 | 36.59 | 67.74 | 59.24 | 52.90
59 478 | 4.59 4.41 2538 | 23.36 | 21.75 | 25.38 | 23.36 | 21.75 | 43.04 | 38.61 35.12 | 65.62 | 57.28 | 51.23
60 433 | 4.15 4.00 | 24.14 | 22.26 | 20.70 | 24.14 | 22.26 | 20.70 | 41.28 | 37.09 | 33.80 | 63.35 | 55.35 | 49.58
61 3.91 3.76 3.62 | 22.87 | 21.20 19.75 | 22.87 | 21.20 19.75 | 39.58 | 35.60 | 32.50 | 61.11 53.61 | 48.09
62 3.51 3.39 3.25 21.72 | 20.11 18.78 | 21.72 | 20.11 18.78 | 37.92 | 34.16 | 31.24 | 59.10 | 51.75 46.5
s.p (kW/Hz) | 0.43 0.41 0.39 1.23 1.09 0.99 1.23 1.09 0.99 1.73 1.50 1.33 2.16 1.87 1.60
T T T T T T T T T
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Figure 5. 4 Power-frequency variation at different rotor resistances and wind speeds

It results from Table 5.1 that, at minimum rotor resistance (R,), the WT injects rated

power at rated wind speed and rated grid frequency. The injected power decreases as the
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wind speed decreases and also slightly as the grid frequency increases. The relationship
between power and frequency can be described using the following equation.

Byt =Py pmax + 5 py(fimax = f) (5.3)
where fmin << fmax. Pu-fnax 15 the power injected at a given wind speed for maximum grid
frequency and sp., is the slope of the curve, which varies with the wind speed. Table 5.2
shows the impact of increasing the value of the rotor resistance to 5, 10 and 15 times the
base value on the WT power at different wind speeds and grid frequencies. As expected,
the injected power decreases with the rotor resistance and grid frequency while the slope
does not change much for a given wind speed.

5.2.1 Droop factor adjustment using external resistance control

In this Section, the approach to adjust the droop characteristics of a fixed-pitch type 2
WT using external rotor resistance control is discussed. Figure 5.5 shows in blue, with
thicker trace, how the values of P, max and sp., can be changed by continuously varying

the rotor resistance with the grid frequency for fixed wind speeds.
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Figure S. S Variation of the WT droop characteristics at 12m/s
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In this case, the wind speed is 12 m/s. A case study that takes into account variable wind
speeds is presented in the appendix. The value of P, snax can be decreased as much as the
rotor resistance used at f,,, can be increased. Conversely, the value of sp, is limited by
the selected value of P,_sax and the difference between the corresponding rotor resistance
and the rated rotor resistance. In order words, larger values of P, fnax Will limit the
maximum value of sp, one can achieve in order to take into account the entire frequency
range (58 Hz <f<62 Hz).

The derivation of R, required at a given grid frequency to implement a droop curve given
P fimax and sp., 1s not a simple task, mostly because the maximum value of P, fnax, Which
occurs for minimum rotor resistance depends on the wind speed, which can vary very
fast. A simple approach to achieve maximum droop slope as shown in Figure 5.5 is to use
maximum rotor resistance at f,,,, (62 Hz) and minimum rotor resistance at f,;, (58 Hz). In
this case, a linear relation between the injected power and the grid frequency at 12 m/s is
obtained and the values of the grid frequency at which the desired droop curves intersect
the droop curves at SR, and 10R,, can be calculated. Thus, the relationship between f and
R,, can be obtained by curve fitting. Equation (5.4) represents the relation obtained for the

case represented in Figure 5.5.
R, =0.5956 7 —68.004 f +1941.7 (5.4)
Using this approach for all wind speeds, the parameters of the power-frequency droop

curve vary with the wind speed as given in Table 5.3.

Table 5. 3 Droop parameters obtained at different wind speeds using the proposed approach

u (m/s) 8 9 10 11 12
P fmax (KW) 2.59 12.81 25.4 40.25 56.8
s.p (kW/Hz) 0.5625 1.24 2.125 3.225 4.5
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The impact of the proposed approach on the WT shaft speed, point of intersection of the
wind rotor and generator torque-speed curves, at different wind speeds and grid
frequencies is illustrated in Figure 5.6. From this figure, it appears that the slip of the
generator increases with the grid frequency and rotor resistance. In this particular case,
the maximum slip achieved is 12% at /= 62 Hz and u = 12 m/s, slightly larger than the

typical value of 10% usually found in the OPTSLIP systems [57].
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Figure 5. 6 Torque-speed curves of the type 2 WT with the proposed approach for varying the rotor

resistance

5.2.2 Mechanical power and losses dissipated in the rotor resistance

The impact of the proposed droop control strategy on the mechanical power drawn from
the wind rotor and the power dissipated across the rotor resistance, as the wind speed and
grid frequency vary is investigated in this Section. If the goal is to reduce the amount of
power injected into the grid by the WT when the frequency is high, it would be desirable

to achieve this not only by dissipating power in the external rotor resistance, but also to

101



reduce the amount of mechanical power drawn from the prime mover. Tables 5.4 and 5.5
show the mechanical power drawn from the WT and the power dissipated in the rotor
resistance at the points of intersection represented in Figure 5.5. It appears from these

tables that the power injected by the WT mostly decreases in the wind rotor.

Table 5. 4 Mechanical power variation with fixed Table 5. 5 Rotor power loss variation with fixed

and variable rotor resistance and variable rotor resistance
P (kW) u=38 u=10 u=12 P.o(KW) u=238 u=10 u=12
m/s m/s m/s m/s m/s m/s
62Hz/15R, 5.527 22.213 55.48 62Hz/15R, 0.0742 1.0905 5.9521

61.12Hz/10R, | 5.9728 24.3121 61.8505 61.12Hz/10R, | 0.0593 0.8903 5.2293
59.78Hz/5R, 6.6818 27.3994 71.3948 59.78Hz/5R, 0.0346 0.5886 3.6920
58Hz/R, 7.6799 31.4843 83.6155 58Hz/R, 0.0065 0.1470 1.1363

62Hz/R, 5.8292 25.8172 72.2636 62Hz/R, 0.0079 0.1100 0.8665
61.12Hz/R, 6.2011 27.0073 74.7342 61.12Hz/R, 0.0058 0.1036 0.8659
59.78Hz/R, 6.7997 28.8318 78.4512 59.78Hz/R, 0.0067 0.1408 0.9927
58Hz/R, 7.6799 31.4843 83.6155 58Hz/R, 0.0065 0.1470 1.1363

5.3 Performance of type 2 wind turbines in the hybrid system

The behavior of the hybrid wind-diesel mini-grid consisting of the diesel genset used in
the previous chapter and the 100 HP fixed pitch type 2 WT discussed in the previous
Sections is verified by means of simulation in this Section. The control scheme used to
generate the switching states of the IGBT switch shown in Figure 5.3 has been
implemented as represented in the figure below, based on equation (5.5).

