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ABSTRACT

This thesis investigates the suitability to usedyiower installations, equipped with variable
speed wind turbines with power electronic inter&ader power system frequency control by
studying the active power output response to agdam network frequency. The result is
later compared to the frequency response of comraitgenerators (hydro, gas turbine and
thermal power plant) that are mainly used for prynand secondary frequency control. In
this thesis a market available multi-MW variableesp wind turbine is investigated. It is
found that wind energy can be used as an excelentce for compensating frequency
deviation.

Characteristic curves (Turbine Valve/Gate, MechanRower & Speed deviation,) of Hydro,
Steam, and Thermal power model are varied condiiereith specified load. The relation
between Gate/valve (water/steam input) and Mechapmower (output) of the dynamic model
is very significant because it adjusts the openatibGovernor Action. Here in Hydro, Steam,
and Thermal power model, we focus on to find oet rissponse between input (gate/valve)
and out put (Speed deviation & Mechanical powethwarying step load (5 to 10 percent).
We compared the wind power characteristics (Elemitrpower) with characteristics of
Conventional power (Hydro, Thermal & Steam) plagtibcreasing the load of the power
system which will in return increase the demandh# system and create corresponding
variation in the system frequency,; According tar@ry frequency control (Local automatic
control which delivers reserve power in oppositiom any frequency change), the
conventional power plant takes time (the Rise tand Settling time in case of Mechanical
power is 04-25 seand 20-68 sec respectively to stabilize the system regab% load
disturbance) to meet the increased power demanebthéalancing the system frequency.

In this thesis, we suggest to use the wind energgeet the raised power and to stabilize the
system frequency, during this transition time; Hesed energy is run in de-rated power (5-
10% lower from its rated power). When the demanthdéseased, conventional power plant
takes time to meet the demand and consequentlydrey of the system fluctuate causing
imbalance; at that time we increase the Electpcaver output of wind Energy from derated
to its rated value to meet the demand and to &ealithe frequency of the system. For which
we found the Rise time and settling time of thedmMarbine to be 03 sec — 09 sec and 08 sec
—38 sec respectively.

So, Wind energy can be used as a limited ancitlespurce to meet the load demand as well
as active power control in power systems.



Acknowledgements

This thesis work was performed at the Departmerilettric Power Engineering, Chalmers
University of Technology.

We would like to thank Mr. Nayeem Ullah, Supervisod Dr. Torbjorn Thiringer, Examiner
for their valuable guidance, encouragement for waordt to Mr. Daniel Karlson. Also thanks
to Miss. Aleksandra Adrich, Miss. Rita Wikander a@dmilla Wristel, Katrine Larsen, Eva
Jernstrom, Javeria Rizvi Kabani from Swedish logtitfor providing the financial support to
Mohammad Bhuiyan from Swedish Institute (SI) asv{P Scholarship holder for the entire
period. We would like to thank Dr. Ola Carlson and Robert Karlsson from Chalmers
Technical Univrsity for their care and nice hosiiya

We would also like to thank and appreciate the vairkls. Valborg elkman, Mr. Jan olov for
providing IT facilities and all staffs of electrgpwer engineering for their kind co-operation
throughout our study period.

The authors like to express their warm gratitud®itoTuan A. Le, Dr. Stainslaw Gubanski,
Dr. Yuriy Serdyuk, Dr. Jorgen Blennow, Dr. Sonjandunark for giving a class education
during the program period.

We would like to thank their family and friends filveir support and guidance through out the
study in Chalmers.



Table of Contents

Abstract

Acknowledgement

Table of contents

List of symbols & abbreviations

1. INTRODUCTION

1.1 INTRODUCTION

1.2 AIM of our work

1.3 Problem background

1.4 Frequency control requirements

1.5 Frequency requirements under normal conditions
1.6 Importance of Wind Energy

1.7 Researches related to Frequency Control of wirizines
1.8 Suggestions from our thesis

2. STEAM POWER PLANT
2.1 Steam turbines
2.1.1 Tandem-compound
2.1.2 Cross-compound
2.2 Turbine sections
2.3 Nuclear turbine units
2.4 Modeling of steam turbines
2.4.1 Transfer function
2.5 Governor-Turbine Model
2.5.1 Governor Model
2.5.2 Time response
2.5.3 Controlling Power Output of generatingt
2.6 Turbine model — Reheat type
2.6.9 Results
2.6.9.1 Varying 5% load
2.6.9.2 Varying 10% load
2.7 Turbine Model — Non-Reheat type
2.7.1 Results
2.7.1.1 Varying 5% load
2.7.1.2 Varying 10% load

2.8 Comparison between Reheat and Non-reheat stehimes

2.9 Comparison between 5% and 10% step load

04
05
06
09

12
12
14
14
14
16
16
17
17

18
18
19
19
24
24
25
25
27
27
28
28
29
32
32
35
38
38
39
41
44



3. HYDRO POWER PLANT
3.1 Introduction
3.2.1 Hydro Power Model
3.2.2 Model for simulation studies
3.3 Basic Plant Equation
3.4.1 Simulink Model
3.4.2 Transient Droop Compensator (TDC)
3.4.3. Stability performance without and with TDZ Kyquist plot
3.5 Characteristic study by varying load
3.5.1 Varying load-5%
3.5.2 Varying load-10%
3.6.1 Non-minimum phase systems of Hydro
3.6.2 Minimum phase response of steam power plant

4. Thermal Power Systems
4.1 Introduction
4.2 Plant Description
4.2.1 Primary Fuel Component
4.2.2 Steam Production and Utilizatmmponent
4.2.3 Condensate and Feed water compone
4.3 Control system
4.4 Modeling of Thermal power plant
4.5 Governor — Turbine Model
4.5.1 Governor Model
4.5.2 Turbine Model — Reheat Type
4.5.3 Turbine Model — Non-Reheat Type
4.5.4 Comparison of Reheat and Nonedetype of Thermal Turbines

5. Cost of frequency Control and Spinning Reserves
5.1 Types of Frequency Control

5.2 Primary Frequency Control

5.3 Cost of frequency control

5.4 Cost — model for Tertiary Control
5.5 Spinning Reserves

5.6 Allocation of Spinning Reserves

5.7 Choice of Power Plants
5.8 Spinning Reserve and Load Shedding

6. Wind Power
6.1 Introduction
6.2 Formation of moving Wind

48
48
59
50
54
55
56
60
63
63
65
69

74
74
75
75
76
78
78
80
80
81
81

95

97
97

98
99
102
104
105

105
106

107
107
108



6.3 General Wind Turbine Model
6.4 Power curve

6.5 Power equation of wind turbine
6.6 Power control of wind turbines
6.7 Wind turbine topology

6.8 Model study of GE Wind turbine

7. Comparison
7.1 Operation of GE-3.6 MW Wind Turbine

7.1.1 With Pitch Control
7.1.2 Without Pitch Control
7.2 Turbine responses of the conventional Powert pla

7.3 Comparison of Turbine responses of ConventiBoater unit with Wind
Energy
7.4 Statement of the comparison

7.5 Comparing the output power of Hydro Power &i&-3.6 MW WT
7.6 Comparing the output power of Steam Power GiEi3.6 MW WT
7.7 Comparing the output power of Thermal PowehWE-3.6 MW WT

8. Results and Conclusion
8.1 Results

8.2 Conclusion

Appendix
References

109
111
112
117
119
123

131
131

132
136
141
144

145
146
147
148

149
149
151

152
164



List of Symbols & Abbreviations:

Hydro Power Unit

Symbols

U Velocity of water

Hyg Hydraulic head at Gate/Valve

G Gate position

Ky Proportionality constant for flow equation
Pm Turbine mechanical output power

n Turbine efficiency

p Water density

Oa Acceleration due to gravity

H Hydraulic head at Gate/Valve

Q Actual turbine flow

Ko Proportionality constant for mechanical power
L Length of conduit

A Pipe area

ag Acceleration due to gravity

pLA Mass of water in the conduit

p gAH Incremental change in pressure at turbine gate
t Time in second

Tw Water starting time in second

Twm Mechanical starting time in second

D Damping Constant

M Inertia Coefficient

Te Main Servo time constant

Rr Temporary Droop

Tr Reset time

Re Permanent Droop

Abbreviations:

TDC Transient Droop Compensator



Wind Energy

Symbols:

Pw Wind power density

Jd Dynamic pressure of the wind

X moving wind in a given point (m)

Yo, Air-density

A tip-speed ratio

B Pitch angle of the Blade

a Angle of attack

Co Aerodynamic Co-efficient of performance
Weurb Rotor speed

R Rotor Radius

Vwinp Wind speed

Abbreviations:

WTG Wind Turbine Generator

DFIG Double fed Induction Generator

WRIG Wound Rotor Induction Generator
WRSG Wound Rotor Synchronous Generator
PMSG Permanent Magnet Synchronous Generator
MW Mega Watt

PM Permanent Magnet

Steam Power Plant

Symbols

W

ATm
AVcv

Weight of steam inside the vessel
Volume of vessel

Density of steam

Steam mass flow rate

Turbine mechanical output power
Turbine efficiency

Pressure of steam inside the vessel
Rated pressure

Rated flow out of vessel

Turbine Torque

Control valve position

Reheat time constant
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Ten Charging time constant
Tco Crossover piping time constant

Fup, FLp,  Fraction of turbine powers
Fip

t Time in second

D Damping Constant

M Inertia Coefficient

Te Main Servo time constant

Thermal Power Unit

Symbols:

W Weight of steam inside the vessel
Vv Volume of vessel

p Density of steam

Q Steam mass flow rate

Pm Turbine mechanical output power
n Turbine efficiency

P Pressure of steam inside the vessel
Po Rated pressure

Qo Rated flow out of vessel

Ty Reheat time constant

T, Charging time constant

Tco Crossover piping time constant
Kg Fraction of turbine powers

t Time in second

D Damping Constant

M Inertia Coefficient

Te Main Servo time constant
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Chapter-1
INTRODUCTION

Contents Overview

1.1 Introduction
1.2 Aim of the Work

1.3 Problem background

1.4 Frequency control requirements
1.6 Previous researches related to wind energy

1.7 Researches related to Frequency Control of winirbines
1.8 Suggestions from our thesis

1.1 Introduction

A world without electricity is un-imaginable. Eleicity has become one of the most common
needs to mankind. But to engineers producing safeep and to meet the growing demand is
a mammoth task, which cannot be easily achievetowittrying different ways of power

production. Recently, renewable energy resource® latracted considerable interest for
power production due to extensive depletion of rorenewable sources like coal and oll
which are used in almost all conventional powenisldor power production through out the
world. In next 50 years, production of energy usmeg-renewable resources will be limited
in most countries and cost for power generatiohlvé@lincreased drastically. It is obvious that
present civilization depends on energy. After teedhd World War, now world’s population

is 6 billion and still growing, which will be doutd in next 5 decades. The following figure-

1.1 represents the total Electricity productiotha world from 1980 to 2005. [10]

Electricity production in the World

O Hydro, 25900
Twvh; 16.710%

B Muclear, 2626 @ 16.710
TWh; 15.130% m 15130
o2.130
O Thermal 11455 ORenewahle, 370 OER.020

Twwh, BE.020% Tweh; 2.130%

Fig.-1.1shows worldwide Electricity production (1980-200Spurce-EIA.

Energy to support the entire World’s need will risegreat heights, which cannot be met by
producing power with non-renewable energy resousdese. Now it is very essential to
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move on to renewable energy resources for powesrgéan. One drawback of the renewable
energy resources is that it can not provide cohstaargy supply & cannot also be stored
directly. Renewable energy includes wave energiagrsenergy, wind energy, geothermal
energy and biomass. Out of which, extensive rebeand practical power production is
carried out from water, solar, and wind energy. fdason for opting renewable sources is not
only because we are running out of fuels like cogéfor power production, but also it is eco—
friendly and safe.

Among the renewable sources, power production fwond turbines is mostly concentrated
as a result of relatively high efficiency. In retgmars one can notice growing wind energy
market and installation of tall towers carrying @iturbines, through out the country, on sea —
shores and wherever possible. The following figlite represents theé/orldwide installed

160.000¢ ~”
140.000F
r 132800 @ 1997
B W 1998
120.000: O 1099
- 102400 0 2000
100.000F m 2001
r 9¢eg0 @ 2002
2 m 2003
80.000F 2004
r 02004
L W 2005
60.000 o4
- B 2006
- 4 #6546 0 2007
40.000F¢ 39290 = 2008
B 3 4
r m 2009
L 1
20.000 2 m 2010
ﬁ (]
[
O P o o I o 0 o P S P o

capacity in 2006

Fig.-1.2shows worldwide wind Energy- Total Installed capaJWw) and prediction 1997-2010.
SourceWWEA

and prediction 1997-201@his indicates the rising need to produce powemfwind for the
future. But wind energy systems are not that edficito meet the demand of a grid standing
all alone. So it is made to operate with convergigrower plants to maintain stable system
frequency and to meet the rise in demands. This peayer obtained from wind turbine is
used efficiently.

