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ABSTRACT

In this research, the power performance of three grid-connected small wind was
investigated. Two small wind turbines were tested in a number of load conditions and test
data were collected for approximately two months. Data was analyzed for active power,
power factor and reactive power. Results indicate that the type of local load does not
significantly affect the power curve of a small wind turbine. It was also observed that
above 15% of rated power, the power factor of a grid-connected small wind turbine was
almost constant.

In the second stage of this research, another small vertical axis wind turbine was tested
and data was analyzed. A maximum power point tracking (MPPT) table for optimal
operation of a small vertical axis wind turbine was derived mathematically and verified
by simulation model. The derived MPPT table was programmed in an inverter; the wind
turbine was tested and data was logged for more than three months. The power curve
from the logged data was produced and compared with the manufacturer's power curves
of the turbine.

At the last stage of this research, a Matlab simulation model of a grid-connected 1.1 kW
wind turbine system was developed along with active and reactive power control system.
The supplied reactive power from the wind turbine was controlled by changing the phase
angle of Pulse Width Modulation (PWM) in the wind turbine inverter. A proportional
controller was used to maintain the reactive power supplied by the wind turbine. On the
other hand, a PI controller was used to maintain the wind turbine operation at an optimum

tip speed ratio to extract maximum power from the wind. The simulation results confirm
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that the designed system is able to control the wind turbine and capable of providing the

required reactive power.
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Chapter 1

INTRODUCTION

1.1 Background

Global Energy demand is increasing day by day. The World’s Electricity demand grows
almost twice as fast as its total energy consumption. Assuming the recent rapid expansion
of wind, solar and hydro power, by 2035, renewable industries can account for almost
one-third of total electricity output [1].

Wind turbine generation has been contributing a remarkable percentage to the total power
generation in the world. Recently, it has been increasing radically because of
governments support and public environmental concerns [2]. According to British
petroleum statistical review of world energy June, 2012, worldwide wind energy
production has increased by more than 25.8% in 2011 from 2010. Wind power has
contributed about 194.8 million tones oil equivalent energy in 2011 [3].

Small wind turbines are becoming popular gradually. Grid-connected small wind turbines
are very useful where both the grid and the wind energy are available. People are more
interested in small wind turbine after the net-metering regulations. In net-metering
system, if the wind turbine is grid-connected and if there is excess wind power then wind
turbine system can use the grid to store excess power. On the other hand, users can get
power from grid when there is a lack of power production from the wind. In grid-

connected wind turbine and net metering situation, there is no need for battery backup or



any other type of backup system as the grid can be used as storage. This advantage also
reduces the initial cost for small wind turbine.

As the uses of small wind turbines are increasing day by day, it is an urgent demand to
focus on commercially available grid-connected small wind turbine behaviour under
variable electrical load conditions. More research should take place on grid-connected
small wind turbine power performance, maximum power extraction and their control

system.

1.2 Related Works

Wind turbines are divided into two main groups. One is horizontal axis wind turbine
(HAWT) and another one is vertical axis wind turbine (VAWT). HAWT has its main
rotor and generator at the top of its tower whereas VAWT has its rotor shaft
perpendicular to ground and its structure is relatively simple [4]. VAWT has low
efficiencies compared with HAWT. For that reason, HAWT are more popular than
VAWT. However VAWT is suitable where wind speed is low [5]. For low rotational
speed, VAWT are quieter than HAWT. Therefore, VAWT are appropriate for the
applications which are close to population centers.

To produce electric energy, doubly-fed induction generators (DFIG) in large wind
turbines and permanent magnet generators (PMG) in small wind turbines are widely used.
Since a PMG has its own permanent magnet, it does not require an external excitation
current and it does not consume reactive power from the grid. Additionally PMG has high
efficiency and a small size compared to a DFIG. That is why PMG are dominant in small

wind turbine systems [6][7] [8].



Wind turbine power generation depends on wind speed. As the wind speed changes every
moment, the output of generator is wild AC. In order to make the power usable, the
output of the generator is connected to a rectifier. The rectifier output is DC and to
control the DC power various type of control topology are in use. A semi controlled
rectifier is proposed in article [9]. Another fully controlled rectifier for wind energy
conversion system (WECS) is projected in [10]. Besides, another simple way is to add
another de-de converter after the rectifier. There are three main types of dc-dc converter-
buck, boost and buck-boost converter. Among them boost converter is most frequently
used in WECS [11][12][13][14][15]. The output DC power is connected to an inverter.
The inverter output is AC power. The inverters are configured to produce sine wave
output. They are also built up in such a way that they produce grid frequency and also
maintain grid voltage [16]. The standard IEC-61400-21 (International Electrotechnical
Commission) states the power quality issue for wind turbine. The main concerns of power
quality are voltage fluctuation and dips, reactive power and harmonics. Paper [17]
describes the grid power quality for variable speed wind turbine.

In wind turbine industry, various types of control systems are available. For over speed
control and mechanical power control furling, flapping, passive pitching, and soft stall are
mostly used [18][19]. Among them furling and soft stall are simple and inexpensive
control mechanisms for small wind turbines [20].

A Wind turbine can extract maximum power from wind if the rotor blades run at such a
speed that it can maintain an optimum tip speed ratio (TSR). TSR is the ratio between the
rotational speed of wind turbine blade and the wind speed. As the wind turbine

characteristics are nonlinear, a proper control system is needed to extract maximum



power from wind [21][22]. Many research works and implementations are available
regarding maximum power point track (MPPT) system. All the available techniques can
be divided into three main categories, and they are, a)Tip speed ratio control (TSR) b)
Perturbation and observation or hill climbing searching «c¢) power signal feedback
(BSFI[22][23],

In the TSR methodology. the rotor speed and the wind speed are measured at every
moment and the TSR is calculated. The control system will take action (adjust the
generator load) to maintain an optimum TSR[24] [25][26][27][28] [29]. In article[24]
[25], a fuzzy logic controller has been used to track the maximum power point. In article
[27], [28] and [29]an artificial neural network (ANN) has been used to estimate wind
speed and the estimated wind speed and the optimum TSR value are used to calculate
rotor speed command value. This methodology is useful because it replaces the
anemometer.

For hill climbing searching methodology, the controller adjusts the load to increase or
decrease the rotor speed and measures the following power to take decision for the next
step. Some hill climbing searching methodologies have constant step [30] [31] and some
other have variable step [32]. An adaptive control algorithm has been introduced in [33]
for MPPT. In this technique the control system automatically changes its hill climbing
searching method by using estimation process and adaptive memory.

For PSF methodology, maximum power is tracked by using measured current power and
a look up table [22]. The main challenge of this technique is to develop a proper look up
table for a particular wind turbine. A look up table can be developed by computer

simulation or experimental test. Turbine equation can be used to find out reference power



for PSF based MPPT control [34]. Fuzzy logic control based PSF is discussed in the
paper [35][36].

Most commercially available small wind turbines have permanent magnet generator. So
the system does not consume reactive power from grid but wind turbine generation can be
used to provide local reactive power consumption. It will minimize reactive power flow
over the grid and thus it will minimize the losses [37]. In article [37], a stochastic
optimization methodology has been introduced to control reactive power of wind
turbines. Reactive power of wind turbine generation system depends on the inverter
configuration. There are extensive researches concerning the reactive power control of the
inverter. In [38], a fuzzy logic controller has been used to control both active and reactive
power. In [39], a predictive control method has been introduced to control both active and
reactive power. A nonlinear sliding mode control system for power control of a three
phase grid-connected inverter is discussed in [40]. A non linear decoupling method based
reactive power control methodology is proposed for grid-connected PV inverter in [41]. A
controlling strategy for Current Source Boost Inverter (CSBI) using phasor pulse-width-
modulation (PPWM) is proposed and verified using simulation result in [42]. Article [43]
describes only the reactive power control with a CSBI using PPWM in details with both
simulation results and experimental results. All the techniques are applied to grid-
connected inverter. The inverter can be controlled to provide reactive power to the grid.
In most cases, the techniques are applied and verified with a simple DC input to the
inverter. A research should be performed on a grid connected small wind turbine system

along with inverter that can control reactive power flow.



1.3 Research Motivation and Objectives

Small wind turbines are generally used to meet small community energy demand and
remote power generation. The local load connected to these turbines can be resistive,
inductive or capacitive. Commercially available small wind turbine manufacturers
provide a power curve for a particular wind turbine along with all the specification. Wind
turbine test organization further verifies the power curve by logging practical data.
Generally when the data is collected to produce a power curve, the wind turbine is
directly connected to the grid. There may be some load present between the turbine and
the grid but in most of the cases the load is resistive (light, heater of the turbine shed).
Research is urgently needed to examine the small wind turbine power performance when
various types of local loads are connected between the turbine and the grid. This has not
been reported in the literature. Investigation of grid-connected small wind turbine’s power
performance under resistive, inductive and capacitive load is the first objective of this
research.

Grid tied inverter with look up table based MPPT controller is the most simple, reliable
and commonly used inverter in commercially available inverters for small wind turbine
market. The main challenge of this technology is to create a perfect MPPT look up table
for a particular turbine. No well-defined method is reported in literature. The next
objective of this research is to build up a simulation model of a small wind turbine with
all practical parameter and thus develop a power curve and a MPPT table for PSF based
MPPT controller.

In this day and age, reactive power of small wind turbine is an important issue. Various

types of technique are available for controlling reactive power flow of a grid tie inverter.