Modulation signal

. R, 4 Ry ! - i
Frequency — sl Equation (5.4) [ < E» i
\ Rmax h | =< Gate signal

R,

b,

Carrier signal

Figure 5. 7 Control scheme for the IGBT switching states
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R,=R._+R
0<R <R, (5.5)
Rmax = 14Rr

where R, is the nominal rotor resistance of the induction generator, R, the external rotor
resistance and R,, the total rotor resistance of the generator.

5.3.1 Steady state performance

The aim of this Section is to verify how the droop factor magnitude of the power-
frequency characteristic of type 2 wind turbines affects the variation of the grid frequency
and gen-set power during steady state. The energy flow model shown in Figure 4.6 is
used to aid the analysis. This requires having the power-frequency variations of the type
2 WT at different wind speeds. Table 5.6 provides these variations, obtained using

equation (5.3) and Table 5.3.

Table 5. 6 Power-frequency variations of the type 2 WT at different wind speeds

f (Hz) P.«(kW)

8 m/s 9 m/s 10 m/s 11 m/s 12 m/s
58 5.50 14.28 28.84 49.68 77.82
59 4.95 13.06 26.33 45.06 69.99
60 4.40 11.84 23.82 40.44 62.16
61 3.85 10.62 21.31 35.82 54.33
62 3.30 9.40 18.80 31.20 46.50

The diesel engine droop characteristic used for this study is similar to the one used in the
previous chapter (30 kVA, 7.5 kW/Hz). The load profile is selected to achieve maximum
wind power injection into the grid at rated wind speed. The behavior of the hybrid system
using the power variations given in Tables 5.1 and 5.6 is analysed to highlight the
advantage of the type 2 system during steady state. These variations were obtained using
wind turbines with fixed and variable rotor resistance, presenting each a rated power of

100 Hp.
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Similarly to the case with the type 1 system, the wind speed varies in steps while the load

profile varies between minimum and maximum values, estimated such as to avoid

exceeding the wind turbine output power constraints while operating in parallel with the

genset. These variations are represented in Figures 5.8 and 5.9 respectively.
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The variations of the gen-set output power and grid frequency are represented in Figures
5.10 and 5.11 respectively.
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Figure 5. 10 Genset output power for both cases
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Figure 5. 11 Grid frequency for both cases
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It appears from these results that the larger slope of the power-frequency characteristics,
corresponding to the WT with variable R, reduces better the frequency and gen-set output
power variations as the load demand varies, compared to the case with lower slope (WT
with fixed R,). The benefits are the largest at high wind speeds. The gen-set output power
and frequency variations obtained from the simulation are in good agreement with those

obtained using equations (4.1) to (4.3). The numerical values of the simulated results are

summarized in the following Table.

Table 5. 7 Summary of the steady state results using type 2 WT

Wind seed Pioad WT with fixed R, WT with variable R,
u (m/s) Min (kW) Max (kW) | AP,..(kW) Af (Hz) AP,.(kW) Af (Hz)

8 3.62 35.45 30 4 29.65 3.96

9 10.95 44.33 30 4 28.70 3.82

10 23.28 58.81 30 4 26.59 3.55

11 41.86 79.71 30 4 23.42 3.12

12 67.35 107.8 30 4 19.81 2.64

Ave. -— -— 30 4 25.63 341

5.3.2 Dynamic performance

This Section analyses the dynamic performance of the hybrid system when the diesel
genset operates with the type 2 WT using the suggested control approach for the external
rotor resistance. Three tests have been performed to observe the performance of the type
2 WT in the hybrid system: Step increase in the load, step increase in the wind speed and
system behaviour due to random wind speed variations.

5.3.2.1 System response due to a step variation in the load

This test is used to obtain the response of the system to a 3.3 kW step variation in the
load. Three different cases have been assumed: the genset supplying the load alone, the
genset supplying the load along with the WT with fixed rotor resistance (R, kept constant

at base value), and the genset operating in parallel with the WT controlled using the
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proposed technique (type 2 turbine). A wind speed of 11 m/s during the short duration of
the test has been selected. The initial loads for the three cases (15 kW, 68kW and 61.9
kW) have been selected to achieve a grid frequency of 60 Hz prior to the load variation.
The increments in the initial loads are due to the power injected by the WT at 11 m/s and
60 Hz. Figure 5.12 represents the variation of the grid frequency for the three cases as the
load increases by 3.3 kW at 0.1s. It appears from this figure that the system performance,
improves with the use of a WT in parallel with the gen-set. The improvements are bigger
with the WT equipped with controlled rotor resistances (increased droop characteristics).
The frequency nadir is decreased from 58.09 Hz to 59.35, then to 59.63 Hz while the

variation in the grid frequency is decreased from 0.44 Hz to 0.34 Hz and to 0.24 Hz,

respectively.
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Figure 5. 12 Frequency response of the system subjected to load variation

The measured values are very close to the theoretical values obtained using equation

(4.2). These quantities are compared in Table 5.8.
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Table 5. 8 Frequency variations of the system subjected to load variation

Frequency variation (Hz) Estimated values Simulated values
An 0.44 0.44
Ap 0.35 0.34
An 0.27 0.24

Figure 5.13 represents other relevant quantities to the study. The rate of rise, peak and

steady-state values of the power supplied by the gen-set decrease as shown in Figure

5.13.a, when a WT is used in parallel with the gen-set. The reductions are bigger with the

WT controlled with variable rotor resistance. The main drawback of using a WT with a

larger droop slope employing the proposed simple strategy for varying the rotor

resistance can be seen from Figure 5.13.b: The amount of power provided by the WT, at

a given wind speed and grid frequency, decreases since the droop slope is increased using

large rotor resistance. It should be noted that the implementation of droop characteristics

in WTs usually implies in active power curtailment and consequently an increase in the

amount of power demanded from other sources in the system.
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Figure 5. 13 System response to a step load increase. a) Active power of the gen-set; b) Active power
of the WT
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5.3.2.2 Dynamic response of the system due to a step increase in the wind speed

This Section examines the response of the system to a step increase in the wind speed.
The initial conditions for the assumed WTs are the same as in the previous Section.

