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Abstract

The globally accepted concept for providing electricity to remote areas around the
world, where still more than two billion people live, is to develop an autonomous
Hybrid Power System [HPS] consisting of locally available renewable energy sources.
Up to now, many PV-Diesel-Battery HPS have been installed.

The control system applied in the existing HPS is complicated, less reliable and costly
because of the use of battery bank as the energy storage unit. The battery is costly,
complex in monitoring and difficult to manage because of its limited lifetime in
remote areas. This research work is focused on the development of a completely new
HPS in which awater reservoir is introduced as an energy storage unit. This concept is
explored keeping in the mind that such a system might be highly suitable for the hilly
areas of developing countries like Nepal where small rivers are available, the sun
shines most of the time and micro hydro technology has been exploited.

The proposed HPS consists of a synchronous generator, which forms the state
variables of an isolated grid, frequency and voltage. Other renewable energy sources
such as a photovoltaic system and wind turbine generator are integrated together to
utilise more renewable energy. Beside that, a diesel genset is connected to make
systemreliable.

The different energy converters including the battery bank are simulated and to verify
the validity, comparisons are made between simulation results and measurement. As
more systems with different characteristics are integrated together, the complexity in
the control mechanism increases. This complex integration process is carried out first
in the powerful software Matlab/Simulink. The complete program is tested with
different loading conditions and meteorological conditions.

The aim of this research work isto develop a modular expandable energy management
unit based upon priority basis renewable energy utilisation. Technically, it is based
upon the grid frequency measurement in the sense that the frequency of the grid is a
mirror of the grid in terms of the power-load equilibrium. It is the natural behaviour of
the grid that the deviation of the frequency from its reference value occurs if the
power-load status changes. Based upon this frequency deviation, which predetermines
the connected load in the grid, online state variables, the meteorological data and the
reservoir conditions, the Energy Management Unit [EMU] generates an optimal
energy dispatch pattern for different energy converters as reference power by
governing the energy management guidelines, which guarantee the continuous supply
aswell as minimise the fuel consumption.

Furthermore, this research work is oriented to develop a compact, reliable, easily
replaceable and economically viable EMU following the Simulink based HPS
simulation model. For this purpose, microcontroller MSP430 based hardware is
developed in which different sensors, display system, and a user-interfacing keyboard
are integrated. On the software side the energy management code written in computer
language C is loaded to run the complete HPS.



1 INtrodUCtioN.......iiiii e, 7
1.1 Structure of Hybrid Power System........cccccooevvicveviece e 7
1.2  Problem formulation...........ccccv oo 8
1.3 Research objective and methodology ..........ccceeveevcveieecce e, 8
1.4 MethodolOgy ......cccoeeiieiiiesie e 9
1.5  WOIK SITUCKUIE .....cveeeie ettt 9

2 Stability of conventional and renewable electricity

SUPPIY e 11
2.1 Power system stability and control...........cccocceevericennen e 11

211 Frequency Stability ........cceceeeeiece e 12
212 VOltage StaDIHITY ..o e 13
2.2 Contribution of wind farmsin grid stability..........ccccocvvciiiennnne 15
221 GO CONEIOL ..ttt b e e 17
2.3 Stahility inisolated grid formed by HPS...........cccccooeiieiiceee, 17
231 Primary CONLIOL.......c.ocueiieiecie e re e nn e e e eeenee s 17
2.3.2 SECONAAIY CONEIOL ..ottt 17
233 Weather dependency of renewable energy SOUrCES..........oovevvveereeeesieeriennenn 18

3 Electricity Supply in Nepal..........ccccoeeeiiiinnnn.n, 19

3.1 Introduction of Nepal..........cccoeiiiiiiiiieeceee e 19
311 (TS0 0 =0 VTSRS 19
312 (@1 3= (PSR 20
3.1.3 ECONOMY ... e 21

3.2 Electricity availability in Nepal ..........cccovvieiiiniiieieseeeesee 21

3.3 Renewableenergy in Nepal ........ccccoovieiiiicinnn e 22
331 MICIrO NYArOPOWET .......oeieeeiecie e ae e enee e 23
3.3.2 0 = g 0= o YRR 23
333 L AT Lo 00 = S 24

4 Simulation models for HPS...........cooiiiini, 25

4.1 Micro Hydro Power Plant...........ccoooveevce e 25

411 COMPONENES.......eiieiieie et s e s e s ssee e e sse e e eneeesneeeans 25
4.1.1.1  Civil COMPONENES.......ciiiiiiiierieeieeie et sae e saeeeas 26
4.1.1.2 Mechanical COMPONENLS........cccevurieereeriereeseesreseeseeseeseesreeeesseesseeneesseenses 26
4.1.1.3 Electrical COMPONENTS .......coiiiieiiiienieeie ettt eas 26
412 IMPOrtant COMPONENTES........c.uiiiiiie e 26
4121 GENEIGION ....coieiiieeiee ettt ettt see e be e se e e sbeesaeeebeesseeeseesreeenseesneeenneens 26
4.1.2.2  TUIDING oottt b e 28
v 7 T = = 0 o o PRSP 30
4.1.2.4 Transmission and distribution SYSteM.........cccecvveereeiesiee e 31
41.3 Mathematical model of the MHPP..........ccooi e 31
4.1.31  WaEr tUIDINE......oiieee e 32
4.1.3.2  SYNCHIONOUS GENEIALON ......eiueeieeieeieesieeiesieeseeeeesree e e saeeseesneesseesaesneesneeneas 32
4.1.3.3 MeChaniCal QOVEINON ......ccciueieeieeeeseeieseesteeee e re e et eee e sneeeesneenes 34
4.1.3.4 Automatic Voltage Regulator [AVR] .....ccccoveriinieniee e 34
A.1.3.5  RESEIVOIT ..ottt bbbttt b e bbb naenne e 35

414 EXPEITMENES. ...ttt sa e 35



4.1.41 Noload tofull 10ad tESt.........ooeeiieieeeee s 36

v I N © V< g oo I = SO PR R 38
A2 PV SYSIOM.ereieieeeeeeeeeeeeeeeeseeseeeeeeeeeeeeesee e seeseseese s ssenees e eneee 38
421 A= N B (= 0T PR 39
4.2.2 MathematiCal EXPIrESSION ........ccverueeeeseesieseeseeeeseesieseesseesesseesseesaesseessesseens 40
4.2.3 SySteM CONFIQUIALION.......cueeieiiesieee e 42
424 PV SYStEM MOOEL ... e 42
4.2.5 EXPEITMENES. ...ttt 44
4251 CharaCteriSliCS TESL....ccuiiirierierierieeieie et 44
4.25.2  POWES CONLIOI TESL......coiuieieiiesieeie ettt e 46
4.3 Wind Turbine Generator...........ccccveeiieeciee e 46
4.3.1 (011 0] ISV [ o o TS 47
4.3.2 Wind Turbine Generator MOE ...........ccociieeiinineee e 47
4321  WINA TUMDINE ....ooiiiiee et e 48
4.32.2 CP-AMECNANISM ...t s 49
4.3.2.3  CoNtrol DIOCK......cccueiiiiee e s 49
4.3.2.4  ASYNCHIrONOUS gENEIALON ........ccieieeeeerieeie e steeeesee e ee e te e sne e eeesneenes 51
4.3.3 EXPEITMENES. ...ttt e e 53
4.3.31  TUDINE SEALUS ..ot 53
4.3.3.2 The generator STAUS ........ccceeereriieiieneeie et 54
44 Baltery SYSIEM ...ttt 55
44.1 [0 BTNV = = 1 O o 55
4.4.1.1 Interna RESISLANCE (Ri) -eovveevereerierieiiesieeiee et 56
4.4.1.2 Double layer capacitanCe (Cy) «...eerreerrererrrieeerereeseesesesessssseesessssssssesesens 56
4.4.1.3 Diffusion CapaCitanCe (Cg) ...eooeerrerrerrieerierieeseeniesiiesee e seesreeseeseessesseesneesees 57
4.4.2 GaS B TECL....veeeeeeeee s 58
443 Different approaches for the battery modelling .........ccoccoveevivineniinieieen 58
4.4.4 Battery MOUE .......oooveeecee e 60
445 \/KoTo (< o (=S ot 11 o1 Lo o FOU SRR 61
4451 AhD, SOC calculation BIOCK ..........ccooiiiiiiiiincreee e 62
4452 SG (Specific Gravity) calculation DIOCK ........c.ccoveeiiiiiniiiiee, 64
4453 Gassing CUrrent DIOCK ..........cuevveieeiere e 64
4.45.4 Double layer capacitance DIOCK..........cccooieiiriiniene e 65
4455 Diffusion CapacitanCe bIOCK ..........cceveieieerieeiesese e 65
4.45.6 Interna resistance and terminal voltage blocK ...........ccoveviiiinieneninicenee, 66
4.4.6 EXPEITMENES......eeieeeece ettt st a e e e reeee e 66
AA4.6.1  GENEIAl TESE ..ottt sne e 66
45 DIiestl GENErator SEL.........oooieeeeeeeeeee et 69
45.1 FUEL SYSIBIM ..t 70
452 AULO-SEAIT ... e 71
453 Frequency and voltage control CONCEPL.........ccvevvereereiieereee e 72
454 The model of diesel genset connected into the grid...........ccooeeveveeveninneenee. 72
455 T 0=, 11 0= 1T 73
0t R [0 T 0 7= o == SRS 73
4552 NOLOadto FUll LOAd TESE....ccueiiiiiieieeie et 73
45.6 S ]F= (=0 o [T Mol o = i o] o 77
45.7 The model of diesel genset in theisolated operation............ccceveeveeveeiinnieenee. 79
458 EXPEITMENES.....c.eiceeece ettt et e e reeaeenee e 80
4581 Rampactiveload iINCremMent.........ccccovieiiieereeieseesee e 80

4.5.8.2 Sudden load change with constant Capacitor..........ccccccevveererceseesescee s 82



45.8.3 The voltage establishment through the capacitor increment.............c.......... 84

5 HPS- Integration Process........cccccoeevviveivneeinnennnnn, 85
D1 SHTUCKIUME. ...ttt e e e r e e e e e e e e e annans 85
5.2  Control system of HPS. ... 86
521 Energy Management Unit [EMU] ..o 87
5.2.2 Individual Control UNItS[ICU] ......ccoeiiiiieeeseeee e 87
5.3 Simulation Model ........c.oooviiiiiiei e 88
531 (0T g 11 (0] IS 1 7 =0 )Y S 89
53.2 FUNCLION Of EMU ...ttt e 89

5.4  EXPEITMENES ...ttt s 91
54.1 Integration of PV system With MHPP............cccccciiiiiii 91
54.2 Diesal genset turn_onand _Off.........coceeieiiesiceseee e 93
543 (el pp /0] 1= (=X 0] 01< = (0] o [PPSR 94

6 Comparison between measurement-simulation..97
6.1 Synchronous generator parameter determination.............ccc.......... 97
6.1.1 (@ 01c 0 o1 {011 (== RS 98
6.1.2 SO CIFCUIT TESE ...ttt e et e e e eaee e ebeeesneee e 98

6.2  ASynchronous MAachine............cccceeeieeiieeeciee e 100
6.3 PV SYSIOM...ceee e 100
6.4 Battery MOGE ........oooieieeeee e 101
7 Microcontroller based EMU development.......... 103
7.1  Microcontroller MSPA30FA449...........oooocueeeeiieeeeiiee e, 103
7.11 CPU ATIChITECIUIE ...ttt e 104
7.1.2 ACArESS SPACE ... .ecieeeeeeieeie ettt ee e te et e e aeeaenaaens 105
7.1.3 On-chip peripheral UNItS..........cooiiiiiiiic e 106
714 Pin CONFIQUIALiON ......eeieceiecte et 107
7.1.5 Power supply for MSPA30FA49 ..o 108

7.2 Point —MatriX LCD DiSplay .....ccccoererriienninnieesee e 108
7.3 AXA MatriX KeYDOard........cocoeeiiiiiieiie e 110
7.4 Software simulation in hardware level (embedded system)........ 111
74.1 C codefor PV MOAUIE. .........oooeeeee ettt e 111
7.4.2 Energy Management Unit in microcontroller ..........coevvveevvevesceenecieseene, 111

8 Cost-Benefit Analysis —HPS for Nepal .............. 115
8.1 Financial analySiS........ccceuveiieiieiii e 115
8.2 ECONOMIC ANAYSIS.....oeeiiieteeetee et 116
8.3 HPS Project - MHPP, PV System, Diesel Genset ...................... 116
8.3.1 Micro hydro POWEY Plant.........coccoieeiireeieee e e 117
8.3.2 PV SYSEM .ottt eetesee ettt ettt 118
SRR D I1= = = [ 1= 0 = RO 118

O CONCIUSION ....cuiitiiic e 122
REIEIENCES. ... i 124
NOMENCIALUIE....eeeeiie e 128

APPENAIXES ..oeiiieieee e 132



1 Introduction

It is now a globally accepted reality that electrical energy is fundamental for social and
economic development. Unfortunately still one third of the worlds population livesin
developing and threshold countries and have no access to electricity [1]. It has been
estimated that the world population will reach 8 billion by 2020 [2]. The statistic
shows that the population growth is mostly in developing countries where most of the
people live in remote, rural areas. The extension of utility grid is complicated and
expensive due to geographical, economical and social barriers. Up to now, mostly
diesel gensets are used for rural electrification. Thisis not a good solution because the
fuel and maintenance cost are expensive and it is also not environment friendly. In
such circumstances, an alternative is to use locally available renewable energy sources
(e.g. PV, wind, hydro etc) and implement modular, expandable and task-oriented
system concepts that guarantee cost-effective and sustainable resources of energy,
especially for remote and rural areas [kleinkauf-94]. At the world engineering
convention in 2000, it has been mentioned that the energy needed will be provided,
distributed, and consumed in a suitable way. Keeping this promise in mind, many
decentralised HPS have been installed worldwide.

1.1 Structure of Hybrid Power System

Many different types of HPS architecture have been practiced. The possible different
architectures are shown in fig. 1.1 [2]. Each system has its own advantages and
disadvantages. The choice of the layout for particular location depends upon
geographical, economical and technical factors. The centralised AC-bus architecture
has been chosen for this research work because of its suitability for the target area
,Nepal. Besides that, as mentioned above, the HPS, which is going to be investigated,
consists of a micro hydro power plant as the main component in terms of an isolated
grid formation. Another import change is the use of a water reservoir as the energy
storage unit. Up to now, a battery bank has been used as the energy storage unit. The
disadvantages associated with the battery system will be totally eliminated. The detail
layout of the targeted system will be explained in chapter 7.

© e W
 _ [
WEC *._Q B WEC l__a, E |
{ [
Diesel =C;§7 tesel E
Battery _ii
Battery | IZ SI~ Backup - System
Backup - System _— El
a) Centralized AC-bus architecture b) Distributed AC-bus architecture ¢) Centralized DC-bus architecture

Fig. 1.1: Different architecture of hybrid power systems



1.2 Problem formulation

Nepal, a small landlocked mountainous country situated between India and Chinais
well known for the Himalaya maintains and water resources. Due to the continuous
flow of huge rivers from the Himalayas through hilly areas, there is tremendous
hydropower potential. Many feasibility studies have shown that there is a total
capacity of 85000 MW of hydropower potential and of this 45000 MW is considered
to be economically suitable. But due to the economical, technical and socia problems
only around 800 MW of electricity is currently being generated. Due to the complex
geography, low population density distribution in many rural areas and additional
reasons the grid extension is quite expensive. Most of the people living in remote areas
are to be integrated into the mainstream to ensure sustainable development. Many
programmes are running through INGO and governmental efforts regarding
sustainable energy supply. Up to July 2005, 8816.6 kW of micro hydro unit have been
installed through out Nepal [3].

Most of the installed micro hydro power plants consist of an electronic load controller
[ELC] to control the frequency. This means that micro hydro runs always at full load
due to the lack of a mechanical governor. It is clear that in rural areas the difference
between peak load and base load is quite high. To cover the peak load, a larger unit
needs to be installed which in turn the system costly. Beside the peak time, the system
runs at partial load.

Another problem is that for areas where very small rivers are available but load
demand is high, a micro hydro system only can not fulfil the total demand. This
research work is focused on these problems. The aim is to build cost effective HPS
using micro hydro as the main unit. Due to meteorological conditions, the best solution
Is to integrate PV and micro hydro systems. A PV system aone can not fulfil the
demand all the time. If only a PV system is used, then it must be considered that the
larger PV module array and the battery facility should be applied to collect enough
solar power [4]. Further more during the rainy season, the power production from PV
system decreases and the power from micro hydro increases. It can be said that PV and
micro hydro systems are weather dependant and each has its weak point. On the other
hand, these two systems have their own unique advantages which off set the weak
points of the other systems. By hybridising these two power systems it is possible to
form a stabilised power system. To cope with the changes in the load, water flow,
irradiation etc, awater reservoir is essential.

1.3 Research objective and methodology

As mentioned above, a research work is focused on the development of a HPS, its
optima control structure, simulation model and micro-controller based energy
management unit.

Objectives
1. Modéelling of different HPS individual energy conversion systems
2. Formation of micro hydro based HPS in which PV system, water reservoir and
diesel genset are integrated.



3. Development of cost effective, compact and optimal energy management unit
using micro-controller
4. Economical analysisof such acomplete system for devel oping countries

1.4 Methodology

The aim of this research work is achieved based on the methodology shown in fig. 1.2.

Indivisual
system
models

Different
Smulation
Conditions

C code
based upon
BMU Model

Hardware Different
implementionl.| Smulation
of EMU Conditions
Micro-controller
based hardware

Fig. 1.2: The methodology of the research work

1.5 Work structure

Thisthesisis structured as follows!

In chapter 2 the stability of a conventional grid and an isolated grid consisting of
renewable energy sources, in terms of voltage and frequency are briefly described.

The aim of chapter 3 is to provide a general overview of Nepal, the availability of
electricity and development of power systems based on renewable energy sources.

Chapter 4 is very important in this research work because that all energy converters of
HPS —micro hydro power plant consisting of synchronous generator with reservoir, PV
system, wind turbine generator consisting of an induction generator, battery system
and diesel genset are technically described. They are modelled based upon
mathematical equations. The behaviour of all mentioned energy converters are
explained in detail.
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The core of chapter 5 is the integration process of different simulated energy converter
models to form the HPS. The newly developed control strategy to find out the optimal
energy dispatch pattern based upon the online inputs obtained from environment,
reservoir and grid frequency are described in detail. The development platform is the
Matlab/Simulink software. The developed HPS has been tested with different
meteorological conditions, varied amount of water in the river which allows the turn-
on and turn-off behaviour of the diesel genset to be observed. The achievement of
power balance in the isolated grid (i.e. maintaining the frequency and voltage) are
described.

In chapter 6 the validity of different energy converters are verified by making
comparisons between the simulation results and experimental results.

Chapter 7 explains the development of a hardware based energy management unit. The
hardware is developed in such a way that it behaves in the same manner as the
Simulink based energy management unit. The different components used in the
hardware system, their characteristics, the applied flow chart agorithm, the used
software and the sensors to measure irradiation, temperature, water level etc are
described in detail. The functionality of the developed EMU is tested with different
conditions.

In chapter 8 the cost-benefit analysis for the proposed HPS for Nepa has been
conducted. The component costs, labour cost, transportation cost etc all are used based
on the Nepali market.

The chapter 9 describes the conclusions of this thesis, its practical application and
further work.
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2 Stability of conventional and renewable electricity
supply

An infinite grid is formed by many power plants consisting of interconnected
synchronous generators. The grid variables, frequency and voltage, are to be kept
within permeable limits. The variation in these variables determines the grid quality
[4]. The characteristics of a conventional large grid and an isolated grid formed by
renewable energy sources may be quite different in terms of voltage and frequency
stability. In this chapter the level of stability of the above-mentioned grids will be
explored.

2.1 Power system stability and control

Power system stability indicates the ability of an electric power system to regain a
state of operating equilibrium after being subjected to a physical disturbance, with
most of the system variables bounded so that system integrity is preserved [1]. The
stability can only be achieved if the faulty section of the grid (loads or generators) is
disconnected without affecting the other generators. In other words, the stability is the
equilibrium between the mechanical torque and electrical torque. A large power
system is a highly non-linear system because it operates with changing conditions like
load, generator powers, topology and operating parameters

When system parameters change, for example through the disconnection or connection
of alarge load or disconnection of a large generator, the power system must reach a
new equilibrium state to remain stable. This is achieved by automatic controls and
human operators. If after a disturbance, the system cannot return to normal condition,
then it has become an unstable system. This means the system will result in arun-away
or shut down situation.

The stable system can be represented as shown in fig. 2.1.
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Fig. 2.1: The active and reactive power balancein a grid
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2.1.1 Frequency stability

The entire grid, where many synchronous generators and many loads are connected at
many different points can be considered to be one large electromechanical entity [2],
[3] as shown in fig 2.1. To achieve the desired frequency at all conditions, the power
production from the different generators must always match to the connected loads.
Generally the three following situations may occur

2. Zpgenz Zpgnk
3. Zpgen< Zpgnk

The relation between Pye, Psin and mechanical rotation or frequency is expressed as

_d(K.E) _d 2 (2.1)
Zpgen zpsinks - dt _a ‘Jiwi
Where
Pgen = total generated power at that instant
Psinks = total connected load at that instant
J = moment of inertia of the total system
w; = angular speed of the grid

This physical behaviour is not dependent upon the types of connected machines and
loads [2].
In other terms, the angular speed can be expressed as

W = Ji [T, ~T. )t (2.2)

The above equation can be converted into amodel as showninfig. 2.2.

n +
e I
o / >

1/3i

Integration

Fig. 2.2: The dynamics of the rotating machine

The behaviour of the angular speed w; with respect to timeisshowninfig 2.3.
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Fig. 2.3: The behaviour of the frequency with respect to the change in load

Since the system is started at no load, the angular speed increases slowly. The time
taken by the system to reach the nominal speed depends upon the moment of inertia of
the first grid-forming unit. The grid is formed by a single large unit and, additional
units are synchronised with it.

When Py, > Pynk, the rotational speed of the synchronous machine in the system
increases, thus an increment in the frequency occurrs. For this condition, the power
generation is to be decreased until Py, = P has been reached. Similarly if the
frequency decreases due to Py, < P, the power generation has to be increased. In the
grid, power generation management is done by the central power management through
a SCADA system.

2.1.2 Voltage stability

Analogously, the regulation of the AC voltage of the power system is a matter of
maintaining an equilibrium between the source and sink reactive power (VARS) in the
system [2]. In the grid, most of the loads are inductive in nature like induction motors,
wind turbines with asynchronous generators, transformers and distribution lines. They
consume the reactive power. On the other hand power factor correction capacitors are
sources of reactive power. Synchronous generators can be either sink or source. As
compared to active power and active load relation where energy storage is possible in
rotating mass during imbalance, in the case of reactive source and sink, storage is not
possible. This means the loads consume whatever reactive power is produced.
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Mathematically

ngen(\/aC)_ZQsinks(\/ac)zo (2.3)

°® °®
G - Q
Grid
R+ jZ
IL
® ®
€ VG Vgrid Grid | Grid
'Y ®

Fig. 2.4: Example of a grid to determine the voltage change

Where
Qgen = reactive power (KVAR)
Va = AC bus voltage (kV)

The above equation shows that if Qg > Qsnk, VOltage increases from the reference
value and vice versa. To achieve constant voltage, Qge, has to be matched to the Qg
demanded by the load.