However research on reactive power control for grid-connected small wind turbine has a
very shadowy existence and little reported in the literature. The final objective of this
thesis is to develop a simulation model of a grid-connected small wind turbine along with

a reactive power control system.

1.4 Thesis Organization

In chapter two, the experiments of two small wind turbines with resistive, inductive and
capacitive load are described in details. The data collection procedure and the analysis
method are also presented in this chapter. The logged data are analyzed and plotted for
active, power factor and reactive power. Power curves of these turbines are plotted with
load and without any load connected between the wind turbine and the grid following the
standard IEC-61400-12-1. Power performances of two small turbines are compared for
different types of loads condition.

In chapter three, a novel vertical axis wind turbine system is analyzed. A MPPT table has
been derived mathematically with the help of available manufacturer provided data. A
simulation model of the system has been built up with a MPPT controller based on tip
speed ratio control. The mathematically derived MPPT table is verified with the
simulation model. The MPPT table was installed in turbine’s inverter and data was
collected and from the logged data, turbine power curve was generated. At the end of this
chapter, power curves generated with various inverter configurations (different MPPT)
are compared.

In chapter four, a control system has been developed that allows wind turbine to provide

reactive power to the local load connected between the grid and the wind turbine.



Detailed discussion of active and reactive power control methodology are presented in
this chapter. The proposed system along with all sub-systems has been modeled and
simulated in Matlab/Simulink. Simulation results for three different cases are also shown
in this chapter.

In conclusion, the summary of the work, contribution and achievements of the research
are presented in chapter five. Some recommendations for future works are also included

in the chapter.



Chapter 2

INVESTIGATION OF POWER OUTPUT OF TWO SMALL WIND

TURBINES

2.1 Introduction

The wind industry contributes a significant percentage of electric power generation all
over the world. The power performance and power quality of wind turbines and their
interaction with the grid is becoming an important issue [44]. Small wind turbines are
being widely used to fulfill local demands. They are used to power dairy farms, water
supplies for small communities, small industry, irrigation and greenhouses. Many of these
turbines are grid-connected, therefore when there is excess electricity they can supply the
extra power to a grid and when there is a lack of electric power from the wind turbine, the
system can use power from the grid assuming net-metering is available.

Power performance investigation of small wind turbines is very important.
Manufacturers provide a power curve for their wind turbines, which is essentially turbine-
produced active power versus wind speed. Depending upon the situation, the small wind
turbine load may be resistive, inductive or sometimes capacitive in nature. So, besides
active power, reactive power performance and power factor condition under variable
electric load configurations are also needed to study.

Wind Energy Institute of Canada (WEICan) is an institute where small wind turbines are
tested for verifying their power curves. WEICan suggested to test small wind turbine to

investigate whether these turbines can provide their stated power under different types of



10

loads or not. To investigate this issue, two turbines were selected for experiments and
they are called turbine A and turbine B below. The identity of these two turbines is being
kept confidential in this thesis to protect commercial interests of turbines manufacturers.

In this chapter, the power performance of two small wind turbines is investigated. Two
wind turbines are tested at the WEICan with a resistive, inductive and capacitive load.
Recorded data are compared and analyzed for active power, reactive power and power

factor. The results and discussion are presented below.

2.2 Grid-connected Small Wind Turbines

Figure 2.1 represents a typical small wind turbine system. Most small wind turbine
systems consist of a rotor, generator, rectifier and inverter. After an inverter, the system is
connected to an AC panel; the local load is also connected to an AC panel. Before

connection to the grid, typically, power goes through a transformer to change the voltage

level.
Wind Turbine Generator Rectifier
AC Inverter
Transformer panel
Local Load

Grid

Figure 2.1: Block diagram of a small wind turbine

For our experiments, the system was arranged in a similar way. To convert the wind

energy into mechanical energy, a wind rotor is used. For electric power generation,
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various types of generators have been used. Among them, a permanent magnet generator
is widely used as mentioned previously. As the wind speed and wind direction change
every second, so does the total extracted wind power. As a result, the produced electric
power from the generator is not uniform. The AC power from the generator is first
converted to DC power with the help of a rectifier. Then, the DC power is again
converted to the desired AC power so that the output can be connected to the grid. The
inverter plays a vital role in this system. The inverters must produce high quality sine-
wave output and must follow the frequency and voltage of the grid. The inverter must
observe the phase of the grid, and the inverter output must be controlled for voltage and
frequency variations [16]. Most of the commercially available grid tie inverters have an

active power factor controller to reduce the Total Harmonic Distortion (THD).

2.3 Data Analysis Procedure

For each wind turbine used in the experiments, there is a meteorological mast assigned to
measure the wind speed and wind direction. The mast was located according to IEC-
61400-12-1 standard [45]. The power was measured using a power measurement device
based on current and voltage measurement on each phase. The power measurement
device was located between the turbine and the grid so that it can measure only the net
active power. The wind turbines were connected to the loads before connection to the
grid. Here in these experiments, this type of load 1s called local load. Two transducers
were used for data logging .One transducer was connected between the wind turbine and
the local load. Another transducer was connected between the local load and the grid. The

first transducer measured how much active and reactive power was being produced by the
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turbine and it also measured its power factor. The other transducer measured how much
active or reactive power exchanges occurred with the grid. A block diagram of the

experimental setup is shown in Figure 2.2.

Data logging - ﬁ
svstem I/ ' B

Data storage

measuring

Wind  L_{system 208v L-L
[Turbine A |}— energizer 60 Hz power,power "
factor . e
Inverter 1 — Load
Transducer 1 5
n n n ,/,,,/,,,m..w,,w,mj /Hioki
C ¢ cC Meter
B b b b
A a a a Transducer 2
Grid
Transformer AC Panel

150 KVA. 3 Phase

Figure 2.2: Block Diagram of an Experimental Setup

Data was collected at one second interval. The collected data was first normalized and
then stored using the bins method [46]. The wind speed ranges are divided into 0.5m/s

contiguous bins centered on multiple of 0.5m/s

2.3.1 IEC-61400-12-1 standard

All the collected data has been normalized according to IEC-61400-12-1standard. For
normalization two air densities are used as reference. One is ISO standard atmosphere
(1.225 Kg/m3) and another one is measured on the site.

The measured air density on the site is represented by the equation below.

Blomin
Pilmitn =5 ow 2.1)
MmN ReT1omin (

P1omin = 10 minaverage air density

Tiomin = 10 min average absolute air temperature



Biomin = 10 min average air pressure
Ry = Gas constant of dry air 28705 J/(Kg*K)
According to [EC-61400-12-1standard, the measured power produced by the wind turbine

and the wind speed are represented by the following equations.

Py = Piomin —=>— (2.2)

P10 min

P, = Normalized power output
Pomin = Measured Power average over 10min

po, = Reference air density

miny 1
Vo = Viomin (22212 /3 23)

V., = Normalized wind speed

V omin = 10 min average wind speed

2.3.2 Bins method

For the power curve, bins method was applied to normalize the power and wind speed.
For this purpose, 0.5m/s bins was used and the following two equations are used to

calculate the mean values of the normalized wind speed and normalized power output.
1 v Nj
Vi = X Vi (24)
1 vNj
P = N—izjzl Py (2.5)

Vi= Normalized and average wind speed in bin i ;

Vi, i.j = Normalized wind speed of data set j in bin 1;
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P, = Normalized and average power in bin i ;
Py i j = Normalized power of data set j in bin 1;

N; = Number of 10 min data setsin bin 1 ;

2.4 Experiments and Results

To investigate the power performance of small wind turbines, two different turbines were
used. For our experiment, the turbines are referred to as turbine A and turbine B. Both the
turbines have PMG. Turbine A is a 1.1 KW small wind turbine and it uses stall regulation
for its control system. Turbine B is a 1.3 KW small wind turbine and it uses furling
method for its control system. Normalized data is used in this chapter to hide the wind
turbine identity.

For data logging, a Campbell scientific 1000 data logger was used to collect the data for
every second interval and stored in a PC. This creates a file for every day (24 hours). This
raw data (second data) was later converted to ten minute average data. Then, this ten
minute data was normalized and the power curve was plotted using the bins method. The
bins method was also used to compare the reactive power and power factor.

For the experiment with a motor, a second transducer (Hioki meter) was used. It can
measure three phases - active power, power factor and reactive power for one second
interval and store the data in a memory card. Later, this collected data can be easily

moved from the memory card to a PC.

2.4.1 Experiments with turbine A

The specifications of turbine A are as follows:

Rated Power: 1.1 KW
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Rated wind speed: 12.5 m/s

Power Regulation: Non-stop output control
Maximum Power: 4 kW

Permanent magnet generator (3 phase, synchronous)
Over Speed Control/Protection: Stall Regulation
Inverter output Voltage: 120V/208V

Voltage Tolerance: + 5%

Grid Frequency: 60Hz

Frequency Tolerance: + 0.00083%

2.4.1.1 Power Performance without any Local Load

The turbine was grid-connected. For comparison with local load and without local load,
the power performance data of the turbine without any local load was collected for ten
days. Then, ten minute average value of data was calculated and then it was normalized.
Finally, by using the bins method, the power curve, reactive power curve and power
factor curve were plotted.

Figure 2.3(a) shows the power curve of the wind turbine. In Figure 2.3(b), the power
factor is plotted and it indicates that when wind speed is more than 9 m/s, the power
factor is close to unity.

