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ABSTRACT

For a grid connected micro hydropower (MHP) system, power electronics and phase locked loop
was designed and simulated in this research. The grid interconnection of MHP improve the
reliability of the grid and helps to decrease transmission and distribution losses. However, the
synchronization with the utility grid is the main concern of the inverter control design because the
grid frequency, phase and voltage need to be tracked. If the inverter output cannot meet the local

grid connection criteria, the power will not be allowed to deliver.

In this research, mathematical modeling of micro hydro power plant has been done. The full bridge
three phase diode rectifier, boost converter, inverter and LC filter are designed to connect the power
generated to the grid. Then, by injecting the grid voltage signal in to the PLL, the phase voltage
frequency and phase angle has been tracked to synchronize phase, frequency and voltage of the

generated power with different grid condition.

It is observed from the simulation results that for ideal grid conditions the phase angle was tracked
and relatively faster and also precisely. Also the system can easily track the phase when the
frequency was changed from 50Hz to 55Hz or 45Hz. The only difference from the ideal case is that
the Pl-regulator now approaches 2z*5rad/s for 55 Hz and -2n*5rad/s for 45Hz instead of zero.

Moreover, different non-ideal grid conditions were simulated and almost handled by the system.

Key words: Micro Hydropower, Power Converters, Pl Regulator, Phase Locked Loop

Xii



Control of Grid Connected Micro Hydro Power System

CHAPTER ONE

INTRODUCTION

1.2 Background

Most of the developing countries are affliction from what many call the energy crisis, which is
characterized by depletion of locally available energy resources and dependence on imported fuel. In
fact, the energy crisis is supposed to be the second most serious problem in these countries next to
the food crisis. What is more, it is exacerbating the food crisis by increasing the rate of deforestation
and thereby causing degradation of farmlands. All these situations apply to Ethiopia. Traditional
fuels contributed 99.9% of the rural area energy utilization, fuel wood contributes the most
significant source (81.8%), next to fuel wood dung contributes (9.4%), crop residues (8.4%) and

then the rest is contributed by charcoal [1].

However, MHPP was one of the earliest small scale renewable energy technologies to be developed,
and is still an important source of energy today [2]. It has the potential to generate an important
share of power more than solar and wind power with a low
price. According to Ethiopian EEPCo classification of hydro power system, generation capacity of
MHPP ranges from 11KW to 500KW and are thought to be ideal renewable resources to electrify
isolated rural communities [3]. Due to the high potential of micro hydropower in Ethiopia, micro

hydropower plants could play a positive role towards accelerating rural electrification process.

Common topologies of MHP are stand-alone operation used in rural areas in developing countries.
However, smaller scale renewable energy becomes more access to the people in recent years due to
the idea of the micro grid emerged. The micro grid is developed for localized electrical energy
generation and distribution. Like other renewable resources in a micro grid, micro hydropower

system can either deliver electric power to an isolated load or be connected to the grid [4].

On the other hand, in Ethiopia in the period between 1950 and 1970, EEPCo installed several MHP
schemes with a total capacity of 1.5 MW. All of them are not operational anymore once the areas

were connected to integrated connection system (ICS), the MHP plants were shut down.
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In 2002 by the Irish Development Aid and the Sidama Development Program, 170 kW off-grid plant
was commissioned; however, during the 2002/2003 dry season, it was suffered from low river flow.
After only having operated for two years, EEPCo connected the area to ICS and the MHP plant was
shut down completely. Moreover, the GIZ Energizing Development (EnDev) Ethiopia implemented
four pilot MHP sites (cross-flow turbines) in the Sidama Zone (SNNPR) with a capacity of 7 kW
(Gebecho 1), 30 kW (Gebecho 11), 33 kW (Ererte) and 55 kW (Hagara Sodicha) respectively and
upgraded a watermill in Jimma Zone (Oromia Region) Leku into a 20 kW MHP, further a 10 kW
MHP plant in Kersa. Additionally, it is conducting inclusive survey for the conversion of 30
traditional watermills into micro hydro-power schemes. The studies are undertaken jointly with

established Centers of Excellence for Hydropower at inter alia Arba Minch & Jimma Universities

[3].

At present, these MHPPs are faced the grid connection challenges. Most of these plants are running
in an off-grid mode for local power supply. However, if the grid extended to those remote areas,
many micro hydropower plants will be redundant if they can't be connected to the grid. Unless the

grid connection requirement is met, many of the MHPP are forced to shut down [5].
1.2 Problem Statement

There are two ways of operation of micro-hydro: stand-alone mode and grid integration mode.
Stand-alone mode is usually used in rural electrification to serve small load and applications where
frequency regulation is not very critical. Despite the fact that, often off-grid MHPs operate at very
low plant factor due to a lack of productive use of energy, resulting in sub-optimal exploitation of
resources. In addition, if the grid extended to remote areas, many micro hydropower plant need to be

redundant and they are forced to shut down unless the grid connection requirement is met.

However, grid interconnection of MHP generates additional revenue for the plant by increasing its
plant factor and the total number of sold kWh’s from the mini-grid. If the feed-in tariff is higher than
what the local consumers paid, then the benefit for the MHP is even higher. Both aspects can help to
increase revenues and therefore, help to ensure long-term sustainability of the MHP. In addition, grid
interconnection allows consumers in the local mini-grid to receive power from the utility when the

MHP is not producing sufficient power to meet the local demand. In MHP villages wherever the
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number of households and/or appliances has increased, or the water flow has decreased over time,

deficiency of power is a common reality.

Furthermore, from the point of view of the national utility, the interconnection helps to reduce the
consumption of fossil fuel, improves the reliability of the grid and also helps to decrease
transmission and distribution losses. At present, these MHPPs face the grid connection challenges.

Most of these plants are running in an off-grid mode for local power supply.

Here in this research power electronics (AC/DC, DC/DC and DC/AC) and Phase locked loop (PLL)
are designed to integrate micro hydro power system with the distribution network at the interface
with the grid. Power electronics as interface between PMSG and distribution system of the grid to
improve the quality of power of the customer by reducing the harmonics created, providing reactive
power control or voltage regulation at the distribution system connection point. In addition, the
phase angle of the grid during its ideal and non ideal conditions were successfully tracked by using
PLL.

1.3 Objectives of the thesis

1.3.1. General objective:

This research work is aimed at model, design and simulation of grid connected micro hydro power

system control.
1.3.2. Specific objectives:

» Studying different grid connection mechanisms of micro hydropower systems.

» Modeling the micro hydro power turbine and the PMSG in natural ABC phase and rotational
d-qg axis.

» Designing the full bridge 3-® diode rectifier, boost converter, inverter based on pulse width
modulator to connect the power generated to the grid and PLL to control the power flow (to
track phase, frequency and voltage of the grid) and Power expression in synchronous d-q
axis.

» Simulation of the synchronization of grid connected MHPP using MATLAB-Simulink.
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1.4 Methodology

The following methodologies have been used for the accomplishment of this thesis:

First, the statement of the problem is described and the objectives of the research is defined. Next,
different literatures of grid connection mechanisms of micro hydropower systems are studied. A
comparison of previous similar research is also presented. This is followed by a detail mathematical
modeling of MHPT and the permanent magnet synchronous generator in natural ABC phase and
rotational d-q. The full bridge three phase diode rectifier, boost converter, inverter and LC filter are
designed to connect the power generated to the grid. Then, phase lock loop is designed to

synchronize the phase, frequency, and voltage of the generated power with different grid condition.

Simulation studies are carried out for ideal and non-ideal grid conditions. Finally conclusion is given
based on the research findings. A flow chart representing the methodology of the thesis is shown in

figure 1.1.
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Figure 1. 1 Flow chart of the research methodology of the thesis
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1.5 Thesis outline

The thesis is organized into six chapters. Chapter one presents the introduction, problem statement,
objectives of the study and the methodology leading towards the completion of the thesis. Chapter
two discusses about micro hydropower and its development, Pulse Width Modulation, Phase locked
loop for grid synchronization. Finally, related works are discussed briefly. Chapter three deals with
the detailed model of a micro hydropower plant. Modeling of MHPT and PMSG in natural ABC
phase and rotational d-q axis are described in this chapter. A simplified model equation are also
discussed in this chapter. Chapter four presents the full bridge three phase diode rectifier, boost
converter and inverter to implement the AC to DC, DC to DC and DC to AC conversion design.

The design of PLL is also presented in this chapter.

The grid connected MHPP simulation results obtained using MATLAB-Simulink and discussions of
the results are presented in chapter five. Chapter six includes conclusions, recommendation and

future work.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

In this chapter different grid connected micro hydropower systems, micro hydropower plant as well
as development of micro hydropower are presented. In addition to this, the main components of
MHPP, the components that are used to synchronize the MHPP to the grid are discussed in this

chapter.
2.2 Micro Hydro Power Plant

A micro-hydropower system is a small system; according to Ethiopian EEPCo classification of
hydro power system, generation capacity of micro hydropower plants ranges from 11KW to 500KW
and are thought to be ideal renewable resources to electrify remote rural areas [3]. The micro

hydropower concept is made for fully utilizing the renewable energy from the running water.