A generator connected to the grid can be represented as shown in fig. 2.4.

Once the synchronous generator is synchronised, the terminal voltage will be the same
as the grid voltage. After that a single synchronous machine can not change the grid
voltage. The flow of reactive power is controlled by changing the excitation. This
means the synchronous generator can be run in either over excitation or under
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excitation mode. The voltage difference between the grid and generator V can be
resolved into direct axis voltage difference AV4 and quadratic axis voltage difference
AV,

These voltage drops can be represented as

AV 1 24
d =(IG'RL_|G'XL): 2 (PG'RL+QG'XL) ( )

Vgrid grid

AV 1 (2.5)

v = (IG'RL + lG'XL):z—_(PG'RL _QG'XL)
grid grid

From the above equation, it is clear that the voltage at the common coupling point
(PCC) depends upon from active power flow and reactive power balance. In the case
of high voltage lines where R/X ratio is approximately 0.1, the voltage difference is
mainly determined by the reactive power [3]. In case of medium and low voltage grid,
active power plays an important role.

Voltage stability can be defined as the ability of the power system to maintain nominal
voltage at all buses in the power system under normal operating conditions and after
being subjected to a disturbance [1]. If voltage instability occurs, the grid voltage at
some section increases or decreases progressively, loads will be disconnected. Finally
the complete system may collapse. Voltage instability may occur due to more current
flowing through the transmission lines than they are rated for. This causes additional
voltage drops at the receiving end. Another cause may be reactive power limitation of
some connected generators.

2.2 Contribution of wind farms in grid stability

In a conventional grid, the capacitor banks or FACTS devices like STATCOM etc are
used to provide the demand reactive power by the load system. Due to the rapid
development in power electronics components, control system (hard- software) and
wind turbine technology; an application of wind turbine generators [WTG] is possible
to support the grid during voltage dips. The variable speed complete decoupled wind
farm(s) can provide the controllable reactive power to the grid. The possible
contribution in regards to the voltage stability during heavy load connection is
determined by modelling the existing wind farm(s) in Software Matlab-Simulink-
Simpower. In this study, wind farm(s) are used to compensate the voltage dips instead
of FACTS devices. Due to continuous feeding of active power by the wind farms and
also regulation of output voltage at the terminals of the WTG, the experiments show
that wind farms can contribute to boost grid voltage up to some extend [4].

The formation of wind farms is briefly described here. The wind farm(s) system
distribution at the point of common coupling [PCC] is shown in fig 2.5. Total three
wind farms of capacities 9, 11 and 9 MW are integrated into the medium (20 kV)
voltage grid. Each wind farm consists of E66 1.8 MW wind turbines. This wind
turbine is directly connected to Enercon ring type generator. Output power of the
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generator is converted to DC then inverted again to AC and finally transformed up to
20 kV. Using NA2XS2Y 3x1x300 mm? cables, each wind farm is connected at PCC.
The high voltage grid has a Py of 2 GVA and a voltage level of 110 kV. Using two
sets of 110/20 kV step down transformers of rating 31.5 MVA, the PCC is formed
where wind farms and |oads are connected.

Connection of 3 wind farmsinto the GRID

Windfarm A (4 x E66(1,8 MW))

0.4/20kV
2MVA

[ J TL 13.7 km
[ ] —
[

TL 2.2km

]
Windfarm C 1 x E66 (1,8 MW)

Windfarm B 5 x E66(1,8 MW)

— Grid

]
[ ]
[ ] TL 12.2km
®

So=2GVA
o

Trafo 1
110/20 kV
3L5MVA

Windfarm B 1 x V80(2,0 MW)

Windfarm D 5 x E66(1,8 MW)

—(0-

Trafo 2
TL 8km 110/20 kV
- ] 31.5MVA

v
Load Connections

Fig. 2.5: Schematic connection diagram of the wind farms into low side grid

Result obtained in this investigation show that a wind farm of 9 MW capacity can
boost the voltage of medium size 20 kV grid of 200 MV A, from 0.5 to 2.6 percent [4]
in different loading conditions. It explores the possibility that WTG can be used as
DGFACTS tool to control the voltage of the grid during voltage dips or rise.
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2.2.1 Grid control

As explained above, grid parameters ,voltage and frequency, are to be kept very close
to nominal value. The UCTE recommends 5 steps load disconnection plans to keep
frequency stable[3].

Table 2.1: The 5 step plan of UCTE for load disconnection

Grid frequency (f4iq) | Action

< 49.8 Hz Alarming all the personals, Activation of all not yet operated
power plants

< 49.0Hz Disconnection of 10-15% of load with delay

<48.7 Hz Disconnection of further 10-15% of load with delay

<48.4Hz Disconnection of further 15-20% of load with delay

<47.5Hz Disconnection of the power from the grid

2.3 Stability in isolated grid formed by HPS

The basic principle of a grid stability is similar for an isolated grid with respect to the
grid, but control possibilities, available time constant, deviation from nominal values
are not same. In the case of a normal grid, many synchronous generators, capacitor
banks maintain the state variables. In the case of an isolated grid formed by the HPS
where first priority is the utilisation of renewable energy, there may be only one unit,
which regulates the voltage and frequency. In this work as mentioned above, the
synchronous generator connected to the water turbine is an only one unit to maintain
voltage and frequency.

2.3.1 Primary control

The water turbine driven synchronous generator builds the grid variables. As shown in
fig 2.6, the water from ariver passes to the water turbine through a water reservoir. It
indicates that the water reservoir works as the energy storage unit. It makes the system
more reliable in the sense that the balance between power generator and power sink is
maintained by the water storing or using. The task of frequency control is achieved
through a mechanical governor associated in the water turbine. As shown in fig 2.6,
the amount of water flow to produce demand power is controlled using only one water
valve.

2.3.2 Secondary control

A hybrid power system consisting of a PV system and a micro hydro may not always
be able to supply the demanded power because of meteorological conditions like
insufficient irradiation or no irradiation and less water flow than required. In such
condition, a secondary back up power supplier is required. A diesel genset is used as
the back up system. It supports the grid to maintain a nominal frequency by providing
the required active power.
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Ewerlevel and reserv orr level

Penstock —— — — — —| | Reservor

Tirbine Valve

Fig. 2.6: Arrangement of a water reservoir, penstock pipes and a turbine valve

2.3.3 Weather dependency of renewable energy sources

Renewable energy sources like PV system and WTG are meteorological dependent
electrical power generators. For example the power production from PV system and
WTG depend upon irradiation and wind velocity respectively.

A primary energy fluctuation makes problem on mechanical and electrical components
on one hand, on the other hand fluctuations in electrical outputs like, power, voltage,
current, flickers [3]. In the case of micro hydro without a reservoir water flow in a
river determines the available power. An addition of a reservoir eliminates this
problem.

The PV system produces direct current electrical power. An integration of aPV system
into the gird formed by the micro hydro must be done through the inverters. Now-a-
days the sunny boy inverters produced by aworld leading company SMA Regelsystem
are widely used for such application. The SMA-sunny boy inverters have following
characteristics.

- Maximum power production through integrated MPP Tracker
- Production of sinus forming voltage output

- Production of pure active power (cosp=1)

- Self grid failure detection and disconnection by ENS system
- Efficiency optimisation through variable frequency
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3 Electricity Supply in Nepal

3.1 Introduction of Nepal

Nepal is a small landlocked developing country situated between India and China in
south Asia. Total population of Nepal is approximately 30 million. It is one of the least
developed countries in the world with approximately 42% of the population living
below a poverty line. Agriculture provides alivelihood for over 80% of the population
and accounts 40% of the Gross National Product [GNP]. Over 85% of the total
population livesin rural areas of the country [1].
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Fig. 3.1: The map of the Nepal and its neighbouring countries

Beside its poverty, Nepal has alot of natural resources and potential to develop itself.
It is well known in the world as the top of the world because of its Himalaya ranges.
The Mount Everest (8848 m), the highest peak of the world, isin Nepal. The 8 highest
mountains out of 10 are situated in Nepal. Due to high mountains in north and plain
region in south, huge rivers flow from north to south with enormous hydro potential.
Natural beauty is another face of Nepal. It has many different cultures, languages,
hills, rivers, plain areas, which make it very beautiful areafor tourism.

3.1.1 Geography

Nepal is situated in south Asia and extends from 26 to 30" northern latitude and 80 to
8 eastern degree of longitude. It covers a surface area of 147,181 km? in which 4,000
km? is inland water. The country has been divided into three regions namely
Himalaya, central country [Hill] and the Terel [Plain area] as shown in fig. 3.2.
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Tibetan Plateau

Nepal Major Natural Divisions

. Terai Region (Plains)
. Elevated Flatlands and Hills

Mountain Region

Fig. 3.2 The different regions of Nepal

The Himalaya covers around 35% of the total country area and it has west to east
going high mountain belt [5]. It is the main source of rivers in the country. Above
3000 m area has been categorised as high latitude area. Less than eight percent of the
population of Nepal livein thisregion.

The central country covers around 42% of the total land. It consists of many hills,
valleys and the capital of the country Kathmandu. Y oung hills, many rivers, complex
geography make it difficult for entire infrastructure devel opment.

The Tera is the plain area of Nepal which extends from west to east in the narrow
strip fashion with averages only 20 km in width and occupies 23% of land. The height
of the Terai region starts from 60 m to 150 m above sea level. This region of the
country is very important from agricultural side. Over sixty percent of grains are
grown in this areathat constitutes seventy percent of the arable land for the country.

3.1.2 Climate

Nepal’s weather is generally predictable and pleasant. There are four climatic seasons:
March-May (Spring), June-August (Summer), September- November (Autumn) and
December-February (Winter). About 80% rain falls during Mansoon period (the end of
June to the middle of September). So the remaining period is dry. Spring and autumn
are the most pleasant seasons. |n summer, temperatures range from 28°C to 40°C in the
Teral. In winter temperature falls to freezing with a high level snowfal in the
mountains. Due to low temperature and high irradiations, high water flow in the big
rivers, Nepal has very good potential for renewable energy. In hilly regions,
temperature varies from 2°C to 30°C. On average, the sun shines 6.8 hours per day i.e.
2482 hours per year with the intensity of solar radiation ranging from 3.6 to 5.9
kKWh/m*-day [2].
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3.1.3 Economy

Agriculture is the main economic activity of Nepal. More than 80% of the population
is involved and 37% of GDP provided by agriculture. Besides that the tourism and
hydro power are other important economic sources of the country.

3.2 Electricity availability in Nepal

Due to its unique geography, it has an enormous capacity of hydropower development.
It is estimated that Nepal has more that 6000 rivers, whose total length is 45000 km.
From these rivers, 85000 MW electrical power can be generated, in which 45000 MW
is economic. Up to now 25 hydropower plants have been constructed and total
installed capacity is 609 MW which isjust 0.73% of total capacity [2], [3]. Out of the
total electric power, about 91 percent comes from hydroel ectric plants, the remaining 9
percent from diesel plants. About 40% of the population has benefited from electricity
by 2002. This 40% is reported to include 33% from national grid and 7% from
aternative energy [2].

Fig. 3.3: 132 kV transmission, 800 km long running parallel to Indian border, connects big cities
across the country [4]

Even though the huge potential, an increasing demand of electricity (8%)with the
growth of industry and the use of electrical appliances, due to the complex geography,
a poor economic infrastructure, the lack of technology, the political instability a
progress in hydropower development is very slow. The neighbouring country Indiaisa
big market for the electricity export. In future, if India agrees to buy electric power
from Nepal, it will be golden opportunity for both countries to develop infrastructures.
Many international companies are showing interest to invest in the sector of
hydropower. The Khimti-1 hydropower plant [60 MW] is the first "BOOT" based
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private sector invested project. It produces 350 GWh of energy per year. The total
electrical power production in Nepal is 1755 GWh per year.

3.3 Renewable energy in Nepal

It is a well-established concept that the development of a nation can be scaled by the
amount of energy consumption per person per year. Even though Nepa has hugh
hydropower potential, still very less energy has been explored. Most of the population
are living without electricity in rural areas. In such circumstances, the traditiona
energy (fuelwood, agricultural residues, and animal dung) contributes most in total
energy consumption. In 2002 it covered around 85.27% of the total energy
consumption. Similarly the commercia energy provided 14.24% and the renewable
energy provided only 0.48% [2].

The use of biomass (fuelwood and other petroleum products) is not a good solution to
meet the daily energy requirement. This is neither sustainable nor desirable from the
environmental considerations as well as from the prospective of the effort to improve
the quality of life (CES 2000). The centralised electricity supply seems not to be
relevant because of the complex geography, a high cost of transmission lines and
imported oil. As mentioned above, the suitable climatic conditions, scattered
population density etc provide suitable background for a decentralised energy system
based upon the renewable energy.

Many national and international organisations are involved in Nepal to develop the
sustainable energy programs [6].

Table 3.1 Multi-lateral/Bi-lateral programmes and their role in micro-hydro development in Nepal

SN | Programme | Support from Magjor Areas of Work
1 ESAP DANIDA, Norwegian Govt./Nepa | Supporting micro-hydro,
Gowt. solar PV, ICS, etc.
MGSP of AEPC/ESAP
manages the Micro-
hydro Components
2 REDP UNDP, The World Bank/ Nepal Govt. | Implementation of

micro-hydro and other
renewable energy

3 SHPP GTzZ Study and R&D in small
hydro including micro-
hydro

4 TRPAP UNDP/Department of National Parks | Supporting micro-hydro
and Wildlife Conservation of Nepal | and other renewable

Govt. energy installations in
second programme
districts

5 GEF/SGP | UNDP Energy including micro-
hydro, environment,

facilitation for funding
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6 CSP DFID Support community
development
programmes including
micro-hydro (in Mugu,
Kailali, Dailekh,
Jajarkot)

3.3.1 Micro hydropower

It has been already mentioned that Nepal has many small rivers which are very
suitable for micro hydro power plant development. The first small hydro power plant
(500 kW) namely “Pharping” was constructed in A.D. 1911. After that it took many
years to construct second and third projects “Sundari Jal” and “Panauti” in 1936 and
1965 respectively. At this moment, micro hydro technology is well developed in
Nepal. All over the country micro hydro power plants have been constructed and
sustainable environmental friendly electrical energy is fed to decentralised grid. The
total micro hydro based electricity generation in Nepal is up to 2003 was 14000 kW
from 2065 micro hydro plants [4].

Fig. 3.4: Examples of small peltric set turbines used in Nepal

3.3.2 Solar energy

The history of electricity generation from photovoltaic cells in Nepal is not long. The
first PV based rural electrification project was implemented in 1988/89 with the
French government support. Due to many international doners likes Danida, Norad,
Jaika, GTZ etc the PV application is exponentially increasing. After first successful
Solar Home System [SHS] demonstration project in 1993, where 36 Wp SHSs were
installed in 67 households in “Pulimerang”, the PV system became very popular for
small isolated household application. Nepal government and international
organisations provide technical and financial support to the communities, villages and
private households. SHSis availablein 10 Wp, 18Wp, 36 Wp and 50 Wp.
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Fig. 3.5: An example of a solar home system in Nepal

Due to suitable meteorological conditions, the PV based electricity generation
potential is huge. It is estimated that about 2500 kWp of aPV power is currently being
used in public and private sectors (telecommunication, utility supply, stand along
water supply, traffic, aviation etc) [2].

3.3.3 Wind power

Wind is still one of non-harnessed energy sources in Nepal. Its countrywide potential
has not been assessed yet. Many studies have indicated that there is only some
potential for power generation from wind. Due to variations in topographical and
meteorological conditions, it is difficult to generalize the wind condition in Nepal. The
wind energy generation is favourable in Tansen of Palpa, Lomangthang of Mustang
and Khumbu regions of Nepal. Climate records of Nepal during 1976-1984 show that
the maximum wind speed recorded was 19.5 m/s in Jumla and Thakmarpha with the
average wind speed of approximately 4.1m/s to 5.0m/s. The Nepa government
conducted first feasibility study to find out the wind energy potential in 1985. In 1992,
awind survey was carried out by Dangrid in a 12 km long corridor from Kagbeni to
Chusang and found that 200 MW of wind power could be generated. The estimated
energy was 500 GWh. The study was financed by UNDP [2], [5].

In 1989, two 10 kW wind turbines were installed from Cresswell Engineering for a
rural electrification programme near Kagbeni in Mustang district. These turbines
worked only for two months. The reason of unsuccessful was a higher than expected
average wind speed as predicated from the wind speed survey.

Many organisations like AEPC, ITDG, RECAST etc are still working in the field of
wind energy. Neverthel ess some private companies are installing wind turbines. Power
Tech Nepal (P) Ltd installed a hybrid wind and solar energy system at the Panorama
Hotel in Dhulikhel (30 km from Kathmandu along the road to Tibet) which supplies
electricity during times of load shedding.
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4 Simulation models for HPS

4.1 Micro Hydro Power Plant

In developing, hilly countries where small rivers are available, a micro hydro power
plant [MHPP] is a possible environment friendly solution for the rural electrification.
The MHPP constructed at the remote area is capable to supply the electrical power to
local consumers through an isolated transmission line. It is possible to construct the
MHPP with or without a water reservoir [WR]. A disadvantage of the MHPP without
WR is that the water is not utilised in its full capacity and the generator runs alwaysin
full load condition without delivering active power. In the case of Nepal, most of the
MHPP have been constructed without WR. For this research work, WR is included as
an important part of the complete system. As mentioned above the MHPP plays the
main role to stabilise the isolated grid, WR functions as an energy storage unit, which
will be capable to deliver or store the energy in the form of water volume. The
symbolic representation is shown in fig. 4.1.

— | Reservoir

Renstock Ppe
River

Power House

x Tubine Generator
@%;i%@:
Govemor ~

Tranformer

Fig. 4.1: The symbolic representation of a MHPP

4.1.1 Components

A technical design of the MHPP consists of three different engineering aspects[1], [2].
It consists of civil, mechanical and electrical components. These are mentioned bel ow.
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Important components of these three categories are explained in detail with Simulink
model and simulation results.

4.1.1.1 Civil Components

Intake

Weir

Settling basin
Headrace

Forebay

Penstock
Powerhouse building
Tailrace

Stop-logs

Reservoir

4.1.1.2 Mechanical Components

Trash rack
Penstock pipe
Expansion joints
Valves
Turbines

Drive system
Water governor

4.1.1.3 Electrical components

Generator

Automatic Voltage Regulator [AVR]
Control and Protection System
Earthing System

Transmission Network

4.1.2 Important Components

4.1.2.1 Generator

A generator is the main unit which converts mechanical energy associated with water
into electrical energy. Two types of generators (synchronous and asynchronous) can be
used. Depending upon the size of a machine, types of a load to be fed, other energy
sources later to be integrated, a generator is to be chosen. Normally induction
generators are chosen for a small MHPP due to its low cost. Synchronous generator
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should be chosen if reactive loads like induction motors are to be supplied and the total
installed capacity is more that 10 kW. The generator general guidelines for selecting
the phase and type of the generator are shown in table 4.1 [1].

Table 4.1: Generator general guidelines for selection

Capacity Up to 10 kW 10 to 15 kW Above 15 kW
Type of | Synchronous or | Synchronous or | Synchronous
generator induction induction

Phase Single- or three-phase | Single- or three-phase | Three-phase only

The size of the generator can be chosen based on the factors shown in table 4.2 [1].

Table 4.2: Generator size confirmation factors

Maximum ambient | 20 25 30 35 40 |45 50 55

Temperature (°C)

A Temperature | 1.10 108 |1.06 |103 |1.00 |09 |0.92 |0.88
factor

Altitudes (m) | 1000 1250 | 1500 | 1750 | 2000 | 2250 | 2500 | 2750

B, Altitudefactor | 1.00 098 [096 [0.945 093 |0.915 090 |0.88

Altitudes (m) | 3000 3250 [ 3500 | 3750 |4000 | 4250 | 4500

B2 Altitudefactor | 0.86 0.845/083 |0.815 |08 |0.785 |0.77

C ELC correction Factor 0.83

D  Power factor When load is only light bulbs (resistive load) 1.0

When load includes tube light and other inductive loads | 0.8

After finding out the parameters based upon the location from the above table, the
generator formulafor the size calculation is expressed as [1]

Installed _capacity _in_kwW 4.2)
ABCD

kKVA =

The factor C can be omitted if a mechanical governor is used. A safety factor of
around 30% should be added in above calculated value to allow following conditions:
a) Theoutput of aturbine could be higher than expected.
b) If large motors (> 10% of the generator size) are supplied by a generator, the
generator should be able to bear the heavy starting current.
¢) Incaseof ELC, the generator runs always at full load.

Further important points to be considered are
1. Brushless self-excited, self-regulated generators are preferable due to less
mai ntenance work.
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2. AVR of the generator must regulate the voltage to margin fluctuations of +, -
5% when it moves from no load to full load.

3. Thelargest motor to be started or the total motor load in an isolated grid at any
time must not exceed 35% for a synchronous generator.

4. A soft-start mechanism is recommended for the motor |oads.

41.2.2 Turbine

The energy (kinetic and potential) associated with water is converted into mechanical
energy through a water turbine. The mostly used types of a turbine in a MHPP are
cross-flow and Pelton turbines. The size and type of the turbine for a particular site
depend upon the net head and the design flow. Pelton turbines are suitable for the site
where ratio of head to flow is high. If there is more flow and low head is available the
cross-flow turbine is suitable. The selection of turbine type should be based on the cost
effectiveness and the technical limitations as explained below.

1. If the net head (H,) exceeds 50 m, a cross-flow turbine is not a preferred
option, especialy for the output power below 20 kW. The cross-flow turbine
commonly manufactured nowadays in Nepal is the T12 model; whose
maximum upper head is 50 m. The improved T15 design can be successfully
used for heads of 65-80 m. As arule, arunner width should not be less then 15
to 20% of the diameter or otherwise it causes decrement in efficiency.

The power available from all type of turbines can be expressed as follows[1].

P, = 147,Q0H e (4.3)

where

Pe Nominal electrical power W
N Efficiency of turbine
Ng Efficiency of generator

Q Design flow m*/s
g Acceleration due to gravity m/s’
Hnet Net head m

- Pelton 5-30 kW: 70-80%

- Pelton above 30 kW: 75-85%

- Cross-flow 5-30: 60-70%

- Cross-flow above 30 kW: 65-78%

One important parameter is that the speed up ratio should not exceed 1.3 (turbine:
generator). For example, if the generator RPM is 1500, the turbine RPM should not be
more than 500 RPM. For a cross-flow turbine, depending on the head and the runner
diameter, the upper limit for RPM is between 100 (runner diameter 300 mm) and 1500
RPM (runner diameter 200 mm). For the T12 cross-flow turbine, the RPM is
calculated using the equation 4.4. When selecting a certain type for a site, its
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suitability in terms of flow and rotational speed (at a given net head) shall be
considered asfollows[1]:

= Do e (4.4)
Dt,
Where
D, Runner diameter m
n Rotational speed rpm
Ng Efficiency of generator
Hhe  Net heat m

For Pelton turbine, RPM should be equal to the generator as far as possible so that the
turbine and generator can be directly coupled and a belt drive is avoided. The suitable
RPM for a Pelton is determined by the head and the runner pitch circle (pcd). The
generator formulais given below [1].