Figure 5.14 shows the response of the system as the wind speed varies from 11 m/s to
11.4 m/s at 0.1 s. It appears from this figure that the rate of change of frequency
(ROCOF), the peak value and also the steady-state value of the frequency are lower using
the proposed control strategy that increases the droop slope of the WT. On the other
hand, the power demanded from the gen-set increases. In this particular case, this would

be appropriate since otherwise, the gen-set would be operating at a low load condition.
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Figure 5. 14 System response to a step increase in wind speed; a) Grid frequency; b) Active power of
the gen-set; ¢) Active power of the WT

109



5.3.2.3 Dynamic response of the system due to wind speed variations

The response of the system equipped with the controlled type 2 WT, when the wind

turbine is subjected to a wind speed variation that includes gust components is examined

in this Section. In general, the maximum power developed by WTs tends to vary with the

cube of the wind speed. Therefore wind speed variations can affect significantly the

variation of the grid frequency and power demanded from the diesel power plant.
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Figure 5. 15 System response to wind speed variation; a) Wind speed profile; b) Grid frequency; c)
Active power of the gen-set; d) Active power of the WT
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Figure 5.15 shows how these quantities vary with the wind profile shown in Fig. 5.15.a,
when the type 2 WT operates with R,, = R, and with the proposed technique, respectively.
It is assumed that the load is kept constant during this short interval. It appears from this
figure that when the WT operates with a larger droop slope, the variations in the
frequency and power supplied by the gen-set as well as WT, reduce. This is achieved at
the expense of reduced average power provided by the WT and, consequently an increase
in the amount of power demanded from the diesel genset.

Figure 5.16 represents the shaft loading of the diesel engine when the wind speed varies
as represented in Figure 5.15.a. It appears from this figure that the genset torque
variations can be substantially reduced (Atg = 2 Aryr) when the diesel engine shares the
load with the controlled wind turbine. This result shows that the proposed type 2 turbine
improves torque variations on the diesel engine shaft, which in turn will result in reduced

mechanical stress transmitted into the diesel engine shaft as the wind speed varies.
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Figure 5. 16 Diesel engine torque response due to the wind speed gust components
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5.4 Summary of chapter 5

This chapter discusses an approach for introducing a power-frequency droop
characteristic in a fixed-pitch type 2 wind turbine. The basic idea is to increase the rotor
resistance as the grid frequency increases, thus reducing the power injected into the mini-
grid. A simple method for selecting the value of the rotor resistance, based on the grid
frequency only has been proposed. In this case, the slope of the droop curve is not
constant, but decreases with the wind speed. This should not present any inconvenient
effect on the system, since the power injected by the wind turbine tends to vary less at
lower average wind speeds. It should be noted that the reduction in the injected power is
not achieved only by dissipating power in the rotor circuit. A considerable part of the
reduced injected power is achieved at the wind rotor level, by making it operate at higher
speeds and consequently lower values of power coefficients. The steady state results
show that the controlled type 2 WT can be used to reduce the grid frequency variations of
the hybrid system by approximately 15 %, greater than the one achieved using type 1
WTs. The dynamic simulation results have shown that using this strategy in storage-less
wind-diesel hybrid mini-grid, frequency variations due to wind speed and load variations
are reduced to a good extend. The variation of the power demanded from the diesel

power plant also decreases, which should have a positive impact in reducing unit cycling.
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CHAPTER 6

CONCLUSION AND FUTURE PROSPECTS

This chapter addresses the conclusion of the research work presented in this thesis. Based on the
observations made through the individual phases of the research, the overall conclusion of the research

work is presented, leading to the definition of the future prospects.

6.1 Conclusion

The limitations of diesel power plants are the main reasons why wind energy is being
integrated in these systems. However, the intermittent nature of the wind and the highly
variable load profile in remote communities lead to small diesel fuel displacement and
high frequency variations in the system, especially when the wind turbine operates with
high wind penetration. This research work proposes a concept for implementing simple
wind energy technologies in droop controlled hybrid diesel mini-grids for remote
communities. An assessment of the appropriate generators for small scale power
generation is first presented, whereby three phase induction generators appeared to be the
appropriate generator type for the application considered in this research, based on some
related features such as simple and rugged construction, low maintenance and relatively
low cost compared to other generator types.

The research work presented in this thesis is based on fixed-pitch type 1 and type 2 wind
turbines, since these technologies present low capital and maintenance costs, which are
interesting features for small hybrid diesel mini-grids compared to other wind energy
technologies. However, the lack of means for controlling the amount of power injected
into the mini-grid by these turbines might create some concerns regarding frequency
stability.
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Droop control is a well know technique for parallel operation of generators, whereby the
relationship between power and frequency of the individual generators is required in
order to be able to minimize the network frequency disturbance. While this characteristic
is usually available for diesel genset (provided by the manufacturer), it is not as obvious
to be obtained for uncontrollable power sources such as type 1 and type 2 wind turbines.
In this research work, an approach for obtaining the power-frequency characteristic of
type 1 and type 2 wind turbines has been proposed and validated experimentally. It has
been shown that wind turbines do present a drooped power-frequency characteristic
which can assist with frequency regulation in a passive way. The impact of some
parameters of the wind rotor on the power-frequency (droop) characteristics of the
turbines has been examined using the wind turbine generic Cp-A curves. It has been
shown that although the value of the pitch angle (5) has an impact on Cp_z,, and Acp.ys for
3-blade rotors, it does not result in wind turbines with significantly different power-
frequency characteristics. Conversely, the value of f has been found to be having a
negligible impact on the Cp-A curves of 2-blade rotors. However, due to the fact that the
2-blade Cp-4 curve presents a wider range of possible values for A, the wind turbine could
be designed to operate with either low or high values of A, producing different power-
frequency characteristics.

A case study of storage-less hybrid diesel mini-grid operating with variable frequency,
high wind penetration and large load variations has been simulated, using an energy flow
model and based on models that were experimentally verified. It has been noticed that 2-

blade wind turbines with large droop characteristics can be used to reduce the grid
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frequency and gen-set output power variations of the hybrid system by approximately
10% during steady state.

A dynamic model of the hybrid system has been developed and used to examine the
performance of the proposed designs, when the system is subjected to different transient
operating conditions. The overall dynamic response of the system has leaded to the
observation that, implementing a droop control in fixed-speed wind turbines could reduce
the frequency variations due to load disturbances, as well as the diesel engine torque
variations due to wind speed and load variations. However, since the inherent droop
characteristic of type 1 wind turbines presents a relatively low droop factor, the impact of
the droop control implemented in these turbines was found to be relatively low.
Therefore, the implementation of type 2 wind turbines in the hybrid diesel mini-grid has
been proposed to overcome the limitations of the type 1 wind turbines.

The performance of a droop controlled type 2 wind turbine for assisting with primary
frequency control in the hybrid diesel mini-grid, in a passive way for low cost remote
applications has been examined. A simple and effective control approach to increase the
droop factor of the type 2 wind turbine, thereby overcoming the limitations of the type 1
WT has been proposed.