Power factor =active power/apparent power (2.6)

Apparent power2= active power2+ reactive power2 2.7

Reactive power is plotted in Figure 2.3(c) and it can be observed that there is negligible
change of reactive power with wind speed changes and reactive power is always less than

200 var.
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Active power output depends on wind speed and it typically increases as the wind speed

increases. But with wind speed increase, there is no significant change in reactive power
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compared to active power change. So, at high wind speed, as the active power is much
higher than the reactive power, apparent power is almost equal to the active power and

thus the power factor improves at high wind speed.

2.4.1.2 Experiment with Heaters

To test whether resistive load can have an effect on the power performance of wind
turbines, three heaters were connected, as shown below in Figure 2.4. It is noted that the
turbine is connected to phase b and phase c¢ of the transformer and here phase to phase
voltage is 208V and phase to neutral voltage is 120V. The heaters were adjusted to
maximum point. One of the heaters was a turbine shed heater. It was configured for 208V
and it was connected to phase b and phase c¢. The other heaters were portable and
configured for 120V. One of them was connected to phase b and neutral, and another one

is connected to phase ¢ and neutral. They were kept outside the shed to prevent

overheating.
. —
Data logging— . %
system * i
Data storage
Wind  |__[svstem 208v LL measuring /= Heater
Turbine A |—] energizer 60 Hz ?O\:el,power {,ﬂw!l.a Kw | 120v
ac OI‘ o B )
Inverter Iz 15 o Heater
.S Yhe
Transducer 120w
Heater
£ >
e -
C ¢ c ¢
B b b b
A a a a
Grid AC panel

Transformer
150 KVA. 3 Phase

Figure 2.4: Block diagram for an experimental setup with resistive load (heater)
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Heaters were connected for six days and one second data was collected. Data was

converted to ten minute average data and after that the data was normalized. Using the

bins method, the power performance curves were plotted and these are shown in Figure

2.5. It is noted that during the experiment with heaters, maximum wind speed was 11 m/s.
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Figure 2.5: Power performance comparison of turbine A with resistive load a) power
curve, b) power factor and c) reactive power

From Figure 2.5(a), it can be seen that there is no change in power curve. In Figure
2.5(b), there is no change in power factor also. In both cases(with and without heater),
when wind speed is greater than 9m/s power factor was very close to unity. Figure 2.5(c)
shows that there is no significant change in reactive power. In both cases, reactive power
decreases gradually and it is always less than 200 var. Therefore, we can say that there is

no significant effect of heaters on the output power, power factor and reactive power.

2.4.1.3 Experiment with a Shp Induction Motor

For the experiment with an inductive load, a Shp induction motor was used as load. The
motor was connected before the transformer. The motor was in no-load mode, so its
active power consumption was low but reactive power was high. The motor was a three
phase motor. The motor was left connected for three days and one second data was

collected for those days. At no load condition, the motor required 1.735kvar. The value of
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the compensation capacitors was calculated to provide required reactive power to the
motor and its value was 35uF for each phase to phase connection. Practically 34.37uF,
208V capacitors were available and they were connected for each phase to phase
connection for two more days and one second data was collected again. Data was
analyzed using the procedure mentioned earlier.

In this case, another transducer (Hioki meter) was connected before the transformer. That
meter measured the whole building power performance for every second. Here, the
building includes the wind turbine, induction motor, data logger, and building lights. Data

was analyzed using the bins method. The connection diagram is shown in Figure 2.6.

Data logging‘——f" ﬁ
system i'» .

Data storage

measuring

Wind ] system —a 208v L-L
[Turbine A |—- : W E— power.power - :
energizer 60 Hz factor - Shp,208v]
Inverter i [ _~ |3 phase
Transducer | induction motor
o n_ n | measuring
C ¢ c ¢ power,power
B b b b factor
A a a a Hioki meter
Grid Sy
L Transformer A€ panel "/, 3 phase
150 KVA. 3 Phase - capacitor

Figure 2.6: Block diagram for experimental setup with an inductive load (motor) and
capacitor

Experimental results and comparison are shown in Figures 2.7 & 2.8. From Figure 2.7,
we can find that, when the inductive load was connected, the whole building power factor
decreased and when compensation capacitors were connected, the power factor improved.
Figure 2.8 shows that the total demand of reactive power for the whole building was more
than 1600var, but with compensation capacitors it was similar to reactive power without

a motor.



F‘_“I_‘_"I‘_‘_W__l' _____ | e i i A |
1 1 1 1 1 1
W et ] ! without motor !
. withmotor __jge¢ 1 ___|____ RN TR NN
5 &capacito&f E i 2 : : E
R 1 ] 1
(> [ TGS, S _.10:6___._1._ _ SR S E—— L i
1A W s e
q;: 1 1 ] ' i 1 Y i i
1 ]
£ I A R
o 1 ] 1 1 1 . . e 1
c_l 1 1 1 1
with motor
P on e ST 4,2 By B :
1 [ 1 \ 1 1 1 ] i 1
1 1 1 I l ] 1 1 1 1
1 1 1 l 0N 1 1 ] 1 1
r T T U T 1

-1200 -900 -600 —300 0 300 600 900 1200 1500

power (watt)

Figure 2.7: Power factor comparison of the whole building with inductive and capacitive
load

2500 j"‘l’_T"l“ﬂ_“l_"l_'r“""'""""I"l"l"l"’l

L 1 1 4 1 1 1 with motor E E E

p SRR T G S e . and (R
z B ; : : : : " : ' : : : Wlthout
AT e el ity vy
§- [ 1 1 ' ] [ | 1 1 : : : : . . . .
< 1000 +- with motor&capacntoj'\.;\.,;.:__:- . %,‘
E st (bbb e
p BEhniaE EE EE TR ER ER
01234567 891011121314151617

wind speed (m/s)
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From Figure 2.9(a), it can be observed that the power curve for all the three cases i.e.
without motor, with motor, and with motor and capacitors are about same. There is no
effect of the induction motor and capacitors. Next, Figure 2.9(b) and Figure 2.9(c)
indicate that the power factor is almost similar and reactive power is still less than 200var
for the three cases. So, the inductive load and compensation capacitors have no effect on

the power performance of this grid-connected small wind turbine.
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2.4.2 Experiments with Turbine B

The specifications of turbine B are as follows:

Rated Power: 1.3 kW

Rated wind speed: 12 m/s

Power Regulation: Active — Inverter
Maximum continuous output power: 1.4 kW
Utility interconnection voltage and frequency trip limits and trip times:
Programmable, Utility specific

Total Harmonic Distortion (current): < 3%
Trip limit and trip time accuracy:<10%

Grid Voltage: Single phase, 208V

Voltage Tolerance: + 5%

Grid Frequency: 60Hz

Frequency Tolerance: + 0.00083%

2.4.2.1 Power performance without any Local Load

Figure 2.10 shows the turbine power curve generated from the data collected over a
number of days. It indicates that wind turbine B has a nonlinear power curve and it is not
consistent. Sometimes, the turbine goes into stall regulation too early, say at 8m/s or 10
m/s and remains stalled above that wind speed; which is due to the furling control system.
At that time, it does not produce any power. The following three power curves are for the
same operational conditions (i.e. without any local load, turbine is connected directly to
the grid) but weather conditions were different as the data was collected for the different

period. Three data sets are plotted in Figure 2.10.
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Figure 2.10: Power curve variation for turbine B under the similar conditions
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From Figure 2.10, it is clear that the power curve is inconsistent. For example, there was a
sudden drop at 12m/s in the power curve during Julian days 193 200. Because of wind
gust the wind turbine was stopped for a while but the average wind speed was 12m/s and
the average power production was low. Therefore, it 1s very difticult to compare power
curves with and without local load.

For our experimental comparison, one second data for fourteen days without any local
load was collected and plotted following the same procedure as described above for wind
turbine A. The active power and reactive power against wind speed were plotted in Figure
2.11. As the active power varies for the same wind speed, here we have plotted the power
factor against the active power instead of power factor versus wind speed.

Figure 2.11(b) shows that the power factor is constant over a range of produced active
power. When output power is more than 200W, the power factor becomes unity. From
Figure 2.11 (¢), there is insignificant change of reactive power with wind speed changes

and reactive power is always less than 150 var.
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Figure 2.11: Power performance of turbine B without any local load a) power curve, b)

power factor and c) reactive power

2.4.2.2 Experiment with Heaters

Experiments were repeated similar to wind turbine A for resistive load. Turbine B was
connected to phase A and phase B in the AC panel, so all the heaters were connected to
phase A and/or Phase B, as shown in Figure 2.12 and data was collected and analyzed.

Recorded data is plotted in Figure 2.13.
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Figure 2.12: Block diagram for experiment setup with resistive load (heater) for turbine B

From Figure 2.13(a) we can see that there is a little change in the power curve. As
mentioned earlier, the power curve is inconsistent for this wind turbine. so it is better to
look at the power factor and reactive power. The power factor is also unchanged. From
Figure 2.13(b), for both cases, the power factor was close to one when active power was
greater than 200 watt. Figure 2.13(c) also shows that there is no significant change in
reactive power. In both cases, reactive power increases gradually and it is always less
than 150 var. Therefore, it could be concluded that there is no significant effect of

resistive load on the power performance of turbine B.
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Figure 2.13: Power performance comparison of turbine B with resistive load a) power
curve, b) power factor and ¢) reactive power

2.4.2.3 Experiment with Shp Induction Motor and Capacitors

The experiment was repeated for turbine B with inductive and capacitive load. Figure
2.14 below shows connection diagram for this set of experiments. As mentioned earlier, a
Hioki meter was used before the transformer to measure the whole building power

performance. Collected data was analyzed and it is plotted in Figures 2.15 & 2.16.