60k, /2gH
n= eV e (4.5)
mD
Where
D Pitch circle diameter m
n Rotational speed rpm
K 0.45-0.49 Permitted range 0 0.38-0.56, which results in
an efficiency loss of less than 5%; this is
suitable for directly coupled units only)
Hnet Net heat m

The efficiencies at the rated output to be used in afeasibility study are as follows:

Pelton 5-30 kW: 70-80%

- Pelton above 30 kW: 75-85%
Cross-flow 5-30: 60-70%
Cross-flow above 30 kW: 65-78%

The specific speed (ng) is a parameter, which can be used to choose the type of turbine.
Itiscalculated asfollows[1]
n, = n\/a (4.6.)

q 3/4
Hnet

A decision regarding the turbine type should be based on the ranges of specific speeds
(ng) presented in table 4.3.



Table 4.3: The relation between turbine type and specific speed

Turbine type ng Ranges
Single-jet Pelton 3-9
Double-jet Pelton 9-12
Triple-jet Pelton 12-15

Cross-flow 9-22

4.1.2.3 Penstock
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A penstock pipe conveys water under pressure from the forebay to the turbine. Mild
steel and HDPE pipes are widely used as penstocks for MHPP schemes in Nepal. The

penstock alignment should be chosen such that the significant head can be gained at a

short distance but it should still be possible to lay the penstock pipe. The number of
bends should be kept to a minimum so that the number of anchor blocks and head loss
can be minimised. For an exposed (i.e. above-ground) penstock alignment, a clear
cover of 300 mm between the pipe and the ground should be provided to facilitate

mai ntenance and minimise corrosion.

The selection of the diameter should be based on the following formula.

Theinitial diameter is calculated based on the following empirical formula[1]:

D = 41Q°% (4.7)
Where
D Internal diameter of pipe mm
Q Design flow Lt/s

Thisformulais suitable for the pipe length less than 100 m.
An dternative formula can be used to determine pipe diameter [1]

P 3/7
D _ =05H - [Ej(ﬂj (4.8)
s 7\ H
Phydro = ,OQgH
Where
Dopt Optimal diameter of pipe cm
Pyao  Available power kW
H Appropriate net head m
Q Design flow m*/s
g Acceleration dueto gravity — m/s’
D Density of water kg/m®

After calculating the diameter, the total head loss of the pipe is aso to be considered. It

should not be more than 10% of the gross head.
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4.1.2.4 Transmission and distribution system

1. Transmission lines can be buried or suspended overhead on poles.

Overhead lines are common as they are less expensive and easier to
install. Overhead lines are aso easy to repair and maintain. However,
when houses are densely located or heavy snowfall is expected during
winters, underground transmission lines may be preferred. If properly
installed and protected, they require little maintenance.

. The design of transmission and distribution lines should be such that a

voltage drop at any distribution line end is limited to 10% of the nominal
value.

. The maximum transmission line-to-line voltage level permitted in

isolated system is 11 kV. Transformers should be at least 20-25% over-
sized than the existing demand and keeping load extensionsin the future.

. ACSR conductors are generally used for overhead transmission lines in

MHPP schemes. Arial bundled cables (ABC) may aso be used for
overhead lines if poles are expensive. ACSR conductors are available in
various sizes and designations. Their properties are presented in table 4.4

[1].

Table 4.4: Szes and designation of ACSR conductors used in MHPP

Name Current rating | Resistance | Inductive reactance at 50 Hz | Approximate
instill air (A) | (Q/km) and 50 cm spacing (Q/km) | Weight

(kg/lkm)
Squirrel 76 1.374 0.355 80
Gopher 85 1.098 0.349 106
Weasel 95 0.9116 0.345 128
Rabbit 135 0.5449 0.335 214
Otter 185 0.3434 0.328 339
Dog 205 0.2745 0.315 394

4.1.3 Mathematical model of the MHPP

Based on the block diagram, a mathematical model is developed as shown in fig 4.2.
WR is constructed in such a way that the maximum water level in WR is same as the
water level in the river. An advantage is that water flow into WR is automatically
controlled by a mechanical governor. Water from the river flows on the top of WR and
into the turbine through the governor from the bottom. The mechanically connected
synchronous generator [SG] produces electrical power, which is transmitted to the
isolated grid through a step of transformer. The most important component of the
model is SG, which is modelled as a grid former. It means the generator receives
active and reactive loads (P_, Q,) as inputs and gives state variables, frequency and
voltage, (fgia, Vgia) as the outputs. The stability of an isolated grid is maintained



32

through controlled units associated with SG at changing load profile. The complete
model isshowninfig. 4.2.

Grid
Seed
Setting .
N Mechanical Tlgtr)]g]e R
Govemor G [
. enerator
Grid
Seed
Fig. 4.2: Block diagram of micro hydro power plant
The simulated MHPP has following data
Table 4.5: Data of the simulated MHPP
Parameter Description Vaue
Pe Nominal electrical power |7.5 kW
H et Appropriate net head 15m
Q Design flow 0.09 m’/s
Generator Synchronous
Voltage Regulator Automatic voltage regulator
Frequency regulator Mechanical
Energy storage Water reservoir

The complete model is shownin fig 4.3.

4.1.3.1 Water turbine

The mechanical power available from the turbine has been formulated above. In this
eguation, the only one possible controllable variable is Q. which is controlled to
maintain the power from the turbine.

Generator Parameters Generator Outputs Reservoir Condition

’ Inductance parameters, double click to change ‘ ’ double click to display outputs ‘ ’ double click to display outputs ‘
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Fig. 4.3: The complete simulation model of MHPP
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4.1.3.2 Synchronous generator

The SG is directly connected to the water turbine. Variable inputs for the generator,
which determine the frequency and the voltage, are mechanical torque from the turbine
and field current (If) from a dc voltage source. A separately excited SG is versatile
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because it is possible to operate in all four quadratures. It means the SG can absorb or
deliver active and reactive power to maintain grid stability as per reference. The model
Is devel oped based on the two-axis theory.

The two-axis (dg) model of SG is expressed by following equations [3], [4].

Power equations
P =3V, cos¢ 4.9)
Q. =3Vl sng |
Current equations
I, =1, cos(g+0)
. (4.10)
l,=1,_sin(¢+9)
Flux equations
Ya=lald (4.11)
/e ) el P
lf fr
o T
d-q voltage
I, caulculaton| 'V,
R I N
Curent d-q cument \oltage \
Q , calculation calculation | v delta >
a a calculation
] .

Fig. 4.4: The block diagram representation of the synchronous generator

Voltage equations
dy
Va = —wpy — 1R -—*
d
v, = apy,~1,R - b (412)

- [VdZ +Vq2
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Based upon equations from 4.9 to 4.13, a model is developed as shown in fig. 4.4. The
electrodynamics response of the SG is very fast as compared to the water turbine so
the transient partsin SG voltage equations can be omitted [ 3].

4.1.3.3 Mechanical governor

A function of a mechanical governor is to maintain the speed of the synchronous
generator respectively the frequency of the grid. The variable parameter is the water
flow Q that is controlled by changing needle position in the nozzle. A block diagram
isshowninfig. 4.5[6], [11].

f P
n + f,eI + Af QI =
G LI ——»E > i » Machine
- - f i fgn'd
gid Seed Regulator Mechanical
delay o
1
Ph

Fig. 4.5: The mathematical model of mechanical governor

By using active power-droop characteristics (factor A) the frequency of the system can
be adjusted as per requirement [11]. For this simulation model, A is adjusted such that,
the frequency decreases up to 48 Hz at full load and increases up to 52 Hz at no load
condition. The system behaviour from no load to full load test is shown in fig. 4.6.

Reactive power droop characteristic
T T T
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=0 =0 5 %0 o i = 0 1000 2000 3000 4000 5000 6000 7000
Reactive power (VAY)

Fig. 4.6: Frequency and voltage droop characteristics of the SG control system

4.1.3.4 Automatic Voltage Regulator [AVR]

AVR is an electronic device, which is mounted near to SG, and its function is to
control the terminal voltage of SG as per reference value in the changing load
scenario. Most of the time, it consists of P or Pl controller, which controls the field
current depending upon the voltage difference between the reference and the actual
voltage. Besides the electronic behaviour, a delay may occur to adjust the voltage due
to a mechanical adjustment. As, in the case of the mechanical government, the droop
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characteristics can be adjusted by changing the reactive power droop factor B [6], [11].
In case of an isolated grid, up to 10 % voltage drop at full reactive load is allowed.

Vow V., AV i f ‘
— > Machine
- = Vcnd
L Voo \oltage Regulator delay “

]
e

Fig. 4.7: Inside view of automatic voltage regulator

41.35 Reservoir

The main energy storage unit of the MHPP is a water reservoir. The volume of the
reservoir is determined in such a way that the full amount of water can produce
nominal power for six hours. The deviation of fgiq from f (may be positive or
negative) determines whether water is stored or drawn in/from WR. Data of WR are
given below

Nominal water flow = 0.09 m¥s
Water volume required to full load for 6 hours = 0.09*6*60* 60
= 1944 m®
Height of the reservoir = 5m
Area of the reservoir = 389 m?
Length and breadth of the reservoir = 195m
on ._|_> X Area
WL_in >
E by
—[ o] [ ]
Qr =
ST E }
Qt Integratg@c to hour conversion P+
L% - > Wir
L I '_
Reservoir area (m2) » I:I

Fig. 4.8: The calculation of the water level and volume in the reservoir

The water level and volume in the reservoir is calculated in the Simulink model which
isshowninfig 4.8.

4.1.4 Experiments

At the beginning, the machine is brought in motion without connecting the load and
the speed of the generator increases slowly. The mechanical governor maintains the
nominal speed. After that field voltage is applied so that the generator produces
nominal voltage at the nominal speed. After achieving the nominal voltage and
frequency, the load can be connected.
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The simulation is carried out in second time unit. To observe the behaviour of the
water storage in the reservoir, the model must be ssmulated for many hours, which is
very time consuming. To tackle this problem, the second is converted into hours by
multiplying by suitable factor.

4141 Noload tofull load test

The frequency and voltage response of the SG are tested through no load to full load
test. At the same time the water status in WR is also observed. As mentioned above
SG ismodelled as grid former so P and Q are given as inputs to SG. The simulation is
carried out for 20 seconds, which corresponds to 4.5 hours.

Generator status

Fig 4.9 shows the generator status. The first and second graph shows P. and Q.. The
generator is started with no load condition. After achieving nominal voltage and
frequency, at 1.1 hour P_ increases to the half of its full load, correspondingly Q.
increases to full load at 1.6 hours. The third graph shows the current produced by SG.
The current increases from 0 to 6 A at cosp = 1.0 and as cosp decreases to 0.8, SG
produces nominal current of 14.5 A.
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Fig. 4.9: The generator status during load changing from no load to full load
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The grid variables Vg4 and fgiq are shown in the fourth and the fifth graphs. At no
load condition, SG produces 400 volt line to line. At full load conditions with cosp =
0.8 voltage decreases to 380 volt (around 5%). As P_ or Q_ changes transient effect
can be observed. The frequency of the SG increases slowly and goes up to 55 Hz and
decreases slowly. At some time no load frequency of 52 Hz is maintained. As the
active load jumps to the full load the frequency decreases up to 46 Hz, after transient
behaviour, the frequency is maintained at 48 Hz (4% droop) . By changing the P and |
parameters of voltage and frequency controllers, the response characteristics of the
controllers can be adjusted.

4.1.4.2 Over Load Test

This experiment shows that the system can not maintain the frequency and voltage, if
the load is increased above nominal load. It is shown in fig. 4.11. The first graph
shows the load increment in ramp fashion. When the load crosses 8 kW, the frequency
goes down slowly and the system finally collapses.

4.2 PV System

Photovoltaic cells produce DC electricity directly when they are exposed to the
sunlight. A photovoltaic cell is technically a P-N junction made up by the silicon. An
ideal photovoltaic cell can produce 0.82 V at no load condition [7]. It indicates that
many such cells are to be connected parallel to get suitable operating voltage. Cells are
connected together and placed in the supportive material covered by the glass layer
and known as module. In market different types of the modules are available with
respect to the open circuit voltage (Voc) and the power. Some modules are rated up to
100 W, [8]. Different types of PV modules are shown in fig. 4.12.

Fig. 4.12: Different types of PV modules available in the market

There are lots of advantages associated with the PV system. They are as follows

1. Environmentally sound performance-cleanest technology available
2. Low maintenance and long lifetime
3. Free accessibility of sunirradiation
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Besides many advantages, the key deficiency is the poor economic performance. A
high initial investment cost for the system makes it the least preferred choice as
compared to other energy sources.

4.2.1 Market trend

Applications of a PV system in different fields of electrical energy supply system
(decentralised or grid connected) is rapidly increasing due to the advancement in
technology as well as the reduction of cost for per kwh. Fig. 4.13 shows atrend of PV
system installed capacity. While in 1990, the use of PV system was only on the stand
along system in remote areas, but at the end of the decade PV systems were used to
build small-decentralised grid connected systems [SGCS]. Now MW range PV plants
have been connected into the existing central grid.

The cost of the PV system is the most important factor for future implementation in
remote areas of developing countries. Fig. 4.13 shows that cost trend of 3 kWp system
in Austria, Germany, Japan, the Nederland, USA, and Switzerland. It shows that the
prices decreased consequently and tended to stabilise around 7$ /Wp in 2001. From
thistrend it can be predicted that the cost will be decreased in future too.
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4.2.2 Mathematical Expression

As mentioned above a PV cell isa PN junction, which is shown in fig. 4.15. Physical
parameters of such a cell can be mathematically expressed using an ideal equivalent
circuit of the cell showninfig. 4.16.

Trradiation Electron flow
|
L B e N R O o B _
\+@ g+ e o | Nlwe
_+_+_+_+_+_+_+_+_ Tunction R Load
B D d DD D
“o @ aa @ e-| - Tpe

Current flow

Fig. 4.15: P-N junction of a photovoltaic cell
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\+ T MO |
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Fig. 4.16: Sgnal diode equivalent circuit of PV cell

The current produced by the PV cell I, is not totally delivered into the load because of
a connection of the diode parallel to the cell. The current available from the PV cell to
the load is expressed as

=1, -1, (4.14)

Where the photo current and the current flowing into the diode are given by following
equation

E, dv (4.15)
hy

D=1 e [\ 1 (4.16)
b0 KT, '

Iph:eojf
0
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By replacing the value of I into (2.1.5), the final expression for PV current can be
expressed as
(4.17)
=1 - |{exp(e0vL j —1}
KT,

Important variables of the PV cell are short circuit current (Is.) and open circuit voltage
(Voo). The short circuit current is the current produced by the PV cell when its
terminals are short-circuited. In this condition, Ip is small compared to |, so it can be
neglected. The short circuit current is expressed as

(4.18)

The voltage across the terminals at no load condition is called the open circuit voltage
(Vo). An expression for it can be obtained by replacing I, with zero as follows

4.19
V. = KT, {exp(l—phj +1] (449

% o

The power production from the PV cell is a product of the current flowing into the
load and the voltage across the load. At the short circuit condition, the current is
maximum but the voltage is zero so no power is produced. Similarly at the open circuit
condition, the voltage is maximum and the current is zero, so no power is produced.
At one point, the PV cell delivers maximum power, which is known as the maximum
power point (MPP). At the MPP the current and the voltage are approximately given
by

V. = (0.75-0.9\V,, (4.20)

| nop = (0.85-0.95)1

Based upon the above equations the relation between the voltage and the current for
variable irradiation / constant temperature and constant irradiation / variable
temperature are shown infig 4.17.
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Fig. 4.17: Characteristics of PV cell at variableirradiation and constant temperature
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Fig. 4.17 (left) shows that the short circuit current decreases when the irradiation
decreases and the open circuit voltage decreases as the temperature increases.

The relation between the power and the voltage is shown in fig. 4.17 (right) for a
particular irradiation and temperature. This figure clearly shows that the power
production from PV module can be controlled by changing the PV cell voltage.

4.2.3 System configuration

An integration of the power section in the PV system to the control section is very
important. The control section determines the way of the power controlling in the PV
system. The power demand in an isolated grid may not always to be the maximum
available power. So, simply a MPP tracker can not be used. The system configuration
Is shown in fig 4.18 [24]. The PV module is connected to the grid or the isolated grid
through the power electronic block (for example sunny boy inverter). In the control
section, three controllers are used to inject the demanded power from the PV system
into the grid. As shown, the voltage and the current of the PV module are measured

and the actual power is calculated.
Power Sction

Grid
\ v Power
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ET Bock P
\ \ﬁv Ty DC/DC
- DC/AC
I
Cap
PV Module
N Ipv ‘
Vv - K PAWM
R [ i
\S o+ Ipvref  Cument
Ppvref \op Voltage Controller
Power Controller
Controller

Control Sction
Fig. 4.18: The system configuration of the PV system connected into a grid

This power is compared with the reference power, using a power controller the optimal
voltage Vo, is determined. Next attempt is to find out the reference current |,. It is
done by comparing the optimal voltage and actual voltage V, of the PV module.
Finally this reference current is compared with actual current |,, and the output is used
to generator PWM signal, which controls the current flow from the PV system into the
grid. The terminal voltage of the inverter is guided by the grid voltage, which is
constant so by controlling the current, the power is controlled as defined.

4.2.4 PV System Model

The first view of the model is shown in fig 4.19. It consists of an environmental block
from where irradiation and temperature inputs can be fed. For a simplification of
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modelling, the environmental temperature is used directly as junction temperature. The
thermal model can be foundin[3].
PV Outputs
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Fig. 4.19: The model of PV system developed in Smulink

Its function is to disconnect the PV system from the grid, if the grid voltage drastically
changes from its normal values. At the same time, if the reference load is more that its
actual capacity based upon actual meteorological condition, the PV system is loaded
with its actual capacity.

The inside view of the PV system is shown in fig 4.20 and it is based upon the system
configuration shown in fig 4.18. In this model, PV module is connected with existing
grid, technically, it means the inverter gets the voltage from the grid, and it gets aso
the optimal reference voltage from the voltage controller. The inverter controls the
current flow in such a way that the reference power is delivered by the PV model. A
detail modelling of the inverter system has been avoided here to simplify the model. A
better understanding can be gained from the works [10].

Vgrid

Ipvep
Ppvload
; Voltage Controller Ppvioad

Ppvload

verter Vop Vop

Capacitorl

Fig. 4.20: Inside view of the PV system

The main focusing component is the PV module. The modelling of the PV module is
based upon the Standard Test Conditions [STC] because the nominal power of PV
module is rated on the STC. The variation in voltage, current and power from the
module is calculated based upon these parameters at the STC. Following five
equations (4.21- 24.25) describe the PV module.

I 421

stc



Voc—new = Voc—stc [1 + ,3 (Tnew - Tstc )] (422)
)= Vigp =V (4.23)

_ . Voo (4.24)
Io_(lsc_lmpp) exp( *\/ j

V (4.25)
| oy = | e = o] €XP —2— | -1
y*voc—new
P, =1,V,, (4.26)

Another important component from the point of modelling is the voltage stabilising
capacitor. The voltage across the capacitor or the PV module is expressed as

v, = é (1= 1 et (4.27)

Where, C is the capacitance in Faraday.

4.2.5 Experiments

4251 Characteristicstest

The PV system is simulated to obtain its basic characteristics at the variable irradiation
and constant temperature. At one particular irradiation for example 300 W/m?, the
voltage of the module is changed from V. to zero volt [short circuit]. The behaviour
of the module is shown in fig. 4.21. Initially no current flows, and as the voltage
slowly decreases, the current slowly increases. It reaches to maximum value and
remains constant up to the short circuit point. Similar behaviour can be observed for
other irradiations.

In lower graph, it can be clear observed that PV module produces its maximum power
at one particular voltage, which is the MPP. From this experiment, it can be said that
the irradiation has more effect on the current but not on the voltage. The behaviour of
the module is very closeto areal module.
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4.25.2 Power control test

This test is carried out to confirm whether the complete system can control the power of the
PV system as per the reference value. The system behaviour is shown in fig. 4.22. A ramp
irradiation with constant temperature is fed into the system as inputs, which are shown in the
first and second graph. The third graph shows the reference power. Initially the system is
loaded with 500 W up to 29 sec and it jumps to 1800 W. Finally it decreases to 500 W at 95
sec. The fourth graph shows the power production from the PV system. It shows that the
power production is just same as to the reference. In increasing irradiation and constant
reference, the power control is achieved by changing the PV voltage between the open circuit
voltage to the MPP voltage. It can be observed in the forth graph. The fifth graph shows the
PV current.

4.3 Wind Turbine Generator

In changing energy scenario, the importance of renewable energy is increasing day by
day. Due to the technological advancement and the low investment cost as compared
to other sources, a popularity of WTG isincreasing. A wind turbine in range from 1 to
100 kW is taken as a small wind turbine [23]. As compared to MW range WTG, small
WTG are simple in design and construction. A stall-controlled algorithm has been
implemented in such system. It is possible to use a synchronous or an asynchronous
generator to produce electrical power. The choice depends upon the nature of a load
that has to be delivered. If the grid is available, an asynchronous generator is a good
choice. If the grid is to be formed by it, or it has to deliver the reactive power, a
synchronous generator should be chosen. A possible interconnection of WTG with an
available grid isshown in fig 4.23.

Conversion systems with asycnhronous generator (ASG) Conversion system with synchronous generator (SG)
a) Direct grid connection C) Direct grid connection
(Normal system for grid connection) (Normal system for grid operation)
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Fig. 4.23: Systems for converting mechanical energy into electrical energy [4]

As mentioned above, the PV system and the WTG support the grid formed by the
MHPP. In such a circumstance, the first configuration, which is also known as the
Danish concept, is the suitable one. The reason for this is the application of an
induction machine, which has advantages, like on the one hand its low cost, robust
construction and on the other hand, capability of feeding the active power into the grid
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without getting the reactive power from any separate source. It means an induction
machine draws the reactive power from the available grid and delivers the active
power into the grid, if the machine is driven by external torque. Fixed blades of the
wind turbine provide the mechanical torque to produce the electrical power. The step
up gear is used to match the speed of the generator to the grid frequency. The
investigated generator is a pole changeable one. This provision is kept to achieve more
power in different velocity ranges.

4.3.1 Control system

As compared to other energy sources like gas or steam, hydro or diesel, in which the
power production can be controlled as per demanded by end consumers. In contrast,
the primary energy source in WTG is not controllable. A delivery of the energy can be
affected by changes in wind velocity regardless of the demand of end user [11]. In the
case of WTG, the control is possible in only one direction. This meansiit is possible to
decrease the power from WTG or control at some level if the power available is more
than the demand. If the WTG is connected to the strong grid, it is possible to inject
nomina power to grid at al the time. In the case of a small isolated grid, the power
might be reduced. Different types of control mechanism have been applied in WTG.
They are

1. Pitch control

2. Passive stall control

3. Active stall control
Among above three methods, the second one is suitable for the small WTG. In this
control mechanism, the rotor blades are fixed mounted and the power is maintained at
anominal value by applying aerodynamics characteristics of the rotor blades.

4.3.2 Wind Turbine Generator Model

As mentioned above, the WTG is connected into the grid formed by the MHPP. The
WTG provides the active power if the wind velocity increases above the cut_in
velocity. The technical datafor the modelled WTG is given below in table 4.6 [25].