Traditional hydropower plants are usually constructed on large dams; however, micro hydro power
systems are usually "flow of river" in which cut off the river is not required to build a dam for power
generation. The flow of river system lets very short term water storage which provide more
flexibility to handle different load situation. It is more economical than the traditional hydropower
because flow of river methods cost much less than a reservoir dam. The other drawback of large
hydropower plants from an environmental point of view is that ecosystem will be dramatically
changed because of constructions of dams and hydropower plants. Even if the hydropower source is
clean, it will damages the environment before the renewable energy is utilized. Also hydropower
plants are not accessible for most people to construct because electricity generated by hydropower is
targeted to be sent to the vast power network usually rated at 10 megawatts (MW) and a

conventional hydropower plant normally associate with large dam construction.

However, in recent years, the idea of the micro grid provides people more access to smaller-scale

renewable energy. The micro grid is developed for localized electricity generation and distribution.
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Power sources and loads in a micro grid can be either grid connected or islanded [6]. Since the micro
grid scheme is flexible distribution, hydropower can be sized to a smaller power rating for better
utilization of the local reliable renewable resource. similar to other renewable resources in a micro
grid, micro hydropower system can either deliver electric power to an isolated load or be connected

to the integrated connection system [7].
2.3 Micro Hydro Power Development

A micro hydropower system consists of the following major parts:

1. water conveyance: storage sink, forebay or penstock.

2. micro-hydro turbine: converts energy of the flowing water in to mechanical energy.

3. generator and power control system: for energy conversion form mechanical to electrical energy

and deliver the power to the local load or utility grid.

4 AA Intake
Canal T &5=

e <
)/ : x
1 ¥ 2 > b
e,

Forebay HENT <\

r
/

Figure 2. 1 Over all of micro hydropower plant with penstock [7].

Figure 2.1 Over all of micro hydropower plant with penstock [7] shows an over all of the micro
hydropower system; the water in a running river is diverted into a canal through the intake. It will
form a forebay which is a settling tank to hold the flowing water. The penstock or pipe then will lead
the water into the mechanical turbine and rotates the shaft. This rotation then will be utilized by the

generator to produce electric power that either is used by local loads or is delivered to the electric
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power network [7].

The power that can be accessed from the water is determined by two characters of the water. The
first thing is head which is the vertical difference between the front of water conveyance and the
turbine. The second point is the flow which is the mass of falling water. The power generated by
micro hydropower depends largely on the head and the flow rates available. The actual power
produced may differ depending on turbine and generator efficiency and pressure losses through the

intake and penstock. Mathematically power from micro hydropower plant is given by

P=ngOH 2.1

where 11, g, Q and H are overall efficiency, gravitational acceleration, mass flow of water and head
respectively [8]. Such a small-scale hydropower system is suitable for a homeowner and small
business owners who have access to the flowing water with a relatively high head (3 feet or above)

but located in remote communities.

Development of micro hydropower systems requires selection of the proper turbines and generators.
The components of micro hydropower plant are shown in figure 2.1. Moreover, the control systems
should be designed for grid connection of micro hydropower plants.

2.3.1 Electro Mechanical Components

Electro mechanical components are the powerhouse components of micro-hydropower and they are
used to convert mechanical energy of water into electrical energy. The main electro mechanical

components of a micro hydro plant are the turbine, valve, generator and drive systems.
Turbines

The characteristics of the micro hydro power turbine are critical in micro hydropower plant design. It
converts the energy from the running water to a whirling mechanical energy form which can be used
by the generator. There are two main types of hydro turbine: impulse turbines and reaction turbines.

Impulse turbines have fixed nozzles which will eject the water and directly shoot it on the turbine
moving buckets. The direction of the water will be changed resulting in the turbine spin. The kinetic
energy loss in flowing water will in part convert to the mechanical energy of turbine. Typical

impulse turbines are:-Pelton wheels turbines, water wheels and cross flow (Banki) turbine [9].
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Reaction turbines extract energy from the water by decreasing the pressure, angular momentum, and
velocity of the fluid. Fluid pressure changes after flowing out of the rotating nozzle on the rotor.
They are more appropriate for low head flow but high flow velocities condition. Typical impulse

turbines are:- Francis turbines and Kaplan turbines.

NET HEAD (m)
1000| % 500 \’o%
| % o%’ ‘ B
' % PELTON

300

200 I

ik
|
50 |
30 %
20 /
10 }0,‘1,
5 KAPLA
3

0 02 05 1 2 3 4 5878910 20 30 50 100
FLOW ni/s

Figure 2. 2 Range of head and flow rate for different types of hydro power turbine operation [9].

The figure 2.2 shows suitable hydro power turbine choice under the different head and flow
conditions. The Pelton turbine is appropriate for the state that the head is higher than 30m, the flow
rate is lower than 2 m®/s and total power greater than 50 kW. The Francis turbine which occupies the
central part of the graph should run at 8-400 m head, 0.5-25 m®/s and the power rating of 250 kW -
10 MW. The Banki turbine working area is under 200m head, 0.3-9 m*/s flow rate and less than
1IMW. The Kaplan turbine can run at 50 m%s flow rate at most with a maximum 70m head and
10MW power.

For traditional hydro plants, Pelton and Francis will be a good choice because of their large power
and head capacities. However, for a MHPP which means the rating power is less than 500Kw, the

Kaplan turbine has the largest operation area compared to others. It is also the only turbine that can
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work below 10Kw power rating. Based on these considerations, Kaplan turbine is the best choice of

our micro hydropower turbine for power generation [9].
Advantages of Kaplan turbine

Its efficiency can be up to 95%.
Can be applied in low head conditions allowing for power plants at lower height.
The variation of its size and output allows it for MHPP instead of large dams.

It is comparatively low cost due to the small size and low head requirements.

V V V V VY

Dams construction with this turbine design produces less ecological impact because it

requires low head, the reservoir area would not be flooded as much as high head dams.
Generator

Generator is a device that converts mechanical power into electrical power to produce electricity
based on the principle of electromagnetic induction. Generators basically divided in two known as

DC (direct current) generators and AC (alternating current) generators [10].

DC generator is typically found in off-grid applications. It gives a power supply directly into electric
storage devices and DC power grids without novel gear and the stored power is carried to loads by
using dc-ac converters. As batteries tend to be stimulating to recover considerably more fuel, the DC

generators could be controlled back to a motionless speed [10].

AC Generators is the most significant means of generating electrical energy in many of the areas
because now days all the clients are using AC. These are two types of AC generator: induction
generator and synchronous generator. The induction generator also known as Asynchronous
Generators, does not requires separate DC excitation, regulator controls, frequency control or
governor. The generators should run at a consistent speed to transmit a stable AC voltage, even at no
load condition. These are generally used in small machines like mixer grinders, and as large

machines used in Industries [10].

Synchronous generators are large size generators which rotates at synchronous speed and mainly
used in power plants because of its high efficiency. These may be rotating field type or rotating

armature type. Armature is at rotor and field is at stator for the rotating armature type. Rotor
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armature current is taken through slip rings and brushes . These are restricted due to high wind
losses. These are used for low power output applications. Rotating field type of alternator is widely

used because of high power generation capability and nonappearance of slip rings and brushes [10].

2.4 Pulse Width Modulation

In electronic power converters and motors, PWM is used extensively as a means of powering
alternating current (AC) devices with an available direct current (DC) source or for advanced DC
/ACconversion. Variation of duty cycle in the PWM signal to provide a DC voltage across the load
in aspecific pattern will appear to the load as an AC signal, or can control the speed of motors

that would otherwise run only at full speed or off [11].

The duty cycle of a PWM signal varies by using the pattern that can be created through simple
analog components, a digital microcontroller, or specific PWM ICs. In an
Analog PWM control both  reference signals and carrier signals thatare feed into a
comparator need to be generated
to creates output signals based on the difference between the signals. Sinusoidal signal is a reference
signal and it is at the frequency of the preferred output signal, as either asaw tooth or
triangular wave at a frequency significantly larger than the reference is often the carrier
signal. When the carrier signal becomes greater than the reference signal, the comparator output
signal is at one state, and when the reference signal is at a higher voltage, the output is at its second
state.  This process is shown in Figure 2.3 with the  triangular carrier wave in red, sinusoidal
reference wave in blue, and modulated and un modulated sine pulses [11].
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Figure 2. 3 The triangular carrier wave (red), sinusoidal reference wave (blue), and

modulated and un modulated sine pulses [11].
2.5 Phase locked loop for grid synchronization

The integration of large scale wind, solar power and micro hydropower systems to the grid is a
growing trend in modern power system. The viability of this technique is in the ability to match the
renewable energy resources with the running network with proper control strategy. Phase lock Loop
is vital for control and tracking of phase and frequency of the incoming signal of grid connected

systems such as distributed generation [12].

The frequency and the phase signal must be extracted in order to track the phase of any signal. The
system composed essentially of three parts such as; the phase detector (PD), the low pass filter (LPF)
and the voltage controlled oscillator (VCO). An output signal which is the phase difference of the
input signal ¢-in, and the signal generated by the internal oscillator of the PLL ¢-out was generated
by the phase detector. On the other hand, the LPF attenuates the high frequency AC components
from the PD output. The VCO generates at its output an AC signal whose frequency is shifted with

respect to a given central frequency wc, as a function of the input voltage provided by the LPF [13]
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The following are the three main categories of PLL structures [14]:

»  Zero crossing detection (ZCD)

» Stationary reference frame

» Synchronously rotating reference frame (SRF) based PLL
The major limitations with some of the approaches are, firstly, the ZCD based PLL in the reviewed
literature is although the simplest but its performance becomes poorer if frequency variation or line
notching is present. Conversely during unbalanced voltage condition stationary reference frame
based PLL structure is not capable of accurate phase tracking. As grid connected systems experience
problems such as flicker, dip, improper phase jump, input phase shift, amplitude variation, notch and
several others, this work adopted the synchronously rotating reference frame (SRF) based method of
PLL design to synchronize a micro hydro power generation with the grid under different
perturbation, so as to improve the power quality. In order to achieve this, a typical synchronous

reference frame phase lock loop is represented in figure 2.4 [14].