As expected, the results of the suggested approach using type 2 WT have shown that the
power-frequency droop characteristic introduced in the fixed pitch type 2 WT can reduce
to a better extend, the variation of the grid frequency and power supplied by the genset in
steady-state, compared to the type 1 WT. In addition to this, the controlled type 2 WT has
been able to improve the transient response of the mini-grid, by reducing the frequency

excursions that result from load demand and wind speed variations. It has been observed
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that with the proposed type 2 WT, the effect of torque variations on the diesel engine
shaft could be substantially reduced. The main limitation of the controlled type 2 wind
turbine developed in this analysis is the lack of means to estimate quantitatively the
power of the WT at a given frequency.
6.2 Future prospects
The following aspects related to the concepts developed in this thesis could bring an
insight to the overall research work presented in the thesis.
* Propose a means to estimate quantitatively the power of the type 2 WT, knowing
the operating frequency;
= Propose an approach to implement a rotor resistance control that will take into
account all possible points of intersection between the power, frequency and rotor
resistance at a given wind speed;
= Propose a means to extend the previous aspect so as to include all wind speeds for
which the wind turbine is designed. This could be done based on the example
given in the appendix;
= Present a cost analysis of the proposed hybrid system in comparison with the cost

of typical thermal plans used in remote communities.
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LIST OF APPENDIX

APPENDIX-A: Three phase induction
generator model:

= Stator and rotor voltage equations:

dA
V. =Ri, +—% @
ds svds dt

syn”’"gqs
(A1)
. dA,
I/qs = Rslqs + d 1 + a)sy'rzﬂ“ds
di
0 = Rridl' + T (a)syﬂ - a)r)ﬂ’qr
dt (A2)
. diqr
0 = erqr + 7 + (a)syn - a)r )ﬂ’dr
P

Where @, =27 f and @, = 3 @,
= Stator and rotor flux equations:
/Ids = Lsids + Lmidr
p) . . (A3)

qs leqs + Lmlqr
//{’dr = Lridr + Lmids
p) . . (A4)

qr Lrlqr + Lmlqs
"  Torque and speed equations

3P, . ..
YTEm = T (lqs ldr - lds lqr)
(AS5)
do
Jﬂ = Lem "L road
dt

APPENDIX-B: Self-excited induction
generator model:

"  Stator and rotor voltage equations

di di
VYG = Rviva +LY lsa +Lm lra
’ . odt dt (B1)
di di,
Vy=Ri,+L —L+L, —2~
dt dt

0=Ri +L Sy Fa 0,4,
, di,  di,

0=Ri,+L, +L, —-wl,
dt dt

" Rotor flux linkage equations

ﬂ’ra = Lmisa + Lrira + ﬂ’raO

1 . . 2 (B3)
B Lmlsﬂ +Lrlrﬂ + 50
" Capacitor voltages including initial
condition
1.
Vea = _J.lCadt +Veao
¢ (B4)

1.
Vop =2 [icpdt +Vep

Equations (B1) to (B4) can be written in matrix
form for no load condition as follows.

R o
t t
’ 0o R+%s a, | Ve
0 dt [ Vep
dL L
0 d—’” ol, R +% L ! @, Ao
0 t 1) -4
dL dr. It ' Arao
—w,L oL Ras
(B5)

The state space form of the above matrix can be
derived as follows.

dl
A—S+BI +V,=0 (B6)
dt
Where,
L, 0 L, 0 V.,
0 L 0 L, Ve (B7)
A= v, =
Lm 0 Lr 0 a)rﬂ’rﬁo
O Lm 0 Lr - a)rlrao
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0 0
R, 0 0 (B8)

(B9)

Using matrix inversion, equation (B6) can be
solved for the current derivatives.

dl _ _
;§=—Aﬁmb—A1% (B10)
t
di, L, , L, . . .
B R +Ve )+ 210, Ly + Ly + 2,p) R
di L L
dstﬂ = *Tr(R,\-i,\-/j + VC/}) - Tm[(d,_ (Lmi.\'a + Lril'a + j‘mn) - Rr'irﬂ]
(BI1)
Do Lo R +Ve) o0, (i + Ly )+ R L)
di L L
7;11 = Z (R.\-i.\-/i + VCﬁ) + Ts[w,- (Lmi.\a + Lrira + Z’rnﬂ ) - Rl'ir/i]
(B12)
% = %(R.\-i.\-a Vo) = Lfs[wr (L,iy+Liz+2A,)+Ri,]
di
S L iy 4 Vo) + 0 Ly L )~ Ry

(B13)
Where L=LL, —L,°

Assuming resistive loads connected across the
generator, the load voltage and load current can
be modelled as follows.

dv,, 1.
T 7lCa
dt C (B14)
v,y :li
da C7
. vLa
lLa =
R, (B15)
1 = VLﬁ
g~ 5
RL

APPENDIX-C: Single phase capacitor start
induction generator model:

{fd‘i}={cosﬁr —sinHr}{fd’r} )
S sing,  cos6, || f,.

Ns
Vd,s = (N_q)Vds
ds (Cz)
N

- ) ids

N

i = (

Ny (C3)
N
Ly = (l)z Ly
Nds
2
Lmq = Nqspg
P e (c4)
’md = 'm =\ dsp
q NdS g
N .
R =(=F)R,
N, (C5)
N A
L’lr = (Tq)2 Llr
s Nqs s
%=%ﬂ%
r (C6)
N
ﬁ,‘f — (i)/ls
T N qr
s Nqs s
Vd’r = ( N )Vdr
(C7)

,8 Nqs s
Ver = (V)Vqr

”

.S Nr .5
b = ()l

q:
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" Voltage equations

di;
V. =Ri, +—%
ds rtds dt
. dA,
Vq\ = Rqslqs dt
di;
V2 =Riy + t‘” +o,k,

s .8 dﬁ?{r s
Vi =Rit +—L 0l

r T TNt r

Veo== i
C

" Flux equations
Ays = Xigsls T Ay
ﬂ’c’ls = Xl’dsl;fs + j’r’nd
_ . s
/1mq - qu (lqs + lqr)
s .8 .5
//i’md - qu (lds + ldr)

S Y S
//{’qr - Xl + //{‘mq

r lq"

PR s 558 >
ﬂ’dr - Xlrldr + ﬂ’md

" Torque and speed equations

P . .
Tem = 5 (ﬂ‘ds lqs - A’qslés)

J r:Tn1+TL0ad_T

el

"  Open circuit condition

i, =0
//i’c;s = ﬂ’r,nd = qul;ij
s Ay
iy =
X, +X, ”

di,
Vi=X,,—<

dt

Xy A2

V’ =
“X +X,, dt

damp

(C8)

(C9)

(C10)

(C11)

(C12)

(C13)

(C14)

(C15)

APPENDIX-D: Permanent magnet
synchronous generator system model:

" Voltage equations:

Vi =—Ri,—w,A, + B,
dt (D1)

) da,,

Vy=—Ri,+ o, A, + %

" Flux equations:

ﬂ’ds =Ly + /1f
/”qu =L i

qs-9qs

(D2)

where A s 18 the flux produced by the permanent

magnet.