28

data logging
system
- measuring , :
Turbine B[] power, power -—— v
e factor 00 b b f— ] Shp,3 phase|
pverter Transducer - Ll /. {208v,60Hz
AC panel Induction motor
c ¢ ﬁ 3 Pha§e
B b [~ lcapacitor
A 2 measuring
» | L power,power
Grid L:L 600v L:L208v factor
Transformer. 45SKVA. 3 Phase Hioki meter

Figure 2.14: Block diagram for the experimental setup with an inductive load (motor) and
capacitors for turbine B

In Figure 2.15, we can see that, when active power is greater than 200W power, in both
directions (from grid or to grid), the power factor is very close to unity without the motor.
When we connected the motor, power factor decreased, but when compensation
capacitors were added( 34.37uF, 208v for each phase to phase) the power factor
improved and increased to unity. It is noted that during the period when compensation
capacitor was connected, maximum wind speed was around 9 m/s.

From Figure 2.16, when the system was without motor, reactive power was more or less
200 var. But when the motor was connected, the whole building demand for reactive
power increased and it was greater than 1600 var. After that, capacitors were connected

and the reactive power demand for the whole building was decreased.
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More test results are presented in Figure 2.17. Turbine transducer data was collected and
analyzed as described previously for turbine A. From the plots in Figure 2.17(a), we can
see that the power curve varied slightly. As this turbine power curve is inconsistent. it is
better to compare the power factor and reactive power. From Figure 2.17 (b) and Figure
2.17(c), it can be seen that there is no significant effect of the inductive load and

compensation capacitors on the turbine power factor and reactive power.



(31em) damod aanoe

i | vy

1 I 1 1

| | 2 |

1 1 1 1

| | 4 |

s pimie pE e = Ay e

1 I 1 1

1 1

1 b L

1% 8 . N

| b e b |3

_m w B m .

1O QO w <) | 5!

_m h——1 £ |

B e . _

2% = ! !
I

_rw Sz - S

1 § i G

i | | H i

| v 1 1

£ F # 4 " i s 2 d

T T T T T T g 3 1

[ T~ T — T S R - T

[==T T TR = R = R = >

N o N T o

— — 1

10 12 14 16

wind power(m/s)

o
=3
=
[
<
="
m
(% PR
S ]
O
E 83
- g - m o= S - | )
. S EE
_ S S
rex
o -2 F .-
1 1
1 1 5
| 1 ¥
1 1 2
L g i
1 1 1 | 1
1 \ 1 1 ! 1
1 | 1 1 | 1
1 ¢ 1 1 ! 1
1 i | l 1 |
FETRE TS EE T R R
1 Ly ! 1 | |
1 e ! 1 1 1
1 | ¥ e | |
1 I 1 ﬁ,,. I 1
e St ECE R B
G = 8 S O
v— S oS <o
RIORI S BRI |

400 600 800 1000 1200 1400
Active power (w)

200

(b)

| _ P
1 1 ] i
TlllYll|1||lW lllllll -
- A
EosE A e S s 8 2K
] ]
I 1
b e Ee X
| (=] P §
1 .bh.- [
I ] 1
- @ --r--- ~i--F
1 {1 1
1 (] 1 ]
ol Yalles
" m od !
e b | !
FE 8 S--r---r-l-
1 m o 0 i 1
! ] i
L Q E E P [P,
re = = f i
O~~~ '
L33 3
o |
Ll 1
[ SO D D S - Leaa
] 1
I ¥
—_ F
I : T T 1
ggggsg-°
g ® © < N
(4en) Jamod anndeal

10 12 14 16 18 20

8
Wind speed (m/s)

6

(c)

Figure 2.17: Power performance comparison of turbine B with inductive and capacitive

load a) power curve, b) power factor and c) reactive power
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2.5 Conclusion

This chapter described the power performance of two small wind turbines under variable
load conditions. The active power performance, the power factor condition and the
reactive power performance under resistive load, inductive load and compensation
capacitors load have been presented in this chapter. From the data, it is concluded that
there is no significant effect of load type on the power performance of a small grid-
connected turbine. When experiments were done with a Shp inductive motor, which
consumes about 1600var, it was found that the turbine also had no effect on its reactive
power production; thus, the power factor remained unchanged. The motor consumed the
reactive power from the grid. Therefore, these experimental results show that the small
wind turbine cannot produce any reactive power for inductive or capacitive load. The
wind turbine inverter basically acts as a current source and its current phase angle is very
close to the grid voltage phase angle.

Most of the small wind turbines are situated in remote locations isolated from the national
power plant. If someone buys a small wind turbine to run a small motor for his/her
business and connects the turbine to the grid, then the system will still consume reactive
power from the grid and there could be loss or utility penalty for the reactive power. A
control system should be developed so the owner can adjust the reactive power and power
factor for an optimal operation and minimal reactive power from the grid. A proposed

control system is discussed in the 4" chapter.



32

Chapter 3

DATA LOGGING AND POWER OPTIMIZATION OF A NOVEL

VERTICAL AXIS WIND TURBINE

3.1 Introduction

In this chapter, a grid connected small vertical axis wind turbine system is analyzed for
power optimization. The vertical axis wind turbine (VAWT) has two sets of blades. One
set is fixed and guides wind into the second set of rotating blades. The rotor blades are
distributed symmetrically about the vertical axis and thus it is independent of wind
direction. To capture maximum power from wind, the stator makes a channel for the flow
of air on the underside of the rotor blades. This novel type of stator also provides a rigid
structure to the turbine to withstand wind speeds exceeding 60m/s. This wind turbine
never needs to brake due to excessive wind thereby allowing it to capture wind over a
large range of wind speeds. The maximum power extraction and optimization from such a
novel vertical axis wind turbine is the main objective of this study. This VAWT system’s
inverter is based on Power Signal Feedback (PSF) control methodology for optimum
power operation. PSF control depends on a look up table (i.e. a Maximum Power Point
Tracking (MPPT) table)[47][48]. Generally computer simulation or experimental tests are
used to create the MPPT table and this is the difficult part of this methodology[49].

This chapter describes the MPPT table developed mathematically for the novel VAWT.

Power production data of this wind turbine was logged for a period of time to determine
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its power curve. A simulation model of the VAWT has also been developed to validate

the MPPT table.

Figure 3.1: Vertical Axis Wind Turbine of this research

3.2 Technical information of the turbine and generator

The technical information of the wind turbine and the generator was collected from the
corresponding manufacturers. This drag type VAWT rotates slowly with high torque and
a gearbox is used to match the turbine and the generator. Gear box is discussed in section
3.5.

Wind Turbine Specifications:

Diameter / Height: 4m/1.5m

Cut-in wind speed : 2 m /s

Maximum wind speed: 60 m/s

Power at 15m/s: 1.3 kW

Power at 25 m/s: 4.4 kilowatts

Power at 40 m/s: 10 kW

Rotation speed: from 0 to 120 turns / min
Power control: Electronic Direct Torque Control
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The turbine manufacturer also provided wind turbine test data for wind speed, optimum

rotation and maximum power. Data is tabulated in Table 3.1

Table 3.1: Turbine optimum rotation and maximum power data from the manufacturer

Here,

Wind speed(m/s) K opi(rpm) P max(watt)
2 4.1268 11.45
4 8.2536 44.98
6 12.38 116.06
8 16.5072 29775
10 19.9462 458.23
12 24.34812 T13.27
14 21007 1174.23
16 30,951 1575:19
18 34.39 2133.67
20 38.5168 2906.95
2 42.6436 3665.91
24 46.7704 4439.19
26 50.8972 3155.19
28 55.024 5914.15
30 59.1508 0644.47

K op=Optimum rotational speed of blades
Pnax=Maximum power produced for optimum rotation of blades.

Generator Specification:

The generator of the system is a Permanent Magnet Generator (PMG). All the technical

data of the generator are provided in Table 3.2.
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Table 3.2: Generator information obtained from the generator manufacturer

Number of revolutions Current’ Voltage' Power Torque (N-

(RPM) (A) V) (watt) m)
0 0 0 0 0
20 1.7 31.8 54 42.1
40 30 64.4 238 76.6
60 5.6 95.3 534 106.7
80 Vb 125.8 944 1358
100 D2 154.6 1422 162.0
120 | 183.6 2020 187.8
140 1.7 pal; 2692 2118
160 14.3 238 3403 233.8
180 16 265 4240 2335
200 §p 296.1 SI%d 2752
220 19 3162 6008 294.2
240 2.5 340.5 6980 312.2

'"Woltage and current in the above table are rectified DC voltage and DC current.

3.3 Block diagram of the system

The vertical axis wind turbine is connected to PMG via a gearbox. The output of the

generator is wild AC. It is rectified and the output DC is connected to an inverter. The

inverter output is 208V and it is connected to the grid via a transducer and circuit breaker

in the AC panel. The transducer is connected to a data logging system and the data logger

is connected to a computer. The system block diagram is presented below in Figure 3.2
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Figure 3.2: Block diagram of the wind turbine system

3.4 Power curve determination from the available turbine data

The wind turbine was installed and running for about two months before this research was
started. Wind speed data and the output power data of the turbine were available for that
period. Data was collected at a sampling rate of 1Hz. The available data was analyzed by
using bins method and a power curve was derived. A Microsoft Excel based macro [50]
has been created for analyzing the data. Detailed description of the macro is presented in
Appendix A. The power curve is plotted and compared with manufacturer provided

power curve in Figure 3.3.
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Figure 3.3: Initial power curve of the wind turbine and the manufacturer provided power
curve
We also analyzed the power factor and we found that power factor is always more than
.95 as expected.
From the above analysis we found that the wind turbine was not generating the power
claimed by the manufacturer. The possible reasons are as follows:

a. Improper scaling factor and offset value for the data logger

b. Incorrect gearbox ratio

c. Inaccurate MPPT table in the inverter
The scaling factors and offset value for the data logger were checked and found correct.