@
f
Vd*=0 + L Xt |1 -
PI W ? o*
Y
d dg
Vg ] af )
3
V, — af
Vv, —=
v. .| abc

Figure 2. 4 Basic structure for the SRF PLL system

In figure 2.4 the phase voltages Va, Vb and Vc are obtained from sampled phase voltages from the
grid and inverter output terminal. These stationary reference frame voltages are then transformed to
voltages Vd, Vq (in a frame of reference synchronized to the utility frequency) using of and dq
transformation. The aff transformation allows to represent three phase system Va, Vb and Vc as two
phase Va and V. The control in af§ frame has the feature of reducing the number of required control
loops from three to two [15]. However, the reference and feedback signals are in general sinusoidal

functions of time. Therefore, to achieve a satisfactory performance and small steady state errors in
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magnitude and phase, the compensator design is not straight forward task. The d-q frame based

control offers a solution to this problem.

2.5.1 Stationary reference frame off

To track the phase angle the three phase voltage signals Va, Vb and Vc are transferred from three

phases to a stationary system of two phases Vo and V. The grid voltages are expressed as
[14]
V, =V, sin(6)

V, =V, sin(@—%r)

V.=V, sin(0+2§)

where 0 is the phase angle 2nft. The af-transformation matrix is given in equation (2.5) [14].

B 1 1
|t 2 2
T3
a30_££

Carrying out the matrix multiplication Va3 = Taf*Vabc, we can get:

\Y

(24

Vp, sin(0)

Vg Vp cos(0)

follows

2.2

2.3

2.4

2.5

2.6

which is two signals carrying information only about the phase angle of one of the phases, Va.

2.5.2 Synchronous rotating reference frame based PLL

The phase angle 0 is tracked by synchronizing the voltage space vector along ¢ or d axis in the SRF

[14]. Here the voltage space vector is synchronized with the g-axis as shown in figure 2.5.
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Figure 2. 5 Synchronous rotating reference frame [14]

If the voltage space vector is to be synchronized with the g-axis the transformation matrix is

Sin 0* Cos 0* 2.7
qu =
-Cos 0*  Sin 0*

where 0* is the estimated phase angle output of the PLL system. Carrying out the transformation
Vqd = Tqd *Vof} and using the trigonometric addition formulas yields [16].

Vq Vi Cos(0 - 0%) 2.8
V, -V, Sin(0 - 0%)

The phase angle 0 is estimated with 6* which is the integral of the estimated frequency ®’. The
estimated frequency ®’ is the sum of the PI-output and the feed forward frequency off. Gains of the
Pl-regulator is then designed so that VVd follows the reference value VVd* = 0, as shown in figure 2.4.
If Vd = 0 then the space voltage vector is synchronized along the g-axis and the estimated frequency
o’ is locked on the system frequency . This results in an estimated phase angle 6* that equals the
phase angle 6 [13]. If 06* =~ 0 then the small angle approximation for sin function yields
Vd = -Vm(6-6*) and the structure in figure 2.4 can be simplified to figure 2.6.
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Vd* =1 off

1 + 87 L4 0 0'

T
|

Figure 2. 6 Simplified system for the SRF PLL.

The purpose of the feed forward frequency, off, is to have the PI-regulator control for an output
signal that goes to zero. In our case the feed forward frequency is 2xf = 100 & rad/s. In the ideal case
when the grid frequency is exactly 50Hz once the regulator has tracked the phase the output of the

regulator becomes zero.
2.6 Previous Works on Grid Connected of Micro Hydropower Plant

In 1993, D. S. Henderson and D. E. Macpherson presented a novel control method of electronic load
governor for a micro hydro generator to balance the generator power production and the user's load
requirement. Unlike the traditional speed governors which maintain the generator speed by adjusting
the water flow, the paper proposed electronic load governor for speed adjustment. Switching devices
are used for switching on or off the ballast load to balance the system. In this article, the balance is
achieved, but specific topology or algorithm of the switching devices was not given. Some other
stand-alone micro hydropower research based on induction generator shared the same idea with D.
S. Henderson and D. E. Macpherson that compensate the load differences by manipulating the

switching circuit of the ballast load [17].

In 2014, D. Melly, R. Horta, C. Minch, H. Biner, S. Chevailler designed two permanent magnet
machines along with AC-DC converter for a new axial counter-rotating turbine [18]. The DC bus
voltage control is done by a rectifier topology called Vienna rectifier. Such a control strategy has
great robustness, high power density, a low blocking voltage stress on power semiconductors and
sinusoidal current requirement. By the experimental results of the turbine prototype, it showed a

stable control of the system with high efficiency [19].

Khalid Tourkey Atta, Andreas Johansson, Michel J. Cervantes, and Thomas Gustafson [20]

proposed a maximum power point tracking method for the micro-hydropower turbine. Extremum
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seeking control is discussed in this paper. The simulation results of the algorithm were demonstrated,
and the experimental data of the whole system showed the possibility of using this algorithm in the
micro hydropower plant. The typical structure of micro hydropower system should use PMSG with
an AC-DC-AC energy converter as mentioned in their paper. However, the generator utilized in the

experiment is a Siemens DC machine which is connected to the grid through a DC converter [20].

In this research, power electronics and PLL for MHPP are designed and PMSG was used. PMSG is a
very efficient electric machine which is broadly used in renewable power generation nowadays.
Unlike the traditional synchronous generator, the source of the field of magnetic material in PMSG
is the permanent magnetic material. Such a moveable magnetic field can eliminate field exciting
winding in the rotor which means less copper loss and mechanical commutator, brushes or slip rings
are not needed in PMSG. The absence of these components brings less loss, smaller size, more
controllability and more convenient maintenance for PMSG. The three phase full bridge diode which
is unidirectional power converter is used in (PMSG) based system. To match up with the DC linkage

voltage boost converter which step up the dc voltage is used [21].
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CHAPTER THREE

MICRO HYDRO POWER TURBINE AND PERMANENT
MAGNET SYNCHRONOUS GENERATOR MODELING

3.1 Modeling of micro hydro power turbine

As discussed in chapter two, Kaplan turbine is selected for micro hydropower generation. It is a
reaction turbine with propeller (runner blades) and wicket gate which can adjust the water flow. The
water flows directly to wicket gate and is perpendicular to the propeller. The water falls through

runner blades because of the gravity force and cause the turbine to spin.

Generator T

Rotor
ﬁ—%- «— Stator

Wirket gate
é ] ) Turbin
‘;_g Runner blades

A\ ONA

~ . \
Runner\

N \\\\‘\;<‘ _1 » -

Figure 3. 1 Insight view of Kaplan turbine operation principle with a generator [22].

A specially designed nozzle is the outlet of water which can decelerate the water speed. The
decrement of speed will lower the pressure on the outlet side. Thus, the difference of pressure
between inlet and outlet will increase which can increase the water flow through the blades and
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extract more power from the water. The available output hydropower can be expressed as follows
[22]:

Phydro=,*9*H*Q 31

Where p is density of the water (kg/m®), g is the gravity acceleration (m/s?), H is the head of water

(m), and Q is volume flow rate of water (m®/s). The turbine efficiency is shown as follows:

R
M = 3.2
I:)hydro
where: P, is Power output of turbine
n, is turbine efficiency
P=r*w 3.3

t
7 is the torque of the turbine and o is the rotation speed of the turbine.
3.1.1 A simplified model of the hydro turbine.

Essential design criteria for the turbine are:
» net head available
» flow speed of the water
» required speed used for coupling to a generator
A turbine is characterized by its power-speed- and efficiency-speed- characteristics. This means that

for a particular head, a turbine runs most efficiently at a particular speed and therefore requires a
particular flow.

For the analysis, purpose Huluka river was selected with head of 14m [23] and flow speed of 0.244

m3/sec, therefore, kaplan turbine is the most convenient one.
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Mean Monthly Flow Rate of Huluka River (Ministry Of Water, Irrigation and Energy (MOWIE),

1997)

Table 3. 1 Mean Monthly Flow Rate of Huluka River (MOWIE)

Month Water flow rate
January 0.489
February 0.37
March 0.526
April 0.276
May 0.094
June 0.25
July 2.199
August 2.631
September 0.8
October 0.356
November 0.244
December 0.103
Annual Average 0.695

Comparison of flow rates by their profit is shown in

approximately 0.06 dollar per Kwh (around 1.80birr/Kwh).

Table 3. 2 Comparison of flow rates by their profit

table 3.2 below.