" Torque and speed equations:

3P . .
]Lm = 7(ﬂ’ds'lqs - /’quldx)
2 (D3)
do,

J d[ :Tem_ Load

with P the number of pole of the machine

u Generator side converter

The power converter shown in Fig.2.20 can be
modelled as a fundamental frequency converter.
The generator terminal voltages in the dg
reference frame can be expressed in terms of the
dc-link voltage as follows.

V, =mV,.cos@

ds 1" DC . (D4)
Ve =mVpy sin @
Where, mis the modulation index of the
converter and V. the dc-link voltage. The

angle O is obtained by controlling the generator
frequency trough the active power control,
meanwhile the modulation index m, is obtained

by controlling the terminal voltage of the
generator as shown below.

- (D5)
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W, is the base speed of the permanent magnet

machine and @, the grid speed. f can be

obtained by controlling the active power and the
modulation index by controlling the stator
voltages shown in the following figures.

4yfagiﬁ
p [ F - PI

ST +1

Fig D1: Active power control scheme

Ti, i

PI

Fig D2: Stator voltage control scheme

V|=Vi+V, (D6)

= DC link model:

The model of the dc-link can be derived using the

following equations where the converter is
assumed to operate as a fundamental frequency
current source.

zfc%% (O7)

1 LIS the generator side converter current

through the capacitor. I can be obtained from

the power supplied to the capacitor by the
generator.

V l + Vdsids - ])sloss

] = qs”qs (DS)
' VDC

dt CVDC ( gs°qs ds"ds sloss)

Where P

loss Tepresents the converter losses.

Equation (D9) represents the dynamic equation
of the dc-link voltage.

APPENDIX-E: Single phase split phase

induction generator model

" voltage equations:

d >
s P ds
I/ds - erds +

_ . qs
I/qx - Rqslqs + d ¢

di;
S S dr X
V> =Ri, + 7; +o.k,
.S

PO » PN qr .S
Vqr - erqr + 7 - a)rﬂ’dr

" flux equations:
Ay = Xigslps T Ay
/16’15 = Xl,dslt}S + j’r’nd

S , .S
A =X+,

rlqr
) — N N
iy = Xl + Aoy
A, =X

mq

(i, +1,

" torque and speed equations:

ds"qs

P . .
Yl)m :E(/l’ l _//i’qsl:is)

do,

J 1 :I;m-‘r]load_T

" open circuit condition:
i, =0

s 2 — 7S
/Ids - 2’ d _quldr

m

ot
Lir = X: X
Ir + mgq
diy;
Va;v = qu -
‘ dt
Xy d2;

V’. = —_—
*X, +X,, dt

damp

(ED)

(E2)

(E3)

(E4)

(E5)

(E6)

(E7)

(E8)
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APPENDIX-F: Fatigue failure estimation of
type 1 WT in the droop controlled hybrid
min-grid
In Chapter 3, it has been shown that fixed speed
WTs can be implemented in the hybrid mini-grid
to improve the frequency regulation while
reducing the level of stress experience by the
diesel genset. However, the lack of converter
used to interface the wind generator and the
mini-grid makes the wind turbine generator to be
directly connected to the mini-grid. Thus, all
frequency variations taking place in the network
will be directly transmitted into the wind turbine
drive train. A useful dimension of the application
considered in this research work will be to
propose an approach (or technique) to estimate
the life time of the turbine drive train based on
the loading conditions of the WT in the hybrid
mini-grid. This is useful for remote communities,
since these locations are usually prone to little
available technical expertise. In addition to this,
when the technical expertise is available nearby,
travel conditions can introduce lengthy delays in
repair, thus mandating longest possible times
between failures. So a method to predict the
system fatigue failure could help replacing the
turbine parts at the required time, thereby
avoiding sudden breakdown of the wind system
In this appendix, the effect of load variations on
fixed speed wind turbines operating in the droop
controlled hybrid diesel mini-grid is examined. A
model used to predict the mechanical stress
transmitted into the turbine drive train is
proposed, along with a simple approach how to
estimate the number of cycle to a fatigue failure
the drive train can be subjected to, based on the

type and level of the WT shaft loading.

a) Mechanical stress model

When a shaft is subjected to a torque or twisting,
a shearing stress is produced in the shaft. The
shear stress varies from zero in the axis to a
maximum at the outside surface of the shaft. The
maximum shear stress in a solid circular shaft
can be estimated using the following equations:

7

o=T,6 x— Fl
shft [P ( )
T 4 4

[, =—\D"—-d F2

p=gl ) (F2)

where o is the shear stress, Ty the twisting
moment, v the radius of the shaft and I, the polar
moment of inertia of the shaft. The polar moment
of inertia is a measure of an object's ability to
resist torsion. D represents the shaft outside
diameter and d the shaft inside diameter
(neglected in this analysis). From basic rotating
shaft design theory, proper shaft sizing can be
determined using the following equation
(assuming shafts with keyway):

(F3)

where P is the horse power, ng,; the shaft speed
in revolution per minute (rpm) and D the
diameter of the shaft in mm. For the case
considered in this analysis, the diameter of the
high speed shaft (Dys) and that of the low speed
shaft (Dys) can be estimated as follows (a safety
factor of 1.5 has been applied):

6
D = 1.5><31/M ~63mm  (F4)
1800

1.33x10° x100
1800
22

D, =1.5><3 ~176mm  (F5)

The model used to predict the mechanical stress
transmitted into the turbine drive train can be
implemented as illustrated in the figure below
using equations (F1) to (F3).
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Nominal power———— D 1,

Equation (18) »  Equation (17) ]—V

Rated shaft speed —»

Torque —————— |

Figure F1. Model of the mechanical stress on the
drive train shaft

This model is used to analyze a case study of the
turbine drive train loading as the load demand
varies. The following figures are used to explain

the assumed case study.
1.03

Equation (16) |—» Shear
stress (o)

train when the load varies. It can be seen from
this  figure that the mechanical stress
experienced by the drive train due to load
variation of same magnitude is nearly similar as
the load increases and decreases, but in opposite
direction.

Figure F4 represents the resulting shaft loading
on the low speed side of the drive train when the
load varies. One can see from this figure that the
high frequency components that are present in
the stress on the high speed side have been
filtered. This is due to the damping effect of the
drive train which has an inherent low pass filter
characteristic.