Technical data
Table 4.6: Technical data of simulated wind turbine generator model

Cut in wind velocity (Vweut in) 3m/s

Cut off wind velocity (Vweut off) 25m/s
Nominal velocity (Vwnom) 12 m/s
Nominal power (Pom) 5000 W
Blade diameter (2R) 51m
Nominal voltage (V nom) (400/230 V)
Nominal frequency (fnom) 50 Hz

The system is modelled based on the connection method as shown in fig. 4.23 (a). It
consists of awind turbine, a 3-phase asynchronous generator, a wind system, a control
mechanism as shown in fig 4.24. The operation behaviour of the model is tested by
connecting and disconnecting it with the available grid at the changing wind speed.
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Fig. 4.24: The model of asynchronous generator rigidly connected to the grid

4.3.2.1 Wind Turbine
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Fig. 4.25: Theinside view of the mechanical governor
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The model of the wind turbine is shown in fig. 4.25. The maximum power available

from WTG is given by

Puina = % PAC V®

(4.28)

And the torque produced by the turbine is given by dividing the rotor power by its

angular velocity.
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Due to the application of step up gear, the speed of the generator increases but the
torque available at the generator shaft decreases with the same ratio. The torque
available at the generator shaft is given by

T, =21 pacve (430
n 2w P

g

The torque is multiplied by -1 to run the asynchronous machine in generator mode.

4.3.2.2 Cp- A Mechanism

A C,-A mechanism represents the aerodynamics behaviour of the rotor blades. In this
model, alook up table is used to characterise it. It is used to determine C, of the wind
turbine. The C, of the wind turbine is function of the pitch angle and A. In the case of
the considered turbine, the blades are fixed. Then A is expressed by (4.31)

1o GR (4.31)
Y

Where

w isangular velocity (rad/s), R isradius of the wind turbine (m) and V is the wind
velocity (m/s). Fig 4.26 shows the C,-A mechanism model.
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Fig. 4.26: Theinside view of C;-A mechanism model mode

4.3.2.3 Control block

Small WTGs are designed to achieve 20% of the turbine nominal output at 50 to 70%
of the nominal speed. This means that the small WTG can produce favourable power
at lower wind velocity range. At higher velocity, it can produce the nomina power
only if WTG rotates at the nominal speed. The system can function as the variable-
speed WTG with a frequency converter but only with two fixed speeds. This principle
can be implemented either by connecting additional generator or by a pole changing
generator.
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The control guidelines to operate the WTG in favourable conditions are mentioned
below. To avoid a high frequency of changeovers on the borderline between a low
wind velocity and a high wind speed, the overlap is provided between two operating
conditions. The changeover hysteresis applied in this model is shown in fig 4.27.

Control Strategies

1. Connect theturbine in available grid
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b. Twind >0
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2. Breaking
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3. Pole changing
a Pying > 1200 W ->from 6 to 4 pole
b. Puing >800W ->from4to 6 pole
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Fig. 4.27: Group of turbine characteristics for output as a function of rotational speed, with wind
speed being a parameter, and the working range of weak wind and a full-load generator [11].

The above-mentioned control guidelines are implemented in Simulink as shown in fig
4.28.
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4.3.2.4 Asynchronous generator

Asynchronous machines are mostly used as motors in industrial application. Due to its
robust and simple construction, maintenance free long term operation, such machines
have been found suitable to use as generator in small hydropower plants or in diesel
genset sets to operate in isolated form or in wind turbines rigidly connected to agrid.

Technicaly an asynchronous generator is different from a synchronous generator
because the asynchronous generator has no field winding. Instead of a field winding,
the rotor consists of a number of copper or auminium bars which are connected
electrically by aluminium end rings (Squirrel cage induction generator).

@ CATHA, [RRE
Fig. 4.29: The simplified view of squirrel cage rotor

In fig 4.29, it can be observed that the rotor is provided with an "iron" core, using a
stack of thin insulated steel laminations, with holes punched for the conducting
aluminium bars. Therotor is placed in the middle of the stator, which in this case, once
again, is a 4-pole stator, which is directly connected to the three phases of the
electrical grid.

When the stator is connected to an electrical grid, a rotating magnetic field is produced
in the air gap. Due to the induction phenomenon, a very strong current is induced in
the rotor bars (very low resistance due to the short circuit) and produced its own
magnetic field. These two magnetic fields interlocked each other and the rotor rotates
with speed dlightly below the synchronous speed. It is the motor action of the
asynchronous generator. If the rotor is rotated by an external torque above the
synchronous speed, the electrical power is supplied into the electric grid. The machine
can be mathematically expressed by following equations [12].

The stator voltage equations
d
Vo =Rl +% —w g
t (4.32)

d
Vg = Rilg + i;/tdl oy

0=Rl's + ¥ 52
dt (4.33)
S dy '
0=R:l g+ ‘gtqz
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The above equations show the relation between voltages, currents and fluxes. The

rotor is short circuited in cage induction generator.

Yo = Lilg + L1 a2
. (4.34)
l//dlzl-llql"'l—hl q2
a2 =Lal a2+ L1
T (4.35)
$a=Lal 2+l

The above two groups of equations give the relation between fluxes and inductances.

The electrical torque produced by a generator is given by
T, = p.(g[llqz.l a2 = a2.1 Iq2) (4.36)

Relations between fluxes and inductances are expressed in matrix form to ssimplify the
modelling.
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The above equations are based on the d-q axis representation. The model receives 3-
phase voltage as input and it provides 2-phase current as output. The inputs and
outputs are to be transformed from 3 to 2 and 2 to 3 phase (inverse) using power
invariance transformation equations as given below.

Vd Vu
V, =[]V, (4.38)
v, v,

[ { 277) { 2/7)
cosa cos a---| cog a--
3 3

[Tw]=|-sina —sin(a—z—gj —sin(a—z—gj (4.39)
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Where
a isrelative angle between stator and rotor quantities.
4.3.3 Experiments

4.3.3.1 Turbine Status

The wind turbine model is tested with variable wind pattern consisting of different
wind phases like above and below cut_in, above and below cut_off, nominal, below
nominal velocity etc. The first graph of fig 4.30shows the wind velocity pattern. Asthe
simulation is started, the wind velocity is 0 m/s. The second graph shows the angular
velocity of wind turbine. At 5 sec, as the velocity crosses to the cut_in level, the wind
turbine starts to rotate and speed goes slowly up. As the speed reaches just above 1000
rpm, the turbine is connected to the grid and the generator runsin dlightly above 1500
rpm with 4 poles due to the high wind speed. At 24 sec, as the velocity decreases to
low range, the pole is changed from 4 to 6 and generator runs with 1000 rpm and
delivers partial load (1 kW). As the velocity goes down below cut_out, the braking
system works and the speed goes slowly down. The third graph shows the torque
production from wind turbine.
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Fig. 4.30: The behaviour of the wind turbine in different wind vel ocity



4.3.3.2 Thegenerator status

Fig 4.31 shows the generator status. The first graph shows the current delivered by the
generator. Asthe grid circuit breaker is connected, initially the asynchronous generator
draws heavy current around 5-6 times of the nominal current for few milliseconds.
After that, it delivers the full load current of 10.5 A. The current production varies as
per the wind velocity.
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Fig. 4.32: Thethree phase sinusoidal current and voltage in close form
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change in the velocity. At 25 sec, the generator is disconnected due to the low velocity.
The second graph shows the voltage pattern of the generator. The third graph shows
the power production from WTG. Fig 4.32 shows the transient behaviour of the
asynchronous generator in sinusoidal form during the connection to the grid.

4.4 Battery System

Battery is a device, which is widely used in amost all electrical systems, where the
energy supply or storage is required. It is an electrochemical device. It means the form
of energy changes from electrical to chemical and vice versa. Energy can be stored or
consumed from the battery. The concept of electrical energy supply system is
changing towards a decentralised system. The decentralised system is possible through
HPSs. HPSs consist of different energy sources and supply energy to an isolated load.
In HPSs, the battery plays very important role, in other words it is the heart of the
system. For example the operating voltage of PV module is determined by the battery
voltage, turn off/on of diesel genset is determined by the battery soc/voltage. That's
why a battery model that is to be used in such a system must be formulated in such a
way that it governs non-linear, complex behaviour. Different types of the battery
modelling have been approached. The complexity in the battery model depends upon
the field where it should be implemented.

4.4.1 Equivalent Circuit
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Fig. 4.33: Equivalent circuit diagram of the battery model

Voo  Opencircuit (internal) voltage
R Internal resistance

Cu Double layer capacitance

Ra Double layer resistance

lpat Battery current

Cq Diffusion capacitance

Ry Diffusion resistance

Ry  Gassing resistance

Vpa  Battery voltage
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When a battery is charged or discharged, the current flows through the internal
resistance and capacitors. It causes the ohmic drop and generates heat. At the same
time, the electrolyte is polarised and causes the voltage drop, which is known as an
overvoltage. As a result, the battery voltage will be different from its equilibrium
voltage. This difference is called a polarisation. Mathematically polarisation is sum of
two parts

Polarisation = overvoltage + ohmic voltage drop

The equivalent circuit of abattery cell isshowninfig. 4.33[13], [26].

4.4.1.1 Internal Resistance (Rj)

The internal resistance of a battery depends upon SOC. It remains nearly constant up
to 90% of SOC after that it increases exponentially. It is an important parameter
because as this parameter will be higher, during charging or discharging process, the
ohmic drop will be more or losses will be more. The charging and discharging
behaviour of the battery is not same because the internal resistance of the chemical
substances are not same. It is a'so not an ohmic resistance so its value depends on the
applied method.

4.4.1.2 Doublelayer capacitance (Cq)

Electrical double-layer capacitors are based on an operating principle of the electric
double-layer that is formed at the interface between activated metallic surfaces
(electrodes) and an electrolyte. The principle behind the capacitor is shown in fig 4.34.
The electrodes are used in the solid form, and the electrolyte is in liquid form. When
these materials come in contact with each other, positive and negative poles are
distributed relative to each other over an extremely short distance. Such a phenomenon
is known as an electrical double-layer. When an external electric field is applied, the
electrical double-layer is formed in the vicinity of the electrolyte surface and the
electrolyte fluid surface.

|=ELECTRODES

-ELECTROLYTE

P ELECTROLYTE
[

|- ELECTRIC

DOWBLE LAYER
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Fig. 4.34: General phenomenon of a double layer capacitance

The physical behaviour of a double layer capacitance can be more precisely cascaded
RC network. Such a complicated structure is required only to model electrochemical
capacitors.
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Fig. 4.35: Schematic diagram of a double layer capacitance

A single capacitance and resistance model of an electrochemical capacitor can be used
in many applications like battery modelling. For the targeted battery also a parallel RC
circuit has been used. During a charging process, the double layer capacitance also
charges exponentially. The time constant of RC circuit depends upon the surface area
of the electrode, type of electrode, electrolyte etc. The voltage across this capacitor
also contributes on the terminal voltage of the battery. The voltage across the double
layer capacitor also discharges during discharging process. The time constant, which is
proportional to the capacity of the battery, lies in the range of ms. In this model, the
parameters R and C can be changed as per requirement.

4.4.1.3 Diffusion Capacitance (Cq)

The diffusion process can be defined as the movement of chemical species (ions or
molecules) under the influence of concentration difference. The species will move
from the high concentration area to the low concentration area till the concentration is
uniform in the whole phase. Diffusion in solutions is the most important phenomenon
in electrochemistry, but diffusion will occur aso in gases and solids. The rate of
diffusion (diffusional flux) is proportional to the gradient of the concentration in the
solution, with the proportionality constant called the "diffusion coefficient."

e
&

— + |
- +
- 1
=] +
= +
JBl— ca 8 [F
- +
- +
- Bulk i
- Electrolyte +
- +
- 5
- F

Fig. 4.36: Diffusion capacitance in the battery

In the case of the battery, the electrolyte solution can be divided into three distinct
parts: the bulk solution and the two diffusion layers at the surface of the electrodes as
shown in fig 4.36. The concentration of the bulk solution can be assumed as uniform.
The species transport in this layer occurs only through convection, while the mass
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transport in the diffusion layer is possible only through diffusion. The two diffusion
layers carry opposite charges (negative and positive). The bulk electrolyte behaves like
as dielectric. It means the combination of three layers produce capacitance effect that
Is known as diffusion capacitance. The time constant of the RC circuit due to the
diffusion capacitance is much larger as compare to the double layer capacitance. It is
in arange of hours.

4.4.2 Gas effect

During an energy conversion process in the battery, not only the main reaction takes
place but side reactions aso. If the battery is charged faster than its nominal charge
rate, the battery is heated more in consequences hydrogen and oxygen gases are
produced in the positive and negative plates respectively [14]. The cause of the gassing
Is that when the battery is charged faster, the energy conversion process can not be
faster than its capacity so side reactions take place. The gassing phenomenon occurs
even though the battery is charged by nominal rate. When the terminal voltage of the
battery crosses the onset voltage (also known as gassing voltage) the gassing process
starts inside the battery. In electrical term, gassing phenomenon can be represented by
the current known as the gassing current. As shown in fig 4.37 when the battery is
charged, the internal voltage increases correspondingly and the terminal voltage too.
The onset voltage can be compared to the forward bias voltage of a diode. If the
voltage across the diode crosses this value, the gas current flows through the Ry. With
respect to the time, the gas resistance decreases exponentially and the gas current
Increases exponentially. This means the main reaction current (1), which converts the
electrical energy to the chemical energy, decreases correspondingly. Finally complete
charging current becomes the gassing current. In this stage, further increment in the
internal voltage is not possible.
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Fig. 4.37: A schematic diagram of the gassing effect in the battery

4.4.3 Different approaches for the battery modelling

Smple model as a storage device: In such a model, the battery is treated only as an
energy storage device with certain efficiency. Such model may be sufficient for many
applications, but it has many disadvantages. Many terms of the battery, which are
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critical for combined functionality, are not taken in account. States of charge, terminal
voltage, gas evolution, water losses etc are not considered. These terms are critical to
charge, discharge or disconnection of the battery. The only advantage is that the model
iIssimple. For apower balance analysis, such model may be useful.

In the second approach the battery terminal voltage is determined on the base of the
battery current (which may be positive or negative) or on the state of charge. This
approach is more complex as compared to the first one. The battery is treated as a
resistance that varies with SOC of the battery. The changing behaviour of the
resistance is different during charging and discharging process. It is due to the fact that
different chemical reactions. The variation in the resistance depends upon type and the
capacity of the battery. Such model is possible to use in HPSs up to some level
because the terms, which are important for the combined functionality, are determined.
But such model has its one limit. It treats the battery as a homogenous physical device;
while in reality the battery behaviour is non-linear due to many side reactions like
electrolyte stratification and ageing.

The Shepherd model is perhaps the best known and most often used battery model.
The model describes the electrochemical behaviour of the battery directly in terms of
voltage and current. It is often used in conjunction with the Peukert equation to obtain
the battery voltage and state of charge. The terminal voltage of the battery is calculated
asfollows[15]

Q (4.40).
E =E -R*I-K,
i (Q-f)

Where

- E; = battery terminal voltage [volts]

- E,=open circuit voltage of a battery cell when fully charged [volts]
- Ry =internal (ohmic) resistance of the battery [ohms]

- K; = polarization resistance [Ohms]

- Q = battery capacity [ampere-hour]

- | = instantaneous current [amps]
- f=integra of I*dTIME/Qo = accumulated ampere-hours divided by full battery
capacity.

The fractional state of a charge is then found via Peukert equation. It states a
relationship between the discharge current and the ,constant current, discharge time. It
says the possible discharging time decreases with increasing discharging current. The
expression isgiven by [16]

| " *T. = Constant (4.41)
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Where

- | =discharge current [amp]
- n = battery constant (n=1.35 for typical lead-acid batteries)
- T;=timeto discharge at current | [ seconds]

The advantage of this model isits simplicity and it consists of not many equations. The
disadvantage is that it does not consider other parameters, which play also important
role during the battery operation. For example, the variation in internal resistance with
respect to SOC has not been considered.

4.4.4 Battery model

To simulate, test, verify and implement a HPS, still a more complicated model is
required which takes into account of complex parameters inside the battery. In this
study, a complex mathematical model is developed which is going to be interfaced into
real HPS. A critical sensitive output of the battery is the terminal voltage which has a
great influence on the complete control phenomena in terms of connection and
disconnection of the energy sources and the loads. To predict the best possible voltage
from the battery model, al the parameters and phenomena, which affect the terminal
voltage, are to be considered. Such parameters are like a diffusion capacitance, a
double capacitance, the gassing effect, and the internal resistance.
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Fig. 4.38: A general block diagram of the battery model

The developed model is the universal one in a sense that it could be used for any type
and capacity of a battery. The only important thing to keep in mind is the parameter
suitability.
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4.4.5 Model description

The relation between the voltage and the current during an operation phase of a battery
can be described using the available mathematical relations and some curve fitting
techniques. To describe the voltage as much as possible close to the real battery, a
previously explained important phenomenon, which occurs in the battery, is to be
considered. Based on requirements of this model, the model has been developed using
Simulink and Simpower block sets available in Matlab software. The first look of the
model isshown in fig 4.39.
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Fig. 4.39: the battery model developed in Smulink

The sub block in the main battery model is shown in fig 4.40 and each block will be
explained with the parameter, their functions, possible values and effects on the
complete battery behaviour.
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Fig. 4.40: Theinside view of the battery model developed in Smulink
Following blocks are available inside the battery model.

AhD, SOC calculation block
SG Calculation block
Double layer capacitance block
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Gassing current block
Diffusion capacitance block
Internal resistance and terminal voltage block

4451 AhD, SOC calculation block

SOC of abattery is very important parameter because the internal resistance as well as
the internal voltage of the battery depend on it. The determination of SOC must be
accurate as much as possible. SOC of the battery can be defined as a ratio of the
ampere-hour remaining in the battery to the total ampere-hour of the battery.

AhR

Abbor (4.42)

AhR=Ahp,m-AhD

OC =

Where Ah,om is total capacity of the battery and AhR is Ah remaining in the battery.
Further more it can be calculated as

AhR:A hnom'A hD (4.43)

Where, AhD is the number of Ah that would have to be discharged from fully charged
battery to bring it to its current state. Finally in this model SOC is calculated by as
follows

. A
SoC =1- . (4.44)
SOC
Ahnom
AhD
v
AhR

> Time

Fig. 4.41. Different terms of battery Ah
So inthismodel AhD iscalculated asfollows[14] [17]

AND = =[ 1, (1 =1 s it + ARD, (4.45)
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[ (4.46)

bat gas

Imr:

In the above equation, important parameters are |y, lpa, gas ad AhDo,.
where

It is the main reaction current, which converts electrical energy into chemical

energy.

l bat It is the battery current in Ampere. This current may be positive or negative.
If the battery is charged, it is positive and if battery is discharged, it is
negative.

It is the gassing current of the battery, which flows due to the gassing
phenomenon. The gassing current flows only during the charging process. Its
maximum value can be equal to | 4.

AhD, | ItisAhD at the beginning of the simulation.

It iscalculated as follows [14]
AhD, = Ah, - Ah SOC, (4.47)

The parameters Ah,,m, and SOC, should be given during simulation time as per
requirement. Based on the above mathematical expressions, the Simulink block is
created and shown in fig 4.42.
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Fig. 4.42: Theinside view of AhD and SOC calculation

In the above block, the battery current 1, should be normalised as per the reference
battery capacity by dividing through the normalisation factor. In this model, the
capacity of the reference battery is taken as targeted battery. The gas current is
subtracted from the battery current to get the main reaction current. The first gain
factor is to match the simulation time in sec. The output of the integrator is added with
AhD, to get final AhD. Using this AhD, SOC is calculated. As per requirement, the
capacity of the battery and the reference battery can be changed.
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4.45.2 SG (Specific Gravity) calculation block

The internal voltage (Vo) of a battery depends upon the specific gravity of an
electrolyte. It is necessary to determine SG from the parameters available from the
previous block. The SG of the electrolyte is a reflection of SOC. As SOC increases,
Vo increases and vice versa. In other term, the SG of the electrolyte can be
interconnected with AhD by the following equation [17].

AhD(SG,,, - SG.,
G =Gy, - ( ;D”K o) (4.48)
Where
SGiyi It is the specific gravity of the electrolyte when the battery is fully charged.
This value can be found from manufacturer data sheet. Its value lies
between 1.24 t01.28 g/cm’®.

SGempty | It is the specific gravity of the electrolyte when the battery is completely
discharged. This value can be found from manufacturer data sheet. Its
value lies between 1.0 to 1.1 g/cm®.

DK It isafit parameter corresponding to the discharge capacity of the reference
cell at an infinitesmal discharge current (i.e. the capacity of an active
material in the cell) in Ah.

The most important term in the battery model is the calculation of the internal voltage.
From previous blocks the required parameters are determined to calculate Voc. A
mathematical formulation is asfollows[13]

V,. =0.84+(G) (4.49)

From this equation, it is clear that Vo depends upon SG of the electrol yte.
4.45.3 Gassing current block
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Fig. 4.43: Theinside view of the gassing current calculation block

The mathematical expression of the gassing current is given below [14]
| s = g —&XP(C, * (Vy, — 2.23)) (4.50)
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where |y, is the gassing current at the no load condition and C, is the voltage
dependent constant. The value of Iy, can be taken around 30 to 70mA/100Ah.
Correspondingly, the value of C, lies between 11-12/V [3].

These values are around approximation. For this model, these two parameters have
been chosen in such away that the simulation model gives satisfactory results.

4.45.4 Doublelayer capacitance block

This block has been formulated using components from Simpower package. The
output from this block has been interfaced with the Simulink blocks.
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Fig. 4.44: Theinside view of double layer capacitance block

In this block, I, is fed as an input and the voltage across the double layer capacitor is
taken as an output. The values of the RC component is chosen in such a way that the
time constant lies within the ms range.

4455 Diffusion Capacitance block

With the help of this block, it has been tried to bring the effect of the diffusion
capacitance inside the battery model. This block is also prepared from Simpower tools.
The difference from previous block is that the time constant of RC component is much

higher in the range of hours.
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Fig. 4.45: Inside view of diffusion capacitance block

The modelling of diffusion capacitance is done similar to that of the double layer
capacitance.
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4.45.6 Internal resistance and terminal voltage block

The internal resistance during the charging and the discharging processis a function of
SOC, type of electrolyte and the electrodes. The main factor for determining R; is the
SOC. In this block, two look up tables are separately used for the charging and the
discharging process. In this block, the main reaction current is fed as input. Two dead
zone blocks are used to identify the current whether charging or discharging. It is
important to use exact look up table. For the look up tables which receive SOC as the
input and provide R; as the output in milliohm. The milliohm resistance is converted to
ohm to calculate the voltage drop across it. Now al the voltage drops are added to V.
to determine the terminal voltage of the battery.
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Fig. 4.46: Theinside view of terminal voltage calculation block

4.4.6 Experiments

446.1 General Test

The model is first ssimulated with the full load charging and discharging current to
analyse the general charging and discharging behaviour of the model. The nominal
charging and discharging current of the battery is 9 A. This means the battery should
be charged or discharged for 10 hours from SOC = 0 to SOC = 1 respectively. The
initial value of SOC, isto 0.2 and simulation time is set to 3600* 17 sec (17 hours).
The battery is charged up to 12 hours and after that the battery is discharged using a
switch. The important parameters of the battery model are captured and shown in fig
5.15.