Investment cost

is

Q(m/s) Power (Kw) Revenue Investment cost | Profit
(birr/year) (birr/year) (birr/year)
0.094 11.62 244,457.16 183,206.815 61,250.35
0.103 12.73 262,940.35 197,976.96 64,963.39
0.244 30 535,530.5 466,560 68,970.5
0.25 30.9 549,410.5 480,556.8 68,853.7
0.276 34.22 597,402.908 532,144.34 65,258.6

Revenue was calculated by using the Ethiopian Electric Utility tariffs as shown in table 3.3 below.
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Table 3. 3 Ethiopian Electric Utility tariffs

Energy (Kwh) Tariff (birr)
Up to 50 0.273

51 -100 0.767

101 - 200 1.625

201 - 300 2

301 - 400 2.2

401 - 500 2.405

> 500 2.481

As indicated in table 3.2, the profit at the flow rate of 0.244m%s is the highest. So, the turbine and
generator were modeled for 30KW to have this advantage. In addition, the modeled turbine and
generator also operate at the flow rates of 0.094m*s and 0.103m°%/s. However, at these flow rates

turbine and generator were inefficient because they operate under their capacity.

Once an appropriate turbine is selected, its speed should be reconciled with the speed of the
generator, or with any other machine that is mechanically driven by the turbine. If the turbine and
generator speeds are different, gearing, a belt or chain drive between turbine and generator is

required. The generator speed [rpm] is calculated according to:
120*f
eV=—"-_—
3.4

where rev = revolution per minute [rpm]
f = frequency [Hz]
P = poles number
For a commonly used alternator, for 50 Hz and with 4 poles, a speed of 1500 rpm is calculated.

3.1.2 Linear Turbine modeling

The hydraulic turbine and water columns' linear modeling is usually based on the following

assumption [24].
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1. The hydraulic resistance is negligible.

2. The penstock pipe is inelastic and water is incompressible.

3. The turbine output power is proportion to the product of head and volume flow.
In micro hydropower systems, hydraulic turbines are used to derive permanent magnet synchronous
generators. These hydraulic turbines convert the energy of flowing water into mechanical energy
which in turn is converted into electrical energy. The hydraulic turbine is already modeled in

different literatures. Figure 3. 2 shows the use of turbines with varying head as shown below [25].
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Figure 3. 3 Design diagram for a Kaplan turbine [25]
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The rotational speed N of the turbine is given by equation (3.4) [25].
2 H 3/4
N - o2gH)

 2TIQ 34

Then, the specific speed is obtained as

Ns = N\/a

- H3/4

3.5
P= 1H(D ?~D,’)C uAw,
t P 4 a N 0 u
3.6
where,
D, = inner diameter of the wheel
2
D, = o 4 Q
JITV 2H 3.7
D, =outer diameter of the wheel
o =diameter number of 2 is related to o =0.65 and diameter ratio ( [[))N )of 0.5
Thus, Dy =D, *0.5
C, =Relative velocity in meridian direction
¢, -2 9
~TI(D," -D,)
4 3.8
u =Tangential velocity of the blade
u=[ID,N 39
Aw, =Difference of the tangential velocity
Hgr
— — €
AWu =Wy =W, =
u 3.10

where

w,, = Tangential velocity at the leading edge

w,, = Tangential velocity at the trailing edge
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Using equation 3.2 the expression for torque can be written as shown in equation 3.11.

P piH(Daz - DNZ)COUAWU
_

w @ 3.11

T

3.2 Modeling of permanent magnet synchronous generator

3.2.1 Introduction of PMSG

The beginning of PMSG can date back to 1930 when the alnico magnet was discovered. The
application of PMSG was limited by the undeveloped semiconductors because power converters
play a key role in variable frequency and speed generator circuits. People started to pay more
attentions to PMSG application with the progress of key technologies like permanent magnet

material, control theory and semiconductor component [26].

PMSG is a very efficient electric machine which is widely used in renewable power generation
nowadays. Unlike the traditional synchronous generator, the source of the magnet field in PMSG is
the permanent magnet material. Such a moveable magnet field can eliminate field exciting wind in
the rotor which means less copper loss and mechanical commutator, brushes or slip rings are not
needed in PMSG. The absence of these components brings less loss, smaller size and more

convenient maintenance for PMSG [26].

Heat up problem will only happen on the stator which is easier to cool down because no current is
needed to excite magnet field on the rotor. In the micro hydropower system, PMSG is selected for
the following advantages: higher power density, less maintenance is needed, greater controllability

with the elimination of mechanical brushes [26].

Before we model the PMSG, the following assumptions are applied:
1. Magnetic saturation is negligible.
2. Induced EMF is sinusoidal.
3. Eddy current and hysteresis losses are negligible.

4. Damping effect is negligible.
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3.2.2 Mathematical model of PMSG in natural ABC frame

Figure 3.4 shows the cross view of the three phase, two poles PMSG. The ABC windings in the
stator are 120° electric angle from each other and the magnetomotive force (MMF) fa, fb and fc
represent the stationary directions. The d axis represents the flux direction of the permanent magnet

which is rotating at the speed wm. 8r stands for the angle between the flux direction (d-axis) and the
stationary a-axis [27].

¢
Figure 3. 4 Cross view of three phase PMSG with a single pole pair [27]

The stator voltage equations of PMSG in ABC frame regarding phase current and flux linkages can
be written as follows [27].

v, Rs 0 0 (ia | ; pra

Vi |= 0 Rs 0 ib + d— Ab
X

Ve 0 0 Rs ic | Ac |

3.12

Where Va, Vb and Vc are stator instantaneous voltages in ABC phase and ia, ib and ic are stator
instantaneous currents in ABC phase. Rs is the stator winding resistance in ABC phase. Aa, Ab and

Ac are flux linkages induced by the AC currents and the permanent magnet. The detail expression
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can be expanded as follows [10]:

- cos(wy)
Aa Laa Lab Lac] [ia 27
ab| = |Lba Lbb Lbe| |ib| + 2,,|05(@m —3)
Ac Lca Leb Lec ic 21

cos(wy, + ?)_

3.13
Where Laa, Lbb, and Lcc are self-inductance of ABC phase and Lab, Lac, Lba, Lbc, Lca and Lcb is
mutual inductances respectively for ABC phase. Am is the flux linkage formed by the permanent
magnet material. As we can see from the equation, both self-inductances and mutual inductances are
all functions of rotating speed @m. Such a varying time characteristic of inductance causes the

difficulty in calculation and analysis. Thus, d-q axis modeling is needed as given in section 3.2.3.
3.2.3 Mathematical model of PMSG in rotational d-q frame

R.H. Park first introduces the dgO Park's transformation to simplify the synchronous machine
models. In the stationary ABC frames of PMSG, the main phase quantities like stator voltages,
currents, and flux linkages are time dependent. The 3-phase machine is analyzed by rotational two-
axis. Direct-axis is on the rotor magnetic flux direction and quadrature-axis is perpendicular to
direct-axis. Under this d-q frame, the varying time characteristic of phase quantities can be

eliminated. The ABC to dq0 transformation is shown as follows [10]:

i 2r 2
cos(wyt) cos(wp,t ——) cos(wyt +—)
Vd 3 3 Va
21 2m
Vq| = 5|—sin(w,t) - sin (wmt — —) — sin(w,t +—) | * |VDb
vol 3 3 371 lve
1 1 1
- 2 2 2 3.14
The inverse transformation:
- cos(w,,t) — sin(w,,t) 1
Va 21 . 21 . Vd
vh| = cos(wmt— 3)—51n(wmt— 3) « Vg
Ve 2T - 21 Vo
cos (mmt + ?) — sin (mmt + ?) 1
i ) 3.15
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VdqO represents the voltages on the d-q rotational frame. The transformation can also be applied to
the stator current and flux linkages for AC synchronous machine. For a balanced ABC stationary
frame condition, Va+ Vb +Vc=0. Thus V0=0 after the Park transformation. By combining the ABC
frame model and d-q transformations, the PMSG modeling in d-q axis can be expressed as follows
[27]:

V=i R+l 0| |
= ——w
d ds d (gt e q¢ 316
. di, .
V,=1,R,+L —+ oLy + 0.4,
° dt
3.17
v —iRr +L 3
dt 3.18

where Vd,Vq, Id, 1g, Ld, Lqg represent the voltage, current, and inductance respectively in the
rotational d-q axis. Am is the linkage of flux produced by the permanent magnet material. o, is the

electrical rotation speed of the PMSG. The corresponding circuit in the d-q edge can be obtained

from the above equations as shown below:

i, R I, a-L.-i
v, E,
: |

e
Qh*
¢
Nl
ml/ -

Figure 3. 6 Equivalence circuit of PMSG in g-axis [10].
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Where Ld, Lqg are synchronous inductance. They are almost equal in the surface mounted PMSGs
[28]:

Ly =L, =§L

3.19
Where L is the total inductance tested by the serial-parallel connecting of the stator.

Figure 3. 7 Serial-parallel testing circuit for the generator inductance [28]

3.2.4. Electrical torque and power analysis

Ed and Eq are back electromotive force (EMF) in d-q axis respectively and can be written as
Eq=——walLyly=—waA
d € g9 €7 3.20
Eq =Wa Ld Id -|—a)eﬂm Zweid

3.21
The mechanical power generated by the PMSG expressed by the d-q axis voltage and current can be

expressed as follows:

P =§(Edid +E,i,

3.22
By substituting equation (3.20) and (3.21) in to equation (3.22), it gives:
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2 . .
3.23
3 : .
=By, - Ady)
2 2 d'q q'd
3.24
Where T, is the electromagnetic torque, mny iS the mechanical rotation speed, and p is the total

number of poles. Thus, from the equation the electromagnetic torque expressed by the d-q axis
elements can be written as [27]:

.I.e:Pm:Pm(p)
ORON 2

Or

Te= (2 )0mig (g —La Vigia)

3.25

Since we have assumed that Ld=Lgq, the torque equation can be further simplified as follows:

T, ——(p)/”t

3.26
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CHAPTER FOUR

MHP CONVERTERS AND CONTROL COMPONENT DESIGN

4.1 AC to DC Rectifier

Rectifiers are used to convert the AC sine wave voltage with 50 or 60 Hz frequency to a DC voltage
with ripple. In micro hydropower system two types of AC-DC rectifiers are commonly used. The
first one is active PWM rectifiers and the second one is diode rectifiers. The semiconductor
components used in active rectifiers are IGBT and diode which can work as both inverter and full
bridge rectifiers by manipulating IGBT switches [29]. Such a topology is frequently used in doubly
fed induction generator based system. Thus, it is not going to be employed in this research because

of the generator type in the system [29].