13


http://www.wwindea.org/

1.2 AIM of our work

Our strategy was to improve the stability of powrerthe power system by the collective
operation of power plants (conventional with winol) different magnitude in order to
maintain stable frequency.

1.3 Problem background

We all know that during peak hour’'s power demasésj which in return creates instability
(power of the entire system) and might result itifer complications (out of synchronization,
black out, etc) To avoid this instability and atsameet the demand we use stored or reserved
energy or power coming from less efficient systeem¢wable energy).

Taking wind power into consideration, it suppliee grid with sufficient power during these

unstable conditions and makes the system stablerwitw seconds. The reason using wind
power for this transition time is that the conventl power plants takes more time to meet
the rise in demand and to stabilize the systemuirqy. But wind power acts quickly and

meets the rise in demand until the conventionalgrgplants resumes to continue its supply.
And also to make this operation efficient differgnid connection configuration, changes in
modeling of wind turbine are studied and used @cfice. In this thesis, we suggest a new
way to meet the increased power demand and tdizgathie system frequency.

1.4 Frequency control requirements

Stability of power system means the ability of powea system to maintain synchronism and
maintain voltage when any transient disturbancesuodike faults, line trips and large
variation of load.

Generally, the power systems operate within stahdperating limits i.e. 50 0.2 Hz. Under
any fault conditions or abnormal or exceptionalaiion, the frequency is permitted to move
outside of the mentioned limits. In large poweregation case (1000 MW to 1320 MW)or in
feed losses, the maximum frequency range is cadato the assigned limits i.e. not
exceeding 1 % above and below 50 Hz (50+0.5 Har)ge of 49.5 to 50.5 Hz. The following
figure-1.3 represents the frequency deviation efdystem at contingency period. [11] [12]

14
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Fig.-1.3showed the frequency deviation at contingencyogleri
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Fig.-1.4showed the frequency range of System at normahtipa and tripping condition.
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1.5 Frequency requirement under normal conditions

1.5.1 Power plant Impacts:

Frequency regulated turbine generators must be tesadoid mechanical resonance. When
the turbine operates near resonant modes then @éamiipt occur. Hence a turbine which
has resonant frequencies away from the operatgggéncy is used.[14]

1.5.2 Load Impacts:

Power quality is prone to go worse as a resultaafrsystem frequency control. In order to
maintain good quality a variable frequency drivéBD) is used. These VFD’s are very much
insensitive to frequency changes.

1.5.3 Frequency requirement under contingency itiond:

The above said requirements are followed verytbtrituring normal conditions, while those
requirements are relaxed during contingencies.pidveer system itself is designed to recover
quickly when sudden contingency occurs.

1.6 Importance of Wind Energy

Wind energy is considered to be one of the mosibéishing energy through out the world.
Its non-polluting character and plenty of availapilhas made wind energy as a major
research area for power engineers. Several ressatchtrap energy from wind and to
improve its energy efficiency are carried out tlgibuout world. Denmark, Netherlands,
Sweden, Australia, United States of America, Unikédgdom, etc... are involved in these
researches. Wind energy conferences are held te stmal discuss the improvements and
recent researches carried on wind energy relasess

Researches are usually carried out in developingegts and developing components for the
wind turbines. When we speak about developing quiscie can be related to controlling of

wind turbines in different possible ways, designuvirfid turbine generators, construction and
environment, etc... and researches related to devejoppmponents includes developing
advanced power electronics, fabrication of new witatle designs, etc.[24]
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1.7 Researches related to Frequency Control of winuirbines

Several researches related to frequency contribleodvind turbines are carried out in different
ideas and ways. Like using the DFIG (Doubly Fedubithn Generator), which gives an
internal response and makes the frequency decfasss when more air is injected. This
kind of research is carried out in Ireland anduggests the use of DFIG because frequency
excursion of a system increases when there isseologeneration; this can be solved in a way
by using DFIG. And in another research carried toutletermine how to control the wind
frequency thereby controlling the grid frequendypws the usage of fuel cells.. This way
tripping of conventional power plants from the gwill be reduced and the grid frequency
can be maintained and several other researchdsearg carried out in different parts of the
globe to improve the efficiency of wind power.[25j]

1.8 Suggestions from our thesis

We suggest to run the wind turbine de-rated duriagmal operation of the grid when the
conventional power plants supply the demand neatien the demand rises in the grid, the
reserved power of the conventional power plantssed to meet the increased demand but it
takes time (about 180 seconds) for the conventipoader plant to make the system stable. At
this point we tried running the wind turbine at fitdl efficiency and meet the risen demand
until the conventional power plant takes controltbé demand again. This way system
stability could be maintained by sharing of thedlademand between wind turbine power
plant and the other operating conventional powentpl

17



Chapter 2

STEAM TURBINES

Contents Overview

2.1 Steam Turbines

2.2 Turbine sections

2.3 Nuclear turbines

2.4 Modeling of Steam Turbines

2.5 Governor — Turbine model

2.6 Turbine model — Reheat Type

2.7 Turbine model — Non-reheat type

2.8 Comparison between Reheat type and Non-reheatpe
2.9 Comparison between 5% and 10% step load

2.1Steam turbines

A steam turbine derives its source from the balfea nuclear reactor or fossil fuels furnaces
and it converts the high pressured steam intoingtanergy at high temperatures which in
turn is converted into ELECTRICAL ENERGY.

STEAM Rotating energy Electrical energy
(High pressure |:> (Using blades of |:> (With the help of
& temperature) the turbine) generators)

Fig. 2.1representation of principle of steam turbines

Building of steam turbines always rests upon theudi) size and 2) steam conditions. All
turbines have a set of moving blades called rotorbuckets and stationary blades called
vanes or nozzle sections. Through these nozzleamsis accelerated with high velocity and
this steam is converted to shaft torque by the btsckUsually turbines are with multiple

sections. They may be either TANDEM-COMPOUND or CF83COMPOUND.[7]

18



2.1.1Tandem-compound:

One shaft would hold all the sections and withreylei generator. Mostly used now-a-days as
it is not that expensive compared to cross-compouggdemcompound configuration for a
fossil fuelled unit run at 3600 r/min for 60 Hz 8% and at 50 Hz. It is 3000 r/min. figures

2.1.1 a, b, c and d shows various configuratiorstedm turbines.

2.1.2Cross-compound:

It has two shafts connected to two separate gemsrand it is being run by one or more
turbine sections. Sitill it is considered to be as anit and controlled with one of controls. It
is obvious that's cross-compound improves efficierand increased capacity but it is

expensive. In Cross compound configuration forssilduelled, both shafts may run at 3600
r/min or one at 3600 r/min and other at 1800 r/foina 60Hz system. For a 50 Hz system it is
3000 r/min and 1500 r/min. figures 2.1.2 a and bwshdifferent configurations of cross

compound steam turbines.
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Fig.- 2.1.1bSingle-reheat type 1- Tandem compound
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Cross compound
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Fig.- 2.1.2.aSingle-reheat type- Cross compound

22



COMDENSER.
LISV

cv <

WHF

Crossover

3600t/ min

CONDENSER
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2.2 Turbine sections:

High pressure (HP)
Intermediate pressure (IP)
Low pressure (LP)
Reheat (RH)

AwbdpE

Steam —| HP IP > LP

RH

A

Fig.- 2.2different sections of a steam turbine

Above figure shows a reheat system, where the tostdam of HP section passes thro RH
before entering IP. Efficiency of a reheat systenalivays improved and higher than a non-
reheat system. Presence of IP and LP sections deperthe entire systems.

2.3 Nuclear turbine units:

Usually nuclear units have tandem-compound condigom and run at 1800 r/min. typical
nuclear turbine configuration is shown. It has 1 $#etion and 3 LP sections and has no IP
section. Some of the other important parts oftinibine configuration are
(a) Moisture separator re-heater (MSR), (b) Main iskeip valves (MSV) (c) Control valves
(CV) (d) Re-heater stop valves (RSV) (e) Interceadses (1V).
Every unit has 4 important valves, which are MSVY, ©/, and RSV. These 4 are important
valves and at least 2 of them will operate paralteh series. Stop valve is used for tripping
in case of emergency and is not used for speedaaatl control. Governor which is also
known as “main inlet valve” controls the steam fldrough the turbine during normal
operation. Control and intercept valves are respnfor controlling of over speed incase of
sudden loss of electrical load. Control valves wumedusually of “plug diffuser types” and the
intercept valves can be either 2plug type” or “erty type”, which is suitable for nuclear
units. [7]
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Fig.- 2.3Nuclear unit turbine system

As seen, steam from generator enters HP sectiem péssing thro MSV and its being
controlled by CV. Exhaust steam from HV sectiorneest_P after passing thro MSR, where
moisture content of the steam is reduced to avaiisture losses and corrosion. A high
pressure reheat system can be used and in thaacdBewill be used.

2.4 Modeling of steam turbines:

Here, we discuss the characteristics, modelingeains turbines and governing systems. And
also protection of steam turbines and controlsapained. [7]

2.4.1 Transfer function

Here we derive the transfer function of a steansetesnd to develop the expression for a
turbine stage.

Time constant of a steam vessel:-

Following figure is a representation of a steansgesAnd its continuity equation is given by
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A

Qin > 1{.— > QOUt

_T\a?f/r_

Fig.- 2.4 steam vessel

dw do
— =V == n - u 1
dt dp - Q- Qou @

Where,

W= weight of steam inside the vessel in kg V
V= volume of vessel in fh

p = density of steam kg/In

Q= steam mass flow rate kg/s

t = time (S)

Assuming flow out of the vessel directly proportabto pressure inside the vessel, we get

Qot=(Q/P)P 2)
Where,

P = pressure of steam inside the vessel
Po= rated pressure
Qo = rated flow out of vessel

With constant temperature inside the vessel,
do_dPdp

3
dt dtoP ©)

g
The change in density of steam with respect tospre #~ at a given temperature may be
determined from steam tables. From equations Z},)a6d (3), we have

o .-y dPop
Qn = Qo dt oP

=V a_p i dQu (4)
oP Q, dt
R
SubstitutingQO V OP by time constant

d
Qin - Qout: Tv %
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Using Laplace, equation (4) can be written as

Qin - Qout=Tv S Qout

Qout 1

= 5
Qin  1+TvS )

2.5 Governor-Turbine Model

Following block diagram gives a representation rhary control in a steam unit. It includes
a governor and turbine model. The governor in tocludes a speed changer, speed governor,
speed relay, control valves and turbine system.

P e e e -

: Speed Speed Control Turbine
——»  Govern — Control — valves +—p System —»
o or i
Q i ©
B2 | 8
QT ! ! S o
o c ! . c o
(f) O _________________________________________________________________ Turblne 8 ;
Turbine Section =g

Fig.-2.5 Control system of Steam turbine

2.5.1 Governor Model

The isochronous or constant speed governor, wiighses the turbine gate to bring back the
frequency to the nominal value, is not recommenahdn there are two or more generating
units are connected to the same system. Becausgetiezators in the system should have
same speed setting and the isochronous governaiisl wg to cancel out each other trying to

maintain the system frequency. So the governois speed-droop a characteristic that is the
speed drops as the load increases is used for atingnthe stable load sharing between
several parallel operating units. The followinguiig shows the governor block with the

transfer function and the gain 1/R.
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1
1+57;

Load reference

Fig.- 2.5.1Governor Block

2.5.2 Time response

When a generating unit is subjected to an incredsiad, with a speed droop governor, the
time response obtained will be as shown in fig. Mxe increase in power output is
accompanied by a frequency deviati@rd)_Q because of the droop characteristics. [7]

n
iy} Fotor

speedFrecquency l
U_]r B

PmT Ilechamical Power  aAp
P l

L J

Tituwe(s)
Fig.- 2.5.2Time response of a generating unit

2.5.3 Controlling Power Output of generating unit

Speed-changer motor -By changing the “load referesst point” the relation between speed
and load can be adjusted. In reality this loadregfee point is changed by using the “speed-
changer motor”. The following figure shows the &weristics of a governor associated with
the speed changer motor for a 60 Hz system. Frensehof 3 parallel curves, effect of speed
changer can be analyzed. Characteristic curve Aé&a@soutput, while B records an output of

50% and C results in 100%. It can be deduced trad fspeed change of 5% or 3 Hz, will

result in 100% change in output power. When thetevdo or more generating units operate in
parallel, output of each unit can be varied by way)its load reference for a given system
frequency. This makes the speed-droop curves mpand down. [7]
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Fig.- 2.5.3Effect of speed -changer

2.6 Turbine model — Reheat type

The model we consider is of reheating type genggainit and the steam turbine is based on
1+shplr

. + + , o . .
the transfer function @+sE)+SEY . This transfer function is the ratio of turbiredque
(ATm) and control valve position&VCV) and it is assumed that the boiler pressure is
constant, 'O is negligible and control valve characteristiclifear. The important time

constantis the reheat time constérrwt*, which controls the steam flow and turbine power.
Therefore reheat type turbines have slower respiimgethan that of non-reheat types.