The gearbox ratio validation and the MPPT table derivation are described in details in the

following sections.

3.5 Gearbox Ratio Analysis

Generally, in a wind energy conversion system (WECS), a gearbox is used to connect the
low speed turbine to the high speed generator [49]. The current gearbox ratio is 1:3.66
and the manufacturer states its efficiency as 96%. As mentioned in chapter one, TSR is a

ratio between the rotational speed of wind turbine blade and the wind speed. Maximum
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power extraction occurs at an optimum TSR for a given wind speed. TSR is presented by

equation 3.1 [51].

Here,
L = Tip speed ratio,
o = blade rotational speed (rad/s),
= blade radius= 2m
V=wind speed(m/s)

From the wind turbine data (Table 3.1), TSR of the turbine for various wind speed is

calculated using equation (3.1) and presented in Table 3.3.

Table 3.3: Tip speed ratio calculation

V(m/s) K opt(rpm) | w opt(rad/sec) L _opt
2.00 4.13 0.43 0.43
4.00 8.25 0.86 0.43
6.00 12.38 1.30 0.43
8.00 16.51 1.73 0.43
10.00 19.95 2.09 0.42
12.00 24.35 2.55 0.42
14.00 2791 2.88 0.41
16.00 30.95 3.24 0.40
18.00 34.39 3.60 0.40
20.00 38.52 4.03 0.40
22.00 42.64 4.46 0.41
24.00 46.77 4.90 0.41
26.00 50.90 5.33 0.41
28.00 55.02 5.76 0.41
30.00 59.15 6.19 0.41

From Table 3.3, it is found that the optimum tip speed ratio is almost constant and its

average value is around 0.42.



From the manufacturer power curve in Figure 3.3, it is found that at 27 m/s wind speed,

the turbine produces SkW power.

From equation (3.2), A = u)%

\'%
Or,w = )\;

At 27 m/s wind speed,
W = (42*27)/2 Here, tip speed ratio, A=.42
=5.67 rad/s
Or, K=54.17 rpm

So after the gearbox, the generator rotational speed should be 54.17*3.66=198.26 rpm.

From the Figure 3.4 we can see that at 198 rpm the generated power is almost SkW.

8000
7000
6000
5000
= 4000
Z 3000
2000
1000
0.00 50.00 100.00 150.00 200.00 250.00
RPM

(watt)

Figure 3.4 : Generator power vs. rpm

Again, from Figure 3.3, we can see that at 20 m/s wind speed, the turbine produces 2.8
kW. So at 20m/s, the turbine rotational speed is 40.12 rpm (calculated as previous case).
After the gearbox, the generator rotational speed is 40.12*3.66=146.83 rpm. From the
generator curve (Figure 3.4), at 146 rpm, power is approximately 2.8 kW. Therefore, it is

proved that the gearbox ratio is correct for this VAWT system.
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3.6 Determination of a Maximum Power Point Tracking (MPPT) Table

This section presents a detailed calculation of MPPT table for the VAWT. Calculation is
based on all available information about the system. The system block diagram in Figure
3.5 indicates the values for MPPT table. The inverter PSF control system works on the

basis of the DC voltage vs. power table and it is called MPPT table.

Data logging| _
systam

-
DC vohage «——MPPT —®-Power |

i | it

% data resteore computer

!

o Ginglong Aurora 6Kw l measuring power, 86240
Vertical axis M Rectifier Inverter power factor |
wind turbine .

‘ (PMG)

Transducer

AC parel

3N ow

Grid

Figure 3.5: System block diagram indicating the use of MPPT table

3.6.1 Power calculation for the MPPT table

From the turbine data shown in Table 3.1, we can find the maximum power for a
particular wind speed. This mechanical power is transferred to the generator via a gearbox
and then converted to electrical power. The generator output power goes through the
rectifier and the inverter before it is supplied to the grid at 240V. If we multiply this
mechanical power with the gearbox efficiency (96%), alternator efficiency, rectifier

efficiency and inverter efficiency, we can find out the inverter maximum power output.



3.6.2 Efficiency of the generator, rectifier and inverter

The generator and inverter efficiency vary with percentage of rated output power.

From the generator data shown in Table 3.2, we can determine the mechanical power by
multiplying the torque and the rotational speed (rad/sec). Table 3.2 also provides the
actual electrical output power data. From these two power data, we can calculate the
generator efficiency (electrical power/mechanical power). The generator efficiency curve
is shown below in Figure 3.6. As current and voltage data of the generator are rectified

DC value (after the rectifier), the generator efficiency includes the rectifier efficiency.
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Figure 3.6: Generator efficiency including rectifier efficiency as a function of power.

The manufacturer has provided the inverter efficiency curve as shown in Figure 3.7.

PVI-6000-OUTD-US-W

Efficiency, °

“» of Rated Output Power

Figure 3.7: Inverter efficiency
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The maximum power at the rotor is multiplied by gearbox efficiency. After that the power
is converted to percentage of rated power of generator and then multiplied by the
corresponding generator & rectifier efficiency. Again the power is converted to
percentage of rated power of the inverter and multiplied by the corresponding inverter

efficiency to determine the inverter output power and it is presented in Table 3.4.

Table 3.4: Calculated output power of the inverter

Wind speed | Power max_at | Power max_after Power max_after Power ma
(m/s) rotor (watt) gearbox (watt) Generator & rectifier after inver
(watt) (watt)
0.00 0.00 0.00 0.00 0.00
2.00 11.45 10.99 4.40 4.00
4.00 44.98 43.18 21.59 1965
6.00 116.06 111.42 72.42 65.90
8.00 257.75 247 .44 173.21 157.62
10.00 458.23 439.90 338.72 311.63
12.00 Ny 742.34 593.87 552.30
14.00 1174.23 113726 929.99 878.84
16.00 1575.19 1512.18 1255.11 1198.63
18.00 2133.67 2048.32 1741.07 1676.65
20.00 2906.95 2790.67 2372.07 2296.16
22.00 3665.91 351927 3054.73 2960.03
24.00 4439.19 4261.62 3750.23 3633.97
26.00 3155.19 4948.98 4355.10 4215.74
28.00 5914.15 5677.58 5109.83 4936.09
30.00 6644.47 6378.69 5677.04 5478.34

3.6.3 DC Voltage of the MPPT table

From the wind turbine data presented in Table 3.1, we can find out the optimum
rotational speed for a particular wind speed i.e. the rotation per minute (rpm) of the blade
at which the output power is maximum. If we multiply this rotation with the gearbox ratio

(3.66), we will get the optimum generator rotor rpm.
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Table 3.5: Optimum rotation of turbine and generator

Wind speed (m/s) Turbine optimum rpm, | Gen. optimum rpm
0 0 0.00
P 4.12 15.08
4 8.25 30.20
6 12.38 4531
8 16.5 60.39
10 19.94 72.98
12 24.34 89.08
14 27151 100.69
16 30.95 113.28
18 34.39 125,87
20 38.51 140.95
22 42.64 156.06
24 46.77 171.18
26 50.89 186.26
28 55.02 20137
30 59.15 216.49

From the generator data Table 3.2, we have generator rpm vs. voltage information. This

voltage is the rectified DC voltage. From the available data, DC voltage vs. generator

rpm graph is plotted in Figure 3.8.
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Figure 3.8: DC voltage vs. Generator rpm
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Using curve fitting technique, the DC voltage and generator rpm are related by the

polynomial equation of the curve as

y = —.00092x? + 1.64431x — .22747 (35

Here, y represents DC voltage and x represents generator rpm.

By using the equation 3.2, the voltage for each optimum generator rotational speed is

calculated as shown in Table 3.6.

Table 3.6: Optimum rotational speed vs. DC Voltage

Wind speed (m/s) | Gen. optimum rpm | Gen. DC Voltage (V)
0 0.00 0.00
2 15.08 24.36
4 30.20 48.58
6 45.31 Td2Y9
8 60.39 95.72
10 72.98 114.87
12 89.08 138.95
14 100.69 156.01
16 113.28 174.23
18 125.87 192.16
20 140.95 21326
22 156.06 233.98
24 171.18 254.28
26 186.26 274.12
28 201.37 29359
30 216.49 312.63

From Table 3.4 and Table 3.6, input DC voltage and output maximum power of the

inverter are collected and presented in Table 3.7
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Table 3.7: Input DC voltage and output power of the inverter

DC voltage(V) Power (watt)

0.00 0.00
24.36 4.00
48.58 19.65
1229 65.90
99,12 157.62
114.87 311.63
138:95 55230
156.01 878.84
174.23 1198.63
192.16 1676.65
213.26 2296.16
233.98 2960.03
254.28 363397
274.12 4215.74
20359 4936.09
312.63 5478.34

3.6.4 MPPT table

The minimum voltage of the inverter (Vygy) is S5V. So MPPT table starts from 50V and
the corresponding power is zero. As the inverter of this system has sixteen points for the

MPPT table, two more points were created by extending the curve. The final MPPT table

is presented in Table 3.8.