The second rectifier which is used in this thesis is diode rectifiers. Unlike the PWM rectifiers, we
have no control of the output voltage of the rectifier because diodes are passive semiconductor

components which do not have a switch to turn on or off [30].

ot o' 1
E = E (= e
DA D3
D5
[-
b

I C L
-
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ZE[jm ZE[)D& ZE[)DE
[~

Figure 4. 1 Three phase full bridge diode rectifier [30] .

1

The diode unidirectional conduction characteristic ensures the power will only flow from the AC
side to the DC side. This topology will bring massive current distortion of AC side. If the AC source

is from the utility, the current distortion problem needs to be considered. However, in this micro
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hydropower system, the current distortion will not cause as many troubles as it does on the utility

grid. Thus, this uncontrolled rectifier is used to be the AC-DC converter because of its unidirectional

conducting and simplicity [30].

The diodes are numbered in the order of their conduction sequences and the conduction angle of
each diode is 2m/3. 1-2, 2-3, 3-4, 4-5, 5-6, and 6-1 are the conduction order for diodes. The
waveforms of the 3-® bridge rectifier for both voltage and current are shown in figure 4.2.

The average value of the output can be found as [30]:

2
6 3" . 33 41
Voo = 1 V3V Sin(wt)d (wt) ="Y=V_=1.654V -
T T
3
Similarly, the rms value of the output voltage can be found as:
27 v/ 2sin2wydwi)2 =v (3 9‘F)Z ~1655V_
/ 4.2
. ——
é i
Am (‘ﬁ w'
gam
Aw{ . . . . f

o 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time (8)

Figure 4. 2 Voltage and current waveforms of the three-phase bridge rectifier
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Performance parameters of three phase full bridge diode rectifier

The Form Factor (FF) is the fraction of the rms value of the voltage output (VL) to the value of

average of the voltage output (VD C) [30]:

Vbe 43
This parameter is quite important since it is an index of the efficiency of the rectification process.

Having assumed the load to be purely resistive, it is possible to define the currents as [30]:

DC
Ipc=2C 4.4
DC
RL
v
I =L 45
R

The rectification ratio (7, ), also known as rectification efficiency, is expressed by [30]

n = Poc
,
P +Pg 46
where
Poc=Vpe-lpe 4.7
L=V I 4.8
Po=Rp.| 2 4.9

In equation (4.9), Pp represents the losses in the rectifier (Rp is the equivalent resistance of the
rectifier). By using equation (4.7 & 4.8) and equation (4.4 & 4.5), equation (4.6) can be written as

follows:

2
_ Vpclpbc  _Vbc 1 4.10
TV Rt 2 v 2 1(RD |
L'LTRDL L 1 AL)
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Ideal switches are assumed, with no losses, i.e, Rp = 0. Therefore
2
(Vpc | _ (1j2
Ty A FF

The Ripple Factor (RF) is another essential parameter used to explain the quality of the rectification.

411

It shows the smoothness of waveform of the voltage at the output of the rectifier. The RF is defined

as the fraction of the effective AC component of the load voltage versus the DC voltage:

V2 -V’
RF=Y"-_"° —JFF?-1
Ve 4.12

Table 4.1 summarizes the main performance parameters for the three phase topologies described
here [30].

Table 4. 1 Performance parameters for three phase bridge rectifier [30]

Performance parameters Three phase bridge rectifier
Peak Repetitive reverse voltage Vg 1.05V ¢

rms input voltage Vi, 0.428V

Diode average current 1, 0.3331

Diode forward current |, 3141 )

Form factor FF 1.0009

Rectification ratio 7, 0.998

Ripple factor RF 0.042

Output ripple frequency f, 6 frain

As we can see from both current and voltage expression of the rectifier output, there is no degree of
freedom for control of either voltage or current. However, the DC bus needs to be maintained within
a certain range for a grid connected topology because of the stability problem. Thus, a boost

converter is needed for DC bus voltage control.
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4.2 Boost converter

The boost converter is a switched-mode power converter which can produce a DC voltage output
larger than the DC voltage input. It is widely used in much clean energy application like electric
vehicle battery system, PV system and wind power system. An ideal switch boost converter circuit is
shown figure 4.3 [29]:

lin L D lout

_E'W'W'U\—O—H—O Vout
Vio | h\' c== [Load

Figure 4. 3 DC-DC boost converter topology with ideal switch and diode [29].
A boost converter usually consists of the following components:

» DC input voltage Vin
» inductor L
» semi-conductor switch
» diode
» output capacitor and

» output load.
The input voltage provides the power to the whole circuit. By turning on and off of the switch, the
output voltage will be larger than the input voltage because the inductor has to resist current change
when the switch is turning on and off and produce a voltage. The output voltage must be boosted to
650 volts (around 2 time of grid line to line) higher than the grid line-line voltage. The circuit of both

on and off mode of switch are shown in figure 4.4 and 4.5 [31].

L
—p—t B0 —
i) +v(n- *

id)y

v, (j) C == Rf v

Figure 4. 4 Circuit of boost converter when the ideal switch is on [31].
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The inductor is directly connected to the input voltage, and the capacitor and load resistor are

isolated from the input. Ignoring the inductor resistor and capacitor resistor we can have:

Vi :Vg 4.13

C
R 414

Where Vg is the input voltage, VL is the inductor voltage, ic is capacitor current, V is output voltage,

and R is load resistor.
L
—p—t B0 \

i@ +vi(n-

id1)

) Co= RS

Figure 4. 5 Circuit of boost converter when switch is off [31]
When the switch is off, the circuit is a typical RLC circuit as shown in Figure 4.5. The current from

DC input source now can flow to the load side. Now we have a new relationship of the voltage and

current in this circuit:

9 4.15

4.16

Where i is the inductor current.
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v, (1)

— DT, ——vjo— DT, —>

V,-V
it I-V/R

— DT, ——tf— D —>

- V/R

Figure 4. 6 Inductor voltage and capacitor current with a single switching cycle [31].

The inductor voltage and capacitor current waveform in a single switching period Ts are shown in
figure 4.6. D is the duty cycle which is the portion of on during one cycle and D’ is the portion of off
in the same cycle. We all know that the inductor and capacitor do not consume energy during a
complete switching cycle. Thus, the voltage-second applied on the inductor and current-second
applied on the capacitor in each cycle must be zero. So, we have:

Vg DTS+[Vg —V] D TS =0

4.17
V Vi)
— DT+ - |DT.=0
R s RJ 3 4.18
The output voltage and current can be expressed as:
Vv
v=""9
D 4.19
1=
DR 4.20

Where: D' =1-D

From the equation, it is shown that with a constant dc voltage input, the output voltage can be
amplified within a certain range by controlling the switching duty cycle. When the duty cycle is
getting closed to 1, the inductor current will go to infinity based on the calculation. The large current

will cause nonlinearity because of the practical inductor resistance and semiconductor forward
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voltage. Power losses will increase, and the output voltage will drop dramatically. The ripple of the
inductor current and capacitor voltage are important characters that need to be analyzed in boost

converter circuit.

i y W)

sl l
l/\TA‘L \'\/\TAV

It ¢ -_.‘i L ._V_
/ A RE  CReC

v

>

0 ) T ¢0 DT T [

Figure 4. 7 Ripple current on the inductor and ripple voltage on the capacitor in one duty cycle.