1 -
R
s 1+&75 | Q+sTA+sT NS Me+ D i
Load
ref.
\ J \ )
e A AP
~ Y L
GOVEREMOE. TURBINE Fotor mnertia & Load

Fig.-2.5 Steam turbine - Reheat type with generating unit
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“Control valves” play important part in modulatitige steam through the turbine for load /
frequency control during normal operation.

2.6.1Tcy — Charging time constant

This time constant arises as a result of the ogewira control valve and its response by the
steam flow i.e., due to steam chest and inlet gipilis value is in the order 6f2 sto 0.5 s
for non-reheat type ar@lls to 0.4 dor all reheat types

“Intercept valves” is an effective way of contralli turbine mechanical power during over
speed. Intercept valves are located before theatehsection and controls steam flow into
Intermediate pressure (IP) and low pressure (LAjerev 70% of total turbine power is
generated.

2.6.2TrH— Reheat time constant

The steam flowing into the IP and LP sections cancbanged only with the build up of
pressure in the reheat volume which holds condider@mount of heat and the time constant
being Try. It varies betweeb s to 10 drrespective of configurations

2.6.3Tco—Crossover piping time constant

This is a time constant associated with cross-@iging which is0.3 s — 0.5 dor all
configuration of steam turbines (tandem or crogsmaund or single or reheat type). This
time constant arises because of the steam flowitogthe LP section

2.6.4Fyp, FLp, Fip — Fraction of turbine powers

These fractions represent the portions of turbioegy developed in various cylinders and
when the control valve CV is opened fully and haslae 1.0 pu the sum of these fractions is
1.

i.e., Fpt FLpt Fp=1

Fup Varies from0.22 to 0.3 sF.p varies from betweed.25 to 0.4 sandFp vary from0.26 to
0.5sdepending upon the turbine configuration typesiivagon for determining the power
fraction is discussed later under turbine modediection.

2.6.5Ts — Main gate servomotor constant

Its value used in this steam turbine model is Ov2hsle it can vary from 0.2 st0 0.4 s
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2.6.6M — Inertia co-efficient

‘M’ is the inertia co-efficient which is equal twice the inertia constant (H)
M= 2H

2.6.7D — Damping constant

Damping constant (D) is usually expressed as aeptage change in load for one percent
change in frequency. And its value ranges from ©%2% which means for 1% frequency
change results in 2% load change.

1 _isthe gain factor, where R> O for stability. Ils a characteristic of a proportional
R
controlled governor model.

2.6.8MATLAB model:

A matlab model was constructed using ‘simulink’ lwithe given parameters. Transfer
function for the turbine was simplified into equeis by substituting values. A step load is
coupled with a gain feedback is given as the inplith passes through the ‘governor’ and
the output of the governor is sent through thebine’ which results in mechanical power
(APm). This APy, is now coupled with a negative electrical load AB. a small disturbance
and then it is fed to the rotors to obtain the é&peeviation’ and the following outputs were
obtained. (For detailed description of the model aratlab program, see appendix. B)

200
— s E B G — Fm i W_roter
Speed arror Govermaor] To Wokspace? To Wokspase!
I
Lall
.

N 1 » 21541 I-’ > 1 =|I Il

025+ 24547 G+ - 0+ | |

_rb + Govermnor - Transter Fen speed

Qubine with initial outputs?
Step Load Step Load-PI

g g e

Emor Speed Gowemaor

Ml ch. P ovuer

Fig.- 2.6Matlab model
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2.6.9 Results

2.6.9.1 OUTPUT WITH LOAD = 5%

For LOAD= 5% and with given values of

TG: 0.2S

Tru= 70s

Tcu= 0.3s

R=0.05s

Fap=0.3s

FLp=0.7s (this model doesn’t has an IP section, s kot considered)
M=10.0s

D=10s

Turbine transfer function is (2.1s+1)/ (Z48.3s+1)

As mentioned previously, “governor position” is tinput and the output will be “mechanical

power” and the “speed deviation”. Here, a smalteasing step load of 5% is fed.
0.12

0.1

0.04

Turbine gov position

0.02

Time (Sec)
Fig.- 2.6.1aValve / Gate position of the reheat steam turlbimie for a 5% load

It can be noticed that the input governor positiameases initially to increase the power

OUtPUtang when the desired power is reached it dropis toa@ach the stable position.
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0.06
0.05
0.04
0.03
0.02
001} - - -

1aMmod [ealueydan

Time (Sec)

Fig.- 2.6.1bcorresponding Mechanical power output of the staatyine unit

Above graph clearly shows that the mechanical pdel&ws the governor position i.e. when

the gate opens, mechanical power output increaseseet the load demand. After reaching
its maximum output value mechanical power goedetatoportional to the gate value.

50.001

ZH ul paads

49.994

30

25

20

15

Time (Sec)

Fig.- 2.6.1cspeed deviation/rotor speed of the reheat ty@arsf@wer unit with a 5% load

It can be noticed that the speed decreases whegatbend mechanical power increases. This

implies that speed is inversely proportional togymer position and mechanical power.
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Phase in

Frequency in

Fig.- 2.6.1dNyquist Plot for the reheat type steam turbinesf&% load

The graph shows that the system is stable by giagsthe nyquist criteria for stability (O,-
1).and the corresponding phase margin, gain magibtained using the margin plot.
Bode Diagram

Gin =217 dB (at 3.54 radfzec) , Pm = 555 deg (at 0.686 radizec)
a0 T T — T T

Magnitude (dB)

o0 Ll - ...:...l L |:||||||I

-90

-180

Fhase in (deqg)

270k R nn il nn i ninnnl A il
10 0 10" 10 10°

Frequency in (radisec)
Fig.- 2.6.1eMargin Plot showing the gain margin Gm=21.7db3(&% rad/sec) and phase
margin Pm=55.8 deg (at 0.686 rad/sec).
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2.6.9.20UTPUT WITH LOAD= 10%

For LOAD=10% and with given values of

TG: 0.2S

Tru= 70s

Tcu= 0.3s

R=0.05s

Fap=0.3s

FLp=0.7s (this model doesn’t has an IP section, s ot considered)
M=10.0s

D=10s

Turbine transfer function is (2.1s+1)/ (Z48.3s+1)

Here, an increasing step load double the time @fipus is fed to check the time response.
It's because the step load has doubled, output amécdl power also should get doubled
according to theory. Let’s analyze the results.

0.25

0.2

0.1

Turbine gov position

Time (Sec)
Fig.- 2.6.2aValve / Gate position of the reheat steam turlimé for a 10% load

It can be seen that the value of gate positiondwaled for the increasing load and the
corresponding value has nearly doubled from app@ok2 to 0.24. These small variations
maybe because of different factors like load lipntalve point, turbine-following or boiler-
following mode, etc...) And the mechanical powesoahcreases from 0.06 to approx 0.12 in
fig 2.6.2b
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Fig.- 2.6.2bcorresponding Mechanical pow

er output of the staatine unit
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50.004

50

49.9941 — — 4~~~

49.988

30
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Fig.- 2.6.2cspeed deviation/rotor speed of the reheat tymarsfgower unit with a 10% load

It can be deduced that the speed decreases ditgsttbean the input step load is increased.

But still it is clear that they follow the standanche response curves to meet the load demand.
And from the nyquist plot it can be made clear thatsystem is stable satisfying the nyquist

criteria for a stable system.
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Thase in

A5 : ] ] ] 1

Frequency in
Fig.- 2.6.2dNyquist Plot for a reheat steam turbine with a 1686

Bode Diagram
Gin=21.7 dB (gt 3.84 radizec) , Pm = 55.5 deg (at 0.656 radisec)
a0 —T—T T T — T T

S0

Magnitude (dBE)

100 MR | . ||||:-||I . |:||||||I

-90

-180

Fhase in {deq)

270 . i .
10 0 10" 10 10

Frequency in (rad/sec)

Fig.- 2.6.2eMargin Plot showing the gain margin Gm=21.7db3(&% rad/sec) and phase
margin Pm=55.8 deg (at 0.686 rad/sec).

And also the gain margin and phase margin valuesires the same for both 5% and 10%
load gain margin Gm=21.7db (at 3.84 rad/sec) amas@imargin Pm=55.8 deg (at 0.686
rad/sec), which proves that these values doesp&rmte upon input step loads and the system
remains stable for whatever load.
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2.7 Turbine Model — Non-Reheat type

The reheat type steam turbine model used previptigl.5 can also be used a non-reheat
type turbine with little modification. For a nonhest, the reheat time constdiaty becomes
zero because of the absence of reheat unit. Teusithine transfer function can be re-written
as

L With Tcy= 0.3.
@+sTy
1]
s
- ®—’ : = 1 B 1 pu
. 1+7; M 14T, | Me+ D = Ay
Load -
ref.
L A &Py
~
GOVERNOR. TURBINE ROTOR INERTIA & LOAD
Fig.- 2.7 Steam turbine — Non-reheat model
2.7.1 Results

2.7.1.1 OUTPUT WITH LOAD = 5%

For LOAD= 5% and with given values of

TG: 0.2S

Tcw = 0.3s

R=0.05s

Fap=0.3s

FLp=0.7s (this model doesn’t has an IP section, s kot considered)
M=10.0s

D=10s

Turbine transfer function is 1/ (s0.3 +1).
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It suffers the same

Time (Sec)

Fig.-2.7.1bcorresponding mechanical power of the non-retteats turbine unit for a 5%
load

The output mechanical power follows the steam thhothe gate.

fluctuation in the initial stages before going $ab



50.0005
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49.9995
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49.9985 - - - q-- -~ ---p---7----

Speed in Hz

49.998

4999751 -~ -1 M T

49.997

49.9965
0

Time (Sec)
Fig.- 2.7.1cspeed deviation/rotor speed of the non-reheatrstaebine unit for a 5% load

This is an interesting behavior of the rotor spesdit fluctuates to negative quadrant
drastically for the mechanical power increase drehtimmediately rises to positive when
steam through the gate drops and finally when tweep needed is reached, speed goes stable
following mechanical power and governor position.

13

T T
DtiiEl

Phase in

5 Ll 1 | |
-4

Frequency in

Fig.-2.7.1dNyquist Plot for non-reheat steam turbine with B%d

It is clear from the nyquist plot that the systenstiable and has a gain margin Gm=12.8db (at
4.18 rad/sec) and phase margin Pm= 47.9 deg @taddsec).
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Bode Diagram
Gm=125dB (at 413 radizec) , Pm =47 9 deg (st 1.69 radizec)
a0 —— —— — — .

Magnitude (dB)

'

L

=]

=]
I

Fhase in (deqg)

v Y B _ n== i
10" 10° 107 10 11 1
Frequency in (radfsec)

Fig.- 2.7.1eMargin plot for non-reheat steam turbine with 5%ad

2.7.1.2 OUTPUT WITH LOAD= 10%

For LOAD=10% and with given values of

TG: 0.2S

Tcu= 0.3s

R=0.05s

Fap=0.3s

FLe= 0.7s (this model doesn’t has an IP section, ;s fot considered)
M=10.0s

D=10s

Turbine transfer function is 1/ (0.3s+1)

41



! ! I I ! I

| | | | | |

| | | | | |

| | | | | |
\\\\\ t--——"+1-"—"—"4-"—"=—"=—"4-"=—"=—"=—"4—-=—=——4 - == -7

| | | | | |

| | | | | |

| | | | | |
[ Y R R

| | | | | |

| | | | | |

| | | | | |

| | | | | |
\\\\\ t--——"+1-"—"—"4-"—"=—"=—"4-"=—"=—"=—"4—-=—=——4 - == -7

| | | | | |

| | | | | |

| | | | | |
S [ S R R

| | | | | |

| | | | | |

| | | | | |

| | | | | |
\\\\\ L2 e e e S B S

| | | | | |

| | | | | |

| | | | | |
(O O O Y R R

| | | | | |

| | | | | |

| | | | | |

| | | | | |
\\\\\ L2 e e S B B

| | | | | |

| L.V, | | |

s I I | |
B e e

| | | | | |

| | | | | |

| | | | | |

| | | | | |
\\\\\ L2 e e S B S

| | | | | |

| | | | | |

| | | | | |

L L | | L |
< N — 0 © <t o o

b b oS I~ i~ o~ o

o o o o o o

uonisod Aob suiging

Time (Sec)

Fig.-2.7.2aValve / Gate position of the non-reheat steamirerbinit for a 10% load

Governor position reveals that, steam through tite ghcreases to meet the power demand
and the mechanical power curve follows the govepumition. Thus it can be deduced that
mechanical power is proportional to the governositmn. And the mechanical power is

nearly doubled for the double increase in the kiag from 5% to 10%.