—AtA__=04p.u.
load
1.02 N e oans
/ \ load MLk
1.01 / \¥
.
- 1
; Y
£ 099
>
el |
g 0% fh
e ! e
5 0.97 P
5 -
0.96 H S | Ttmmeemeopemes
3 I
1 /
0.95 \ K
LY y
AN /
0.94 N
0.93
2.5 3 3.5 4 w5
Time (s)
Figure F2. Grid frequency disturbance due to load
variations

Figure F2 represents the Grid frequency
disturbance due to load variations. The load is
increased and decreased by the same amount.
The resulting stress responses are shown in the
Figures below.

b, At Aload=0.4 p.u.
A o e S e I —— AU =
5 AtA,=-04pu.
‘\
L
A
\
A
hY
1.5 3%
—_ A
g *, e
= 1 ‘\\ ',z’—
123 N »
g 1 st
%
5
2
2]
0.5
0
2.5 3 35 4 45
Time (s)
Figure F3. Shaft loading on the high speed side of
the drive

Figure F3 is a representation of the resulting
shaft loading on the high speed side of the drive

; At Aload =0.4p.u.
1.5 =, R -
"l \\ o-= At Aload =-0.4 p.u.
1.4 ‘.‘ 5,
| \
1.3 f R B — -
— 1 \, o~ ST
© ™\ N, "’
< 120\ S
2 ]
8 11
S
§ 101
0.9
\
0.8 \ /_/
07 \/
0.6
25 3 35 4 45
Time (s)
Figure F4. Shaft loading on the low speed side of
the drive

In the following part of this analysis, the main
focus will be on the stress transmitted to the low
speed side. This is the one experienced by the
entire drive train as the stress is transmitted
from the high speed side to the low speed side of
the drive train.

The mechanical stress shown in Figure 10 can
be classified as one of the non sinusoidal time
varying stresses. This type of stress is generally
experienced by machine parts when they are
subjected to time varying loading. The main
components of such a stress can be described
using the following figure. To simplify the
analysis, only the stress due to load decrease has
been reproduced.
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Aty =-04pu.
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Figure F5. Main components of the non sinusoidal
time varying stress

The following relations can be derived based on

Figure F35.
O — O
O-a — max min (F6)
2
.. TO..

The stress ratio and the amplitude ratio can be
estimated using the following relations:

lo
R =—mn (F8)
O-leX
o
A= (F9)
O-m
1.6 : : : : :
At Aload =-0.4 p.u.
s N | At Aload =-0.3 p.u.
------- At Aload =-0.2 p.u.
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T
o
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g
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2 o
(2] -
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Figure F6. Stress on the low speed side at different
shaft loadings

Figure F6 represents the stress transmitted to the
low speed side of the drive train at different shaft
loadings, along with their respective stress

ratios. It results from this figure that, as the load
variation increases, the stress ratio decreases.
High stress ratio would be beneficial for the
system since it results in low transient in the
stress experienced by the shafft.

b) Effect of Shaft Loading on the Drive
Train Life Time

Rotating shafts that are subjected to stresses that
vary with time or fluctuate between different
levels, experience vrelatively earlier fatigue
failure over a period of time. Fatigue failure is a
complicated phenomenon which is only partially
understood. There are basically three fatigue life
methods used in design and analysis to predict
when a cyclically loaded machine component
will possible fail in fatigue over a period of time:
»  The stress-life method based on stress
levels only;
= The strain-life method based on the
plastic deformation at localized regions
where the stresses are considered for
life estimates;
»  The fracture mechanics method based
on the assumption that a crack is
already present and detected;

Detailed information on the individual
approaches can be found in literatures. In either
approach, important characteristic parameters
of the material constituting the shaft are
required. The S-N (strength-life) diagram
providing the fatigue strength (S) versus cycle
life (N) of a material is generally available for
different types of material. In this section, the
effect of the load variation on the life time of the
turbine drive train is briefly examined. The case
study presented here will be based on the
loading of the low speed shaft when A q =-0.4
p-u. and Ajyuq =-0.1 p.u.. These cases are clearly
represented in the figures below.

It is assumed in this analysis that, the turbine
shaft is made of steel and undergoes cyclic
loading such as the one represented in Fig. 13
and Fig. 14. The objective is to estimate the
number of cycles to a fatigue failure the shaft
will be subjected to.
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Figure F7. Case study 1: stress on the low speed
side when Aj,q =-0.4 p.u.

1.1 T T T T T
........... At A g =01 pu.
1.08F X:2.672 u=6m/s’
Y:1.064
D —

1.06 - i A
—~ 1.04~
g Crax = 0.1403 MPa
=3
o 1.021-
] X:3349 e
£ L e 8.?958 ''''''
Q
=
@ 0.98-

0.96~

; Opin = 0.0721 MPa
0.94 X: 2502
., 1 Y:0.9237
g \,
0.92 g

Time (s)
Figure F8. Case study 2: stress on the low speed
side when Aj,q =-0.1 p.u.

Case study 1:

From equations (F6), (F7) and Figure F7 the
followings parameters can be calculated.

Oax ~ Oin _ 0.6075—-0.2445

mmx_uin —o01s1sampa F10)

Ou =
2 2

Omax T Omin _ 0.6075+0.2445

max min

_ (F11)
" 2 2

o =0.4260 MPa

From the material (steel) properties, S,, = 551
MPa, S, = 448MPa and f = 0.9, where S, is the
minimum tensile strength of the material, S, the
yield strength of the material and f the fatigue
strength fraction of Sy.at 10° cycles.

In real operating condition of machines, the
endurance of the material used will be affected
by the surface condition, size, loading,
temperature, and miscellaneous items. To
account for theses effects, a fully corrected

26 2.8 3 3.2 3.4 3.6 3.8 4 4.2

endurance limit (S, is recommended (S.=
275MPa for steel). The number of cycles of the
shaft subjected to a stress such as the one
represented in Fig. 13 can be calculated as
follows F7:

1
vo|3 ) (F12)
a
2 2
oy Bus ) _(09x55158) oo (F13)
s, 275.79
b:—llog[surf]:_llog(OgXSSl'sgjz—O‘OS (F14)
3 S, 3 275.79
o 0.1815
S,=— = =0.1816  (FI5)
o 04260
S, 551.58
-
= (0'1816j0'0851 =2.4226x10%cycles  (F10)
893.55

Case study 2:

The shaft material is assumed to be the same as
in case 1. Thus, constants a and b are unchanged
since these constants depend totally on the
material properties.

o, = O O _ 0.1403-0.0721 _ o0 (F17)
2 2
o, = Ot O _ 0.1403+0.0721 _ 0o\ (F18)
2 2
_ o, _ 00341 (F19)
S, = oo =0.0341 MPa
s, 551.58
-
L= (0'0341j°'°851 =83114x10% cycles  (F20)
893.55
N, =343.08x10° x N, (F21)

It results from these case studies that the stress
resulting from load variations increases with the
level of network disturbance. The high is the
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stress level, the shorter is the number of cycle
before breakdown.