The first graph shows the SOC of the battery. As the smulation is started, the SOC
increases from SOC, with a constant slope because the charging current of 9 A is
maintained through out the charging process. At the time of 3.6* 10" sec (10 hours), the
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battery isfully charged or SOC becomes 1. After that the polarity of the battery current
is changed from + to — and the battery is discharged. The SOC starts to decrease with a
constant slope. The second graph shows the behaviour of the internal voltage. It is a
function of the SOC so the pattern is similar to it. The third graph shows the terminal
voltage of the battery. As mentioned above, it is a contribution from overvoltages and
the voltage across the internal resistance. It can be observed that the terminal voltage
increases suddenly from the initial no load voltage of 2.0 to 2.1 volt; it is due to a
contribution from the double layer capacitance, which has a very less time constant.
After that its value increases with the constant slope. As SOC reaches around 90%, the
internal resistance (charging) increases so correspondingly the resistance drop
increases. It causes the sharp bending in the voltage curve from 90 to 100% of SOC.
Asthe polarity of the current is changed, V5 goes down suddenly because the positive
resistance drop becomes negative and also the overvoltage becomes zero. Due to the
diffusion process, Vg decreases slowly with a constant discharging current. This
curve shows that the behaviour of the developed model is closeto the real battery.

The measured voltage and current pattern
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Fig. 4.48: The measured current and voltage pattern

The fourth graph shows the input current pattern applied to the battery model. Using
the automatic switch, the polarity of the current is changed.

The fifth and sixth curves show the |, and |y patterns. Up to the point, when V4 is
lower than its onset voltage, |, is nearly equal to the charging current or | is very
low. As SOC increases from 90 %, V4 increases rapidly so the gassing increases
rapidly and |, decreases correspondingly. During the discharging period, there is no
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gassing effect. The seventh graph shows that the overvoltage due to the double layer
capacitance. It can be observed that it is the function of RC parameters and |,,,. Due to
lower time constant, the charging and discharging behaviour vary in a range of ms.
During the constant charging current, this voltage also remains constant. As gassing
starts, the overvoltage decreases correspondingly. The eighth graph shows the
overvoltage due to the diffusion capacitance. Due to the very high time constant, the
voltage change during charging and discharging processis very slow.

4.5 Diesel Generator set

A Diesel genset consisting of an engine connected with a generator produces electrical
power by consuming the fossil fuel. The engine (Otto or diesel) and the generator
(synchronous, asynchronous) used in the genset may have different type of characters.
In this chapter some technical characteristics of the diesel genset and its mathematical
model are presented.

Fig 4.49 shows a cylinder of a diesel engine. The process of generation of mechanical
power by combusting the fuel is a complex process. This process is not a relevant and
important topic for this work. The most important subject is the fuel system and
consumption during the diesel genset operation.
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Fig. 4.49: Theinside view of a cylinder of a diesdl

The most important parts of the diesel engine are

1. Fuel injector
2. Exhaust Valve
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3. AirIntake
4, Piston

5. Crankcase
6. Oil

4.5.1 Fuel System

The fuel stored inside the fuel tank is supplied to the engine through the fuel injector,
which is kept just above the cylinder. The principles and functions of the fuel systems
are complex and their details are classified as top secret of the manufactures. For
simplification, it is assumed that the fuel injector consists of a nozzle, which makes to
and fro motion inside the inlet valve. The amount of fuel injecting inside the cylinder
is a function of the opening of inlet valve respectively the movement of the nozzle.
The important parameter to control the amount of fuel is the air-fuel mixture ratio
parameter A. The A is maintained at 1 (or >1) in stochiometic combustion i.e. the
mixture with minimum air supply that theoretically could lead to complete
combustion. It is easily achieved in diesel engines because as compared to petrol
engines, there is no throttle valve control system. This means that there is aways
sufficient amount of air available to make the complete combustion.

On the other hand, the fuel consumption of the diesel engine normally depends upon
the load, construction and machine type. The fuel efficiency drastically decreases in
partial load and above 90% load the diesel genset delivers the best efficiency. Its
efficiency varies from 20 to 37%. So, it is always recommended by the manufacturer
to load the genset fully. The fuel efficiency of the diesel genset is expressed as follows
[14]:

_ P (4.51)
n, =
QLV mf
Where
Py = Power generated by the diesel genset (kW)
Hy = the rate of fuel consumption (I/hr)
Qv =  thelow heat vaue of the fuel (kwWhl)

The fuel consumed by the diesel genset can be calculated based on an empirical
formula provided by a diesel genset manufacturer [18].

For 10 kW diesel genset and 10 kW load

M joad =10 kW * 1/31/kWh =3.331/h

M noload 0.15* 10 kW * 1/31/kWh =0.451/h

Total fuel consumption, my Mk _joad + Mk _noload
3.331/h+0.451/h

3.751/h

Similarly,
For 10 kW diesel genset and 2 kW load
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M joad = 2 KW * 1/31/kWh = 0.66 I/h
M noload = 0.15* 10 KW * 1/3 I/kWh
Total fuel consumption, mf

0.51/h

M joad T Mk _noload
0.661/h+0.51/nh
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Fig. 4.50: Relation between fuel consumption and loading ratio

The above mentioned two examples show that the diesel genset consumes 35 % of full
load fuel consumption when the machine is loaded at 20%. At no load condition, it
consumes around 15% of full load fuel consumption [18]. Based upon above formula,
the fuel consumption verses the load and loading ratio are plotted and shown in fig.
4.50. Second graph clearly indicates that the fuel consumption per kWh reduces as the
loading ratio increases.

4.5.2 Auto-start

Most of the diesel gensets available in market consist of auto-start function. An auto-
start function works with an electric-starting system. The electric-starting system
consists of a battery, a cranking motor with a solenoid switch, a master switch and
complementary cables as shown in fig. 4.51.

Relay
S
LT -
&
Dual Switch Cranking Motor S|
|
Auto-start Signal

Pinion and Flyweel

Fig. 4.51: The auto-start circuit of a diesel engine

As the auto-start signal goes high, the cranking motor receives direct current from the
battery and convertsit to mechanical energy (rotary motion). The mechanical energy is
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transmitted from the armature in the cranking motor to the pinion and onto the
flywheel ring gear, causing the crankshaft to rotate. Once the piston is pushed toward
TDC, the fuel isinjected. After 1-2 cycles the engine starts and the cranking motor is
disconnected.

4.5.3 Frequency and voltage control concept

In small diesel gensets (<= 10 kW), mostly mechanical governors are used to control
the speed of the diesel engine and correspondingly frequency of the generator. The
speed control may be an isochronous or a variable speed mode. In the case of the
isochronous, the speed of the diesel genset is maintained constant at no to full load
variation. Another possibility is the variable speed. This means the diesel genset can
be operated in different speed ranges for example 1800 rpm for 60 Hz and 1500 rpm
for 50 Hz. In the case of the variable speed operation, the speed droop concept is
applied. The deviation in the frequency may be up to 5%. Another possibility is an
electronic speed controller, which is more expensive and more accurate. The accuracy
band lies within 0.3 Hz [19].

The terminal voltage of the diesel genset is controlled by different control concepts. In
a diesal genset with a synchronous generator, mostly an automatic voltage regulator
(AVR) has been used. In such genset only the speed is controlled. The electronic
voltage controller is a very fast and accurate. In the diesel gensets with asynchronous
generators, the voltage is controlled by variable capacitors. Mostly no voltage
controller is used in such gensets. Manufactures mention the voltage deviation band
from no load to full load. In market, the decoupled system is also available. This
means the diesel genset is decoupled from the grid which makes it possible to operate
theisolated grid in preferred voltage and frequency band.

Permanent magnet [PM] generators are also available in market. The PM generators
are expensive but due to high efficiency they are used by some manufactures. In the
PM generators, there is no possibility to control the voltage by direct means as in
electrically excited generators so the possibility is to use cylco-converters or inverters.

For the HPS, which will be investigated later using the Matlab/Simulink software, the
diesel genset consisting of an asynchronous machine is used because an isolated grid is
formed by the MHPP.

4.5.4 The model of diesel genset connected into the grid
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Fig. 4.52: The model of asynchronous generator rigidly connected to the grid
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The overall model of a diesel genset consisting of an asynchronous generator as
mechanical to electrical power converter is shown in fig 6.4. This model consists of a
diesel engine, an asynchronous generator, 3 to 2 and 2 to 3 phase transformation
blocks, load pattern block and the grid. The generator terminals are connected to the
available grid system. As the genset is connected, initially machine runs as a motor
and as the machine achieves negative dlip, the machine works as the generator. By
setting the reference power at load pattern, the power generation from the genset can
be controlled. As per reference value, the mechanical governor adjusts the fuel flow so
that the required mechanical torque is produced. The model can be investigated as the
motor or the generator. Simply negative torque as input to the machine makes it the
generator. The torque produced by the diesel engine is given by equation 4.52 [20]:

T, = Hoh (—Cf i jv_ e (4.52)
air ne )4m
Where
Tq = engine torque (Nm)
Hy = gross heating value of the fuel (kJkQ)
hit = indicated thermal efficiency
Cs = units conversion factor
mg = fuel consumption rate (kg/h)
Ne = engine speed (rpm)
Ve = engine displacement (L)
Pie = friction mean effective pressure (kPa)

The fuel consumption can be converted from kg/h to 1/h by multiplying it with the
factor 1.117 (0.850 kg/L). The targeted diesel engine can get up to 6 I/h fuel which is
around 20% more than its nominal capacity. It means the diesel genset can be
overloaded by 20%. The mathematical equations of the asynchronous generator have
been explained in the wind turbine section.

455 Experiments

4551 NolLoad Test

Thistest is carried out to analyse the no load behaviour of the diesel genset. Infig 4.53
the first graph shows the reference power. The second graph shows the power
produced by the generator. As the switch is closed, initially the machine works as
motor (positive slip) and draws very high initial starting (inrush) power. The third
graph shows the grid voltage or terminal voltage. The fourth graph shows the current
pattern. Nearly after 500 ms, the inrush current decreases to no load current (5.37 A),
which is exactly same to the measured data. The above behaviour clearly shows that
the model of asynchronous generator represents the real machine characteristics.

4552 NolLoadtoFull Load Test

Now the diesel engine is connected to drive the asynchronous machine so that the
system works as generator. As the diesel engine is started, no load is applied up to 3
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seconds and suddenly full load (9000 W) is applied. The performance of the diesel
genset is shown in figures 4.55, 4.56 and 4.57.
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Fig. 4.53: The behaviour of the generator during no load condition
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Electrical behaviour

The first graph in fig 4.57 shows the reference load applied to the governor control
system. Initially no load is applied and the diesel genset is started. At 3 sec, full load is
applied. The second graph shows the response of the generator. As the genset is
connected, initially the machine draws power from the grid and starts to build up the
speed. The motoring action goes on until the speed crosses the no load speed (nearly
about 500 ms). At 3 sec, as reference power increases suddenly to full scale, the
generator also just increases its production simultaneously. The delay is due to the
governor character. The third graph shows the current pattern. At the beginning of the
simulation, the machine draws very high inrush current as explained above. After that
the generator draws no load current (magnetisation current). At 3 sec, the current goes
up to around 16 Amp to meet the reference demand. The fourth graph shows the grid
voltage pattern.
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Fig. 4.55: Behaviour of the generator during no load to full load condition

Diesel Engine Behaviour

In fig 4.57 the first graph shows the fuel consumption by the diesel engine. As the
genset is started, initially the amount of fuel consumption increases rapidly to
accelerate the genset. When the speed of the diesel genset reaches to the no load speed,
the governor starts to reduce the fuel amount. The load applied is up to 3 sec is zero so
the fuel consumption is just to compensate the no load losses. At no load condition, it
consumes around 0.5 I/h fuel. At 3 sec, as full load is applied, fuel consumption
increases slowly up to 5 I/h. The second graph shows the torque production from
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diesel engine. The torque is just a function of the fuel consumption. It follows the
same pattern as the fuel consumption. The third graph shows the mechanical speed of
the diesel engine. The speed starts to increase from O rpm and reaches to no load speed
at around 500 ms. This time is a function of the governor parameters and the moment
of inertia of complete system. The diesel engine runs in this speed up to 3 sec. It
means the slip is zero. At 3 sec, the speed increases to 1537 rpm and the dlip is-2.4%.

4.5.6 Isolated grid operation

If the diesel genset consists of an asynchronous generator has to supply the electrical
power to an isolated grid, then the power supply system becomes complex. The
operation point at generator mode (s < 0, n > nl) lies on the lower half circle in the
complex circle diagram. As mentioned above, the asynchronous generator requires
reactive power to magnetise its stator windings. Without supplying of the reactive
power from an external source, the asynchronous generator can not produce the
terminal voltage or ssimply it can not generate the electrical power. The solution to this
problem is to connect a capacitor or capacitor bank at the terminals of the
asynchronous generator. A need of the lagging reactive power of the asynchronous
generator is compensated by the leading reactive power coming from the capacitor.

The asynchronous generator in the isolated operation can be formed as shown in fig.
4.58. To run the machine at no load condition and to get no load voltage, the
asynchronous generator demands no load magnetisation current. This current should
be supplied by an external capacitor. Each asynchronous machine has its one
magnetisation curve [21].

| =] (4.53)

Il-l- Irec

L1 =
L2
L3

Load

Fig. 4.58: Samitching arrangement of asynchronous generator with capacitors and load
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Fig. 4.59 shows the no load behaviour V = f(1,) of the asynchronous machine with

, I
connected capacitor slope V = a;:v" :

\4 A
No Load Magnetisation Curve
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Vres;

»

luo lu

Fig. 4.59: No load behaviour of asynchronous machine and capacitor voltage slope

Asthe rotor isrotated by an external mechanical power, aresonance field is developed
between the external capacitor and the main inductance of the asynchronous machine.
The voltage builds slowly up and the stable point is achieved where two curves
intersect each other.

To produce the no load voltage Vo, the minimum required capacitor can be calculated
asfollows[22]

V
l. =V,.joC=~1,=-—2
c OJ H Jth (454)
C= 1 _ 1
w’L, (2 YL, (4.55)

If the connected capacitor is small, the initial slope of the capacitor voltage will be
bigger than the slope of the magnetisation curve, then it is not possible to get operating
point or the machine will not be able to produce the voltage.

As the machine is loaded, the asynchronous machine demands extra lagging reactive
power. This extra requirement of the reactive power must be fulfilled by the capacitor.
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Even though only resistive load is connected, due to internal inductances of the
machine, load current lags behind voltage or inductive current flows. Now the current
that must be supplied from the capacitor is the sum of the magnetisation current and
reactive load current.

| =1 +1 (4.56)

By ignoring the stator resistance and the reactive load current for pure reactive load at
constant frequency can be calculated as follows

lw . R,
"o

(4.57)

_act
Irec

During the resistive loading, the terminal voltage goes down slowly. At nominal load,
the generator produces nominal voltage. If the load further increases with constant
capacitor, the terminal voltage goes down and machine loses its residual magnetism. In
such a case, the machine must be first magnetised by external battery. If the inductive
load is connected, the reactive power demand will be still more and bigger capacitor is
required.

4.5.7 The model of diesel genset in the isolated operation

The model has been developed using the equations mentioned above and a look up
table, which gives the magnetisation curve (magnetising current vs no load voltage) of
the asynchronous generator. Beside that this model consists of 3 to 2 phase and 2
phase to 3 phase transformation blocks, reactive current block, load pattern block asin
previous model.
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Fig. 4.60: Complete Smulink lookout of the asynchronous machine model in the isolated operation
L oad pattern block

It is possible to load the generator in different fashion to analyse its different
behaviour. The apparent power S can be applied to the machine in ramp or step
fashion. Power factor (pf) of the load can be given in Matlab file so that desired
inductive or capacitive load can be connected.
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Fig. 4.61: Theinside view of the load pattern block

Voltage calculation block

The asynchronous generator model is same as in the grid connected one. The machine
must work in the isolated mode so the voltage calculation block is required. This block
represents the magnetisation phenomenon of the machine. The block is shown in fig
4.62. It is possible to connect different amount of capacitances as per demand of the
load. The look up table gives the rms voltage and is converted to 3 phase sinusoidal
voltages. The connected capacitor provides the capacitive current. If the resistive load
is applied, simply this capacitive current will be equal to the magnetising current. PT1
transfer function is used to represent machine circuit (inductive-resistive-capacitive).

Reactive current calculation

Even though the generator is loaded with resistive load, it requires capacitive current
(the electrical machines are inductive in nature). The required capacitive power is
around 20% of nominal load. The second look up table is used to define the reactive
current during resistive load. If the generator is inductively loaded, the inductive
current flows and that must be compensated. The total required capacitive current is
sum of two currents. This inductive current is also transformed into dg form. The
block is shown in fig 4.63.

4.5.8 Experiments

45.8.1 Ramp activeload increment

With constant capacitor (capacitor required to run the machine at no load condition),
the nature of the modelled asynchronous generator can be compared with theoretical
behaviour. Asthe active load is increased slowly, correspondingly the terminal voltage
goes down and a one point, the terminal voltage collapses. To investigate this
behaviour, the active load is increased in the ramp fashion. In fig 4.64, the first graph
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Fig. 4.63: Smulink inside view of the reactive current calculation block

shows the reference active load. At 3 sec, the load increases with 1100 W/s. This
means the nominal load is applied at around 11 sec. The second graph shows the
produced power by the generator. As the load is applied, some transient behaviour due
to friction could be observed for few ms. After that, the power follows the reference
point. At nearly 9 sec, the system collapses. The third graph shows the terminal
voltage. It increases very slowly from the residual voltage. As the speed crosses the
threshold point (1200 rpm), it increases rapidly and achieves its nominal value at
around 3.5 sec. Due to the increment of the load in ramp function, it decreases
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correspondingly and as the load crosses its nominal value, it starts to decreases rapidly
and collapses. The fig 4.65 shows the current and voltages in three phase sinusoidal
form.
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Fig. 4.64. Generator behaviour during ramp load condition

4.5.8.2 Sudden load change with constant capacitor

Generator Behaviour

In fig 4.64, the first graph shows the reference power of the diesel genset. Up to 6 sec
the generator has no load. At 6 sec, the system is loaded with full load. The second
graph shows the system response. Up to 6 sec, there is no power production from the
generator. At 6 sec, the generator starts to produce power and follows the set point. It
can be observed that the power production reaches nearly to the reference point within
700 ms. But due to the insufficient reactive current compensation, the system voltage
collapses. The third graph shows the current flowing in the generator. Up to nearly 3
sec, only no load or magnetisation current (I.) flows and as the voltage increases due to
the increment in the speed, the increment in current occurs. As the full load is applied,
the current increases up to 18 amps. The fourth graph shows the terminal voltage. Up
to 2.5 sec, the terminal voltage reaches to no load voltage, after that the decrement in
the voltage can be observed due to the sudden application of load.
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Fig. 4.66: Generator behaviour during sudden full load application at constant capacitance



4.5.8.3 Thevoltage establishment through the capacitor increment

This experiment is carried out to show that the generator voltage can be maintained as
per requirement in the isolated operation by increasing the amount of the capacitance
connected across it. As shown above, if more capacitive current is not provided the
terminal voltage collapses. How fast the extra capacitor is to be connected, it depends
on machine parameters. For pure resistive load, the delay time can be up to 500 ms
(for this model). The fourth graph in fig 4.67 shows the voltage pattern. The voltage
goes down, and as extra capacitor is connected, it goes up again to the nominal level.
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Fig. 4.67: Generator behaviour during sudden full load application at variable capacitance
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The synchronous generator driven by the water turbine forms the isolated grid.
Variable load is connected in the grid formed by it. The stability of the gird depends
on the balance between the active power — active load and reactive power — reactive
load. The grid collapsesif the connected |oad is more than available power [1].

5.1 Structure

~ | Reservoir

|
MHPP DD%@
Z
MHPP Pmref
PVS N
PsS Ppvref
Control Unit
/M —/
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BPS Foref
Control Unit
WIG ‘ N
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-
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|
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DGS Pdref
Control Unit

N Ene_rgy Management Unit
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<&
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measurement
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Fig. 5.1: The possible layout of the Hybrid Power System

Vifgrid

Isolated
Grid

Transformer

The power from SG is determined by the water level in reservoir. To secure the
stability of the grid in full load condition all the time, different energy sources can be
integrated. Such system is known as Hybrid Power System [HPS]. HPS may be
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centralised DC bus system or centralised AC bus system or decentralised AC bus
system or mixed system [2]. For this research work, a centralised AC system is chosen
because of suitability in the target location (Nepal).

The possible HPS structure layout is shown in fig. 5.1. Renewable energy sources, PV
system and wind turbine generator [WTG] are connected into the common AC bus
formed by MHPP. The battery bank is also connected at same bus via a bidirectional
inverter. Diesel genset is used as a back up system. The most of the HPS, which exists,
consists of the battery bank as an energy storage unit. In this research work, instead of
the battery bank, the reservoir is used for the energy storage purpose. In case of Nepal,
PV system is more suitable because of the favourable meteorological conditions. In
such circumstances, the targeted HPS is ssimplified from fig. 5.1 to fig 5.2 as shown
below.

- | Reservoir

=
MHPP — lsolated

7

> .
1 . D Grid
@
7]
5:! \wltage
s~ frequency
VS = measurement

Rl Transformer

DGS | ol

DGS
Control Unit

— Energy Management Unit <
Meteorological Data Microcontroller Based Jate Variables
ETW Vfgrid

Fig. 5.2: Thetarget layout of the Hybrid Power System

5.2 Control system of HPS

The overall control system must guarantee the smooth operation at variable load and
environmental conditions. Environmental conditions represent the parameters —
irradiation, temperature and water level in the reservoir. These parameters must be
input for the control system. Beside that the grid frequency, which is the reflection of
the grid must be fed back to the control system. Based upon such available variable
parameters, the control system commands HPS to fulfil the load requirement with the
priorities mentioned below [3], [4].
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Priority
1 Use of the maximum power available from PV system
2 Use of the power available from MHPP
3 Use of the power from the diesel genset

An integration of more energy systems with different operating characteristics makes
the control system more complex. To operate the system at the best economical,
technical aspect, the control system is divided into different levels based upon its
working level. The control levels are shownin fig 5.3.

Second Level
ICU IPU
MHPP
Contro Quif MHPP
Unit
Hrst Level Pm
E Pm
n .
Pmref Vgrid
\%
i
Poad
r E o
ETWdo PVS \op Pov Iy 1
0 M [Powver Control s HHG!
n Unit
m U Qload
e Ppv fgrid
n Rdref
t Pd
DGS
Control mf pes M
Unit
Pd

Fig. 5.3: The control level structure of the targeted HPS

5.2.1 Energy Management Unit [EMU]

EMU is the heart of the control system so it is the first level strategy in the control
system. By using different sensors, the meteorological data (E, T), and water level in
the reservoir are measured. The data are fed into EMU, to calculate the maximum
available power from MHPP and PV system. Another important parameter is the grid
frequency that reflects the load connected in the grid. EMU determines the reference
powers for Individual Power Unit [IPU] by governing the priority levels mentioned
above and consequently maintaining the grid quality.

5.2.2 Individual Control Units [ICU]

The reference powers supplied by EMU are to be produced by each IPU to fulfil the
grid requirement. The task of ICU isto control IPU such that they produce the power
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as per the reference values given by EMU. ICU for different energy systems are
tabulated in table 6.1.

Table 6.1: Different energy systems and respective control units

IPU ICU Inputs | Outputs
MHPP Mechanical governor Pt | Q
Automatic voltage
regul ator Vet I
PV System MPP tracker Powet | Vop
Diesel Genset | Mechanica governor Pyrer M

5.3 Simulation Model

The individual power units are integrated together on the common AC bus bar to form
HPS. A model consisting of different sub systems as mentioned above is developed in
Matlab/Simulation and shown in fig. 5.4.