0.12

19MOd [edlueydaln

30

25

20
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Time (Sec)

Fig.- 2.7.2bcorresponding mechanical power of the non-reheats turbine unit for a 10%

load
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0
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Fig.- 2.7.2cspeed deviation/rotor speed of the non-reheairsteebine unit for a 10% load

It can be noticed that the speed remains in thathegquadrant. It rises and falls before
reaches the steady state, when the power demamet.is

13

10 F

Fhaze in

5 : 1 1 1 1

Frequency in

Fig.-2.7.2dNyquist plot for non-reheat steam turbine with 1[%d

The system is proved to be stable using the nyglidt which satisfies the nyquist criteria
for stability and the values of phase margin and gaargin remains the same irrespective of
the step load. And it has a gain margin Gm=12.&dk}(18 rad/sec) and phase margin Pm=
47.9 deg (at 1.69 rad/sec).
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Bode Disgram
Gm=128dB (st 418 radizec) , Pm =47 9 deg (at 1 69 radisec)
a0 T T T — T

Magnitude (dEB)
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-180 —
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Fig.- 2.7.2eMargin plot for non-reheat steam turbine with 10f#d

2.8 Comparison between Reheat and Non-reheat stednorbines

A general comparison between reheat type steann&udand non-reheat type steam turbine is
performed by analyzing the input governor positaomd the output curves of mechanical
power and speed deviation.

This is performed by giving a 10% step load inmutlioth the linear systems and the results
are shown below. Boiler pressure has been assuorefant. Responses for steam turbines
are usually slower than the theoretical resultsd Arcan be concluded that though steady-
state speed deviation remains the same, theresexistotable variation in their transient

responses.
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Fig.- 2.8.1Comparing - Governor Positions

Reheat

Non-Reheat

lamod [edlueyoa
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Fig.- 2.8.2Comparing — Mechanical Power
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Fig.-2.9.1Gate positions for 5% and 10% step load
The above graph clearly indicates that the valudoisbled as the step input increases. And

the corresponding mechanical power also gets dduhles showing as the step increases the

power output increases.
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Fig.-2.9.2Mechanical power output for 5% and 10% step load
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Fig.-2.9.3Speed of steam turbine for 5% and 10% step load
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Chapter-3

Hydroelectric Power
Contents overview

3.1 Introduction
3.2.1 Hydro Power Model
3.2.2 Model for simulation studies
3.3 Basic Plant Equation
3.4.1 Simulink Model
3.4.2 Transient Droop Compensator (TDC)
3.4.3. Stability performance without and with TDEZ Kyquist plot
3.5 Characteristic study by varying load
3.5.1 Varying load-5%
3.5.2 Varying load-10%
3.6.1 Non-minimum phase systems of Hydro
3.6.2 Minimum phase response of steam power plant

3.1 Introduction:

Hydroelectric power is a renewable technology tt@tverts the high pressure and kinetic
energy of water into electrical energy. Hydro povwgepollution free energy source and it
produces no C@and has little effect on the atmosphere compardtie conventional power
plants. The following figure-3.1.1 showed main cam@nts of a Hydroelectric power station.
Main components are Reservoir, Dam, Gate, Pensiaokjne and Generator. The following
figure shows the necessary components of Hydroelgaower for power generation. [7]

Generator

Intake \
Gate/Valve .
Reservoir

Penstoc

Outflow

Fig.-3.1.Power generation of Hydroelectric power unit.
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3.2.1 Hydro Power Model

Frequency is indispensable constraint and shouldobetant for a stabilize power systems.
Any change of frequency behind limit will affectetspeed of motor drives’; hence affect the
performance of generating units. Power system #rqydepends on active power balance.

Hydroelectric power plants have nonlinear behaviare the simulation carried out using the
actual nonlinear systems. The linearized modelhsws in figure- 3.2 and simulated
transferred function of Hydroelectric model in frgu 3.3. Here, it was showed what will be
changing phenomena of Turbine mechanical powerellsaw frequency of power systems by
increasing 5% and 10% load. When load is increds®d usual value; system frequency
decreases rapidly and the speed controller isatetivby opening the Gate as input to change
the more water flow in the turbine, and consequeritie turbine generates the necessary
mechanical power as out put and permit the roteedpo attain the steady state value. [7]

Wicket Gate
Tm Pm
- Pe
Water R Turbine v Jc
AN

Speed Load, P,

Governor

A

|||—|

Fig.- 3.2Block diagram of Hydroelectric Power generatioroiad.

Hydraulic turbine performance is depend upon folf@nfactors:
1. Effect of Water inertia

2. Water compressibility
3. Pipe wall elasticity in the penstock
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* Effects of water inertia and compressibility asdided as a water column.
Here, model of the hydraulic turbine and penstosiesns developed excluding the

1. Effect of traveling wave
2.Effect of surge tank

For stability studies, we assume the following agstions:

1.The resistance of hydraulic is insignificant.

2.Inelastic penstock pipe & water is treated as annmpressible fluid.

3.Water velocity varies directly with Valve/gate opgnas an input and square root
of the net head.

4. Turbine mechanical power is proportional to thedpi of head and volume of
water flow.

3.2.2 Model for simulation studies

Linear model:

This model defined the basic characteristics ofrhytic systems and due to simplicity of its
structure it is useful for control systems tuninging linear analysis techniques (frequency
response, root locus, etc). [7]

Non linear model:

Where speed and power changes are large such as

1.Governor performance evaluation
2.1slanding operation

3.Load rejection and

4.Systems restoration studies.

Transfer function of hydraulic turbine:
Classical transfer function of the hydraulic tudis analyzed for ideal turbine and non-ideal
turbine.
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Ideal turbine:
The basic & general equations of hydraulic systdgmamics are given by:

Flow equationi.e. the velocity of water in the penstock:

U =K,GVH, (3.1)
Where:
U= Velocity of water
Hg= Hydraulic head at Gate/Valve

G= Gate position
K= proportionality constant for flow equation.

By introducing the steady state value and pargabdtives then the equation is

_ T —
AU =-AH, +AG (32)

Turbine mechanical power.

The turbine mechanical powd?;, is proportional to the product of pressure and/flo

of water:

P, =700, H, 3-3)
Final mathematically expression:

P, =K, H U (3.4)
AP, =3AU -2AG (3.5)

Where:

Pm= Turbine mechanical output power
n= Turbine efficiency

p= water density

0+~ Acceleration due to gravity

Hg= Hydraulic head at Gate/Valve

Q= Actual turbine flow

U= Water velocity
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K, =Proportionality constant for mechanical power

The acceleration of water column:
When water comes from reservoir to turbine throggte/valve, its head changes at
turbine.

Now introducing the Newton’s second law of motion:

u__g M, (36)
ot © X

Combined equation-

(AW L = - ACpa, o,

Where:

L= Length of conduit

A=Pipe area

p=Mass density

ag= acceleration due to gravity

pLA=mass of water in the conduit

p & AH= incremental change in pressure at turbine gate
t=time in second

By simplifying the above equation,

T = LU,
agH0

(3.7)
Tw= water starting time=0.5t04.0 s

For ideal loss less turbine, the classical trarfsfiection of a hydraulic turbine is

AP, 1-T,S (3.8)
AG 1+;TWS

It shows the turbine out put power changes in respto changes in gate opening.

Non ideal turbine-
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For non-ideal turbine, we will consider the followgiexpression of the water velocity
and turbine power:

Water velocity equation:

AU =a,AH, +a,AW +a,,AG (3.9)

Turbine mechanical output power:
DB, = a,AH , +a,AW +a,,AG (3.10)

Where:
au1, &3 = partial derivatives of flow with respect to headd gate opening at the
operating point

a1, &3= = partial derivatives of turbine power with resp® head and gate opening at
the operating point.

Now the final equation for the classical transfandtion of a no-ideal lossless
hydraulic turbine

AP 1+ (a11 B 3133-21/ azs)TwS

AG 1+a,T,S (3.11)
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3.3Basic Plant Equation

A. Gate servo motor:

1
1+sT;

B. Transient droop compensator:

G.(9) = 1+sT;
1+ S(R /R,

Governor:

1 0 1+sTy

1+sT, 1+s(R /R,)T,

C. Hydro turbine unit:

1-T,s
1+ 05T,s

D. Load and Machine unit:
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Where:

Parameters
Te Main Servo time constant
Rr Temporary Droop
Tr Reset time
Rp Permanent Droop
Tw Water Starting Time
M Inertia Coefficient
D Damping Constant
1 Gain
R,

3.4.1 Simulink Model:

The Hydro Electrical Power unit Model for the simulati@ime following figure shows
the simulation layout of the system

. i
% Mechanical
l PowerAP,,
Load fi 1 1+sT, vl o1-sT, |+ 1
QAU TE» 2 |11+ sT. |1+ S(R /R)T, "1+ s05T,, > Ms+D ; A";
pee

. Deviation
Transient drooi

. AP
compensationy Turbine -

Governor

Fig.- 3.3 Simulink Model of Hydroelectric power unit.
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3.4.2 Transient Droop Compensator (TDC):

In Hydroelectric power plant, for stable speed omnperformance, it needs to introduce
transient droop compensation in the model. Otherwishows the abnormal response due to
water inertia. In figure-3.4, 3.5 & 3.6 showed th@&lesired response of Turbine mechanical
power & speed deviation in response to change dbifie@ gate openindAppendix, model-
H-04, fig.-3.1.4)

Turbine gate position in pu
[BEY

Time (Sec)

Fig.- 3.4 Gate position of Hydroelectric power unit (withioLransient droop compensator)
showed abnormal characteristic in this regard nasessary to include the Transient droop
compensator for stability purpose.
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abnormal characteristic in this regard it is neapssto include the Transient droop

compensator for stability purpose .
To meet up the increased power demand, the spadtblber is activated by opening the

Gate/Valve as input to change the more water flowhe turbine, consequently, the turbine

Fig.- 3.6 Speed of Hydroelectric power unit (without Tramsidroop compensator) showed



mechanical power suppose to increase but decrepsmgrily (figure-3.7 that's opposite to
the desired response) and then increasing. Indiguf, 3.8 & 3.9 showed response of

Turbine mechanical power & speed deviation in respao change of Turbine gate opening

with considering transient droop compensator.

0.14

nd ul uonisod areb aulginy

Time (Sec)

Fig.- 3.7 Gate position of Hydroelectric power unit (withafisient droop compensator).

nd ul Jamod |edlueyoda\ aulginy

Time (Sec)

Fig.- 3.8 Mechanical Power of Hydroelectric power unit (witransient droop compensator).
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50

49.965

Time (Sec)

Fig.- 3.9 Speed of Hydroelectric power unit (with Transidraop compensator).

Transfer function of transient droop compensator:

1+sT;
1+ (R / R:)Ty

G.(s)

Where (k) and (R) are defined in the following way:

Tw
=

R, =[23-(T,, -10)015)

T, =[50-(T,, - 1.0)05]T,,

Tw= Water starting time in second

Tm= Mechanical starting time in second

2H is used)

Inertia Constant or often,yEM=

(Note: Tw=2H,H
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3.4.3.Stability performance without and with TDC by Nyquist plot :

Without transient droop compensator, we determihedNyquist plot to guess the stability
and performance of a Hydroelectric power unit.

Without Transient droop compensator Figure 3.10esgnts the instable of Hydroelectric
power unit and figure-3.11 corresponding Gain nraegid Phase margi(Appendix, model-
H-04, fig.-3.1.4)

Nyquist Diagram

Imaaginary Axis

-15 [ [ [ [

Real Axis

Fig.- 3.10 Nyquist plot of Hydroelectric power unit (witholitansient droop compensator).
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Bode Diagram

-10.7 dB (at 1.27 rad/sec) , Pm

-96 deg (at 4.68 rad/sec)

Gm=

20

15

10

Real Axis
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By considering the transient droop compensatohénrhodel and the Figure-3.12 represents
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Fig.- 3.12 Nyquist plot of Hydroelectric power unit (with 8msient droop compensator).