The inductor current at the on mode is given by:
dip _Vi _Vg
dt L L 4.21

From the current curve, we can see that the total change of current during this period is 2Ai.. Solving

for Ai_ we have:

Vv

= 9pr

Al =
L 2L s 422

The inductor current ripple is important because if the ripple current is too large and the calculated
negative peak ripple crosses zero, the boost converter must run in discontinuous conduction mode
(DCM). Under the DCM, we can no more apply the equation derived from the continuous
conduction mode (CCM). To keep the converter running at CCM, there is a minimum inductance

requirement depends on the circuits [31]:

L>Vin(min)*

> : 4.23
2*f *AiL

where A1, is 20% to 40% of I,

L

Assuming efficiency of boost converter is 1,
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Vin'lin :Vo.lo 4.24

where | :Ii

_ P 29.94KW

L7V, 363.88V

=82.28A

Taking 30%, Al, =0.3*82.28A =24.68A

_ 29.94Kw
°" 650V

Vv

=46.06A

in(min) © _ 363.88V*0.44
2%f *Ai,  2*50KHz*24.68A

=64.9uH

Like the inductor current, the capacitor voltage at the on mode is:

d¢ C RC 4.25
The voltage change on the capacitor during the on cycle is 2AVC. Solving for AVC we can derive:

*
Ay = Y pr = 1™D

© 2RC S 2f*C

4.26
The ripple voltage will directly be applied to the output load. The Large capacitor can eliminate the
ripple voltage, but the size and cost will also increase. It is always a tradeoff selection between the
capacitor size and maximum ripple voltage on the output [31].
*
S Io(max) D

- 2fxay, 4.27

where AV is1%to5%of\V/ , VvV =V
c c cC o

_ 1,*D _ 46.06A%0.44
21*AV,  2*50KHZ*0.01650V

=31.1794F
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Figure 4. 8 DC boost converter output current and voltage wave form
4.3 Grid tie Inverter Design

Grid tie inverter plays a major role in many grid-connected distributed power generation systems
because it is the converter that controls the quality of power transmitted to the grid. The
synchronization with the utility grid is the main concern of the inverter control design because the
grid frequency and voltage need to be regulated. If the inverter output cannot meet the local grid

connection criteria, the power will not be allowed to deliver [32].

\oltage source inverter(VSI) and current source inverter(CSI) are the two types of inverter. The CSI
use a DC current source as an input, and it is only usually used to drive high power AC motor. VSI is
more commonly used in grid connection applications. The VSl is driven by a DC voltage source and
can be more divided into two types: pulse width modulated inverter (PWM), and space vector
modulated inverter (SVM) [32].

In this thesis, the Pulse-width Modulated inverter is used. PWM inverters take in a steady dc voltage.
The inverter should conduct the magnitude and the frequency of ac output voltages, and the diode
rectifiers are required to fix the line to line voltage. The inverter uses pulse-width modulation using
it’s switches, there are various methods for doing the pulse-width modulation in an inverter
beneficial to frame the output ac voltages nearly similar to sine wave. The inverter only controls the

frequency of the output where the input voltage controls the magnitude. The ac output voltage get a
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waveform identical to a square wave to which the inverter got it's name. In inverters the power
semiconductors devices always remains forward-biased due to the supply voltage, and therefore, self

controlled forward device such as IGBTs and MOSFETSs are suitable.
4.3.1 The three phase voltage source inverter

The 3-® voltage source inverter generates less harmonic distortion in the output voltage utilized in
the phase to phase AC load. Also afford extra productive supply voltage related to sinusoidal
modulation technique. The circuit model of three-phase voltage source PWM inverter is shown in
Figure 4.9. The six power switches that form the output are Tas+, Ta- ;Tg+ Ts-; 10 Tc+, Te., Which are
controlled by the switching variables. while an upper transistor is switched on, the corresponding Ta-
,Ts., Tc- becomes 0. Therefore, the on and off states the upper transistors Ta+, Tg+, Tc+, can be used

[
i

to regulate the output voltage. Each power switch can be on and off, On = 1, Off = 0 [33].

% } 1'“" e I“,;_ iCs .‘“’.

T'a
o
I Ta KD, I'n & Dy I )'

\ 1
A AB (

Figure 4. 9 Three phase inverter [33].

-

Vg

2
V,

‘.\.‘

Py
»__
p—

7T\

FayY

4.3.2 LC Filter

Output voltage wave is synchronized with the grid voltage. So the PWM inverter will inject ripple
current in to the grid. The output LC filter is connected to remove high switching frequency
components from output current of inverter [34]. The simulation design of LC filter is shown in
figure 4.10. The filter is designed taking into account the following parameters for the grid and
inverter as shown in table 4.2. The value of L is designed based on current ripple. Switching and
conduction losses is smaller for small ripple. Usually the ripple current can be selected as 10% - 15%
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of rated current. Considering 10% ripple at the rated current the designed value of inductor (L) in the

system [35]-[36] is given by equation (4.28).

Vdc

ALmax g

4.28

The capacitor C is designed based on reactive power supplied by the capacitor at fundamental

frequency. In this design reactive power can be chosen as 15% of the rated power is given by

equation (4.29) [35].

0/n*
Co 15%*Prated

- 3*24*V 2rated

o1

Cannd B H‘— b
: l—-C ¢ j——

Canng

Conn2

=

Figure 4. 10 LC filter

Table 4. 2 design parameters for LC filter

Line Voltage Vab L-L =380 V
DC source voltage Vdc =650 V
Modulation index 1

Nominal frequency 50 Hz

Connd

Connid

4.29

To simulate the active and reactive power that flows in to the grid, the power expression in the d-q

synchronous frame is given as:

3 . .
P=§(Vd Id +Vqlq )

Q=2(tid ~Vyig)

Where Vd and Vq are the inverter voltage in d-gq synchronous edge and iq and iq are the inverter

4.30

431
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current in the d-g synchronous edge. If the d-q frame is selected randomly, there will be coupling
problem because of the cross product of the d axis component and g axis component. Such a
coupling will bring difficulty in inverter control and deteriorate the output power quality and the
efficiency. Instead of an arbitrary d-q synchronous frame, the q axis is forced to align the phase a
space vector and rotate at the synchronous speed. The d-axis voltage become zero by this

synchronization.

4

Rotating =,
¥ \
Ll
Va g d!

i)
|

-

Lf]
Stationary

Figure 4. 11 o-p frame and rotational d-q frame decomposition with grid frequency ® and a random
phase angle 6 [13].
As shown in figure 4.11, phase a voltage does not have decomposition on d axis because g axis is

aligned with it. Therefore, we have:

Vo=V

q 4.32
Va =0 433
by substituting equation (4.32 and 4.33) in to equation (4.30 and 4.31) , it gives:

3., .
P=—(V,i

oVa'a) 4.34
K
=—(V,4i

©=5'a) 4.35
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Considering the inverter loss, active power can be expressed as:

3 ) )
P=—(V_.i1_)=0.94V i
2( q q) dcdc 4.36

4.4 PLL design

Since the PLL to be developed will be working in a sampled system there is need to take into
account the delay effect. The transfer function (TF) for the plant in figure 2.4 is just a lag and an

integrating element [37].

e (e o)
1+sT A\s 4.37

The open-loop TF for the system in figure 2.4 is described as follows [37].

eu-{et [ 8
ST 1+sT S 4.38

The integrating element in the plant correspond to the following differential equation

_FG)_ 1 df _
C®)=E5) Ts Tar -V 439

Which has to be solved numerically using Euler forward [37], and taking the Z-transform gives

7-1
Ts 4.40

S=

Using equation (4.40) the Pl-regulator in the z-domain is shown as follows

Z—1+T—S

Gpi=Kp1+ST=Kp r
ST Z-1 4.41

Rewriting the TF for the PLL system in equation (4.38) yields

a
S+ as+—

l+SrJ( 1 J(\ijzxpvm [ ﬂ :vam( J 4.42

st N1+sTg s T :? s+i afy o2 s+i
TS TS
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G, : transfer function of the entire system,

1
———): the system lag term,
st y 9
T : Sampling period in seconds,
(é) :Integrating element,

G,, : Transfer function of open loop
V., : Amplitude voltage level in volt and
K, : Regulator gain

The 2" order transfer function of a dynamic system is written as [37];

a)OZ(KS+a)O)
T S 4.43
s“(s+Kag)

where a represent normalization factor and wc is the crossover frequency which has the value of the
grid and inverter output frequency. Comparing equation (4.42) and (4.43) gives the following

identifications.

1
W, =—
aTS
< r=aT,
« -1
=
s 4.44
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Figure 4. 12 The Simulink Simulation Setup of the Phase Lock Loop System. The box named
Discrete Transfer Fcn is the Pl-regulator.

From simin in figure 4.12, four signals are imported. The fourth signal is a scaled version of input
signal Va and makes it easier to plot the phase angle output and the reference signal together. The
boxes named abc/ a-B and a-B /dq in are the implementation of the transformation matrices in

equation (2.5) and (2.7) respectively. The details of these sub systems are given in figure 4.13.
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Figure 4. 13 a) Transformation from abc to a-p. Gain 5 is -+/3/3 and gain 3 is J313. b)

Transformation from o-f to dg.
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System Characteristics

The inverter grid voltage is 380V which is the value of the line-to-line voltage at the point of grid
connection. Hence, Vm = 380V, Ts = 1/2000s = 0.5ms, choosing crossover frequency 50Hz and
substituting the parameters for Vm and Ts in equation (4.37) gives

a=6.3662
7=0.0203
K, =0.8267 438

Simulation of PLL with Design Gains

With the PLL parameters set as a=6.3662,7=0.0203, K 6 =0.8267 V, =380V,

T, =MS =0.5ms and choosing crossover frequency 50Hz, the transfer function of the PI

regulator in equation (4.35) becomes

14+
£74t . 0.82672-0.8063

P! -1 z-1 4.39

The complete model description of the system with the PI regulator in MATLAB Simulink
environment is implemented and shown in figure 4.12. Based on the design, the PLL is developed

for grid voltage of 380V and simulation of the entire system is done in Simulink.