Agynchronous Machine Parameters Synchronous Machine Parameters Power Balance in HPS Grid State variahles
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Fig. 5.4: The complete mathematical model of the targeted HPSin Smulink

At the top of the model, small blue rectangles are available. These blocks are used to
get machine parameters from the source code written in Matlab files. At the same time,
these blocks are also used to plot the simulation results in Matlab workshop. At the left
hand side, an environment block is available where meteorological patterns can be
stored. It provides E, T for EMU. Next block is EMU. At the middle, three I1PUs
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MHPP, PV system and DGS are kept. The most right block is the grid, where the load
patterns can be fed as the input to HPS.

5.3.1 Control strategy

MHPP is the main unit of the system because it builds up the grid variables and other
units are grid-supporting units. In that sense, the operation of MHPP is to be
guaranteed at all the time. The size of PV system is chosen in such away that it covers
at least the base load of the grid load. Depending upon the load profile, water flow,
cost etc the actual size is defined. At daytime when the sun shines the power from the
PV system is injected into the grid and the water is stored. DGS will be started only if
the water level in WR goes down to the lower level. To avoid the high frequency of
DGS turn on and off, two levels are created in WR. The turn on and off processes are
controlled by a hysterisis loop on the water level [5].

5.3.2 Function of EMU

The principle of load sharing is based upon the determination of a virtual load in the
grid through the grid frequency and instantaneous meteorological and WR conditions.
The philosophy of EMU isshowninfig. 5.5.

Fequency Controller

fgrid
fref > Poad d Diesel Management
a Pmref
>
- 0 to inf
[ 1]
=
—
. Pdref
E Ea-lnftoo
Ppvav + R
+ Ppvref
—p
T
Wdo

Fig. 5.5: Theload shearing policy of the energy management unit

A Pl controller, determines Py g by using the error between f and fgiq The
maximum available power from PV system is determined using E, T values. The
difference between Pigaq ¢ and Py 1S determined and assigned as the error power [3].

P = Pload_d -P (51)

error pvref



90

The meaning of P IS pointed out in the table.

Perror Meaning
+ve PV power is not sufficient.
-ve Surplus power is available.

If Paror < O, it indicates that the PV system can produce more power than the load in
the grid. This surplus power can not be stored so the power from the PV system must
be reduced. If Pgor > 0, it indicates that the power from the PV system is not
sufficient, this power will be provided by MHPP if the water level is above the upper
level in WR as showninfig. 5.6.

Water Reservoir

WLU

\

The MHPP can support the full load if WLA is greater than WLU. As the back up
system, DGS supports the grid by providing the active power at any time when EMU
sends the command. If WLA decreases and becomes equal to WLL, the sensor
provides W4, = 1 to EMU and EMU generates a signal to turn on DGS. The reference
power for DGS Py increases slowly in the ramp fashion. The slope of the Py« can be
set by the operator. Correspondingly P« decreases with the same slope so that the
sum will be always constant. The transient process of DGS turn on and off is shown in
fig 5.7.

Fig. 5.6: Theimportant levelsin the water reservoir

The slope turn on strategy has been developed to avoid possible grid instability due to
sudden heavy load change in IPU. MHPP is loaded with Pyemin t0 run SG
continuously. At this time, MHPP provides reactive power to the grid and to the
Induction generator used in DGS.
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| ‘
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Wdo = 1 MLPP Wdo= 0
DGStum-on min load DG Sturn-off

Fig. 5.7: Transient processes of the diesel genset turn on and off

5.4 Experiments

5.4.1 Integration of PV system with MHPP

The maximum power available from the PV system is utilised to reduce the amount of
water drawn by the water turbine so that the water could be stored at daytime. Fig. 5.8
shows the contribution from the PV system in the power-shearing scenario. The first
graph shows an applied load pattern. Initially SG is loaded with 1 kW and load is
increased to full load of 7.5 kW step by step. The second graph shows the determined
load by EMU through the frequency error. Initially due to high +ve difference between
frer aNd fgrig, Pioad_a 1S SEt maximum so that SG achieves the nominal frequency quickly.
The third graph shows the power production from MHPP. It follows the load pattern.
As the PV system starts to produce power (the fourth graph), the power production
from MHPP starts to decrease in the same fashion. The last graph shows the condition
of diesel genset.

Fig. 5.9 shows the power balance in the HPS together. It can be observed that the
deviation between the power produced and the determined power increases with
respect to increment in the load. It is due to the droop characteristics set at MHPP. Fig.
5.10 shows the state variables of the grid the frequency and the voltage respectively.
The frequency decreases from around 52 Hz at no load to 48 Hz at full load. In the
voltage pattern, the effect of the load changes can be observed. As the full load is
applied, the voltage goes down but AVR brings back the voltage to the set point. The
deviation in the frequency and voltage from the no load to the full load can be adjusted
by setting the control parameters[5].
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The state variables of HPS
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Fig. 5.10: The state variables of HPS during integration of PV system

5.4.2 Diesel genset turn_on and _off

This experiment is carried out to test the behaviour of HPS during turn on and turn off
of the diesel genset. Initially 1 kW load is applied to bring the grid frequency quickly
to the reference value. After some time the load is increased to the full load. The water
flow into WR is changed time to time as shown in the first graph of fig. 7.11 to meet
DGS turn-on condition. As the water level in WR goes below to 1 m (WLL) at around
6 hours, DGS is started and the power increases with the slope defined by the user at
LMU. The parale effect is observed on the power production from MHPP. P,
decreases with the same slope such that the sum is always very near to the grid load.
After some time, MHPP runs at the minimum load to feed only the reactive power to
the grid and the diesel genset. The water flow is increased to meet DGS turn off
condition. As the water level reaches to 2 m (WLU), the power from DGS reduces
slowly and it is turned.
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Power Balance in HPS
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Fig. 5.11: The state variables of HPS during integration of PV system

5.4.3 Complete operation

The interaction between different systems and the stability of HPS during variable |oad
and meteorological conditions are to be tested to confirm the functionality of the
control strategy. This test is carried out in such a way that al the IPU come into
operation to support MHPP. The behaviour is shown in the fig 5.12. The applied load
pattern is developed to represent 24 hours load in a remote area where peak load
occurs at the evening time nearly for 4- 5 hours. Beside that only the base load is
connected. During a complete day, power factor of 0.8 is maintained. The first graph
represents the load pattern. 3 kW of base load is applied. Around 12 pm the load
increases gradually and it reaches to the peak load of 7.5 kW at 17 pm.

The second graph shows the grid power determined by EMU. Based upon this power
EMU determines, optimal reference powers for IPU maintaining the control criteria
mentioned inside. The third graph shows the power production from MHPP. The
deviation in Py, from P, ¢ Can be observed which is due to the power contribution
from the PV system and DGS. Fig. 5.13 shows the power balance in HPS together.
The stability of the isolated grid isin the sense of state variablesis shown in fig 5.14.
The grid frequency is maintained at around 50 Hz during base load of 3 kW. As the
load increases, correspondingly the frequency decreases. The similar behaviour can be
observed in the voltage pattern.
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The state variables of HPS
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Fig. 5.14: The state variables of HPS during integration of PV system and diesel genset
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6 Comparison between measurement-simulation

The behaviour of individual models, which have been explained above and have been
used to form the target HPS, can be verified through the measurements. To get the
parameters and to find the characteristics behaviour of the components like PV
module, synchronous generator, asynchronous machines some measurements were
donein the lab as well as data sheets available from the manufacturers were used.

6.1 Synchronous generator parameter determination

The important parameters of the SG necessary to make a model have been determined
by carrying out the experiments like open circuit test and circuit test [1], [2]. The data
of SG is shown below.

A. van Kaick
D-7505 Ettlingen

Selbstregelnder Generator = ==
Self Regulating Generator Typ 18H N 25/12,5-4

Fig. 6.1: The nameplate of the synchronous machine used for the parameter determination

=

Tesi Vst )

;.:‘-‘_-' - ".- o : .- — -
Fig. 6.2: Arrangement of DC motor and SG to determine the generator parameters
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Open circuit test

The open circuit test is carried out to determine the effect of field current on the
terminal voltage at no load condition. The test is carried out as shown in fig. 6.3. The
result istabled below.

Field-winding
R r N, . Phase-a :
Variabk I ac voltmetar
0-120 Heutral
® Ir . ]
®
dc ammeter Y-connected armature winding
Connections for the open-circuit test
Fig. 6.3: Connection arrangement for the open circuit test
Is (A) 1 2 3 35 5
Von(V) 59.2 154.3 202.5 232.5 251

6.1.2 Short circuit test

The short circuit test is carried out to find the behaviour of current in relation to the
field current when al the terminals of SG are short-circuited as shown in fig. 6.4.
Field-winding )
R, Nf 4 Phase-a 1

a'W_(YYWYV\

Variable .
0-120V @ Neutral
de -
(de] Lo
®

dc ammeter

ac ammeter

Y-connected armature winding

Connections for the short-circuit test
Fig. 6.4: Connection arrangement for the short circuit test

The result of thistest is tabulated below.

I (A) 15 2.0 3.0 35
l(A) 6.6 105 13.0 14.3
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To determine the parameters, both curves are converted in per unit and plotted together
in one graph which in showninfig 6.5.
The nominal values are

Vph(n) = 230[V]
| line(n) = 144[A]
| 1(n) =10.5[A]

Potier Diagram

12

0.8 = r)/
/I/

—e— Qpen circuit
—s— short circuit

06 /
04 2] -
™
Determination
0,2 Point
D /

0 0,1 0,2 03 04 05
If(pu)

Fig. 6.5: Construction of pu open and short circuit diagram based upon the measured data

From the diagram, the synchronous d — axis reactance (X) is calculated as below

Z, =
|, 115
X, =422 - R? =4/20% -1.05% =19.97[Q]

The synchronous g-axis reactance can be calculated as

X, = 0.65X, =12.96[Q]

The stator resistance is measured directly by a multimeter. The measurement are given
below

R12 R23 R31 Rave RS:O5RaV e
2.2 21 |2 |21 105
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Thefield resistance (Ry)
It is measured by supplying the dc current to the field winding.
V :
R, =oc = 0973 _ 5 glp]
o 0.277

6.2 Asynchronous machine

The behaviour of an asynchronous machine used in DGS and the wind turbine
generator can be verified by comparing the current patterns between the measurements
and model when the generator is connected to the available grid. The comparison is
shown in fig. 6.6 where first figure is the current pattern from the simulation model
and second figure is the current pattern from measurement. Both patterns show that at
the beginning the machine draws very higher current (~ 25 A), which isaround 5 times
of no load current in case of 6 poles. After the 4™ cycles, the current decreases to the
no load current, which isaround 5 A in both cases.

(a) simulated behaviour (b) measured behaviour

IL(A)

ooooooo

nnnnnn

nnnnnn

nnnnnn

Fig. 6.6: Comparison of (a) simulated and (b) measured current pattern during connection of ASV

6.3 PV System

The characteristic behaviour of PV module obtained from the simulation model is
varied by the measurement. A monocrystal PV module of 10 Wp is used to measure
the characteristics. It isshownin fig 6.8.

STC parameters of above module

E(Wm™) T(K) AM P(Wp) Isc(A) | Voc(V) | Vimpp(V) Impp(A)

1000 298 1.5 10 0.62 21.5 16.9 0.6

The power production from the PV module depends upon the meteorological
conditions (E and T) and the module voltage. In this experiment, the relation between
P and V at different irradiation levels were measured. During the measurement, it has
been observed that temperature of the PV module increased from initial temperature
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298 K to 313 K when the load was changed from no load to full load. To compare the

behaviour closely, a slope is used to change the temperature similarly as in the real
measurement.

ST 14
PV-module stand

/ The halogen lamp 500 W
(mains connection 230 V

AC) with dimmer switch
is vertical as well as
horizontal movable
fixed to an outrigger
and irridiates the
PV-module.

Adjustable angle of
inclination of the PV-
module.

PV-module

Pmax =10 W,
monocrystalline.

Stand with 4 rolls

with stop-function

Fig. 6.7: The 10 W PV modul e used to determine the characteristics

1000W fet
Simulated N

Ppw (W]

Vpv (V)
Fig. 6.8: Comparison of PV model characteristics between measurements and simulations

6.4 Battery Model

After simulating the battery model with normal charging and discharging current
pattern, it is important to validate the performance. It is done through simulating the
model with areal current and voltage data. A battery of 90 Ah, 12-voltage battery had
been tested for nearly 3 weeks of time. During the testing phase, the current and
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voltage data had been measured in time interval of 1 minute. So the model is aso
parameterised to 90 Ah, 12 volt real battery. The real data of current and voltage
availablein excd file isimported to Simulink file.

20

Sl M

10+

Vbat (V)

Ibat (A)
o

N
I

.15 | | | | | | | | | I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (sec) % 10°

Fig. 6.9: The comparison between measured (green) and simulation (blue) voltage patterns

The above fig 6.9 shows that the comparison between the voltage patterns obtained
from simulation and measurement. In this figure, three curves have been shown. The
first and second curves, which are much closed to each other, are the voltage curves
where the blue colour curve represents the measured voltage pattern and the green
colour represent the simulated pattern. The third curve represents the measured
current. The reason behind this type of current pattern is that the battery is charged and
discharged every time with same among of Ah but with different charging and
discharging rates. From the voltage curves it can be observed that the simulation
voltage pattern is close to real one. Even though the current is changed suddenly, the
voltage pattern changed with some curve, which is due to an effect of the diffusion
capacitance, with higher time constant.
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7 Microcontroller based EMU development

In this chapter, a hardware system is implemented based upon the Simulink model. A
simple, compact, reliable and easily replaceable EMU is developed using a low power
microcontroller and computer language C. The hardware EMU consists of a
microcontroller M SP430F449 as the main unit, which receives the on-line data from
outside, processes based upon program, supplies output to outside components. The
EMU is implemented in two steps. First one, the microcontroller is integrated with a
keyboard and a display unit. The inputs are given through the keyboard and outputs
are displayed in the LCD display. Second one, some sensors are used to capture
outside online data like irradiation, temperature, water level, frequency etc.

7.1 Microcontroller MSP430F449

M SP430F449 from the Texas instruments is a digital signal processor, which has been
constructed, based on “von-Neumann-Architecture”. This processor has 16 bit RISC
and it is designed for low power operation which is also known as ultra low-power-
mc. Because of such a low power consumption, this microcontroller is an optimal
solution for long-term operation with batteries. The short abbreviation MSP comes
from “Mixed Signal Processor” and it can process analog and digital signal.

To achieve the energy efficient operation, six different modes are available in
MSP430Fxx family microcontrollers and they are controlled by an intelligent
management. By such an intelligent system, the microcontroller is brought to dlip
mode when it is not in operation. In this mode, it is possible to save up to 90% of
energy with only one battery; it is possible to operate up to 10 years.

Fig. 7.1: The microcontroller MSP430F449 with its emulator

The six operation modes are
- Active mode
- Low Power Mode 0 (LPMO)
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- Low Power Mode 1 (LPM1)

- Low Power Mode 2 (LPM2)

- Low Power Mode 3 (LPM3)

- Low Power Mode 4 (LPM4)
From above six modes, the four important modes are active mode, LPMO, LPM 3, and
LPM4. The meaning of these modesiis briefly described.

Active mode: CPU is active.

LPMO: CPU isin sleep mode but peripheral units are active.

LPM3: Operation mode battery applications, peripheral units, which work on ACLK,
are active and therest isin, sleep mode.

LPM4: only interrupts are active; all other units are in sleep mode.

7.1.1 CPU Architecture

The CPU of MSP430 has been made as 16 Bit CPU. It consists of 16 16-Bit registers,
in which four are reserved as specia registers. They are program counter, stack
pointer, status register and constant generator. Others are general purpose registers.
Theregister structureis showninfig. 7.2.

] |
| Clock e ACGLK Flash/ |
' RAM Peripheral[—| Peripheral [—|Peripheral
I system [ ccik| ROM [ ] [ ] =
I MCLK NN NS PN PN N I
= h |
I | | =[] [MaB16-BR | J — l
g : .
||msccrul [§ |
|| 16-Bit S |
| & |
EH . | A !
| C MDB 16-Bit Bus MDE 8-Bit > |
| 1 ' ' I
JTAG | I |
ACLK —M B || |
: SMGLK —¥™\watchdog | |Peripheral Peripheral| ™ |Peripheral|  |Peripheral :
I |
L ---------------------------------- J

Fig.7.2: Internal structure of MSP430F449
Key features of M SP430x4xx family includes

o Ultralow-power architecture extends battery llife
= 0.1 mA RAM retention
» 0.8 mA real-time clock mode
= 250 mA/MPS active
o High—performance analog ideal for precision measurement
= 12-bit or 10 bit ADC — 200 ksps, temperature sensor, V



= 12-bit dual DAC

= Comparator-gated timers for measurement

=  Supply voltage supervisor
o 16-bit RISC CPU enables new applications at a fraction of the code size
= Largeregister file eliminates working file bottleneck
Compact core design reduces power consumptions and cost

Optimised for modern high-level programming

Extensive vectored-interrupt capability
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= Only 27 core instructions and seven addressing modes

In-system programmable Flash permits flexible code changes, field
upgrades and data logging
Fig MSP430 architecture

7.1.2 Address Space

The MSP430 consists of 64 kB internal flash memory. Using 16-bit address bus,
65534 (64KB) memory cells can be addressed. The memory cells are 8 bit in size and
possible to address byte wise. The flash memory had two sections. First one is n-
segment main memory and second one is data memory A & B. Both types of memory
sections can be individually deleted. The memory structure is shownin fig. 7.3.

OFFFFh
Interrupt Vector Table
OFFEQOh
OFFDFh
Flash/ROM
0200h J
O1FFh
16-Bit Peripheral Modules
0100h
OFFh _ _
8-Bit Peripheral Modules
010h
0Fh _ _ _
on Special Function Registers

Arccess

Word/Byte

Word/Byte

Word/Bytes

Word

Byts

Byte

Fig.7.3: The address space of the MSP430F449
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7.1.3 On-chip peripheral units

The MSP430 family has different types of peripheral units and interfacing is different
from one version to another.

1. Clock generator

2. SV'S (supply voltage supervisor)
3. Hardware multiplier

4. DMA controller

5. Digital 1/0

6. Watchdog Timer

7. USART periphera interface

8. ADC,DAC

9. LCD controller

10. Timer

Clock generator

The MSP430 family consists of the frequency locked loop (FLL+) hardware, which
supports low system cost and ultralow power consumptions. Three different types of
clock sources LFXT1,DCO and XT2 oscillator can be connected to the MSP to
producelow to high frequencies (ACLK, MCLK, SMCLK) where
ACLK: auxiliary clock: ACLK is produced by LFXT1CLK source. It is32 kHZ
used for individual peripheral modules.
- MCLK: Master clock: it is produced by LFXT1CLK or DCOCKL and it can be
divided by 1,2,4 or 8 within the FLL block. MCLK is used by CPU and system.
- SMCLK: sub-main clock: sub-main clock: it is aso produced by XT2CLK or DCO
and used by individual periphera modules.

SVS (Supply Voltage Supervisor)

It is used to monitor the Avcc supply voltage so that the malfunctioning of software
execution can be avoided.

Hardware multiplier
The hardware multiplier is a peripheral and not a part of MSP430 CPU. It can multiply
with or without 8 bit/16 bit numbers and provides result in 32 bit.

DMA controller
It can transfer data from one memory address to another without intervening CPU. For
example, the DMA controller can move datafrom ADC12 to DAC12.

Digital 1/0

The MSP430F449 has 6 digital 1/0 ports, in which port 1 and port 2 have interrupt
capability. Each port has 8 I/O pins. Every 1/O pin is individually configurable for
input or output direction and each 1/O pin can be individually read or written.
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Watchdog-Timer

The primary function of the waterdog timer module is to perform a controlled system
restart if a software problem occurs. It the selected time interval expires, a system reset
Is generated. It can be achieved by hardware or software.

USART Peripheral Interface
The MSP430 has two universal synchronous/asynchronous receive/transmit (USART)
ports which supports communications with UART, SPI and 1°C peripheral units.

ADC12 and DAC12
The MSP430F449 consists of 12 bit analog to digital and 12 digital to analog
converter. Port 6 can be used for ADC purpose.

LCD-Controller

The MSP430F449 controller has an internal LCD driver. It can directly drives LCD
display by creating the ac segment and common voltage signals automatically. The
MSP430 LCD controller can support static, 2-Mux, 3-Mux and 4-Mux LCDS. The
available pins are SO to S38 for LCD or 7 segment display connection.

7.1.4 Pin configuration

The pins are the most important part of the processor because they stabilize the
communication between external world and processor possible. Six communication
ports (P1-P6) are available and each port has 8 pins. The reason of grouping for 8 pins
as port is that the control functions or signals can be directly stored in a 8 bit register.
To achieve the economic and compact processor, the ports are designed with main
function and extra function. The desired function can be configured by SEL register.
Normally the ports are used as 1/0 pins (PxSEL=0x00). By selecting ‘1’, the second
function of the pin is chosen. It is aso possible to configure pin as an input or outpuit.
The command PxDIR = 0x00 makes all pins as output. If a particular pin is to be
configured as input, for example pin 0, PxDIR=0x01. Another important command is
PxIN = OxFF or PxIN = 0x00.This command enables the related pins to receive data.
A particular pin can be chosen, for example pin 3P3IN=0x03.

To receive and transmit data, two registers are built in MSP430. The IN-register of
individual ports receives input signal and the OUT-register provides output signal
(data). It can give 3.3V aslogic high and can receive max 3.8 V.

Table 7.1 shows once again the complete control register with their functions.

Table 7.1: The configuration of pin for different purpose

Control Register Function Bit=0 (not used) Bit=1(used)

PxIN Input Low-Level at input High-Level at input
PxOUT Output Low-Level at output | High-Level at output
PxDIR Direction Pin asinput Pin as output

DxIFG Interrupt Indicator No interrupt Interrupt

PxIE Interrupt possibility | Pinisnot allowed for | Pinisallowed for
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interrupt service interrupt service
PxIES Interrupt at Interrupt at

Low/High-change High /Low-change
PxSEL Module selection Port selected M odul e sel ected

7.1.5 Power supply for MSP430F449

The microcontroller MSP430 family works on 3.3V. To get the accurate 3.3V, 230V
AC voltage is stepped down to 12 V DC and a voltage regular LM1117T is used. The
power supply circuit is shownin fig. 7.4.

1C1
0 LM117T
{ l"t -ll 1,_lr| -

20O VI + VO +3V3
] =" GND ‘ €22

I
T{} 1pF -l-f;, THF
=

GND
Fig.7.4: The schematic diagram of 3.3 V supply for the MSP430F449

[#5]

-

7.2 Point —Matrix LCD Display

It is necessary to display the desire results properly to know the actions taken by the
microcontroller and to know the outputs. For this purpose, a 4x20 LCD- display unit is
used. This display unit has own controller, which controls the individual matrixes.
Even though the manufacturers are different, LCD displays have moistly same pin
configuration.
The display “LCD204B LFD” from Reichelt (www.reichelt.de) has HD44780
compatibleJS0076B controller to control display. It consists of fix characters known as
as ASCII table in internal ROM. It is also possible to generate user-defined characters.
Thisunit hastotal 14 lines, in which 11 lines are signal lines and rest are control lines.
The important features are

- 4 hit or 8 bit transmission

- ROM for 80 characters

- Internal reset

- 2xKS0076b controller

- Display format for 5x7 points of 5x10 point

The interface between the LCD display and microcontroller is shown in fig 7.6. Pins
16.17 and 31,32 are reserved for background light adjustment and have not been
connected here. The LCD display works on 5V so the voltage regulator 7805 is used.
The microcontroller transmits data with 3.3 V as logic high, which is not suitable for
LCD display. It means this 3.3 V signal must be convertersinto 5 V. It is done through
unidirectional driver IC-SN74LS244 (octal buffer, line driver).