Bode Diagram
6.07 dB (at 1.13 rad/sec) , Pm=45.6 deg (at 0.474 rad/sec)

Gm

(gp) spniuben

Frequency (rad/sec)

Fig.- 3.13 Gain Margin (6.07dB) and Phase Margin (45deg) pldiydroelectric power unit

(with Transient droop compensator).
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3.5 Characteristic study by varying Load.
3.5.1 Varying load-5% step load:
In Simulink model (Appendix-fig.3.1), we applied 58tep load and corresponding Turbine

Gate position and Turbine mechanical power as asglpeed deviation are described in the
following figure-3.14, 3.15 & 3.16 respectivejAppendix, model-H-01, fig.-3.1.1)

0.05

0.045

0.04

0.035

0.03

0.025

0.02

0.015

Turbine gate position in pu

0.01

0.005

Time (Sec)

Fig.- 3.14 Turbine Gate position of Hydroelectric power unith 5 % increased load &
values shown are in per unit of step change angé#gonse time and settling time are 45 &
70 seconds respectively.
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0.05

nd ul Jamod |edlueydan

Time (Sec)

Fig.- 3.15 Turbine Mechanical Power of Hydroelectric powaeit wvith 5 % increased load

and values shown are in per unit of step chang#allrstep change of gate position;

mechanical power changed (decreased) nearly sarnenarfor couple of seconds due to

water inertia and increased gradually accordingstep change of gate position and its
response time and settling time are 45 & 70 sesardpectively same as gate opening

behavior.
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Fig.- 3.16 showed the Speed of Hydroelectric power unit with increased load. The speed
decreased very rapidly due to initially decreasétubine mechanical power due to water
inertia at the time of gate opening and its respdmse and settling time are 45 & 90 seconds
respectively. In 5% load varying the speed doescnoss the standard operating limits of
frequency 580.2 Hz (for Sweden-56D.1 Hz).

3.5.2 Varying load-10%

In simulink model (Appendix-Model-1), we applied %0step load and corresponding
Turbine Gate position and Turbine mechanical pagewell as Speed deviation are described
in the following figure-3.17, 3.18 & 3.19 respeeiy.

0.1

0.09

0.08

0.07

0.06

0.05

0.04

0.03

Turbine gate position in pu

0.02

0.01

Time (Sec)

Fig.- 3.17 Turbine Gate position of Hydroelectric power umith 10 % increased load and
values shown are in per unit of step change ang#gonse time and settling time are 45 &
70 seconds respectively. Here, the gate positi@emeg 2 times according to 2 times increased
of step load. Both cases the response time arlthgéiine are nearly same.
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Time (Sec)

Fig.- 3.18 Turbine Mechanical Power of Hydroelectric powait wvith 10 % increased load

nd ul Jamod |ealueydan

50
49,941 |-
49,93} - -

and values shown are in per unit of step chang#allrstep change of gate position;
49.92

mechanical power changed (decreased) nearly sarnenarfor couple of seconds due to
water inertia and increased gradually accordingstep change of gate position and its

response time and settling time are 45 & 120 stxoespectively. Here, mechanical power
needs two times according to two times increasesteyf load. Both cases the response time

and settling time are nearly same.
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Fig.- 3.19 showed Speed of Hydroelectric power unit with 1feased load. The speed
decreased very rapidly due to initially decreasétubine mechanical power due to water
inertia at the time of gate opening and its respamse and settling time are 45 & 110
seconds respectively. In 10% load varying the spk®els not cross the standard operating
limits of frequency 580.2 Hz (for Sweden: 50).1 Hz). Both cases the response time is same
but settling time for this case is 20 sec higher.

Comparison:
Now the following figures show the comparison ofrine Gate position and Turbine

mechanical power and corresponding speed betweeio 3% step load Appendix model-
H-01, fig.-3.1.1).

0.1

0.09

5% Step load
10% Step load

T T
| |
| |
i S |

0.08

0.07

0.06

0.05 - - - bom ool N ]

004 - -Ac-— AL

[ e —————,—,—,—,—,— -

Turbine Gate position in pu

0.02

00 S ]

Time (Sec)

Fig.- 3.20 Turbine Gate position of Hydroelectric power umith 5% -10 % step load.
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5% step Load
— 10% step load

0.1
0.08----

nd ur Jamod [ealueyoa

Time (Sec)

Fig.- 3.21 Turbine Mechanical Power of Hydroelectric poweit with 5% -10 % step load.

5% Step Load

10% Step Load

49.94f - - -
49.93f - - -

49.92

Time (Sec)

Fig.- 3.22 shows Speed of Hydroelectric power unit with 9% % step load.

68



3.6.1 Non-minimum phase systems:

Hydroelectric Turbine behaves a non-minimum phasenpmena due to water inertia. It
means that a change in the Gate/valve openingesremt initial change in the Turbine
mechanical power that is opposite to our opini@i. [

The turbine mechanical powel, is proportional to the product of pressure and fioiwv
water:

P, =700g,H

And

Water velocity in the penstock:

U=K,GVH

P, =K,HU

The classical Transfer function will of hydroelectpower unit will be the following way, the
Turbine mechanical power deviate by small deviatiogate opening.

ARy _ 1_1TWS (3.12)
8 1lTs

Equation (3.12) characterizes the change of mechkbpbwer with small deviation of gate
that represents a non-minimum phase system of td{etrvic power system.

The step response of hydroelectric power syg#ppendix-the model-H-04, fig.-3.1.4) is as
follows:
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Fig.-3.23Step response of hydroelectric power plant.

The other characteristic of the non-minimum phastesn of Hydroelectric Power Plant is
that the some of its zeros inside the unit circlé athers outside the unit circle and must be in

the right half of the s-plane.

The following figure shows the pole/zero of the Kyelectric power systenfAppendix

model-H-04, fig.-3.1.4).
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Fig.- 3.24 shows the pole/zero distribution; where some zeesgles inside the unit circle

and some outside the circle to the right half a& Hplane, of Hydroelectric power plant

model.
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3.6.2 Minimum phase response of steam power plant:

The pole/Zero plots of minimum phase systems aadtdp response of steam power plant is

as follows:(Appendix modd-S-01, fig.-2.1).

30

Time in (sec)

Fig.- 3.25Step response of Steam Power plant unit.
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Fig. - 3.26 represent the pole/zero distribution all zerodesiinside of the unit circle of

steam power plant model.
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Bode Diagram

6.07 dB (at 1.13 rad/sec) , Pm

45.6 deg (at 0.474 rad/sec)
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Fig.- 3.27Gain and phase margins of Hydroelectric powertglappendix model-H-04, fig.-

3.1.4).

Bode Diagram

21.7 dB (at 3.84 rad/sec) , Pm

55.8 deg (at 0.686 rad/sec)
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Fig.- 3.28Gain and phase margins of steam Power RRgtendix model-S-01, fig.-2.1).
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In a magnitude plot, Hydroelectric power plant ateam power plant (they have different

Gain & phase margins showed) have no minimum p&hse In fig. - 3.29 showed there is

no minimum phase shift in magnitude plot.

Bode Diagram

Steam Pow er Unit

\\\\\\\\\\\\\\

(ap) spruben

(Bap) eseyd

Frequency (rad/sec)

Fig.- 3.29Gain and phase margins of steam Power Plant addlectric power plant where

no minimum phase shift in magnitude plot.
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Chapter-4

THERMAL POWER SYSTEMS

Contents overview

4.1 Introduction

4.2 Plant Description

4.3 Control system

4.4Modeling of Thermal power plant
4.5Governor — Turbine Model

4.1 Introduction

Load frequency control plays a vital role in elecipower production as it offers the most
important generation control of power plants. Have, are to study a thermal power plant
which is suitable for controlled load frequency ani$ performed under normal condition of
the plant. During the period of less demand, poplants with thermal energy systems like
nuclear or fossil — fuelled (coal) is used. It ecassary to use the thermal point under load
frequency control to meet these demands.

Coal, oil or gas are the commonly used as fuelddssil — fuelled power plants to produce
heat by combustion which is then converted to wgmed steam. Then it is fed through the
turbine to convert this superheated steam to mézhlagnergy then into electrical energy by
the generator coupled to the turbine. Thermal pgulents operation is much similar to the

steam turbine power plant. The block diagram odjisrating principle is shown in figure 4.1.

It can be identified that the block diagram is mgehilar to the operating principle of steam

turbines (figure 2.1).

HEAT Cald STEAM Eotating energy Electrical
(Produced by |:> (High pressure |:> (Jzing blades of |—r\ ENergy
firing coal, oil & temperature) the turhine) {With the help

Wiater
or gas) of generators)

Fig.- 4.1representation of principle of Thermal power syste

This process of conversion is also accompaniedolgensers with large cooling pipes; the
condensate is then again fed back to the boilehss & done to improve the energy
conversion efficiency. [7][17]
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4.2 Plant Description

A fossil — fueled power plant has three main paftte plant. They are

4.2.1) Primary Fuel component
4.2.2) Steam Production & utilization component
4.2.3) Condensate and feed-water component

4.2.1 Primary Fuel component

This is the part of the plant, where the primarglfis converted into thermal energy. This
component consists of (1) A Furnace (2) The Fuslesy (3) Secondary air system and (4)
Flue gas system. See figure 4.2 for the entireigordtion of thermal power system. [7]

4.2.1.1 Furnace:

A “furnace” Is used to convert the fuel used ineahenergy. A mixture of fine particles of
coal, oil or gas and air is injected for a compEienbustion and to achieve efficient output of
high temperature heat. This is then passed ovewdlie of the drums carrying water or to the
steam carrying re — heaters.

4.2.1.2 The Fuel system

This system is responsible for supplying the fodhe furnace. Talking about fuel, coal needs
more attention as it should be pulverized and dviefdre using it for combustion. Hence, one
has to understand that coal fired units respondhnslmver when compared to oil and gas
fired units.

4.2.1.3 Secondary Air system

The injected fuel into the furnace must be comhlipt®perly in order to extract most of the
heat out of it. To satisfy this need we use ‘seeopéir system’ which supplies the furnace
with sufficient amount of air and ensures propenisastion of the injected fuel. A ‘fuel draft
fan (FD)' is used to inject the air and the demahthe air sent in depends upon the fuel and
air controller.

4.2.1.4 Flue Gas system

Flue gasses from the furnace to the chimney trfwelugh the ‘flue gas system’ where the

gas passes through re — heater sections (primdrgemondary) and economizer. This is done
to extract the heat from the flue gas which othseewwould be wasted through the chimney.
An ‘Induced draft fan (ID)’ is used to facilitathi$ exit activity.
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Fig.- 4.2fossil- fuelled power plant

4.2.2 Steam Production and utilization component

As known, ‘a boiler’ is responsible to produce steahich is then heated to high temperature
and pressure by super —heaters and re —heatenseckhis steam is converted to mechanical
energy by turbine. Boiler design plays a vital rioléhe effective steam production. There are
two types of boiler suitable for this kind of powsants, they are [7]

4.2.2.1) Drum type boilers
4.2.2.2) Once — through boilers
4.2.2.1 Drum type boilers
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This type of boilers use a drum, which separatestbam from re — circulation water and the
separated steam is sent through different re -efeétef. figure 4.3). Hence it is called as
‘drum type boilers or recirculation boilers’. Theeryating principle of these boilers depends
upon the natural or forced flow of water througé tmall, where it is converted into steam by
the high pressure steam. And it is suitable forajgen at sub critical pressure. Energy stored
in this kind of boiler is more then the once - tgh boiler, so they are capable of supplying
power even when the fuel flow is stopped. Butetsponse to changes is slower.

Steam Drun  Super heaters

\ Turhines
Feed-Water
IRYAYAVYE

r

Economizer

Dowm Commer
Waterwall

é

O—r At

EFF

Condenser

Fig.- 4.3Drum type boilers

4.2.2.2 Once through Boilers

These kinds of boilers are characterized by net ceculating water within the furnace. But
the feed—water directly flows through the watergjaWhere it is converted into steam by
absorbing the heat produced. Then it is passedighrohe super heaters and then to high
pressure turbines. A boiler feed pump (BFP) is ireguto ensure the thorough flow of feed—
water and a turbine bypass system is used for siispohe residue without wasting any of the
heat or work fluid. It is suitable for operationsatpercritical range (i.e., above 22,120 kPa)
which is the reason for not using a separate dranoltain steam, as the operating
temperature is very high. Energy stored in thistgp boilers is very less when compared to
the drum type, so they are very quick respondingh@nges. But it cannot supply power for
some more time without any fuel, like drum — tyjpddrs.