Vabc is the sensed grid voltage which is transformed in to DC components using coordinate
transformation abc-dg and the PLL gets locked by setting VVd* represented by the constant block to
zero. The loop filter P1 is a low pass filter represented by the Discrete-Transfer Function block. It is
used to suppress high frequency component and provide DC controlled signal to voltage controlled
oscillator (VCQ) which acts as an integrator represented by the Discrete-Time Integrator block. The
output of the PI controller is the inverter output frequency that is integrated to obtain inverter phase
angle 6. When the difference between grid phase angle and inverter phase angle is reduced to zero
PLL becomes active which results in synchronously rotating voltages Vd = 0 and Vq gives

magnitude of grid voltage.
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CHAPTER FIVE

SIMULATION RESULTS AND DISCUSSIONS

5.1 Introduction

This chapter presents a simulation conducted and results obtained from the grid connected micro
hydropower plant using Matlab Simulink for different grid conditions. The Simulink model shown in
figure 4.12, 4.14 and the code written in Appendix A are used to carry out simulation studies and

analyses the performance of phase locked loop under different operating conditions.
5.2 Simulation Results

The response of the system is tested for ideal and non-ideal grid conditions.

5.2.1 Simulation for ideal grid conditions

The system performance is studied under an ideal condition when the line-to-line voltage is 380V
and the frequency of the inverter and grid are set at 50Hz. The three-phase voltages for the grid and
the inverter output are shown in figures 5.1 (a) and (b) respectively. Figure (5.1a) is the output
voltage from the utility grid while figure (5.1b) is the output voltage of the micro hydro power

whose frequency and phase are supposed to be matched to that of the running network.

For simulation, the required three phase voltage signals with controllable magnitude, phase and
frequency as specified by the grid has been generated by writing their respective scripts in Matlab
and imported using the Simin block. Based on the simulation, the output of PLL is in synchronism
with grid as shown in figure 5.2. It can be observed that the PLL tie the grid and inverter phase
voltages together, enabling them to operate in unity. The blue line comes from the inverter and the

pink line comes from the grid.
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Figure 5. 1 Output Waveforms of (a) Grid (b) inverter Voltages

The ideal and sampled sine signals are created in MATLAB, see Appendix A for code. Output of
PLL is presented in figure 5.2 shown below.

Phase shift (degree)
Vout (V)
Va (V)

10

FRVRVRVRVRVRYRYRIRY

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (seconds)

Figure 5. 2 PLL output with ideal grid conditions. From the phase angle (yellow) a sine wave

is created (blue) and locks on to the scaled reference signal Va (pink).

The output of the Pl-regulator is observed for this ideal grid condition, as shown in figure 5.3. This
output can be thought of as a step response of the system.
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Figure 5. 3 Output of Pl-regulator, this can be thought of as a step response for the system.
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Figure 5. 4 Vd output while the voltage space vector is synchronized with the g-axis.
The PLL system with the Pl-regulator gains from equation (4.38) is able to track the phase

satisfactory when the grid conditions are ideal and no changes will be made in the gains.

5.2.2 Simulation for non-ideal grid conditions

The response of the grid to certain perturbations and the ability of the PLL to accommodate this

disturbances were described as follows.

Amplitude variation

\oltage sags or swells occur when large loads are suddenly connected to or disconnected from the
grid respectively. In this work, a sudden drop of voltage magnitude by 10% in all three phases was

applied. The output when voltage sag happen is shown in Figure 5.5.
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It can be observed that, the amplitude is varied after two periods, the amplitude decreased by 0.1 of

the original value which indicates a voltage sag. The resulting PLL output in response to this sag is
presented in figure 5.6.
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.ﬂ, /\". \ \\‘. /\,‘ / I . ‘ I ‘ _ I : ‘ ampli due |
'.IJ ‘||I‘I IIIJ ‘I I‘I I‘I'. ." fl I‘l | II\ [ ‘I'| 'II I‘Il P ‘| '\.‘ " '\ I "|‘ "| |/ Il‘u [ II‘ II' 'I ‘I' [ \f II‘| " II'\ \f ‘I'\ I"| f
200 T |l| .:| rII i -:| f '|If ':‘ / \( '; FI '\!/ \ 3 II‘ EI FI | / ‘.If ':' { "/ I% F‘ Ill( l B
L L A‘ ol |I|| 1 IA 1| K | AI Nl ‘i‘| L
_ 100 - I\ [l H "ol I'II A A | A I M '\ I{ Il |“I (" A | O A T A L
< ‘ ‘| ] |I f | ll f] | | A ll‘ b (] A A A R A AN fl I
R AR AR AR R AR A ANV R AN AR ARV AN ANV A AN VAN NAE
IR R R R R R R R R R R R R AR R R VR ARV TA YRR AR
oYUV 'w' IR R R AR TR TR
i | ‘|| .: I| \l .' \l I‘| I‘| I‘ \ I‘ II\: | .' ‘|| - . I‘I II ,‘. \ | |I‘ I‘l Ill‘ .ﬂ fl II\ .: ‘I | \ |I‘ ‘II -: \ l‘ II\ ‘: | l II‘ ‘I I
-200 lel -:| I': f ﬁl II: Il‘l :,‘ J)III ‘I’,I : F E| ‘ |:_ }\. fl'll‘u f :ﬁl‘ /'II /_ .:.I 'I)I‘| If') .;‘I Jlll‘ |'; 'k'u l/II
|‘I" ""| |"'| I,‘ Co ll{ I‘I [ j / / | /l \ J NN \/ | ] L .') |
300 7{| I l‘ | ‘, J | ‘| .:_ \ |‘\ / \ /
UV \U_.Ju V AAVAVAAVAN | J
-400[) u.uz 0.04 0.06 UDS 012 0.14 016 0.18 0.2
ije (s)
Figure 5. 5 Input signals with amplitude decreasing to 90% of the original value
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Figure 5. 6 PLL output for input with decreased amplitude
It is shown that with the PLL already phase locked with the system, there was no change in d axis

voltage and the q axis voltage accurately tracks the system voltage magnitude. So no disturbance
was observed in phase tracking.
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Frequency variation

The PLL system was tested for input signals with frequency 55Hz as shown in figure 5.7.
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Figure 5. 7 PLL output for grid with frequency 55Hz.
In figure 5.8 the Pl-regulator output is shown. Now the Pl-regulator output is supposed to approach
2* *5 = 31.4159 instead of 0 as for the ideal input signals.
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Figure 5. 8 Pl-regulator output of input signals with 55Hz frequency leads to a Pl-regulator output
of 31.4.
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Figure 5. 9 PLL output for grid with frequency 45Hz.
In figure 5.10 the Pl-regulator output approaches 2* n*(-5) = -31.4159 instead of 0 as for the ideal
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input signals.
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Figure 5. 10 Pl-regulator output of input signals with 45Hz frequency leads to a PI-regulator output
of -31.4.
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Phase jump

Sudden phase change in load terminal voltage may occur if a large load is withdrawn from the

supply system or due to faults in the grid. It is observed that the input signals making a phase jump
was simultaneously applied to all three phases as shown in figure 5.11.
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Figure 5. 11 Input Voltage with Phase Jump

The PLL output for input signals making a phase jump simultaneously in all three phases is shown in
figure 5.12.
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Figure 5. 12 PLL Output for Input Signals with Phase Jump.
Three phase voltage unbalance

The performance of the PLL system when subjected to an input signals with voltage unbalances
between the three phases i.e., an amplitude of Vb is 0.85*V, that of V¢ is 1.15*V while that of Va is
unchanged was analyzed as highlighted in figure 5.13 and the response of the system obtained is

shown in figure 5.14
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Figure 5. 13 Three-Phase Unbalanced Voltages Input.
The system was able to synchronize the grid and the micro hydropower system, in less than around
0.02Sec, as shown in figure 5.14.
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Figure 5. 14 PLL Output for Input Signals with Unbalanced Voltages.

The PI regulator output response to this disturbances is taken and presented in figure 5.15.
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Figure 5. 15 PI-Regulator Output with Three Phase Voltage Unbalance Input Signal.
The PI regulator changes to an impulse response within around 0.02Sec, and attained an oscillatory

state when subjected to voltage unbalance. Thus, leading to an inaccurate phase tracking.

Three phase unbalanced phase shifts

The performance of the system for the input signals that have not the proper phase shift of 120°
relative to each other i.e., phase shift of -130° and -230° for phase b and c respectively is shown
figure 5.16.
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Figure 5. 16 PLL output for input signals with improper phase shifts
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The PI regulator changes to an impulse response for three phase unbalanced phase shifts is shown in
figure 5.17
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Figure 5. 17 The Pl-regulator with input signals with improper phase shifts
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Figure 5. 18 Active power that flows in to the grid
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Figure 5. 19 Reactive power that flows in to the grid
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5.3 Discussions

The objective of performed analysis on the designed power electronics and PLL were to connect
micro hydro power to the utility network and analyze their performance for different conditions of
grid. In this research PLL system together with the Pl-regulator gain perform well for ideal grid
condition synchronization with the output of the inverter. The system characteristics has been
analyzed in MATLAB and showed the expected behavior. For ideal grid conditions the phase angle

was tracked and relatively fast (synchronized almost after 0.015 seconds) and precise.

Different non-ideal grid conditions were simulated and almost all were handled well by the system.
When amplitude was decreased to 90%, the system can track the phase angle but less precise, still
within an acceptable range. Since the phase angle and frequency of the input signal is independent of
amplitude, it is surprising that the output of the system is also independent of the amplitude. Voltage
variations of more than this magnitude is not a part of normal operation; but it can be considered in

cases of more severe faults when the grid collapse results in major voltage variation.