Table 7.2: the pin configuration of the LCD display
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Pin NO. Syvmbaol Level Descriptian
1,17 VSS ov Ground
2,18 VDD 2.0V Supply voltage for logic
3.19 VO Input voltage for LCD
4,20 RS HL H : Data signal. L : Instruction signal
3,21 R'W H/L H : Read mode, L : Write mode
6, 22 E HH-L Enable signal for KS0076
7.23 DBO HL Data bit 0
8.24 DBI1 HL Data bt 1
9,25 DB2 H/'L Data bit 2
10, 26 DB3 HTL Data bit 3
11, 27 DB4 HL Data bit 4
12,28 DB5 HL Data bit 5
13, 29 DBé6 H/L Data bit 6
14, 30 DB7 HL Data bit 7
15 31 A Back light anode
16.3 K = Back light cathode
S ( DRIVER »2
28| Vid ) F KE0063
38| Ve =
L s ; E: 5"{}- L 2160
|- 8
‘ = (e
23] 000 55 LD PANEL
i y T =
wao o7 [ Y]
B3] A (1
w31 « EATKLIGHT
Fig.7.5: The pin configuration of LCD display
MSP430F449 4x20 LCD Display
5V
Port Port
GND
N74L.244
B
u
f
f
e
r

Fig.7.6: Theinterfacing of the LCD display with the MSP430F449
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Characters

—
(B¥]

3 4

6

7

8

9

10

11

12

13

14

16

17

18

19 | 20

First line (H)

00 | 01

02 | 03

05

06

07

08

09

0A

0B

oc

0D

OE

OF

11

12 |1 13

Second line (H)

40 | 41

42 | 43

5
04
4=

45

46

47

48

49

4A

4B

4C

4D

4E

4F

50

51

52 |1 53

Third line (H)

14 | 15

16 | 17

18

19

1A

1B

1C

1D

1E

1IF

20

21

22

23

24

26 | 27

Fourth line (H)

56 | 57

58

59

SA

5B

3C

3D

SE

SF

60

61

62

63

7.3 4x4 matrix keyboard

A simple 4x4 matrix keyboard is constructed to feed inputs to the microcontroller. It
consists of the switches, which have been connected, in matrix form. One complete
port of the microcontroller has been used to connect the keyboard. The schematic
arrangement of keyboard is shown in fig 7.7. The keyboard is connected into port 3in
which 4 lines are set as outputs and 4 lines as input. C code is used to find out the
pressed key. The 12 kQ registers are used to reduce disturbance voltages. The pins of
the microcontroller are very sensitive. The keyboard has numerical numbers from ‘0 to
9, characters (-/+), point (.) curser moving right and left, OK and Del.

o N L
E By
T 1 L L
8 E'\—.‘ G E\—‘ z E i || E
3 E- sy |5EY

Ok

JP1

Fig.7.7:

,[ =]

|E.-|‘E'|

The schematic connection of switches to form 4x4 matrix keyboard

GND

|-_'TN_|'_'|

SELLLLLLL
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7.4 Software simulation in hardware level (embedded
system)

Most of the microcontrollers are programmed with the computer language ‘C'. If the
program is small, not complex and small size memory is available, assembly language
can be used. By using C language, the program is more understandable and easy to
write. It is a structural and modular language. Further advantages of C are
development speed, reliability and reuse capability. It is possible to structure main
program in many small functions. The interfacing between the microcontroller
MSP430x family and the computer is done through development software from IAR
embedded workbench (http://www.iar.com). This software can easily be used in
Microsoft windows.

7.4.1 C code for PV module

The power available from the PV module is determined continuously to manage the
optimal energy dispatch. As explained above irradiation and temperature play main
role in the PV power contribution. As in Simulink, C code for PV module is written
based upon STC. Using two sensors, E and T are captured (measured) and supplied to
the microcontroller. The C-code written for PV module calculates available power
from PV module. To test the behaviour of C code, first it isrun only in ‘C’ compiler
with variable E and T. The C code is given in appendix.

7.4.2 Energy Management Unit in microcontroller

As mentioned above the functionality of EMP is tested in two ways. The behaviour of
EMP is first tested by providing inputs like load in the isolated grid and available
power from PV system through KB. In second option, further hardware is integrated
with microcontroller to capture variable variables.

Keyboard option

In this option, EMP consists of many functions like keyboard, display, energy
management code. In this program al the possible events in the HPS has been written,
like changing PV power, diesel on, diesel off sequences etc. All C codes for keyboard,
display and energy management are given in appendix.

Microcontroller
LCD

Keyboard MSPA30F449 Display




Fig.7.8: The architecture of EMU with the keyboard
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The complete program runs in a loop, the number of loops is user-defined number. As
the program runs initially al variables are initialise to zero. The program requests the
Pioag, Which is to be given the keyboard. When P,,q > O program goes to loop. At the
beginning, when 0 >= P < 100, DGS is off, Pya=0 S0 Pyt = Pe= Pioag- At the end of
the program, P isincreased by 1 and at the beginning P is checked. When P is equal to
10, the diesel genset is turned on and P IS reduced in steps which is user defined
number. This decrement is done until Py <= Pomin. The diesel genset is kept on at this
stage unit P < When P is equal to 50, the diesel turn off signal is generated and P, iS
increased in step fashion, correspondingly Py IS decreased. This process occurs until
Paer beCOmes 0. If somewhere P is less then Pymin, Pover 1S reduced in used defined

step.
Result

The power balance in the system is maintained by the software code downloaded in
the microcontroller. The reference powers generated for different energy systems at
the constant load of 7000 W are shown in fig.7.10.

As the simulation is started, the reference power from the PV system is increased in
sinusoidal function from the point A to the point B. Because of power availability
from the PV system, the reference power for the MHPP is reduced in same function
such that the sum of two reference powers remains always same as to the load. At
point C, the diesel turn-on signal is generated so the reference power for DGS is
increased is slowly in a ramp function; the effect on the MHPP is that its reference
power decreased with same slope. At point D, the reference power of MHPP reaches
to minimum and it remains in this level until the diesel turn-off signal is generated.
The reference power for the diesel genset is reduced slowly in the ramp function. At
the point F, the diesel genset is completely shut down.



114

8000,00 - Power Balance Diagram
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Fig.7.10: The power balance in the system
Sensor integration with microcontroller

In this option, the sensors are used instead of the keyboard to capture the external
inputs. For example, the load in the grid is given as the voltage signal through
potentiometer. The inputs E and T are captured by a photocell and temperature sensor.
As mentioned above, the microcontroller has internal ADC. These signals are analog
voltage. Using ADC, they are converted into equivalent digital voltages and further
converted into appropriate values. For example, ADC provides 4095 decimal value if
input is 2.5V (in case of internal voltage reference). If this signal is to be used as the
available power from the PV system, it is necessary to multiply by 0.73 so that
maximum available power will be 3000W. An op-amp based circuit is developed to
get signa from the water reservoir. Simply two wires are used as sensors. The
interconnection of these sensors with microcontroller is shown in fig. 7.11. The
detailed scheme is give in appendix.

Load
Snsor

Microcontroller LCD
Display

Eand T
Snsor

MSPA30F449

vVVY VY !

Water
Level
Snsor

Fig.7.11: The architecture of EMU with the sensors
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8 Cost-Benefit Analysis —HPS for Nepal

The question of economy plays a very important role in the utilisation of renewable
energy sources. Thisisthe main negative factor which most of the time tries to stop its
application [1]. Even though economically HPS may be expensive than conventional
system, it is very important to promote such system in rural areas of the developing
countries like Nepal. In this chapter, the total cost to develop such HPS-Project, its
KWh cost, its benefit to the society will be analysed.

The implementation of a project starts from the feasibility study to commissioning.
Many steps are to be carried out to make a project successful so that it starts to deliver
power to community. Every step in the implementation requires investment. Such
steps may be

Feasibility study
Design
Transportation
Civil construction
Equipments
Installation
Commission

Noug,rowNE

After commissioning the project, new cost comes in the calculation that is the
operation and maintenance cost of the project. The total investment cost is not only the
investment cost but the sum of the investment cost and O& M cost.

The cost-benefit cost analysis has two parts — financial analysis and economic
analysis. According to the Asian Development Bank [ADB], “for a project to be
economically viable, it must be both financially and economically efficient. If a project
Is not financially sustainable, the economic benefit will be not released. Financial
analysis and economic analysis are therefore two sides of the same coin and
complementary” [2]. These two analyses can be separately expressed as follows.

8.1 Financial analysis

A financial anaysis is usualy undertaken in order to evaluate the cost and benefit
brought about by the project to a person or business [3]. It indicates that the financial
analysisis only related to the investor or business group who invests and confirms all
investment needs and the revenue return from the project though out the life of the
project [4].
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8.2 Economic Analysis

An economic analysis is undertaken in order to access the overall impact of the
projects on the economic welfare of the citizens of the country. Thus, the scope of the
economic analysis is larger than the financial analysis as it assesses a project in the
context of the national economy [2]. In such circumstances, the private groups may not
be interested. The subsidies for its promotion is required, the donors are to be
motivated.

In contest of Nepal, most of the micro hydro projects are supported by the government
subsidises, international donors, community contributions. In such conditions, only
financial analysis will be considered. The total investment cost required to develop
such a project and its revenue return for defined life time is first interest for the
investors, governmental organisation, INGO and communities so that they can confirm
the net subsidy required at the beginning of the project.

8.3 HPS Project — MHPP, PV System, Diesel Genset

As explained above in chapter, the HPS consists of MHPP with a reservoir, PV system
and diesdl genset. Each system has many components. To make the cost-benefit
analysis, all components are to be listed out. Transportation, labour costs etc are to be
determined.

The cost analysis can be made by considering the capital interest or without it. Here
first option is taken because the investment is done through the development agencies
and the investments are done for social development instead of the profit.

In general thetotal cost of the project can be formulated as follows

n (8.1)
Investyy = A, + D A

Where
Investiqa = total investment cost
A, = I nvestment cost
A = O&M cost for each year
So yearly total cost is given by

_ Invest,, 82

Invest =
year n

If every year E, energy is produced from the system, the cost for unit electricity energy
Isgiven by

e - Inverst,,, (8.3)

Ey
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Based upon above method, the cost for individual system and finally total cost for the
project and energy cost will be calculated.

8.3.1 Micro hydro power plant

The cost involved in case of the MHHP can be divided into civil construction,
electrical work, mechanica works, tools, spare parts, transportation cost, and
installation, testing, commissioning and contingency [5]. As an example, the
Khanikhola MHPP is taken.

Table-civil work

Head work (intake/weir/protection)
Gravel trap cum spillway
Headrace canal

Forebay cum distilling basin
Anchor blocks

Support piers

Power house building

Machine foundation

NGO~ wWDNE

The investment cost of the KhanikholaMHPP is Rs. 2,622,600.00. The cost per kW-
installed power is Rs. 147,700.00.
Similarly, the cost of some other projects implemented in Nepal are listed below

Table 8.1: The cost of implemented micro hydro power plantsin Nepal

No. | Project Y ear kwW Cost (Rs) District

1. | DainekholaMHPP | 1998 12 1,481,509.00

2. | Tikhedhunga MHPP | 1997 40 4,977,822.00

3. | ThulokholaMHPP | 2004/05 9 1,421,833.00 | Baglung

4. | Kulkulekhola 2004/05 12 1,792,084.00 | Kavre
MHHP Palanchwok

5. | Surnaya Gud MHHP | 2004/05 10 1,452,264.00 | Baitai

6. Khergum MHHP 2004/05 7 3,405,339.00 | Lamjung

7 Kakanikhola MHPP | 2004/05 18 2,498,268.00 | Okhaldhunga

A suitable project is chosen to make analysis simple. As near to the simulation,
Suryana Gud MHPP of 10 kW installed capacity is chosen. Due to devaluation of NRs,
around 10% cost from total cost is to be added.

Total cost for 10 kW MHPP Rs. 1,452,204.00 + 0.1* 1,452,204.00
Rs. 1,597,490.4

Cost to make areservoir is = Rs. 340,000.00
Total cost for MHPP with areservoir isRs. 1,937,490.40

(€1=Rs.100)
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8.3.2 PV System

The cost of PV system can be calculated by getting cost information of different
components, which need to be assembled together to form a PV system. The lists of
components are

1. PV module

2. Power electronics block (Inverter, Converter)

3. Cables

4. Mechanical Structure

From point of the cost contribution, PV module is the most expensive one. It costs
around 70% of the total cost, after that inverter costs around 10-15% and rest for
cables, mechanical structure, and installation etc.

Approximately, the cost of the PV system is same in worldwide market. The system
costs around $ 4/Wp. So for 4 kWp capacity, the cost of the PV system is around
€11000.00 or Rs. 1,088,000.00

8.3.3 Diesel Genset

As explained above, the diesel genset is required to build areliable isolated grid. The
cost of the diesel genset can be calculated based upon an empirical formula[7].

Diesel genset cost is given by

P . (8.4)
Invest ;. = 345.63exp- 0'039M in €/kW

For 10 kW genset, total cost is € 2340.00. (Rs. 234000.00)
Total cost for the components of HPS is

INvestiqiy cost of MHPP + cost of PV system + cost of diesel genset
Rs. 1,937,490.00 + 1,088,000.00+ 234,000.00

Rs. 3,259,490.00
€47,933.67

Operation and maintenance (O& M) costs

According to ‘ Document of the Word Bank, Project Appraisal Document’, the cost of
system administration, management, O& M of HPS is to be calculated as three percent
of total project cost. In the targeted HPS, only the PV modules are maintenance free
for its lifetime of about 20 years. All other components require like every complex
system, repairs, improvements and regular maintenance work [8]. The lifetime of the
diesel genset can be taken as 10 years.
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The O&M cost includes the cost to run the system for its lifetime. Lifetime is
determined at the beginning of the project. It means the expenses for refuelling,
maintenance of different energy units, overhaul, replacement of components and
administration.

O&M cost of micro hydro

The O&M cost of the MHPP is scaled in the percentage of total investment cost. Itis
considered as around 4% [5]. So the O&M cost is Rs. 58124,70.

O&M of PV system

In case of PV system, the PV modules are not be replaced during its life time. Inverter

IS to be replaced once after 10 years. Other maintenance work is just cleaning of the
PV modulestimeto time. The O&M cost of the PV system can be described as

PVogu = 2. fpVPV,e, (L-1) " in (8
Where
PV oem = O&M cost of PV system
PV iota = Total cost of PV system
fpy = O&M cost factor for PV system
n = project life time

year of calculation
rate of discount

O&M of diesel genset

Lifetime of the diesel genset may vary from 2000 to 4000 operation hours. During this
period, maintenance works for example motor oil change, filter replacement etc are to
be done time to time as mentioned by the manufacturer. The complete engine also may
need to be overhaul. The operation costs include fuel costs, start/stop costs etc. The
O&M cost of diesel genset can be expressed as [ 8]

. fayess Non + Eor -Foi + Ty Ny, PDR+ T E4 (8.6)
Dleselo&M =Z( diesel ' YON Cf Lit (1-?;5; st/sp desel)_l_ Idim
Where
Dieselogm = O&M costs of the diesel genset
Non = number of operating hours of the diesel genset per year
fen = environmental cost factor (€/kWh)
fdiesal = O&M cost factor for the diesel genset (€/h)
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EC = the unit cost of diesel fuel (€/Lit)

F Lit = the consumption of diesel fuel per year (Lit)

Nasi/sp = number of start/stop cycle per year

fssp = the cost factor per start/stop cycle (€/kW/cycle)

Egiess = energy that is annually produced by the diesel engine
(kWh)

Rpl giesat = replacement cost of the diesel generator, if any (€)

The fuel consumption can be calculated according to equation (8.6) mentioned above.
The start/stop cycle cost is assumed to be the fuel cost for 3 minutes of full power [8].

Use of Homer Software

Per kWh cost for this HPS is calculated using the software Homer that has been
developed by NREL. This program provides many combinations of HPS with given
energy converters based upon total project cost in the given lifetime. For the targeted
HPS, the HOMER software has provided 8 options, which is shown in fig. 8.1. Among
these 8 options last 4 options are not possible. Even though the option with 2 kWp PV
system is economic, the 4 kWp PV system is chosen.

iii HOMER - [microhydro_hps.hmr]

' File Wiew Inputs Outputs ‘Window Help

0O = s

Equiprent to cansider Add/Remove... Simulations: 0of 8 Progress:
w Sensitivities: 0 of 1 Status:
Py Sensitivity Results  Optimization Results |
Double click on a spstem below for simulation results.
E,—. ) ﬂ o PY | Hydo | Geni Initial Operating Total COE | Ren |Capacity| Diezel | Genl
Hydra qugﬁa[ﬁ\bﬁddz (k] | (kW] | (k) Capital Cost (S HFC [$/Kwh]| Frac. |Shortage] (L) [hrs]
- 12 kW peak 7? Ca 210 10 $ 36,832 4425 $12533 0118 085 0o 5258 3482
e MFTTn 3 101 100 3983 4279 $125409 0118 086 000 4970 3213
Generator 1 f D o) 4 101 10 $ 42832 4191 $126660 0119 087 0.00 4767 3026
AC yl ";T@:a 1101 10§38 4680 $127425 0120 084 000 5705 3901
Resources Other F oz 4 10 $14.340 10807 $230480 0.226 013 007 1805 B760
ﬂ Solar resource @ E conomics Sl CB 3 10 $11,340 10,971 $230,767 0226 010 007 18485 8760
ﬁ Hod ﬂ o il ol C} 2 10 $8.340 11136 $231.053 0226 007 007 18913 8760
bl o f [ELNR FoEn 10 $5.340 11300 $231.338 0227 003 007 19342 8760
M Diesel ﬁ Emizsions
ﬂ Constraints

Fig. 8.1: The cost analysis of targeted HPSwith different combinations using Homer software

The problem associated with this program is that the reservoir, which is very important
component in the considered HPS, cannot be integrated. The total cost of the project at
the end of the lifetime is $ 126,660 in which the fuel cost contributes alot as shown in
fig. 8.1. To integrate the effect of the reservoir, the energy balance of every month in
the system is calculated and the comparison between the excess energy and the energy
from the diesel genset is calculated. This energy scenario is shown in fig. 8.3. From
this bar graph, it is clear that the diesel genset only needs to be operated for following
months Jan, Feb, Mar, Apr, Dec. Based upon the new energy balance, the actual
energy need from the diesel genset is calculated which is 2748 kWh/year. So, the total
cost of the project will be drastically reduced. The detail analysisis given in appendix
C.
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Fig. 8.2: Energy production scenario in the micro hydro based HPS without the reservoir
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9 Conclusion

This research work has mainly concentrated on the development of a hybrid power
system and its energy management unit, which guides the individua energy
conversion units in such a way that the maximum renewable energy will be utilised to
fulfil the load demand as much as possible in priority based as mentioned below.

- Utilisation of solar energy
- Utilisation of water energy
- Utilisation of diesel energy

This research work has been carried out in two parts. The first part is oriented in the
development of the mathematical model of HPS, its integration process and EMU
using Matlab/Simulink software environment. The second part is oriented in the
implementation of EMU in hardware level. Embedded system has been used to
achieve thistarget.

In this research work, a micro-hydro power plant plays main role in terms of the grid
formation. It means the grid variables “frequency and voltage” have been formed by
the synchronous generator associated in MHPP. PV system and MHPP replenish weak
points of each other. Another important change in the layout of HPS is that a water
reservoir has been used as an energy storage unit instead of a battery bank. To make
the system functional at all the time, a DGS has been integrated. This type of HPS has
been developed for the hilly countries where small rivers are available, the sun shines
most of the time and loads are quite far from the available grid for example Nepal.

In the first part of the work, the detail modelling of all possible energy convertersis
carried out. The development of models using respective mathematical equations can
be much close to the real system in terms of their behaviours. The synthetic wind
velocity profiles, solar irradiation profiles, water flow profiles, charging-discharging
current profiles are used to visualise the models characteristics. The parameters are
obtained from manufacture’'s data, lab measurement etc. The behaviour of the
individual modelsis verified by comparing the results of the simulation models to the
measurement results.

A new concept of energy management has been developed to integrate all above-
mentioned energy conversion units in the best optimal way in terms of energy
utilisation. This concept has been implemented by measuring the isolated grid
frequency and comparing it with reference frequency, the total required power is
predetermined. It is divided for three connected energy conversion units based upon
the water level, irradiation, and temperature etc conditions and it supplies the optimal
energy dispatch. This model has been simulated with different loading, meteorol ogical
and water level conditionsto test all the system functionality.

The results show that the complete integration method and the newly developed
energy management unit are functional. A variable load pattern, which is constructed
based upon daily load nature in rural areas, has been fed into the model as input. EMU
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has guided each energy conversion unit in such away that the demand power has been
supplied and maximum renewable power has been utilised. The starting and stopping
of the diesdl genset, which based upon the water level in the reservoir and loading
condition has been done.

The second part of the research work is carried out to develop the hardware of EMU
based upon the simulation model. For this purpose a microcontroller M SP430F449 and
C language are chosen. The necessary circuits like the water level sensor, the
irradiation and temperature sensor, and user-interfacing keyboard are constructed. The
functional code of the EMU is written in the computer language C. The functionality
of EMU is tested by two programs in which first one is the loop method and second
oneisthe sensor method. In first option, the programisrun is fix number of loops that
is defined by the user. The possible events in areal HPS like variable generation from
the PV system, the diesel genset turn-on and off, load variation etc are created in the
different points of simulation. The developed hardware EMU maintains the load-
power equilibrium for all events. In second option, the sensors are integrated to
calculate the available power from the PV system and to get the signal for the diesel
genset turn-on and off. The power generation from MHPP changes corresponding to
the change in the irradiation level or water level etc. The new approach of integration
and its hardware implementation clearly shows that the developed system can be
applied to build a compact, economic, reliable real HPS.

Further works

The developed EMU provides the reference powers for different energy convertersin
digital forms. They are displayed in the LCD display. These digital values are to be
converted into equivalent analogue signals such that they could be sent to red
converter units. Next steps of work to be carried out can be mentioned as follows

1. Development of Pl controllers for different purposes for example virtual load
determination in the isolated grid

2. Development of further hardware to get reference powers from EMU in form of
analogue signals

3. Arrangement of prototype HPS in the lab to test the functionality of EMU.
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Nomenclature

active power droop factor, rotor cross sectional area (m?)
investment cost

O&M cost for each year

initial AHD of the battery (Ah)

ampere hour remaining in the battery (Ah)

nominal ampere hour of the battery (Ah)

ampere hour to be discharged (Ah)

reactive power droop factor

capacitor connected across asynchronous generator (F)
DC link capacitor used in PV system (F)

unit conversion factor

performance coefficient of rotor blades

voltage dependent constant in the battery

fit parameter for battery model
operation and maintenance cost for diesel genset

solar irradiation (W/m?)

charge of an electron [e=1.6*10-19 Ag]

energy of one photo for given wave length (eV)
new irradiation (W/m?)