! Reference Power system stability and control byPké&bha Kundur.
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4.2.3 Condensate and feed water component

The feed — water is system which supplies enougterwt@ the boiler which is in turn
converted to the steam. The excess water from uheade is sent back to the boiler to
improve the efficiency of the system. See figuiz §/]

4.3 Control Systems

Control variables for fossil — fuelled turbines yavith manufacturers. Most commonly used
parameters of controls are the rate of firing, cdtpumping and throttle valve settings. While
temperature, pressure, power and speed are oupmtokbed parameters. And also it is
designed in such a way to reduce power productidripwhen the safe limit exceeds. There
are two types of control systems, they are

4.3.1 Overall Unit control
4.3.2 Process parameter control

This overall unit control is further sub dividedanfour types of control, which are 1) boiler

following 2) turbine following 3) integrated contrand 4) sliding pressure control. And the

process parameter control includes parameterssliéam pressure, feed — water, air that
regulate the unit output
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4.3.1.1 Boiler following control system

In this type, ‘turbine control valves’ play the mable by making the changes in generation.
The steam produced is varied by the change in st&amand the boiler pressure varies

accordingly to the difference between the steamdyred and the steam demand. An error
signal sent by the varying throttle pressure isdutgecontrol the fuel and air input to the

furnace. This type is called a boiler followingtarbine leading way of control.

In this mode of operation, energy stored in badarsed to meet the initial steam demand and
hence the power output is rapidly increasing. ged 4.5

4.3.1.2 Turbine following control system

Here the control is simply performed by varying iygut to the boiler, which in turn controls
the generation. Combustion controls are drivenheydemand signal (MW) while the boiler
pressure is controlled by the turbine control valvEhis type is also called as boiler leading
way of control.

In this mode of operation, energy stored in thdelbas not used unlike boiler following
mode, hence the power output curve from figure shéws that it is following the steam

produced.

4.3.1.3 Integrated boiler control

As the name says, this mode of control is the caatlwin of both turbine — leading and boiler
— leading way of controls. Hence it ensures thesbsnand flexibility of both the mode. The
unit response graph (figure 4.5) clearly indicatbgs type of control provides fast response
and also safety to boilers.

4.3.1.4 Sliding Pressure control

In this mode, throttle pressure value is made ddgmnon the unit load instead of keeping it
constant and the output is controlled by contrgllithe throttle pressure which is in turn
controlled by the boiler controls. Hence it canydoé advantageous in boiler — leading mode
of operation. In this method temperature in highsgure turbines remains almost constant
because the throttle value doesn’t change duriag \@riation.
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4.4 Modeling of Thermal Power plant

The thermal model considered here, is selectedich & way similar to the steam turbine

model considered previously in chapter 2.6, folyeasecution and comparison. We already
know that thermal power plant operation, componantsmuch similar to steam power plant.
From figure 4.1 it can be deduced that the steadymred in boiler passes through the turbine
blades, where it is converted into mechanical gnergich is then converted into electrical

energy using a generator. Hence the modeling omidlepower plant also deals with steam
turbine which is already discusses in steam turbmaoter under the section 2.4. [7]

4.5 Governor — Turbine Model

The process of simulating Load frequency contrdF@) under normal conditions is to
evaluate the daily performance and to suggest w@omnents considering different plant
effects. And also study of coal - fired thermal powlants under LFC is increasing in several
electric power companies to make use of thermaitplduring light load conditions. The
turbine-governor model is always added with thee rlimiter and time delay in the
conventional thermal model for dynamic simulatidriaad frequency control. In this model,
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effects related to boiler steam’s sliding presstoatrol, turbine load reference control by
coordination of boiler-turbine control, steam presschanges because of control valve
movement in turbine are considered to be null.

4.5.1 Governor Model

Governor model used here is very similar to staatniie model. The following block shows
the governor block with a gain 1/R.

—_— — A

1
1+57;

Load reference

Fig.- 4.6 Governor Block of thermal power plant

4.5.2 Turbine Model — Reheat type

The transfer function which is considered for thermal power model is 1 . 1+skie )
+s]) (@+sTE)
this can be simplified to:
1+sKl:
A+sT)A+sT)

This is similar to the turbine transfer functionedsin steam turbine used in 2.6. This is a
reheat type thermal turbine and the reheat timsteoh (TR)2 takes a value of 10.0s and the

fraction of turbine constantl%%)3 takes a value of O.53.whiIeTl()4 is the charging time
constant and has a value of 0.3 s. The model wasuaée'boiler — following or turbine —
leading type®. [7] [18]

234 _see chapter 2.6 for definition

5.see 4.3.1.1
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4.5.2.2 Results

4.5.2.3 OUTPUT WITH LOAD = 5%

For LOAD= 5% and with given values of
Te=0.08 S

Tr=10.0s

1/R=4.17 s

Kr=05s

T1: 0.3s

M=10.0s

D=10s

Turbine transfer function will be (5s+1)/ (340.3s+1)
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0 20 40 60 80 160 120 1210 1230 léO 200
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Fig.- 4.9.1aValve/gate position of thermal turbine at 5% load

Governor gate is opened to let the steam flow thinoti which increases the power output.
Hence it can be noticed that the governor positieneases to the peak in figure 4.9.1a, to
which correspondingly the mechanical power incredsets peak value in the figure 4.9.1b.
It is interesting to note that when the desired @owautput is reached the gate falls down
rapidly to reach stability while the power decreasiewly to reach stability.
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Fig.- 4.9.1cSpeed deviation of thermal power unit with a 5%dlo

It can be noticed that the speed decreases asother @mnd gate curves increases. As the
model used is “boiler — following” type all curveerfectly resembles the theoretical curves

explained in figure 4.5 earlier in this chapter.
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Frequency in
Fig.- 4.9.1dNyquist Plot

The above graph shows that the system is stabdatisfying the nyquist criteria for stability
(0,-1).and the corresponding phase margin, gaigima obtained using the margin plot.

Bode Diagram
Gm=11.5dB (at 0.124 rad/sec) , Pm=48.7 deg

(at 0.0597 rad/sec)
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Fig.- 4.9.1eMargin Plot for thermal power unit with a gain ger Gm=11.5 db (at 0.124
rad/sec) and phase margin Pm= 48.7 deg (at 0.G&k3ec)
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4.5.2.4 OUTPUT WITH LOAD = 10%

ForLOAD=10% and with given values of
Te=0.08 S

Tr=10.0s

1/R=4.17 s

Kr=0.5s

T1: 0.3s

M=10.0s

D=10s

Turbine transfer function will be (5s+1)/ {340.3s+1)

Here an increasing step load double the time optleeious step is fed to check and analyze
if the power output has doubled according to theory

0.35

0.3

0.25

0.1

Turbine gov position

0.05

0 20 40 60 80 160 120 1210 lE‘SO léO 200
Time (Sec)
Fig.- 4.9.2aValve/Gate position of thermal turbine at 10% load

It is visible that the gate position has doublesirfr0.17 from figure 4.9.1a to 0.34 in figure
4.9.2a, which is exactly double the time of thevpres one and the corresponding mechanical
power is also doubled from 0.06 in figure 4.9.1b0t@2 in figure 4.9.2b. Thus it can be
explained that when the step load increases the pasition also increases to meet the
increasing power demand.
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Fig.-4.9.2cSpeed deviation of thermal turbine power plant

Decrease in speed is also doubled, when the loddubled and also the curves follow the
theoretical explanation given earlier in this cleaptAnd the Nyquist plot in figure 4.9.2d

shows that the system is totally stable satisfyivggcriteria of stability (0, -1) and the phase

and gain margins are obtained using the margin plot
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Fig.- 4.9.2dNyquist Plot for thermal unit at 10% load.

Bode Disgram
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Fig.-4.9.2eMargin Plot for thermal turbine with 10% load hagiGain margin Gm=11.5 db
(at 0.124 rad/sec). Pm= 48.7 deg (at 0.0597 rad/sec
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4.5.3 Thermal Turbine — Non — Reheat type
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Fig.- 4.10Thermal turbines — Non — reheat type

For a non — reheat type thermal turbine, the releastant 'R becomes zero, thereby
reducing the turbine equation

1+sKl:
(1+SDG'+S-D With Te= 0, becomes
1
1+sT

Thus the turbine equation holds only the charg'lrmg:tconstanfrl in it.
4.5.3.1 Results

4.5.3.2 OUTPUT WITH LOAD = 5%

For LOAD= 5% and with given values of
Te=0.08 S

1/R=4.17 s

T1=0.3s

M=10.0s

D=10s

Turbine transfer function will be 1/ (1+0.3s)
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Fig.- 4.10.1aValve/gate position of non-reheat type thermabiue for 5% load

One can clearly visualize that, as the valve ofgitneernor position increases letting the steam

to flow through the turbine blades, correspondingchanical power increases to its peak

depending upon the load requirements
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Fig.- 4.10.1bMechanical power output of non-reheat type themnmil
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Fig.- 4.10.1cSpeed deviation for non-reheat type thermal pawér

As the power increases the rotor speed decreatiesespect to gate position and mechanical
power. And then it gets stabilized when the powsrdmes stable and following nyquist plot
shows that the system is stable.
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Fig.- 4.10.1dNyquist Plot of non-reheat type thermal unit ws load
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Bode Disgram
Gm=319dB (at 6558 radizec) | Pm =953 deg (at 0402 radizec)
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Fig.- 4.10.1eMargin Plot of non-reheat type thermal unit witaiGMargin Gm= 31.9 db (at
6.58 rad/sec) and Phase margin Pm=95.3 deg (2 fadilsec)

4.5.3.3 OUTPUT WITH LOAD = 10%

ForLOAD=10% and with given values of
Te=0.08 S

1/R=4.17 s

T1: 0.3s

M=10.0s

D=10s

Turbine transfer function will be 1/ (1+0.3s)
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Fig.- 4.10.2aValve/gate position of non-reheat type thermabie for 10% load

As the load increases it can be seen that thepyetiéion gets doubled and the mechanical

power in the below figure gets nearly doubleds Ibecause the system is non-reheat, and this
proves that the efficiency of a non-reheat systefass when compared to a reheat system.
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Fig.- 4.10.2bMechanical power output of non
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The speed deviation curve shows that the speecakes as the valve position increases to
increase the power output. The nyquist plot shdws the system is stable it is proved to be
in-efficient when compared to the reheat type ttaiorbine.
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Fig.-4.10.1dNyquist Plot of non-reheat type thermal unit wiffo load
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Bode Diagram
Gin =319 dB (st 658 radfzec) | Pm =953 dey (st 0402 radizec)
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Fig.-4.10.1ele Margin Plot of non-reheat type thermal unitw@ain Margin Gm= 31.9 db
(at 6.58 rad/sec) and Phase margin Pm=95.3 dé@2 rad/sec)

4.5.4 Comparison of reheat and non — reheat type tiiermal turbines
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Fig.-4.11aValve/gate position comparison

The following comparison is made to show the ougpthiieved by using a reheat and non-
reheat system. It is visible that with the sameautnmechanical power output for the reheat
thermal power system is higher than that of noreaehHence in practice a re-heat system is
used to extract more energy out of the input.
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In the figure it is noticed that the mechanical powutput of reheat turbine is 0.06 for a 5%
load input whereas the non-reheat gives an ougissel than the reheat model.
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Fig.- 4.11cSpeed deviation comparison
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Chapter 5

Cost of Frequency Control & Spinning Reserves

Contents Overview

5.1 Types of Frequency Control

5.2 Primary Frequency Control

5.3 Cost of frequency control

5.4 Cost — model for Tertiary Control

5.5 Spinning Reserves

5.6 Allocation of Spinning Reserves

5.7 Choice of Power Plants

5.8 Spinning Reserves and Load Shedding

In the previous chapters we have been discussiagtdtequency control. Here we discuss
about the cost associated with the frequency cbatrd the amount of spinning reserves an
individual system operator (ISO) should providerfweeting the variation of frequency during

increasing demand or contingency. We will learn iabmostly used cost models for

frequency control and allocation of spinning reserCalculations are not performed for any
of the plants here because of lack of sufficietadequired.

Frequency deviation arises in the power system r@sudt of temporary power variation. In
order to maintain the frequency in the target vakentrolling of active power generated
and/or consumed is necessary. This way demandhendeneration can be met with proper
balance. This is provided by ‘frequency contrelerwe’, which is a reserve of certain amount
of active power. When a frequency drop occurs itasnpensated by positive frequency
control reserve to increase the frequency andnatiely when frequency increases, negative
frequency control reserve is used to cut the frequealue.

5.1 Types of frequency control

To sustain the balance between load and generaticee levels of frequency controls are
used. [21]

1) Primary frequency control

2) Secondary frequency control

3) Tertiary frequency control

In this thesis we concentrate mainlygnmary frequency controlvhich is an automatic type
of control that adjusts the active power generatiad/or consumption based on frequency
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deviation and restores the balance between load@meration quickly. Speed governor plays
an important role in this type of control and hesponse time less than 30 seconds.

Secondary frequency contr@nsures the re-establishment of primary frequermntrol
capability i.e. to bring back the frequency tontsminal value and thereby minimizing the
power flow imbalance in neighboring control aredis control is usually carried out
automatically by Automated Generation Control (AGQ)is type of control is slower with a
response time of 15 min.