Table 3.8: MPPT table derived

DC voltage (V) Power (watt)

50.00 0.00

1239 65.90

95.72 15762
114.87 311.63
138.95 55230
156.01 878.84
174.23 1198.63
192.16 1676.65
213.26 2296.16
233.98 2960.03
254.28 3633.97
274.12 4215.74
293.64 4936.09
312.63 5478.34
330.00 6341.49
350.00 7261.25

When the MPPT table is programmed in the inverter, the inverter creates a MPPT curve

from the table and it is shown below in Figure 3.9.
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Figure 3.9: MPPT curve programmed in the inverter
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When the VAWT runs with the MPPT table installed in the inverter, the inverter loads the
generator according to the voltage from the curve shown in Figure 3.9. Say, if the
generator produced DC voltage is 200V, the inverter will set the power to 2000 watt. So a
particular torque will be applied to the turbine blade. If the turbine cannot provide that
much torque to maintain the speed (speed at which the generator produces 200V), the rpm
will decrease and the generator voltage will also decrease. The inverter will try with this
new DC voltage and corresponding power. Now if the torque applied to the turbine blades
is less than the previous torque, the rpm will be increased to maintain that torque and the
generator DC voltage will also increase at this time. By this procedure, if the applied
torque and the existing torque of the turbine blades match each other, the turbine will run

at that speed and the output power will be maximized.

3.7 Dynamic Modeling and Simulation

A Matlab simulation model has been created for this VAWT system. Many articles are
available regarding the simulation model of wind turbine e.g. [25][26][35][52][53]. The
turbine manufacturer supplied data is used to create the turbine mathematical block. For
permanent magnet generator, we have used built in block from Matlab simulation and
changed the parameters to match with the particular generator used in this study. For
rectifier and inverter, the universal bridge is used. A control system to extract maximum
power from the turbine is also designed to implement the MPPT table.

Similar procedure was used to construct a simulation model for a 1.1 kW wind turbine

system with active power control (extract maximum power) and reactive power control
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and described in chapter four. Detailed description of that simulation model is presented
in chapter four.

The developed simulation model is shown in Figure 3.10. After connecting all the blocks,
we ran the simulation for different wind speeds and observed data for output power, DC

voltage and TSR. We found that TSR is constant and it is around 0.42.
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Figure 3.10: Simulation model of the VAWT
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Simulated MPPT table and the calculated MPPT table are compared in Table 3.9.

Table 3.9: Calculated and Simulated Data Comparison

Calculated from the data sheet Simulation result data
Wind speed | DC Voltage | Power | Tipspeed | DC Voltage | Power | Tip speed
(m/s) V) (watt) ratio V) (watt) ratio
2 24.36 4 0.43 15 4.1 0.26
4 48.58 1960 0.43 39 31 0:35
6 72.39 65.9 0.43 66 88 0.39
8 95.72 157.62 0.43 92 173 0.40
10 114.87 31163 0.42 118 288 0.42
12 138.95 552.3 0.42 144 442 0.42
14 156.01 878.84 0.41 168 640 0.43
16 174.23 1198.63 0.40 186 909 0.42
18 192.16 1676.65 0.40 204 1373 0.42
20 213.26 2296.16 0.40 224 1875 0.43
22 233.98 2960.03 0.41 241 2498 0.43
24 254.28 3633.97 0.41 258 3290 0.43
26 274.12 4215.74 0.41 e 4014 0.42
28 293.59 4936.09 0.41 311 4881 0.43

From the above table, it is found that the DC voltage of the derived MPPT table and the
simulated model are almost equal but there are small discrepancies between the calculated
and simulated powers. As few parameters of the generator are assumed to match the
generator block with practical one, these small discrepancies are acceptable. Thus the

derived MPPT table is verified in simulation before its field trails.

3.8 Data Analysis

The derived MPPT table was installed in the inverter and the wind turbine was tested for

few days. Data was logged for those days. From the collected data, power curve was



plotted and compared with the old power curve (Power curve shown in Figure 3.3).

Power curve and the MPPT table comparison are shown in Figure 3.11.
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From the Figure 3.11 (b), it is found that the wind turbine produced more power with the
derived MPPT table than with the old one (derived by the wind turbine installer). Thus it
is clear that the derived MPPT is better than with the old one.

The derived MPPT table and the turbine simulation model are based on the system data
from the manufacturers. To make sure that the derived MPPT table is optimal, two more
MPPT tables were produced by shifting (up/down) the Y axis of the derived MPPT curve.
These two MPPT tables are MPPT testl and MPPT test2. The Y axis was shifted in such
a way that it followed the same train of the original curve and located in the reasonable
region.

MPPT testl and MPPT test2 were installed in the inverter and data was logged for few
days. In Figure 3.12, all the MPPT tables, and in Figure 3.13, their corresponding logged

data based power curves are plotted and compared.
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Figure 3.12: Four MPPT tables tested on the system
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Figure 3.13: Out power comparison with different MPPT tables

From Figure 3.13, it is clear that the wind turbine produced maximum power with the
derived MPPT. When wind speed is more than 15m/s, the wind turbine produced more
power with the derived MPPT table than with the other MPPT tables. Therefore it can be
said that the derived MPPT table is the best among all MPPT tables tested and it is correct

and the best possible for the system.

3.9 Summary

In this chapter, initially the performance of a VAWT wind turbine was investigated using
the already available data. Then step by step, the scaling factor and offset values for the
data logger were checked and found that they are correct. The gearbox ratio was also
verified. Then the MPPT table was mathematically derived. A simulation model of the
system was built and the derived MPPT table was verified by using the model. Derived
MPPT table was programmed into the system. Data was collected with the derived MPPT

table. Two more variations of MPPT tables were also tested and data was collected. After



a detailed comparison, we can see that the system power performance with the derived
MPPT is optimal. The derived MPPT curve is the best among all the power curves

including MPPT curve suggested by the installer.
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Chapter 4

Control System Design for Active and Reactive Power Control of a

Small Grid Connected Wind Turbine

4.1 Introduction

Most of the commercially available small wind turbine-inverters are not designed to
provide the required reactive power to its local load as described in chapter two. If a small
wind turbine can provide some of the required reactive power, it will decrease the system
reactive power demand from the grid. Thus it will decrease the losses in the distribution
system and transformer power transfer capacity will be increased [37]. There are several
technologies available to provide the reactive power, such as static var compensator
(SVC) and static synchronous compensator (STATCOM) [43] [54], but all these
technologies need extra equipment and extra costs.

The reactive power of a grid tie inverter depends on inverter output current which can be
controlled by adjusting the modulation index and phase angle of the pulse width
modulation generator [43]. In this chapter, a control system for control of reactive power
along with maximum power point tracking (MPPT) operation has been developed for a
small horizontal axis wind turbine. Detailed system modeling and simulation results are

presented in the following sections.
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4.2 Some Small Wind Turbines Issues

Most commercial small wind turbines are in the 1-10kW range. To investigate the power
production characteristics under variable electrical loads, a bunch of experiments have
been done and explained broadly in chapter two. From that chapter it is clear that most of
the commercially available small wind turbines cannot produce reactive power when
required. Figure 2.8 shows the reactive power drawn from the grid when an inductive
motor is connected between the grid and turbine. Figure 2.16 shows the test result of
reactive power drawn from the grid for another wind turbine. It is clear that when an
inductive motor was connected, all the reactive power came from the grid, and the wind
turbine inverter did not contribute to the reactive power. A local capacitor can help to
compensate for that and ensure the required reactive power. But, a local capacitor can
provide a fixed amount of reactive power not related to the load and such capacitors are
costly. It would be ideal if a wind turbine inverter can also provide the reactive power for
the local load. It could be achieved by a modification to the inverter control as proposed

below.

4.3 Small Wind Turbine Configuration for this Research

In this research, a small horizontal axis wind turbine system similar to a practical one has
been considered. The system consists of a 1.1 kW wind turbine, rectifier, DC-DC
converter, inverter, transformer, grid, and the control system. A block diagram of the

system is presented in Figure 4.1.
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Figure 4.1: Block diagram of a small wind turbine system

4.4 System Modeling

The main parts of the system are the wind turbine, permanent magnet generator and the
power electronics.

Wind turbine:

The wind turbine used in this study is a 1.1 kW system with a rated wind speed of 12 m/s.

The well-known equation of wind turbine power is:

P = BpllVAC, (4.1)
€, =il (4.2)
A= cu% (4.3)

Here:

P = Power (watt)

p = air density (Kg/m?)

A = rotor blade area (m?)