STC irradiation (W/m?)

annual energy production by diesel genset (kW)
cost of unit electrical energy

yearly energy production (kWh)

grid frequency (Hz)

reference frequency (Hz)

no load frequency (Hz)

cost of the fuel (€/Lit)

yearly fuel consumption by diesel genset (Lit)
cost for per start and stop of diesel genset (€/st)
environmental cost fact (€)

O&M cost factor for diesel genset (€)

O&M cost factor for PV system (€)

plank constant (6.6260755* 10-34 Js)
gross heating value of the fuel (kJ/kg)
indicated thermal efficiency
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I rec

| recmax
I mpp

| SC_new
Ipc
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d-axis current of SG (A)

field current of SG (A)

load current of SG (A)

g-axis current of SG (A)

Useful PV cell current (A)

photo cell current (A)

diode current in PV cdll (A)

PV cell short circuit current (A)

d axis stator current of ASG (A)

d axisrotor current of ASG (A)

g axis stator current of ASG (A)

g axisrotor current of ASG (A)
saturation current of PV cell (A)
capacitive current from capacitor (A)
magnetising current of asynchronous generator (A)
reactive current demanded by (A)
maximum reactive current demanded by asynchronous generator (A)
maximum power point current of PV cell (A)
new short Circuit current of PV cell (A)

DC current in the field winding of SG(A)
Capacitor current (A)

magnetisation current of ASG (A)
reactive current of ASG (A)

active current of ASG (A)

main reaction current in the battery (A)
useful current from or to the battery (A)
gassing current of the battery (A)

gassing current at no load condition (A)
total investment cost of the HPS (A)
yearly total investment cost (A)
investment cost of the diesel genset (A)

moment of inertia of whole system (Kgm?)

Boltzmann’s constant (8.65* 105 eV/K)

Stator inductance of ASG (H)

rotor inductance of ASG (H)

main inductance of asynchronous generator (H)

d-axis stator inductance of SG (H)

g-axis stator inductance of SG (H)

field inductance of SG (H)

mutual inductance between field and d-axis winding (H)

fuel consumption by diesel genset (Lit/h)



engine speed (rpm)

number of operating hours of diesel genset per year
number of start/stop cycle of diesel genset per year
lifetime of HPS in years

no of pole pairs

reference power for MHPP (W)

reference power for PV system (W)
reference power for diesel genset (W)
actua power from MHPP (W)

actual power from PV system (W)

actual power from diesel system (W)
minimum reference power for MHPP (W)
active load (W)

friction mean effective pressure (W)
determined active load (W)

available power from PV system (W)
operation and maintenance cost for PV system (W)
total investment cost for PV system (W)
diesel engine rated power (W)

power available from WTG (W)

reactive load (VATr)

water flow into WR (Lit/s)

water flow into the turbine (Lit/s)
water flow in theriver (Lit/s)

the low heat value of the fuel (kWh/I)

stator resistance of SG (Ohm)

Stator resistance of ASG (Ohm)

rotor resistance of ASG (Ohm)

field winding resistance of SG (Ohm)
replacement cost of diesel genset (€)

state of charge of battery

initial SOC of the battery

specific gravity of the battery

SG of the battery at fully charged condition
SG of the battery at fully discharged condition
apparent power of ASG (VA)

temperature (K)

PV cell temperature (K)

new temperature (K)

STC temperature of PV cell (K)
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Ty torque produced by diesel engine (Nm)
Te electrical torque (Nm)

T: mechanical torque (Nm)

Tow 3 phase to 2 phase transformation matrix
Vv

Vpa battery terminal voltage (V)

Ve engine displacement (Lit)

V grid grid voltage (V)

Vet reference voltage (V)

Vo line voltage (V)

V4 d-axis voltage (V)

Vop optimal voltage for PV system (V)

Vq g-axis voltage (V)

Vi No load voltage (V)

Vies residual voltage of asynchronous generator (V)
V mpp maximum power point voltage of PV cdll (V)
Voc open circuit voltage of PV cell (V)

Voc sc STC open circuit voltage of PV cdll (V)
v wind velocity (ms™)

Vaq g axis stator voltage of ASG ((V)

Va daxis stator voltage of ASG (V)

Vbe DC voltage applied to the field winding of SG (V)
w

Wido water level diesel on (m)

WLA water level actual (m)

WLU upper water level (m)

WLL lower water level (m)

Greek Letters

a current coefficient of PV cell

B voltage coefficient of PV cell

y correlation factor of PV cell

) torque angle (power angle)

A tip speed ratio

No efficiency of diesel genset

Wy d-axis flux linkage

Wq g-axis flux linkage

P d axis rotor flux linkage of ASG

¢ power factor angle

War daxis stator flux linkage of ASG

PYq g axis stator flux linkage of ASG

qJ'qz g axisrotor flux linkage of ASG

) angular velocity of the generator

v wavelength of theirradiation
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Appendixes

Appendix A
1. Microcontroller M SP430F449 based hardware circuit
2. The PCB development based upon the hardware circuit
3. The water reservoir water level measurement circuit
4. The PCB of the reservoir water level measurement circuit

Appendix B
1. The C code software program for the sensor based energy management option

Appendix C
1. The average monthly solar irradiation data (kWh/m?-day) from a village of
Nepal
2. The average monthly water flow data (L/s) from avillage of Nepal

Appendix D
1. The detailed cost calculation of the targeted HPS using Homer software from
NREL
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2. The PCB development based upon the hardware circuit
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4. The PCB of the reservoir water level measurement circuit
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Appendix B

1.The C code software program for the sensor based energy management option

[**** HPS Eenergy Manegement Unit****/

/***** RBJeSh Sa”u *****/
[** Universitat Kassel **/
/****** 06062007 ******/

#include <stdio.h>
#include <stdlib.h>
#include <msp430x44x.h>
#include <string.h>
#include <math.h>

# define Pl 3.14159

# define P_MPP_STC 34
#definel_MPP_STC 2.95
#definel_SC STC 3.25
#defineV_MMP_STC 34

# defineV_SC STC 42

# define ALPHA 0.0001/3.25
# define BETA -0.004

# define E_STC 1000
#define T_SC_STC 298.15

void LCDInit(void);
void LCDClock(void);

void LCDClear(void);

void LCDWrite(void);

void Tastatur(void);

void LCDoutchar(char array);

void LCDoutstring(char *array);

void wait(unsigned int x);

void Display(void);

/* Maximum Power [W] */
[* MPP current [A] */

/* Short Circuit Current [A]  */
/* MPP voltage [V] */

/* Open circuit voltage [V]  */
/* Alpha */

/* Beta */

[* Irradiation */

[* Temperatur [K=273.15+25]  */

void Ausgabe(char *text00, char *text01, char *text02, char *text03, char *text04);

void MemorySet(void);

/I globale Definitionen
char string[10];

int kontrolle=1;

int i=0;

float zahl;

char *string00={ "Please Press Key"};

char *string01={"Pmref ="};
char *string02={ "Ppvref="};
char *string03={ "Pdref ="};

char *string04={ "Ptotal="};

char output00[8];

char output01[8];

char output02[8];

char output03[8];

char output04[8];
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int main(void)

{
WDTCTL=WDTPW+WDTHOLD;
P1DIR=0xCO;

P2DIR=0xFF;
P3DIR=0x0F;
PADIR=0xFF;
P5DIR=0x00;

/Il Ports as General Purpose I/O

P1SEL=0x00;

P2SEL=0x00;

P3SEL=0x00;

P5SEL=0x00;

PASEL =0x00;

P10OUT=0x00;
P20UT=0x00;
P4A0OUT=0x00;
P6SEL =0x0F;

P1IE =0x00;

float Ppvref;

float Pload,Ptotal;

float Pdref=0;

float Pmmin=400;

float Pmref;

char *text={"-ENERGY MANAGEMENT-"};

float V_mpp_new;

float |_pv_new, Ipvav,l_sc new,V_oc_new;
float Ppvav,gamma,lo;

float E_new;

float T_new;

intn_s=7, n_p=5;

/I Use of ADC available in M SP430F449
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/I Watchdogtimer turn off
// P1.6 und P1.7 as output
I Port 2 as output
/I P3.0 to P3.3 as output und P3.4 to P3.7 asinput
// Port 4 as output for 8 data bit display
/[ Port 5 as inputs

/I LEDs
/l'initialisation of E, RS and R/W aslow level

/[ Turn off Interrupts

/I'n_sand n_p =no. of PV modulesin series and parallel

ADC12CTLO=ADC120N+SHTO_0+M SC+REFON+REF2_5V;

/I ADC12 turn on, n=1, activate the reference of 2,5V

ADCI12CTL1=SHP+CONSEQ 1,
ADCI12MCTLO=SREF_1+INCH_O0;
ADCI2MCTL1=SREF_1+INCH_1,
ADC12MCTL2=SREF_1+INCH_2+EOS;
ADCI12CTLO]FENC;

ADC12MEM 0=0x0000;

ADC12MEM 1=0x0000;
ADC12MEM 2=0x0000;

LCDInit();
wait(1000);

L CDoutstring(text);
PAOUT=0xCO0;
LCDClock();

L CDoutstring(string00);

while(1)

/I Use SHP

/I Use of first conversion register for first chanel

/I Use of second conversion register for second chanel
/I Use of third conversion register for third chanel

/I activate conversion

/I Initialisation of 16 bit internal memories to zero

/lInitiliasierung mit BF Check
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{
if(PSIN & 0x80)

goto start;
P1OUT=0xAOQ;
}
Start:
/I Calculation of available power from PV system

while(1)
{

ADC12CTLO]FADC12SC;
wait(10000);
Pload=ADC12MEMO0*2.5;
E_new=ADC12MEM1*0.3-432;
T_new=ADC12MEM2*0.0788;

if(ADC12MEM 1<=0x7FF)
P1OUT=0x80;

else

P1OUT=0x40;

|_sc new=l_SC_STC*(E_new/E_STC)*(1+ALPHA*(T_new-T_SC STC));

U _oc new=U_SC STC*(1-BETA*(T_new-T_SC_STC));
U_mpp_new=U_oc_new*0.8;

gamma=(U_MMP_STC-U_SC STC)/(U_SC_STC*log(1-(I_MPP_STC/I_SC STQ)));
lo=(1_SC _STC-I_MPP_STC)*exp(-U_MMP_STC/(gamma*U_SC_STC));

| _pv_new=l_sc_new-lo* (exp((U_mpp_new)/(gamma*U_oc_new))-1);
Ipvav=Il_pv_new*n_p;

Ppvav=U_mpp_new*n_s*lpvav;
Ppvref=Ppvav;

/I Calculation of reference power for the MHPP, Diesel geset

Pmref=Pload-Ppvref-Pdref;
Pdref=Pdref;
if(Pmref<Pmmin)

Pmref=Pmmin;
Ptotal=Pmref+Ppvref+Pdref;
Display();

sprintf(output04, "%7.1f", Ptotal);

sprintf(output0l, "%7.1f", Pmref);
sprintf(output02, "%7.1f", Ppvref);
sprintf(output03, "%7.1f", Pdref);

Ausgabe(output00, output01, output02, output03, outputO4);

MemorySet();
if(P5IN & 0x08) /I Checking the diesel genset turn-on signal
P1OUT=0x40; // Putting red LED on

if (Pmref>Pmmin)

Pdref=Pdref+100; /I Starting of diesel genset and incresing power
Pmref=Pload-Ppvref-Pdref;

}
if(Pmref==Pmmin)

Pmref=Pmref;



Pdref=Pload-Ppvref-Pmmin;
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}
}
if (P5IN & 0x04) /I Checking the diesel genset turn-off siganl
{
P1OUT=0xAO0; /I Putting yello LED off
if(Pdref>0)
{
Pmref=Pmref+100;
Pdref=(Pload-Ppvref)-Pmref; /I Decreasing the power from the diesel genset
}
if(Pdref<0)
Pdref=0;
}
}
}
Il
void Display(void)
{
PAOUT=0x80;
LCDClock();
L CDoutstring(string04); // Pload
P40OUT=0xCQ; /1 2. Row
LCDClock();
L CDoutstring(string01); /I Pmref
PAOUT=0x94; /I 3. Row
LCDClock();
L CDoutstring(string02); Il Ppvref
PAOUT=0xD4; /I 4. Row
LCDClock();
L CDoutstring(string03); [ Pdref

}

I

void Ausgabe(char *text00, char *text01, char *text02, char *text03, char *text04)

{

char *einheit={" W "};

PAOUT=0x87;
LCDClock();

L CDoutstring(text04);
L CDoutstring(einheit);
PAOUT=0xC7;
LCDClock();

L CDoutstring(text01);
L CDoutstring(einheit);
PAOUT=0x9B;
LCDClock();

L CDoutstring(text02);
L CDoutstring(einheit);
PAOUT=0xDB;
LCDClock();

L CDoutstring(text03);
L CDoutstring(einheit);

I

//' 1. Row 8. Column
/I Display: Pload

/1 2. Row 8. Column
/I Dispaly: Pmref

/1 3. Row 8. Coulmn
/I Dispaly: Ppvref
/14. Row 8. Column

/I Dispaly: Pdref




void MemorySet(void)

{
memset(output01, O, 8);
memset(output02, 0, 8);
memset(output03, 0, 8);
memset(output04, 0, 8);

}

1

/I Over write die Array with "0"

void LCDoutchar(char array)
{
PAOUT=array;
LCDWrite();
wait(300);
}

1
void LCDoutstring(char *array)
while (*array !'=0)

L CDoutchar(*array++);

}

I

void LCDInit(void)

{
wait(1000);
PAOUT=0x3F;
LCDClock();
wait(1750);
PAOUT=0x3F;
LCDClock();
wait(500);
PAOUT=0x3F;
LCDClock();
PAOUT=0x3B;
LCDClock();
PAOUT=0x0F;
LCDClock();
PAOUT=0x01;
LCDClock();
PA0OUT=0x06;
LCDClock();

}

Il
void LCDClock(void)

wait(550);
P20UT=0x04;
wait(550);
P20UT=0x00;
wait(550);

}

// Display counter

/I E-Bit first make high

/I and now make low

I
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void wait(unsigned int x)
{

unsigned int g;

for(g=0; g<x; g++);
}

1
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/I Wait loop

void LCDClear(void)

{
P40UT=0x01;
LCDClock();
wait(1000);

}

I

/I Display delete

void LCDWrite(void)

wait(850);
P20UT=0x05;
wait(850);
P20UT=0x00;
wait(850);

}

void Tastatur(void)

P30UT=0x01;
if(P3IN & 0x10)

if(kontrolle==2)
{
i=0;
kontrolle=1,

}

P1OUT=0xCQ;
PAOUT=0x31;
LCDWrite();

string[i]="1";
i++;

wait(60000);

}

else
P1OUT=0x00;

if(P3IN & 0x20)

if(kontrolle==2)
{
i=0;
kontrolle=1;

}

P1OUT=0xCQ;
PAOUT=0x32;
LCDWrite();

string[i]="2";
i++;

/I Display write

/I RS & E activate

/' 1. Row of "1"

/I 1. column

I Key "1"

/I 2. Column

Il Key "2"
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wait(60000);

}

else
P1OUT=0x00;

if(P3IN & 0x40) /I 3. Column

if(kontrolle==2)
{
i=0;
kontrolle=1;

}

P1OUT=0xCQO;
P40OUT=0x33; Il Key "3"
LCDWrite();

string[i]='3';
i++;
wait(60000);

}

else
P1OUT=0x00;

if(P3IN & 0x80) /I 4.Coulmn

if (kontrolle==2)
{
i=0;
kontrolle=1;

}

P1OUT=0xCO;
P4OUT=0x34; Il key "4"
LCDWrite():;

string[i]='4";
i++;
wait(60000);

}

else
P10OUT=0x00;

P30UT=0x00; /I 1. Row of "0"
//******************************************************************************

P30UT=0x02; /I 2. Row of "1"

if(P3IN & 0x10) // 1. Coulmn

if (kontrolle==2)
{
i=0;
kontrolle=1;

}

P1OUT=0xCQO;
PAOUT=0x35; I Key "5"
LCDWrite();

string[i]='5";
i++;
wait(60000);



else
P1OUT=0x00;

if(P3IN & 0x20)

if (kontrolle==2)

{
i=0;
kontrolle=1;

}

P1OUT=0xCQ;
PAOUT=0x36;
LCDWrite();

string[i]='6";
i++;
wait(60000);

}

else
P10OUT=0x00;

if(P3IN & 0x40)

if (kontrolle==2)

{
i=0;
kontrolle=1;

}

P1OUT=0xCQO;
PAOUT=0x37,;
LCDWrite();

string[i]="7";
i++;
wait(60000);

}

else
P10OUT=0x00;

if(P3IN & 0x80)

if (kontrolle==2)

{
i=0;
kontrolle=1;

}

P1OUT=0xCQ;
PAOUT=0x38;
LCDWrite();

string[i]='8';
i++;
wait(60000);

}

else
P1OUT=0x00;

P30UT=0x00;

/I 2. Column

/l Key "6"

/I 3. Column

Il Key "7"

/I 4. Column

Il Key "8"

/I 2. Row of "0"

//******************************************************************************
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P30UT=0x04;

if(P3IN & 0x10)

if (kontrolle==2)

{
i=0;
kontrolle=1;

}

PLOUT=0xCO;
P4OUT=0x39:
LCDWrite();

string[i]='9;
i++:
wait(60000);

}

else
P10OUT=0x00;

if(P3IN & 0x20)

if (kontrolle==2)

{
i=0;
kontrolle=1;

}

P1OUT=0xCQ0;
PA0OUT=0x30;
LCDWrite();

string[i]='0";
i++;
wait(60000);

}

else
P1OUT=0x00;

if(P3IN & 0x40)

if (kontrolle==2)

{
i=0;
kontrolle=1;

}

P1OUT=0xCQO;
PAOUT=0x2D;
LCDWrite();

string[i]="-";
i++;
wait(60000);

}

else
P10OUT=0x00;

if(P3IN & 0x80)

if (kontrolle==2)

{

/I 3. Row of "1"
/I 1. Column

Il Key "9"

/I 2. Column

I Key "0"

/I 3. Column

/l Key "

/I 4. Column
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i=0;
kontrolle=1;

}

P1OUT=0xCQ;
PAOUT=0x2E;
LCDWrite();

string[i]="";
i++;
wait(60000);

}

else
P1OUT=0x00;
P30UT=0x00;

/l Key "."

/I 3. Row of "0"

”******************************************************************************

P30UT=0x08;
if(P3IN & 0x10)

P1OUT=0x80;
PAOUT=0x10;
LCDClock();
string[i--];
wait(60000);

}

else
P1OUT=0x00;

if(P3IN & 0x20)
{

P1OUT=0xCQO;
LCDClear();
[*Convert();*/
wait(6000);
}
else
P1OUT=0x00;

if(P3IN & 0x40)

{

P1OUT=0x40;
PAOUT=0x20;
L CDWrite();
wait(60000);

}

else
P1OUT=0x00;

if(P3IN & 0x80)

P10OUT=0x80;
P40UT=0x14;
LCDClock();
wait(60000);

}

else
P10OUT=0x00;
P30UT=0x00;

/I 4. Row of "1"
/I 1. Column

<"

/I 2. Column OK - key

/I 3. Column DEL -key

/I 4. Column

/->"

/4. Row of "0"

”******************************************************************************

}

145



Appendix C

146

1.The average monthly solar irradiation data (KWh/m?-day) from a village of Nepal
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2. The average monthly water flow data (L/s) from avillage of Nepal
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1. The detailed cost calculation of the targeted HPS using Homer software from NREL

System Report - microhydro_hps.hmr
System architecture

PV Array: 4 kW
Hydro: 10.1 kW
Generator 1. 10 kW
Cost summary
Total net present cost: $ 126,660
Levelized cost of energy: 0.119 $/kWh
Cost breakdown
o Initial Capital Annualized Capital [Annualized Replacement [Annual O&M |Annual Fuel Total Annualized
[£3] (Bhety (B (B (B (Biyrd
P Array 12,000 B00 1] 200 0 2800
Hydra 28,492 1,424 1] 1,139 0 2564
Generator 1 2,340 17 166 303 2,384 29649
Totals 42832 2142 166 1,642 2,384 £,333
Annual electric energy Annual electric energy Variable Vaue Units
productlon consumptl on Variable Value |Units
Component Production [Fraction Load Consumption [Fraction Renewable fraction: | 0.867
(L 177 (KT Excess electricity, 17,283 [kwihir
P array 6,865 10% " B
T — 54334 — AC prirnary load 53,292 100% Unmet.lnad. 0 (kK hiyr
Generator 1 9385 13% LEie] 53.292] 100%| | |Capacity shortage: 88 [kithiyr
Total 70,564 100%
PV System Micro Hydro Power | Diesel Genset
Plant
Variable Malue |Units \fariable Value |Units Variable alue | Units
Average output: 18.8 [Khrhid Average output; B.20 |k Hours of operation: 3,026 |hrtyr
Minimurm output: 0.00 [k Minirnurm output: 3.20 |k Mumber of starts: 37T |startsiyr
Meaxdmurm output. | 4.42)k Maximurm output: | 946 ki Operational life; 8.26 [vr
inlarper}etrtatl?n: 1;2 : Hydro pensetration: | 102 % Average electrical output: 310 ki
apacity fac ar = Capacity factor: 61.3 % Minirmum electrical output | 0.00 [k
Hours of aperation: [ 4,380 |hrr — - -
Hours af operation: | 8,760 [hriyr Maxirmurn electrical output. | 9.75 (ke
Annual fuel consumption: |4, 787 [Lhyr
Specific fuel consumption:  |0.508 [LkWh
Average electrical efficiency: | 20.0 (%
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The calculation of actual energy need from the diesel genset is shown in below in the

table.

Date Genset (kWh) |Excess Energy (kwh) |Difference (kWh) [Diesel Operation (kWh)
Jan 07 1022,78 771,848 250,93 244,311
Feb 07 1040,10 450,75 589,35 589,348
Mrz 07 1600,95 134,09 1466,86 1466,857,
Apr 07, 903,39 805,457 97,93 99,788
Mai 07 447,623 2146,089 -1698,47 0
Jun 07 359,269 2454368 -2095,10 0

Jul 07 246,98 3193,89 -2946,91 0
Aug 07, 255,169 3117,379 -2862,21 0
Sep 07 655,256 1471,764 -816,51 0
Okt 07 904,773 1164,445 -259,67 0
Nov 07 905,271 901,766 3,51 7,255
Dez 07 1043,614 681,176 362,44 341,172

9385,17 17293,022) -7907,852 2748,731

The fuel consumption for 2748 kWh = 1401 L/yr

The cost of the fuel per year = $ 700 /yr

Total fuel cost for 20 year = $ 14000/yr

Correspondingly the number of starts will also be reduced. So the total project cost at
the end of the project is $ 126,660.00 — 47,671.00 + 14,000.00 = $ 92,898.00
Even though the power production from the diesel genset is reduced to 2748
kWh/year, the excess energy (70,584 — 9,385 — 2784 — 53292 = 10,691 kWh) is
available. It means the load can be increased so that all energy could be used. If all
produced energy is used, the new COE will be reduced as follows,

Total cost of the HPS
Cos of the HPS/yr

Annual energy consumption

The new COE

$92,898.00
$4,644.90
63983 kWh/yr
$0.0725/kWh