Tertiary frequency contrds done manually through telephone calls or fdbetsveen control
centre and generation centre. In some power systémsstertiary control is divided into
tertiary ‘minute’ reserves which can be spinningerwe or back up reserve and tertiary ‘hour’
reserves.

5.2 Primary frequency control

When large generation or load outage occurs, thlisresult in system imbalances. It is

crucial for the system to maintain stability ragidHence primary frequency control is

adopted to perform this function. Generators huailtwith speed governors within the

synchronous zone will perform his frequency con@atomatically. Though demand side
contributes towards frequency control by connectingisconnecting loads during frequency
deviation, it is not taken into account during cédtion of frequency response. [20] [21]

As mentioned earlier in primary frequency contsgeed governors play a vital role. These
governors are basic controllers with four factdfeaing them, they are

5.2.1 Accuracy of frequency measurement

Accuracy is obtained from the rotational speedhefshatft. This accuracy factor seems to be

of less importance for a System operator (SO).urofe, an accuracy 6f10mHz (ir 0.02%
of nominal frequency) is adopted

5.2.2 The speed droop
Speed droop is usually specified by the independgsitem operator (SO) and in Europe

according to UCTE (Union for the co — ordinationToinsmission of Electricity in Europe)
the value ranges between 3% and 20% dependingtbparountry.
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5.2.3 The active power limiter

This is nothing but the primary frequency contrederve and to define this reserve methods
based on heuristics are commonly used. For UCTEnatant loss of production value is
determined which is 3000MW and primary frequencserees to compensate this value is
usually set. Heuristics system doesn't take rigks account but it is practically efficient.

5.2.4 The insensitivity of the controller

A controller here is the speed governor attachedhén generator. This generator in the
synchronous zone doesn’t take part in the primaeguency control when it lies in the
insensitivity band. Hence restricting the insemgiti band to low values will increase the
participation of these generators during frequetheyiation. UCTE has set a value of total

insensitivity less thad 10 MHz (i 0.02% of nominal frequency).

All generating units do not respond to the abowarmands instantaneously as these factors
are related to command settings. Hence system topgfa0O) takes the responsibility of
specifying the deployment time. In Sweden, and rsg¢w@her counties like Great Britain,
New Zealand which has a small system and undelgogss frequency deviation needs a fast
responding primary frequency control reserve. Areldeployment time is usually 30 seconds
for UCTE and it varies depending upon the systesraipr.

5.3 Cost of frequency control

As mentioned earlier primary frequency control atjuitself automatically to maintain the

rated frequency and stability in the system. Thus evident that the cost will be associated
with the power plants operational cost, fixed cosjntenance cost, etc... for example capital
cost is high in hydro power plant than the therpwaler plant while variable operating cost is
higher in thermal than the hydro power plant. laghce some generating units are involved
in primary, Secondary and tertiary (to some extent)trols which contributes to the plant

operational costs.

For calculating the costs involved with secondasgtiency controls, several models are
proposed and are used in practice. Now we are gmnipok at three models used in
Slovenian power system which falls under the noomEICTE. These models used for the
Slovenian system discard the value of investmestscassuming these costs are provided by
the generating units involved in the secondary rcdntHowever, these costs can be
considered depending on the system. As previouslytioned these calculations are always
based on ‘heuristic’ estimations. [20]
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5.3.1 Energy price probability distribution and mwplant’s incremental cost model

Energy reserves are set by the system operatohwimitirs the power plant an opportunity
cost. These energy reserves are the secondaryessand the annual cost for this reserve
depends on the generators opportunity cost, wkigiven by

365 24
Cer = 0(C,, Psg) = ZZ PresSR’j (Ceij =)
i=1 j=1 (5.1)

Where,

Csr Annual cost for secondary reserve

Rressj Average secondary control power reserve / hour

Goi Average energy price/ hour (in electricity majket
A - Incremental cost of power plant

Ressr And i are functions of time. In any power system themess are never provided by

a single unit. Hence the incremental cost dependthe bunch of units which provides the
power reserves. To calculate the cost associatdd wecondary reserve, probability

distribution of energy priceCe and required power reserv«g)ssfSSR must be known. Gamma
distribution technique is used to determine thergneprice distribution and normal
distribution for the required power reserves. Ottiistribution techniques like chi — square, F
— distribution, Rayleigh are not suitable.

The probability density function (PDF) of the enepyice is calculated using the equation

1 ~ _Le
Xa le,B

B1(a) (5.2)

p(ce) = f(c.a.B) =

The values for the Slovenian system was found @bet? = 49and '820.2, which gives the
mean energy price to be 4.5%cent/kWh. And the RiDRHe power reserve is calculated by
the equation

(PSR_)U)Z

1 2
Psp) = f (Pptt,0) = e
p( SR) ( SRlu ) 0_\/57_

(5.3)

Where # =0 and? = 10. After calculating (2) and (3), the cumulatidensity function (CDF)
and (PDF) of the costs of power reserves is cdiedlay
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o0 971
P(Csr) = J. J. fce Psr(Ce, Psr)dc,dPs,
00 (5.4)
And

C
C..)=dP. —SR
P(Csr) =dR._ ac..

(5.5)
The function? represents the energy price, which is affectechbyptower reserve costs and

used power reserves. The valueldbr the Slovenian system was found to be 2.5$cevit/K
Here the cost tend to be negative denoting thainitremental cost can be higher than energy
price forcing the producer to have more reserveadifyp to avoid financial loss. This is
however not feasible.

5.3.2 Energy price difference between day and night model

In electricity market with fluctuating demandsstabvious that the costs might vary between
day and night. If we assume that the variable isolsiw in the day than energy price and vice
versa then the producer tend to sell the energpgltinte day and buy it in the night only. And
also in order to provide the secondary controlmesan annual opportunity cost is incurred,
which is given by the equation

5 36524
Csr = 7* ZZ Pressri (4 = Crigheit)
=1 =1 (5.6)
Where,

A - Negotiated price of energy (through bilateraltcact)

Crighj_ Average price of energy at night/hour

The factor 5/7 is obtained by assuming that thelypeer operates for 12 hours a day and rest
of the time he buys electricity. And this is apglienly during the weekday and not in the
weekends. Like the previous method, gamma distabhuand normal distribution is used to
calculate the probability distribution of energyicer and required power reserves,
respectively. The negotiated pricd X was set to 4$cent/kWh. This method proves to be
expensive for secondary frequency control.

5.3.3 Band power price model

The way of estimating the cost of frequency condlased on band power assuming that the
off — peak power is sold during the day when thergy price is high i.e. Rx to Rnn and
during the night the band powerPis sold. And if the producer reserves some endrgg

the off — peak power is reduced t@aR-Prmin -Pressr andthe band power is reduced fromiRo
Pmint Pessr. The annual opportunity costs is given by
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365

CSR = Z PresSR[tbandiCbandi - 1:off—peaki * (2Coff—peaki - Cbandi)]
El (5.7)

Where,

Cor . Annual cost for secondary frequency control

Flesswi- Power reserves for secondary control

Coandi - Energy price for the band power

Cot ~peald. Energy price for off — peak power

Loanai. Time taken in the band system

bott-peai_ Time taken in off — peak system = 24Rand

The index I’ the average values per day. It was calculatet! ithgand is 12h then gi-peakis
3.8%cent/kWh. Gangis 2.5%cent/kWh and,Rsris 80MW which brings up the annual cost of
secondary frequency control reserve to be 8.5M$

From the three estimation models it can be seerthiathird model gives a very expensive
result while the ¥ and the ¥ models were reasonable. This maybe because ierefiff
bidding strategies. The only way to get an aceurasult is consider the bidding strategies of
power reserve providers which is a combinationesesal types of bidders. For the Slovenian
power system these information’s are kept confidénHence an approximate figure is
shown to explain the models.

5.4 Cost — model for Tertiary Frequency Control

As mentioned earlier tertiary control is dividedoirtertiary ‘minute’ and tertiary ‘hour’
control. Tertiary minute takes the same time ass@ary control but initiated manually being
the only difference. While tertiary ‘hour’ takesppximately 15 minutes to get initiated. A
cost model for the tertiary minute control is expéal in this section. In this method
operational costs, investment costs and start -cagts are considered. The probability
distribution of operational costs is determinedrigtically by taking average number of start
ups and its average duration. The annual cost ealefined by the following equation,

CTMR = Afix + Anv +Vvtest/1 + n(Cz +1OOGDTMth/1) (58)

Where,
Crur- Annual cost for tertiary ‘minute’ frequency cooitreserves

C.. start up costs
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Ar_ power plants fixed cost

West. Energy produced during test — runs

N- Start — ups expected/year

Prur- Tertiary control power reserve

A - Power plants incremental costs

L. Mean operational time after start — up.

An Yearly annuity of investment costs; this is adédted using the equation

A =c, Pd*rp)”
Tt (5.9)
Where,

Crv Investment cost in the year of construction

N - Power plants expected life (in years)
P. expected annual income

In Slovenian power system this control is offebgta 300MW gas thermal power plant and a
much smaller power plant which has high operatiogis These power plants able to reach
their nominal values in approximately 15 minutesasking them best suited for tertiary

‘minute’ frequency control. In (8), fixed costACX) was estimated to be 5 M$ and if the
investment costs for the building of 300MW is 18Mi$e expected annual incomB Y is 8%

for a life (M) of 25 years, then the annuity is 16.88 M$. Tockhde readiness of the power
plant, it has to be test run on monthly basis astléor 10 hours a day. The cost associated

with this test run depends on the incremental €83t For gas power plant it is 10$cent/kWh.
Which gives the annual test run cost to be 3.6 M& start — up cost to be 5k$ which is
insignificant.

For calculating the tertiary ‘minute’ control poweeserve’'s operating cost, probability
distribution of the expected start — ups/year asdrnean duration must be defined. Gamma
distribution can be used to calculate these vallies. parameters are chosen heuristically.
During the calculation of operation costs, enem@yfftis not considered, which implies that
the power plant is not getting paid for the engrgyduced.

CDF and PDF of the tertiary control reserve cosia be calculated by the following
equations,

P(Crur) = ng fo, (n,t,)dndt,
S (5.10)
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And

C
p(Cry) =dp,  Ce)

" dCrye (5.11)

The function gﬂrepresents the expected number of start- ups @er weich in turn depends
on the mean operational time of each start up lamdncremental costs. The incremental cost
is 10$cent/kWh, which brings the expected annuaraing costs to nearly 1.23M$. Using
(8), the total annual tertiary ‘minute’ power resercost is 25.35 M$ for the 300MW
Slovenian power system. This shows that operaticosts stand for a very small percentage
of total costs.

It can be thus deduced that tertiary frequencyrobrg expensive than the secondary control.
This might not be the same for all power systenes;abse here the tertiary control was
provided by an expensive 300MW system. The mogedsiBed can be used to calculate the
secondary and tertiary ‘minute’ frequency contialgs providing a base for analyzing the
alternative solutions for power reserves.

5.5 Spinning reserves

Spinning reserves are the energy reserve capatity mower system. Lack of sufficient
energy reserve to meet the alarmingly increasiragl lwill result in system overloading.
Hence spinning reserves plays a vital role in fesgy control. These spinning reserves are
unused capacity which is synchronized to responfilegpuency changes in the system with
less time to respond. We will discuss about the agament of spinning reserves and its
effects on load shedding. [22] [23]

The operator can start and stop the turbines tateaisufficient spinning reserves and also
able to set the maximum and minimum values of veserTurbine starts automatically when

the minimum value of spinning reserve reached amlshut down from its operation when

spinning reserves reaches it maximum value. Spyreeerves for each turbine is calculated
on the basis of its load, ambient temperature aagetime since last service. The calculation
of spinning reserves is always made on basic piegiand simple so that it can be applied to
any working conditions. Test results from fieldtieg performed on turbine - governor model

is used to calculate availability of the spinniegerves. There are 3 types of reserves

1) Primary reserves
2) Secondary Reserves

3) 10 — minute reserves

5.5.1 Primary reserve capability
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These reserves aim to seize the immediate fregqudgnation after a contingency like loss
of large supply unit. Artificial test conducted trese units determines the ability of each
unit to discharge primary reserves. It is defi@sdthe units change in power output with
respect to change in system frequency and it erahéned that the time taken is 30seconds.

5.5.2 Secondary reserve capability

These reserves aim to bring back the frequenciegshéo acceptable Ilimit following
contingency i.e. is to restore the primary freqyenontrol. Secondary reserve discharge
ability is determined by extending the tests comeldion units for primary reserves and the
time taken for this discharge is from 30 second45-minutes. Secondary response is
responsive to few factors like ambient temperatun@ loading levels. Hence tests on turbine
units at different loading levels are performediéermine the sensitivity level for secondary
reserve capability.