APPENDIX-G: WT droop factor adjustment
at variable wind speed

In Chapter 5, an approach to obtain a
relationship ~ between the external rotor
resistance, grid frequency and injected power for
which the wind system operates in the selected
frequency range at a given wind speed is
presented. A case study similar to the one
presented in this Chapter is illustrated in the
figure below, using Table G.1. Figure G.1
represents the power frequency curves of the
wind system at 12 m/s and different rotor
resistances, where the blue line represents a
desired operating droop curve at 12 m/s wind
speed.

Table G.1 Case study of power-frequency variation of
the WT at different rotor resistances

f(Hz) u=12m/s

R.;=RIR, ,=5RJR. .= 10R)R, ,= 15R)
58 77.67 | 4648 32.64 25.58
59 7641 | 45.62 31.96 25.08
60 74.96 | 44.74 31.35 24.57
61 73.64 | 43.84 30.73 24.05
62 7229 | 42.94 30.09 23.58

5,., (kW/Hz)| ---- — o —

The desired droop line shown in Figure G.1 can
be described using the following equation.

PWT(f):ermax +Sp*u(fmax _f) (Gl)
= 23.5854+13.519(62 - f)

Where P, jna is the injected power at a given
wind speed for maximum grid frequency and sp.,
is the slope of the curve which varies with the
wind speed. It appears from Figure G.I that the
desired droop curve of the turbine intersects the
power- frequency curves of the wind generator

at the individual rotor resistances, and the point

of intersection (I; or I,) is unique for every
frequency point. Thus, for a given slope (sp ) and
a given power at maximum grid frequency
(Pa), it is possible to obtain the desired droop
curve one might want the wind system to operate
at. In addition to this, if all the possible points of
intersection of the assumed droop curve with the
power- frequency curves at the individual rotor
resistances are known, it will be possible to
obtain the external rotor resistance required for
which the wind system would operate on the

desired curve.

sof L = 12\m/s 1
’Q
’0. At R,
*
|- 2 1
70 ‘.
’oﬁ PWT UN meax * SP(fmax'f)
ol '... =23.5854 + 13.519 ( 62f)
.Q
. *
3 50+ ‘e, li(PER) N
E ”‘/
H — *
8 —_— *
A
| ”0.‘ ALSR, |
*, I,(P.f,R;)
‘0
 — B Y
ol . ALI0R, 1
- - - - "
— 0 At15R,

2 S M S S S,

575 58 585 59 505 60 605 61 615 62 625 63
Frequency (Hz)

Figure G.1 Power-frequency curve of the wind

generator at 12 m/s and different rotor resistances

In order to achieve this, it is suggested to use
data points with reduced step variation in the
rotor resistance, since in such a case the curve
fitting will be more consistent. Thus, Table G.2
will be assumed rather than Table G.1. In Table
G.2, a step variation of R, is used instead of 5 R,
as in Table G.1.
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Table G.2 Power-frequency curve of the wind generator at 12 m/s with variable rotor resistance

f(Hz) u=12m/s
th: th: th: th: th: th: th: th: th:th: th: th: th: th: th:
R. | 2R, | 3R, | 4R, | 5R, | 6R. | 7R, | S8R, | 9R, |IOR, | 11R, | 12R, | 13R, | 14R, | 15R,
58 77.67]65.53[57.27]51.23]46.48142.7039.58 |36.83 |34.64 | 32.64 | 30.92 | 29.31 | 27.98 | 26.69 | 25.58
59 76.41]64.36[56.30|50.20 |45.62 |41.88 38.71|36.18|33.93|31.96 | 30.26 | 28.76 | 27.37 | 26.17 | 25.08
60 74.96]63.1655.19149.27|44.74 | 41.05]38.01 |35.43|33.21|31.35|29.68 | 28.19 | 26.82 | 25.64 | 24.57
61 73.64162.07[54.17 |48.3243.84[40.21 37.2134.75|32.56 | 30.73 | 29.08 | 27.61 | 26.26 | 25.10 | 24.05
62 72.29160.82[53.0247.36| 42.9 [39.45[36.49|34.06|31.90|30.09 | 28.47 | 27.03 25.77 [24.62 |23.58
Spey -—- --- -—- --- - --- - --- - --- - - - - ---
(kW/Hz)
The 3-D plot of the data given in Table 6.2 with R.(f,P,)= ki +ky In(f) ks In(P,) +k, (G2)

R, = 0.03281 12 is represented in the figure

below.

Figure G.2 Rotor resistance variation versus
frequency and power variations using the data of
Table G.2
From Figure G.2, all the possible points of
intersection between the power, the external
rotor resistance and the grid frequency at 12 m/s

wind speed can be clearly seen (white dots). The

relationship  between the external rotor
resistance, the grid frequency and the injected
power can be obtained using a 3-D equation that
fits better the trajectory of these points of
intersection. The closest relation obtained is
given in the equation below, where constants k;,

ky, k3 ky ks and kg can be obtained using a multi

variable curve regression optimization program.

1+k,f+kP,
where k;=-5.9596; k,=8.9617; k;=4.66; k=
-1.9107; ks=-5.6145; ke=-3.1427.

—5.9596+8.9617In(f)+4.661n(P,)
1-1.9107f —5.6145P,,

—3.1427

RS, P,)=

(G3)

The errors obtained using equation (G3) to fit

the curve shown in Figure G.2 is represented in

the figures below:
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Figure G.4 Absolute error vs. rotor resistance plot
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Figure G.5 Absolute error v.s. frequency plot
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Figure G.6 Absolute error vs. power plot

The absolute errors shown in Figure G.4 to
Figure G.6 are relatively small. Thus, equation
(G3) provides a good description of the
relationship  between the external rotor
resistance, injected power and grid frequency for
the data considered in Table G.2.

The model of the case study presented in this
Section can be represented as shown in the

figure below.