V = wind speed (m/s)

Cp = Power Coefficient,

A = Tip speed ratio,

o = rotor blade rotation (rad/s)
r= blade radius=0.9m
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For this particular wind turbine, a maximum value of C, is assumed as 0.5 and it occurs
when the tip speed ratio is 6. Generally C, increases with tip speed ratio increases for
variable speed wind turbine until C, reaches its maximum value and after that it decreases
with tip speed ratio increases [55] [56] [57]. The following equation (4.4) represents a
typical C,-A characteristic where C, is maximum (0.5) when X is equal to 6. This equation
is used to define the C,-A relation of this particular small wind turbine.
Cp=-0.0142% +0.169 %-0.002 (4.4)
The wind turbine is simulated in Matlab Simulink using equations (4.1), (4.2) and (4.3)

and it is presented in Figure 4.2.
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Figure 4.2: Wind turbine model

Permanent Magnet Generator:
For this system, a permanent magnet synchronous generator is used. The generator is 1.4

kW, 4 pole machine. The generator is modeled using the following equations [58] [59]:

d . _Vd R . (45)
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= i e ]

i = =d
e Ly I Y Lg

d . Vq R, . Ly ; AaDpwr (4 6)
= :

T = 1.5p[Aiq + (La — Lg)iaiq] (4.7)
Where,
Ly Ls= q and d axis inductances
R = Resistance of the stator windings
13, 1¢ = q and d axis current
V4, V4= q and d axis voltage
o, = angular velocity of the rotor
ha= Amplitude of the flux
p = pole pairs number
T.= Electromagnetic torque
Power Electronics:
The generator is connected to a rectifier as shown in Figure 4.1. A simple diode bridge
rectifier has been used in the model. The system output is two-phase. The rectifier is
connected to an inverter via a DC-DC boost converter. The inverter is connected to a
transformer. The transformer nominal power is 1.5kVA (208V to 600V, 3 phase).
A PI controller is used for the DC-DC boost converter switch control and a proportional
controller is used for the phase control of the PWM inverter. Blocks from Simulink
power system block-set are used to model the power electronics. Block parameters were
adjusted accordingly. Block parameters are provided in the Appendix B. A full system

model in Simulink is presented in Figure 4.3. The proposed control system is described

below.
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Figure 4.3: System modeling in Simulink
4.5 Control System Design

In this system, there are two different control units and they are independent. Detail

description of these control systems is presented in the following sections.

4.5.1 Active Power Control System

To extract maximum power, the wind turbine has to rotate at a specific speed at a
particular wind speed. When it passes through the air, the turbine blade creates turbulence
and wake. If the subsequent blade arrives before the turbulence has vanished, it is not

possible to extract maximum power from the wind but if the blade arrives just after the
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wake has vanished, it can extract more power. For any turbine, this effect can be assigned
a constant number referred to as optimum Tip Speed Ratio (TSR) [60]

The power coefficient of a wind turbine is maximized when it rotates at the optimum tip
speed ratio. The main objective of this active power control system is to maintain the tip
speed ratio at its optimum value for any wind speed. In this research, a PI controller is
used with the DC-DC boost converter. A speed sensor measures the rotation speed of the
turbine and an anemometer measures wind speed, and the instantaneous tip speed ratio is
calculated with these two values. The instantancous TSR is compared with the optimum
TSR, and thus the error is calculated. (see Figure 4.3) The PI is used to correct the error in
TSR. The output signal of the PI controller is compared with a triangular wave and a gate
signal is generated for the DC-DC boost converter switch and thus the DC current from
the generator to load is controlled. As the generator rpm depends on its load, indirectly
the generator rpm can be controlled to a desired value. Again, the generator and the
turbine are mechanically coupled; therefore the turbine is controlled to run at its optimum
TSR. Figure 4.4 is a flow chart of the controller. If instantaneous TSR is the same as the
desired TSR, then the PWM duty ratio is not changed. If instantaneous TSR is more than
the optimum TSR, then the PWM duty ratio is increased or otherwise decreased. The
control code also keeps the duty ratio within a set limit [61]. Therefore, the system active
power is controlled by adjusting the DC input to the inverter. The designed controller also

makes sure that the maximum power is extracted from the wind.
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Figure 4.4: Flow chart for active power control

4.5.2 Reactive Power Control System

The PMG output for this system is a variable AC power that varies with the wind speed.
The generator output is converted to DC power with a rectifier. The DC power goes
through a DC-DC boost converter and is then converted to 60Hz, 208V, AC power with
an inverter. In this research, a four pulse two leg inverter is used. The inverter pulse
width modulation (PWM) generator is carrier- based. It creates pulses by comparing a
triangular carrier waveform with a reference modulated signal as shown in the Figure 4.5.
In this research, the triangle carrier signal is compared with the sinusoidal modulating

signal. As the inverter has two legs therefore four pulses are needed for four switches.



The phase, frequency, and amplitude of the output voltage depend on the characteristics
of the reference modulated signal. So by changing the modulating signal phase, the output

voltage phase can be controlled [43].
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Figure 4.5: Reference signal, carrier signal and gate pulse for PWM

Here a Proportional controller and a memory block are used to control the phase angle of
the output voltage. Memory block was added to avoid loop error. The controller works on
the basis of the reactive power error. Reactive power error is the difference between the
reactive power needed by the local load and the reactive power produced by the inverter.
The memory block remembers the phase angle value that has been used during the
previous time step. The controller changes its output according to the error, and using the
memory value it adjusts the phase angle of the PWM generator to make the error equal to
zero. With this control system the reactive power production of the wind turbine can be
controlled and thus the total reactive power exchanges with the grid can be also

controlled.
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Controller parameters used in the simulation are adjusted by trial and error method and

given below:

Active PI controller: K, =.5, K;=.2
Reactive Proportional Controller: K,=.0045

4.6 System Simulation and Results
After system modeling in Simulink, the total system has been simulated for different wind

speeds and load demands. Here the simulation has been divided into three parts, which

are demonstrated below.

4.6.1 Case study one

Condition:

Wind speed=12.5m/s,
Load=purely resistive load,
Simulation run time = One second

Tip speed ratio(TSR)
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Figure 4.6: Case study one



In Figure 4.6 it is shown that TSR is constant and its value is six. Though the load is
purely resistive, the inverter produces small amount of reactive power, as there is a
transformer in the system. But from the grid side transducer it is clear that the total
reactive power from the grid is equal to zero and for this reason the power factor is also

very close to unity.

4.6.2 Case study two

Condition:

Wind speed=10m/s,
[Load=resistive and reactive load,
Simulation run time = one second

Tip speed ratio(TSR)
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Figure 4.7: Case study two



\V )

In this case, as the load is not purely resistive, the inverter produces reactive power to
meet the load demand and thus reduces the reactive power from the grid to zero. Thus the

grid side power factor remains close to unity.

4.6.2 Case study three
Conditions:
Wind speed= variable,

Load=resistive and reactive load,
Simulation run time=3.5 second
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Figure 4.8: Case study three

In this case, there are sudden changes of wind speed and the stability of the system has
been verified. When wind speed changes from 12m/s to 10m/s, the active power control
circuit still maintains a TSR of six. Active power decreases as the wind speed decreases.

But, as the load is not changed, the inverter produces the same amount of reactive power
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as before. Thus the total reactive power exchange with the grid is still zero, and the
system maintains a power factor close to unity. Again, at t=2.1s when wind speed
increases from 10m/s to 11m/s, active power increases but TSR, reactive power, and the
power factor remain unchanged. This indicates that the designed control system extracts
maximum power from the wind and provide reactive power for the local load. This model

and the designed controllers could be simulated for any set of input conditions.

4.7 Summary

In this chapter, a control system has been developed for a small wind turbine system that
extracts maximum power from the wind, and ensures that the system and local load
consume zero reactive power from the grid. The wind turbine inverter is controlled so that
it produces the required reactive power needed by the local load. The proposed reactive
power control system is less complicated, as it does not require any rotational reference or
use d-q machine theory. A wind turbine system with this type of technology will provide
or consume zero reactive power to or from the grid. Some grid distributors have included
an extra charge for wind turbine reactive power consumption. The proposed control

system will avoid reactive power charge by not consuming reactive power from the grid.
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Chapter 5

CONCLUSION AND RECOMMENDATIONS

5.1 Summary of the Research

The main objective of this research was to investigate the power performance of small
wind turbines. For power performance analysis, we used two small wind turbines (turbine
A and turbine B) from two different manufacturers. Turbine A isa 1.1 kW and turbine B
is 1.3 kW rated small wind turbines. We connected different combinations of resistive,
inductive and capacitive load between the turbine and the grid and collected data for those
combinations. Those experiments took more than two months and it was done at
WEICan, PEI. After the experiments, the data was analyzed following the IEC-61400-12-
Istandard. From the experiments, we found results for two different turbines were similar.
The conclusions of the experiments are:
a. Commercially available small wind turbine power performance is not affected
by the local loads.
b. Small wind turbine inverters need to be configured to maintain power factor of the
whole system close to unity.

c. Small wind turbine inverters are unable to provide reactive power to load.

Another grid-connected small vertical axis wind turbine (VAWT) system was studied for
optimum power operation in Nova Scotia. The VAWT’s inverter has a Power Signal
Feedback (PSF) based control unit to extract maximum power from wind and the control

system needs a MPPT table. The VAWT system contains WT, gearbox, generator,
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rectifier, and inverter. We analyzed the entire system and derived an optimum MPPT
table. A Matlab simulink model of the VAWT system was also done along with a DC-DC
boost converter and a PI controller. The main purpose of the control unit was to run the
WT at such a speed that its TSR is optimum. The Simulink model was tested for different
wind speed values and we collected the input DC voltage and output maximum power of
the inverter and produced a MPPT table. The derived MPPT table was compared with the
model based MPPT table and they were found similar. Thus the derived MPPT table was
verified in simulation before field trials. After extensive field tests and data analysis of
results we found that power performance of the turbine with the derived MPPT was
optimized.
In the last stage of the research, a control system was also developed for active power and
reactive power control of a small wind turbine system. In the proposed scheme, there are
two independent control units but they work on the same system at the same time for two
different objectives. The model was tested for three different conditions and found that
the control system worked properly for different combinations of wind speed and load.
With the proposed control system, a WT can extract maximum power form the wind and
it can also control the reactive power production or maintain a zero reactive power from
the grid.
The research contributions are as follows:

a. Characterized the behavior of grid-connected small wind turbines under variable

local loads and proposed improvements
b. Developed a methodology to find an optimum MPPT table for small vertical axis

wind turbine and field trials of MPPT table
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c. Designed and simulated a control system for active and reactive power control for

a grid-connected small wind turbine.