Also the system could easily track the phase when the frequency was shifted from 50Hz to 55Hz or
45Hz. In a real grid, frequency variations are in smaller magnitude relatively. The only difference
from the ideal case is that the Pl-regulator now approaches 2z*5 rad/s for 55 Hz and -2x*5 rad/s for
45Hz instead of zero. On the other hand, for the phase jump that was simultaneously applied to all
three phases, the phase angle was tracked with in around 0.02 seconds. Unbalances in the three
phase input signals were overall handled by the system. For voltage unbalances and improper phase
shift the phase angle was tracked but with less accuracy compared to the ideal case and also, the Pl
regulator changes to an impulse response within around 0.02Sec, and attained an oscillatory state.

Thus, leading to an inaccurate phase tracking.

Finally, the real power delivered to the grid has higher overshoot before reaching the steady state
level, because it is connected to the full load of the grid. The reactive power becomes zero after

some oscillation (at around 0.03 seconds) because Id is maintained as zero.
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CHAPTER SIX

CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK

6.1 Conclusions

In our country several MHPP are off-grid mode, where many of them are shut down due to grid
connection challenges and the rest are suffering the same problem because of the expansion of the
grid to those area. So, this thesis was aimed to develop a simple and cost effective solution to
connect those available MHP to the grid. Power converters and PLL are developed to study the
connection challenges of micro hydropower to the grid. Power converters improved the power
quality that is delivered to the grid by minimizing the harmonics produced, providing a better ride
through capability of the power generation, providing reactive power control or voltage regulation at
the distribution system connection point. Also for synchronization PLL is designed in order to track
the phase angle of the grid and it has been successfully achieved.

A mathematical model and design that represents the complete micro hydropower system including
generator, turbine and power converters were developed for the Huluka river optimal micro hydro
sizing (0.244m%s). Also, the modeled turbine and generator can operate at the flow rates of
0.094m%s and 0.103m%/s. However, at these flow rates turbine and generator were inefficient

because they operate under their capacity.

The performance of the proposed system was tested through simulation using Matlab/Simulink. It
was observed from the simulation results that the Pl-regulator gains Kp = 0.8267 and t = 0.0203
were calculated and for ideal grid conditions, with amplitude Vm = 380V and frequency f = 50Hz,
the phase angle was tracked fast and accurate. The system was also simulated for several non-ideal
grid conditions. Variations in amplitude, variation in frequency, Phase jumps and three phase voltage

unbalance were handled well by the system.

In conclusion, connecting MHP to the grid through power converters and PLL is the promising
method and considering the overall efficiency of the system(0.938), 28.14KW power has been
delivered to the grid.
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5.2 Recommendations and Future Work

In this thesis, the power converters and PLL are tested only for MHP system. However, their
performance can be investigated for synchronizing distributed energy sources and other renewable
technologies. Moreover, prototype of the system can be implemented and tested with grid voltages
as input signal. Also, more conditions such as flicker, dip and notch should be made for better
performance analysis. In addition, the cost benefit of micro hydropower plant for huluka river can be

analyzed in detail.
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APPENDICES

Appendix A: MATLAB codes

PLL_koeff.m

%Calculating Kpll and Tpll using symmetrical optimum method
fow = 50; %The Crossover frequency in Hz

ts = 1/2000; %Sampling time

Vm = 380; %Amplitude of input sine waves

wc = 2*pi*fbw;

%Symmetrical optimum eq. (21)

a = 1/(wc*ts)

Ti = a"2*ts

Kp = (1/a)*(1/(Vm*ts))

Ideal_input_ PLL.m

%Creates input signals for PLL used by the "To Workspace" box
%in SIMULINK

ts = 1/2000; %Sampling period

T =0.2; %Simulating time

f = 50; %frequency in Hz

t = (0:ts:T)"; %Sampled time vector

Vm = 380; %Amplitude of the signals

%Balanced three phase signals

Va = Vm*sin(2*pi*f*(t+10*ts));

Vb = Vm*sin(2*pi*f*(t+10*ts - 1/(f*3)));

Ve = Vm*sin(2*pi*f*(t+10*ts + 1/(f*3)));

%Creates a reference signal with decreased amplitude
VaRef = (10/Vm)*Va;

simin = [t,Va,Vb,Vc,VaRef];
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InputVarAmp_PLL.m

%Creates input signals with amplitude variation
ts = 1/2000; %Sampling period

T =0.2; %Simulating time

f = 50; %frequency

Tp = 1/50; %period

Vm = 380; %Amplitude

t1 = (0:ts:2*Tp)’;

t2 = (2*Tp+ts:ts:T)

t = [t1;t2];

Val = Vm*sin(2*pi*f*(t1));

Va2 = 0.90*Vm*sin(2*pi*f*(t2)); %90 percent of Amplitude
Va = [Val;Va2];

t1 = (0:ts:2*Tp+(1/(f*3)))";

t2 = (2*Tp+(1/(f*3)):ts:T)";

Vbl = Vm*sin(2*pi*f*(t1- 1/(f*3)));

Vb2 = 0.90*Vm*sin(2*pi*f*(t2- 1/(f*3)));
Vb =[Vb1;Vb2];

t1 = (0:ts:2*Tp+(2/(f*3)))";

t2 = (2*Tp+(2/(f*3)):ts:T)";

Vel = Vm*sin(2*pi*f*(t1+ 1/(f*3)));

Vc2 = 0.90*Vm*sin(2*pi*f*(t2+ 1/(f*3)));
Vc = [Vcl;ve2];

VaRef = (10/Vm)*Va;

simin = [t,Va,Vb,Vc,VaRef];

X = [2*Tp + 10*ts, T];

h =[0.91*Vm, 0.91*Vm];

figure

plot(x,h, 'k--")

hold on

plot(t, Va)
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plot(t, Vb, 'r")
plot(t, V¢, 'g")
legend( '90% of amplitude’)

Input Phase Jump.m

%Creates input signals with a phase jump
ts = 1/2000; %Sampling period

T =0.2; %Simulating time

f = 50; %frequency

Tp = 1/50; %period

Vm = 380; %Amplitude

tl = (0:ts:4*Tp+11*ts)";

t2 = (4*Tp+(11+15)*ts:ts: T+14*ts);
t=(0:ts:T)’;

Val = Vm*sin(2*pi*f*(t1));

Va2 = Vm*sin(2*pi*f*(t2));

Va = [Val;Va2];

Vbl = Vm*sin(2*pi*f*(t1- 1/(f*3)));
Vb2 = Vm*sin(2*pi*f*(t2- 1/(f*3)));
Vb =[Vb1;Vb2];

Vcl = Vm*sin(2*pi*f*(t1+ 1/(f*3)));
Vc2 = Vm*sin(2*pi*f*(t2+ 1/(f*3)));
Ve =[Vcl;Ve2];

VaRef = (10/Vm)*Va;

simin = [t,Va,Vb,Vc,VaRef];

figure

plot(t, VVa)

hold on

plot(t, Vb, 'r")

plot(t, Vc,'qg")
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AmpUnbalance PLL.m

%Creates input signals with unbalanced amplitudes

%for PLL used by the "To Workspace" box in SIMULINK
ts = 1/2000; %Sampling period

T =0.2; %Simulating time

f = 50; %frequency in Hz

t = (0:ts:T)"; %Sampled time vector

Vm = 380; %Amplitude of the signals

%\oltage unbalanced three phase signals

Va = Vm*sin(2*pi*f*(t+10*ts));

Vb = 0.85*Vm*sin(2*pi*f*(t+10*ts - 1/(f*3))); %15 percent decreased ampl
Ve = 1.15*Vm*sin(2*pi*f*(t+10*ts + 1/(f*3))); %15 percent increased ampl
%Creates a reference signal with decreased amplitude
VaRef = (10/Vm)*Va;

simin = [t,Va,Vb,Vc,VaRef];

close all

plot(t, Va)

hold on

plot(t, Vb, 'r")

plot(t, V¢, 'g')

title( 'Input signals with unbalanced amplitudes')

xlabel( "'Time [s]")

ylabel( "Voltage [V]')

legend( 'Va', 'Vb', 'Vc')

axis([0, 2*(1/f), -1.2*Vm, 1.2*Vm]));

Improper Phase Shift PLL.m

%Creates input signals with phase shift different from 120 degree
%for PLL used by the "To Workspace" box in SIMULINK

ts = 1/2000; %Sampling period

T =0.2; %Simulating time
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f = 50; %frequency in Hz

t = (0:ts:T)"; %Sampled time vector

Vm = 380; %Amplitude of the signals

%Balanced three phase signals

Va = Vm*sin(2*pi*f*(t+10*ts));

Vb = Vm*sin(2*pi*f*(t+10*ts - 1/(f*3) - 1/(36*f))); %10 percent decreased ampl
Ve = Vm*sin(2*pi*f*(t+10*ts + 1/(f*3) + 1/(36*f))); %10 percent increased ampl
%Creates a reference signal with decreased amplitude

VaRef = (10/Vm)*Va;

simin = [t,Va,Vb,Vc,VaRef];

close all

plot(t, Va)

hold on

plot(t, Vb, 'r")

plot(t, V¢, 'g')

title( 'Input signals with improper phase shifts')

xlabel( "Time [s]")

ylabel( "Voltage [V]')

legend( 'Va', 'Vb', 'Vc')

axis([0, 2*(1/f), -1.15*Vm, 1.15*Vm]);
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