Pfmax — ]

Py
Spy—— Equation (F1) Equation (F3) —= R, (Py.f)

A "
Figure G.7 Model of the rotor resistance variation
vs. grid frequency and injected power at 12 m/s

a) At variable wind speed

The model presented in the previous subSection

can be extended as shown in this Section to take

into account a possible operation of the
controlled WT for a given wind speed range. It is
assumed that data points such as those
represented in Table G.2 are available for each
wind speed in the entire wind speed range. All
the data at the individual wind speeds need to be
fitted using the approach shown in the previous
subsection such that all the curve fitting
equations will have the same general form given
in equation (G2). It is expected that, constants k;
to ks at the individual wind speeds will have
different values. The model represented in
Figure G.7 can be extended for the selected wind
speed range by inserting a look-up table that
does the interpolation at a given wind speed to
find the corresponding k; constants, as illustrated

in the following figure.
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Figure G.8 Model of the rotor resistance variation
versus grid frequency and injected power for a
given wind speed range

For a given wind speed, the model shown in
Figure G.8 interpolates for the constants k;. It is
assumed that parameters P, ... and sp, are
selected based on the wind speed at which the
WT operates. If this condition is satisfied, the
model should be able to predict accurately the
external rotor resistance required for the desired
operating point. Thus, by integrating this model
conveniently in the model developed in Chapter
5 to generate the duty cycle of the IGBT switch,
the proposed type 2 WT will be able to operate in

any given wind speed range, providing that all
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parameters of the model have been selected and

set properly.

APPENDIX-H: Parameters of the individual
machine types

TABLE A
THREE PHASE INDUCTION MACHINE PARAMETERS
Parameter Value
Stator resistance(£2) 1.4
Rotor resistance(£2) 1.03
Stator leakage inductance (H) 2.675¢e-3
Rotor leakage inductance (H) 4.011e-3
Magnetizing inductance (H) 0.112
Nominal power (HP) 2
Number of pole 4
Synchronous frequency (Hz) 60
Capacitance for self-excitation (uF) 72
Nominal voltage (V) 208
TABLE B

PERMANENT MAGNET MACHINE PARAMETERS
Parameter value
Nominal power (HP) 3.5
Nominal voltage (V) 208
Converter resistance(mg2) 2.5
Stator winding resistance(L2) 1.4

Stator d-axis leakage inductance (H) 5.6e-3
Stator g-axis leakage inductance (H) 9e-3

Moment of inertia (kg m?) 6.5¢-3

Number of pole 4

Synchronous frequency (Hz) 60

Permanent Magnet flux (Wb) 0.1546

TABLE C
CAPACITOR START INDUCTION MACHINE PARAMETERS

Parameter value
Nominal power (HP) 15
Nominal voltage (V) 230
Main winding stator resistance(£2) 0.575
Main winding rotor resistance(€2) 1.1728
Auxiliary winding stator resistance(£2) 2.0325

Auxiliary  winding  stator leakage 1.33e-3
inductance (H)

Main winding stator leakage inductance 1.15e-3
(H)

Main winding rotor leakage inductance 0.8703e-3

(H)

Main winding mutual inductance (H) 0.0275
Moment of inertia (kg m2) 24.6e-3
Number of pole 4

Turn ratio (Nqs/Nds) 1/2.18
Synchronous frequency (Hz) 60
Capacitor impedance (£2) 4.8-j%4.3

TABLE D
SPLIT PHASE INDUCTION MACHINE PARAMETERS

Parameter value
Nominal power (HP) 1/4
Nominal voltage (V) 110
Main winding stator resistance(€2) 2.02
Main winding rotor resistance(€2) 4.12
Auxiliary winding stator resistance(€2) 7.14

Auxiliary winding stator leakage in

(H)

ductance 8.5e-3

Main winding stator leakage inductance (H)  7.4e-3
Main winding rotor leakage inductance (H) 5.6e-3

Main winding mutual inductance (H
Moment of inertia (kg m2)

Number of pole

Turn ratio (Nqs/Nds)

Synchronous frequency (Hz)

TABLEE

) 0.1772
7.3e-3
4
1/1.18
60

PARAMETERS OF THE THREE PHASE INDUCTION
MACHINE USED AS SINGLE PHASE GENERATOR

Parameter
Stator resistance(£2)
Rotor resistance(L2)

Value
1.45
5.5

Stator leakage reactance ()  4.184

Rotor leakage reactance (Q)
Magnetizing reactance ()
Nominal power (HP)
Number of pole

4.184
70.87
5
4

Synchronous frequency (Hz) 60

Nominal voltage (V)

TABLEF
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WIND TURBINE PARAMETERS USED IN CHAPTER 4

Parameter

Rated power

Rated wind speed
Cut-in wind speed
Rated grid frequency
Grid frequency variation

TABLE G
INDUCTION GENERATOR PARAMETERS
Parameter
Rated power
Rated voltage
Stator phase resistance
Rotor phase resistance
Stator and rotor phase reactance
Magnetizing reactance
Number of poles
Base frequency
Moment of inertia

Value
100 Hp
12 m/s
6m/s
60Hz
+/-3.33%

USED IN CHAPTER 4
Value
100 HP
460 V
0.03957 Q
0.02215 Q
0.1467 Q
6.27 Q
4
60 Hz
1.3 kg.nm’
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TABLEH

WIND SYSTEM PARAMETERS USED IN CHAPTER 3

Parameter value
3-blade wind rotor with f§ = 0°
Nominal power 5 HP
Nominal wind speed 10m/s
Blade diameter 5.6m
Moment of inertia 4.5Kg-m’
Air density 1.25 Kg/m’
Gear box ratio (K,p) 6.8
Induction generator

Nominal power 5 HP
Stator phase resistance 1.45Q
Rotor phase resistance 5.5Q
Stator and rotor phase reactance  4.184Q
Magnetizing reactance 70.87Q2
Number of poles 4
Base frequency 50Hz

TABLE I

WIND TURBINE DRIVE TRAIN PARAMETERS

Parameter

Rotor moment of inertia (kg.m?)

Shaft stiffness on generator side (Nm/rad)
Damping coefficient on generator
(Nms/rad)

side

value
1300
5252
4.11

TABLEJ

WIND SYSTEM PARAMETERS USED IN CHAPTER 5

Parameter value
2-blade fixed-pitch wind rotor
Rated power 100 HP
Rated wind speed 12 m/s
Cut-in wind speed 6 m/s
Rated grid frequency 60 Hz
Grid frequency range 58Hz-62Hz
Rotor radius 10.4m
Pitch angle 0°
Gear box ratio (Ky) 1:7.8
Wound rotor Induction generator
Rated power 100 HP
Rated voltage 460 V
Stator phase resistance  0.0646 Q
Rotor phase resistance 0.03281 Q
Stator phase inductance  0.587 mH
Rotor phase inductance ~ 0.9751 mH
Magnetizing inductance  22.5 mH

Number of poles 4
Base frequency 60 Hz

TABLEK

DIESEL ENGINE PARAMETERS
Parameter value
Engine torque constant (,,,) 1
Actuator constant (k,) 1.0
Engine inertia (J) 0.88 kg.m’
Actuator time constant (z,) 0.05-0.2
Engine dead time (z,,,) 0.011s
Engine friction coefficient (Nms) 0.03
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