5.2 Recommendations for Future Work

The MPPT table for the VAWT was derived by using the manufacturer provided data. In
future, wind turbine system’s experimental data (at least one year log) should be used to
determine the MPPT table. We studied the wind turbine performance data for few days
since there wére only few windy days during the summer of 2012. When we divided the
data into several bins according to wind speed range, there were not enough data points
for some of the bins. Therefore, data collection for a long time is highly recommended.
We were not able to do that since the NSERC funded project finished in five months.

To control the active power we used DC-DC boost converter and to control the reactive
power we used the PWM generator. For future work a control system using only the
PWM generator to control both the active and the reactive power is highly recommended.
The grid that we used in the simulation is an AC-power source and it was connected only
with one experimental wind turbine system. In future this type of control system should
be modeled and simulated along with a wind turbine system which is connected to other
wind turbines via the grid. In other words, full details of a real power system should be

included in the model.
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Appendix A

Data Analysis procedure using the developed Macro

Generally the data logger of a wind turbine collects the data and makes a file for one
hour/one day and save that in a memory card. If we want to plot a power curve of a wind
turbine for few days, we have to analyze all data set. To analysis the data automatically,
two different types of software were used in this research. They are:

1. Macro sheduler

2. Microsoft excel based macro
Macro scheduler can record the activities that we do on a computer on daily basis. After
recording, if we want to do the same tasks again, we have to play the record file and the
software will do the analysis automatically. With this software we can make a record file
for wind turbine data analysis that combine all raw data files in one single file.
Microsoft Excel based macro records all the tasks that we do in Excel. The wind turbine
data are analyzed according to IEC 61400-12-1 standard as described in chapter two. By
using equations (2.1) to (2.5) in Microsoft Excel, a macro has been created named
“sugen.xIm”.
The procedure for using these two macros is described in the following section.
Initial steps:

1. A folder named “sugen5KW?” is created in C drive.

2. “sugen.xIm” is copied in that folder.

3. Raw data files (.dat file) are also copied on that folder.

4. “macro_sheduler setup.exe” is installed
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[t will also create a desktop shortcut. By clicking on that shortcut a window will open out

as shown in Figure A-1.

## Macro Scheduler 13 EVALUATION (17 Days Remaining) Fea | B e
File Edit Groups View Tocls Run Help &@} Run Now Stop
v e o bt 2T

N’eim' Edit Delete New Group Del Group Group Props Leg File

b, | Macro Time Days R =
1 Send E-mail wia Qutlco... |
;:r:j Shut Down Windows
[wd Simple Web Auto I
_,:3 Scme Info v

e )

1434 { »

4 .o All Macros

¢ General

Press F1 For Help General

Figure A-1: Macro Scheduler record tab

Then the record tab is clicked and the window becomes as shown in Figure A-2.

| Kacro name :

O stop recording. i

Plavback Speed: ] |

Fast Real Time Siow

Mouse Sensitivity: )

Iiin Iax
+! Record Window MNames and Positions.

| |« Minimize all vwindow's Before Recording.

! | Run this Application first (Script will start it):

Low Level Conversion (&l Events)

_S_ta,t ; i~ g_ance ‘ ‘

Press FlForHelpand Tips

Figure A-2:Macro Scheduler file name

A name is given for the record macro. The key combination to stop the recoding is

CTRL-ALT-S.
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Macro recording procedure:

Start button on computer is clicked and “cmd” is typed as on Figure A-3.

See moare results |
|
| crmda 7 T Shut down | » | i
. 2 - & P
Figure A-3: command file call
The below window will come up.
B C:\Windows\system32\cmd.exe ||| [

Microsoft Windows [Uersion 6.1.76801]
opyright <{c> 2809 Microsoft Corporation. All rights reserved.

i\Users\user>

Figure A-4: Command file on PC (OS windows)

“cd c:\sugenSKW” is typed and enter key is pressed. The window will appear as shown

in Figure A-35.
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C:AWindows\system32\cmd.exe

icrosoft Windows [Uersion 6.1.76601
opyright (c)> 2889 Microsoft Corporation. All rights reserved.

:\Users\user>cd c:\sugenS5KW

:\sugen5KU>

Figure A-5: Folder select command window

After that, ** copy *.dat all.dat™ is typed and enter key is pressed again. (Note there is a

space between the copy and *)

All the raw data files are combined in a single file and screen may appear as in Figure A-

6.

B CAWindows\systern32\cmd.exe

icrosoft Windows [Uersion 6.1.76001]
opyright <(c> 208? Microsoft Corporation. All rights reserved.

:\Users \user>cd c:i\sugenSKW

:\sugenS5KW>copy *.dat all.dat
t

1 file{s> copied.
sN\sugenSKW>

Figure A-6: Command to combined multiply files

Here we have to input some delay time because in future we may analyze a lot of data and
at that time it will take few seconds more. For this purpose, the black window is closed

after a 30 second delay.
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Now for stopping the recording, CTRL-ALT-S is pressed.

The macro is saved in ‘document” folder as .scp file. The file is copied in “sugenSKW”
folder in C drive.

This macro we have just created varies from PC to PC. So we have to record this macro
for each PC individually. After a macro is recorded for a PC, we don’t need to record for
further analysis.

For each time before we analyze the data, we have to delete all the .dat from
“sugenSKW™ folder and follow the steps below.

a. We have to copy all the new .dat files (those we want to analyze) and paste in that
“sugenSKW™ folder.

b. Then .scp file is clicked. A window will open with a tab named continue. When
we click continue we have to release the mouse immediately as the macro will use
the cursor.

c. After few moments we can see that a file named “all.dat” has been created in the
“sugenSKW™ folder.

d. sugen.xIsm file on C:\sugenSKW is clicked

On sheet2, there will be a tab named Developer.

gwu“ A v 3] st - I
o/
Home Insert Page Layout Farmulas Data Review View
$ Cut e LY = Yoo fh 2
Calibri il i AiAtiiTE = gg@ v = Wrap Text General
=3 Copy
cta i 5% = = =lz= = = o
Pajt< B 7 U~ii~«|O~ A~ |EE E|EE HMergesiCenter | § + %

J Farmat Painter

Mun

card 2 Font P Alignment

Figure A-7: Developer tab on Microsoft Excel



85

Now developer tab is clicked and after that macros tab is clicked. A window will open
and macrol will be automatically selected. Run tab is pressed. We have to wait until the
macrol will finish the task. After few second bin table and the power curve will be
displayed.

When we want to do analyze again, we have to delete all the previous .dat files including
all.dat file from C:\sugen5KW folder and we have to proceed from step a to step d.

Note that there is a limitation for data in Microsoft excel file, and analysis of the data also
depends on the available resource of PC. These macros are limited to analysis up to three

days data file (sampling time 1hz or higher).

A video regarding the data analysis using the macros as described above has been created.
The web link of the video is:

http://www.voutube.com/watch?v=W2UnYamP 1y
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Appendix B

Values of Simulation Block Parameters for Chapter Four

Values of simulation block parameters for chapter four are listed in Table B-1.

Table B-1: Values of simulation block parameters for chapter four

Simulation block Parameter Value
Wind turbine Air density, p 1.225 Kg/m’
Blade radius, r 9 m
C,_max 0.5
A_opt 6
Generator Stator Phase resistance, Rs 1.6 Q2
Inductance, Ld/Lq 0.006365 H
Number of pole A
Boost Converter s 10 pF
2 10 pF
L1 2 mH
PWM generator Carrier frequency 1080 Hz
Modulation Index, m 1
Frequency of the output voltage, f 60Hz
Transformer Rating 1.5 KVA, 60 Hz
Primary side voltage (p-p) 208V ms
Secondary Side voltage (p-p) 600V:ims
Grid Voltage (p-p) 600V s
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Appendix C

List of Research paper

In this section conference, poster and journal papers are listed which have been published
or submitted to publish during this masters program. The first one is a conference papers
which has been published and presented in IEEE conferences. The second one is the
journal paper which has been published in “International Journal of Energy Science”. The
third one is also a journal paper which has been submitted and it is under review. The

fourth and fifth are poster presentations.

Paper 1: Md. Alimuzzaman, M.T. Igbal, “Dynamic modeling and simulation of a 1kW
wind turbine based water pumping system”, presented at 20" IEEE, NECEC, 2011.

Paper 2: Md. Alimuzzaman, M.T. Igbal, Gerald Giroux, “An Investigation of Power
Performance of Small Grid Connected Wind Turbines under Variable Electrical Loads”
International Journal of Energy Science, Vol. 2, Iss. 6, pp. 282-289, December 2012.
Paper 3: Md. Alimuzzaman, M.T. Igbal, “Design of a Control System for Active and
Reactive Power Control of a Small Grid Connected Wind Turbine” submitted for review
at International Journal of Energy Science.

Paper 4: Md. Alimuzzaman, M.T. Igbal. “Power performance of two sméll grid
connected wind turbines” presented at WESNet Student Poster Session and Competition,

October 18, 2012, Toronto, Ottawa, Canada.
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Paper 5. Md. Alimuzzaman, M.T. Igbal “Dynamic Modeling, simulation and
optimization of a novel SkW grid connected vertical axis wind turbine system” presented

at 21° IEEE, NECEC, 2012.