5.5.3 Ten minute reserves

In North American electricity market a new conceéptproposed called Acceptable Area
Control Error (ACE) where each unit is encouragedeturn to zero every 10 minutes. This
way, units compensate for a major loss on its owthinvthe time limit. It is perfectly
working for American market and it is certified INERC (North American Reliability
Council).

5.6 Allocation of spinning reserves

A pre-allocation step is to determine the requineis:i@nd capability of each generating units
and to select the applicable candidate to allotteeaeserves. This allocation also considers
the economical impact of re-dispatching for instagas turbines provides excellent primary
reserves but operating cost is much high while dwylywer plant has low re — dispatching
costs but not suitable for primary reserve. To edhis issue ‘Reserve Calculation’ can be
used where the optimization model is modified dmel ¢onstraints (primary, secondary and
10 minute reserve) itself varies among the uniendé all three constraints can be considered
for each contingency. This method is not only ajgfile to systems with economic dispatch
but also to systems where the generation dispatdhatermined by market forces.

5.7 Choice of power plants

For providing sufficient spinning reserves, chogdine power plants plays an important role.
For a hydro power plant primary response is limitgdwater columns and faster response
depends on governor loop stability. Thus makingetficient for primary reserves. Where as
gas turbine power plant provides excellent soumme pgrimary and secondary spinning
reserves. But one needs to compromise the facbthatnning not at base loads will result in
high operating cost. Contribution from a steam inebpower plant towards primary and
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secondary reserves seems minimal because of tharfgdrequency change will effect the
exhaust heat and the heat time constants diredtyvever, operating steam turbine with
partially closed steam control valves is a reastenalbernative to the use of thermal power
systems.

5.8 Spinning reserve and load shedding

When there is an overload in a system it is essetatitrip loads that are of least importance
to avoid major consequences. Feeders are rated lew#h of importance and when the
spinning reserve goes negative, feeders of lowportance starts to trip. This way minimum
value of spinning reserve is maintained for theesysto be on the run.

In a nut shell, finding the spinning reserve regment is complicated because of the
frequency dynamics affected by the governor respomeghich in turn affected by the
frequency input. Though computer simulations can used to predict the frequency
performance it is hard for employing it practicallput the worst case scenario can be
identified and the required spinning reserve candeulated. And simple calculation is used
to determine the individual unit capability to alide the amount of reserves. This kind of
method is easily applicable for a small system. &targe system frequency deviation occurs
only when there is loss of large generating ulitd still it remains essential to calculate the
spinning reserve requirements and distribute withéavailable units. [23]

106



Chapter-6

Wind Power

Contents overview

6.1 Introduction

6.2Formation of moving Wind

6.3 General Wind Turbine Model

6.4 Power curve

6.5Power equation of wind turbine
6.6 Power control of wind turbines
6.7Wind turbine topology

6.8 Model study of GEOI Wind turbine

6.1 Introduction:

Recently, renewable energy resources have attractesiderable interest due to day by day
the fuel for power generation from nonrenewable @ndecreasing dramatically. For next 50

years, nonrenewable resources are will be limitethost country of the world and cost for

power generation will be increased so high.

It is true and obviously no double that the currenilization depends on energy. After
second world war within 60 years the current pajaain the world nearly 6 billion and next
50 years it will be nearly double. So large amoahtenergy consumption will not be
supported from nonrenewable energy resources daek®f renewable energy resources.

Now it is very essential to move on nonrenewab&r@nresources for power generation. One
drawback of the nonrenewable energy resourcesaigorovide the constant energy supply &
can’'t store directly, consequently, secondary enestgrage systems require. Renewable
energy included water energy, solar energy, winerg@n geothermal energy and biomass.
Among of them water energy, solar energy, wind g@nerre available to use and current
researcher & scientist are developing more religggtem of wind energy for power system.
So, researcher & scientist and investor in Scanganacountry and California doing research
to develop the wind energy (when many wind powdl lvé connected to the power systems)
as a reliable sources.

The suitable condition for installing the wind powreremote area or open place. [10]
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6.2 Formation of moving Wind:

To produce Electric power from wind needs to itetcwation from steady state to couple of
velocities. This wind is renewable energy resourdé® wind is moving to and fro due to
some reasons. Wind above oceans, hills and coigire® moving due to temperature
difference around the world. Some places of theduw@ceiving direct sunlight from sun than
north & south poles of the earth. Consequentlyticadty some distances from ground level
of the air over these areas warms up rapidly aad tise. And near cooler air comes to fill
the space left by the rising air and then creagesiivface. Normally, the warm up air is
lighter than cooler air. The following figure-6.8hows the assumption of formation of
moving wind. [12]

Convection updraft
of rising warm ai

Surface Cool Air

Fig.-6.1 Surface cool air is filling the vacant positiordamarm air is going up.

From the above assumption we can express the wwwempdensityP,

d
Pw= a (94%)

= 050U 20X _ 050U °
dt (6.1)

Where:
P, =Wind power density (w/f
¢ = Dynamic pressure of the wind (NAm
X = moving wind in a given point (m)
p=Air-density (kg/ )
U=Horizontal component of the mean-free stream weldcity (m/s)
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6.3 General Wind Turbine Model:

Due to recent development of wind turbine creabeswind technology more complex and
advanced constructions. Different simulation pragre of wind turbine have different
model and different data. In most cases, for madgburpose, generic model are considered
with six blocks. The following figure-6.2 represemhe general wind Turbine model.[1]

1. Aerodynamic_systems block:Aerodynamic systems means the turbine rotor i.e.
blades of the wind turbine. The number of blades furbine rotor reduces the air
pressure/speed and contrary it gain the kineticggnédrom air and convert it to
mechanical powerP,. Turbine mechanical power depends on 3 main fachkoe wind
speed, the blade angj@pf turbine blades and rotational speeguw

2. Mechanical Systems block: The mechanical systems of wind turbine are
combination of turbine rotor, connecting shaftsrggystems and generator rotor.

3. Generator Drive: The generator drive is the combination of generételf and
electronic converter. In fixed —speed wind turbjritke generator drive is only induction
generator itself. In variable-speed wind turbiriee,generator enables the control systems
to adjust rotational speed of the turbine rototht® instantaneous wind speed over a wide
speed range.

4. Pitch control: In variable-pitch wind turbines, the pitch servontols the blade
angleg. The pitch servo limits the angle frgfin to Bnax

5. Wind turbine control systems: This is main control systems of wind turbine and is
defined by manufacturer for specific wind turbirmesame type of wind turbine. The main
task of the control system is to control the poaret speed of the wind turbine. For fixed
type wind turbine, the generator is treated asssip@ power producing component and
turbine blade angle is only controllable in the Vehturbine systems. In variable-speed
wind turbine the generator is treated as contrtdlatement and the turbine blade element
is an additional factor for control element.
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Fig.-6.2 Block diagram of a generic wind turbine model.

Where:

fner=Grid Electrical Frequency
|=Stator current

Ir= Rotor current

P=Active power

Pre=Active power reference
Q=reactive power

Qrer= reactive power reference
Ugs=Stator voltage

Ur=Rotor voltage

Urer=stator voltage reference
Te=Electrical torque
Tuvecr=Mechanical torque
aub=Rotational speed of turbine
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wyer—Rotational speed of generator rotor
Gye= Generator rotor angle

[=Pitch angle

[Ge=Blade reference angle

6. Protection systems of the wind turbineThe three quantities voltage, current and
rotor speed are the main protection scheme of theé wrbine system.

6.4 Power curve:

Electricity is produced from wind turbine by consien of kinetic energy of wind. Equation
6.1 described the power produced from wind wheeeattailable power varies with cube in
wind speed. Available power in wind can not exedctompletely by wind turbine. The
power curb depends on the air pressure. Wind iseadae and it has different speeds (m/s) in
different time. So, constant wind speed can nosip@s due to Global environmental nature
that described in figure-6.2. To produce the eletyrit will need minimum wind speed and
in high wind speed the power production shouldtop sue to turbine safety. It is clear that
the power production should be available from windine in certain range of wind speed.
The following fig-6.3 shows the power in pu versesd speed (m/s. depend upon the design
of wind turbine the power curb of the specific wituatbine follows the relationship between
cut-in wind speed and rated capacity. [1][6]
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Fig.- 6.3 Typical power curve of a wind Turbine system iffetent wind speed.
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Cut-in Wind Speed: The cut-in wind speed is the speed at which thedwimbine starts to
produce electricity and wind velocity nearly 3 tongters per second. In figure-6.3 shows the
cut in wind speed of 3.6 MW GE wind turbine. Beltke cut-in wind speed the turbine
doesn’t produce electric power. In figure 6.3 shtlvescut-in wind speed range.

Average wind speed:The typical average wind speed lies between belyedrwind speed
(12 to 16 m/s) where the maximum power is prodwn@tiabove the cut-in wind speed (3 to 5
m/s) and it's value between 8 to 12 m/s. In figbu& shows the average wind speed range.

Rated wind speed:when the wind speed lies between 12 to 16 m/swihé turbine reaches
its rated capacity i.e. maximum capacity. After thted capacity, if the wind is increased in
certain level the power production will be samefigure 6.3 shows the rated wind speed
range.

Cut-out Wind Speed the wind speed at value 25 m/s is treated ast-auwt wind speed.
When wind velocity is reached in such position #ed turbine is programmed to stop
rotating for avoiding damaging the turbine andsiisrounding. In figure 6.3 shows the cut-out
wind speed range.

6.5 Power equation of wind turbine:

Wind turbine is electro-technical component likbest in electrical power systems. Here we
will describe in briefly some basic equations feraynamic modeling of wind turbines. For

modeling the wind turbine systems it should be udedl the Generator, Electronic

Converters, Mechanical shaft systems and Turbing@osystems. [1] [2]

Equation of the turbine rotor:

Electricity is produced from wind turbine by consien of kinetic energy of wind. So, turbine
blade can't extract all kinetic energy from wincheTfollowing equation represents the total
wind power,Pying Within the rotor swept area of the wind turbinewrdine rotor,R can be
represented by the relationships between total pomweéhe wind and mechanical power,
Pmecr The kinetic energy of a cylindrical air of radilstraveling with wind speedinq and
corresponding total wind power will be:
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1
PWIND = E* pAIR * R2 *V\l\s;IND

(6.2)

Where=

Par = Air density (kg/m) =1.225 kg/m
R =Rotor Radius (m)

Vo = \wind speed (m/s)

From the equation we realized that rotor radiRisan’t hold all energy in the moving wind.
The speed of the wind can be reduced by wind tartnich is treated as a fraction of power
in the wind. This fraction is denominated the powéiciency coefficient,C, of the wind
turbine. The performance coefficief@, can be described by the relationships between the
total wind powerPying and mechanical powePyecH in the following equation:

(6.3)

- *
PMECGH - CP PWIND

According to the Betz's limit, theoretically, theeshanical powerPvecnh can be extract
nearly 59% of the kinetic energy of the wind. Iragically, Cp can be determined in the
center of the turbine which optimal value lies betw 0.52-0.55 for three blades wind
turbine. Some cases, the optimal valiielies between 0.46-0.48 when it is counted to the
electrical power at the generator terminal insteddhechanical power at the center of the
turbine.

So, equations (6.2) and (6.3), we can describ®dehanical poweRyveck:

1
PMECH = CP * E* PR * R2 *V\/\?;IND

= l* Par™ T R** Cp *V\A?;IND
2 (6.4)

The relation between power and torque of wind hehs:

T — PME(:H
MECH —
a)turb
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Puech = Tvech * @ (6.5)

Where:
Wurb=Turbine rotational speed

From equation (6.4) & (6.5), it is clear tHaecH is depend upon rotational speeg,, wind
speedVuing and turbine blade anglg, So, it can be expressed in the following way:

Puect = o, (@ s Vwno » B)

Here, the incoming energy that extract from wingetel upon the angle of incidenge,
between plane of the moving rotor blades and k&atvind speedViel (=Vip+Vwinp). By
considering two dimensional geometry, wind turboéris omitted that created by the blade
tip and related to the angle of incidendeis determined by the incoming wind spe¥ginq
and speed of the blade by the following equatior)(6

Tip speed ratio, commonly used term in the aeroahyos of the wind turbines, is defined as
the ratio of the rotor blade tip spedfg= wwrn*R) and the wind spee®ind).
So,

VWIND Vwind (6.6)

¢ - tan—l(l) = tan—l( VWIND )
A *R
a)turb (67)

Where:

Vip=Rotor blade tip speed (m/s)
wtur=Rotor speed (rad/s)

R=Rotor Radius of turbine blades (m)
Vwine=Wind speed (m/s)

When the tip of the blades moves 8 to 9 times faktn incoming wind spee@p will be the
optimal. The angle of incidencg,is depend on the position along the length of thdd
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Fig.-6.4 Described the wind conditions around the movirgine blade.

In the figure-6.4, the pitch ang/e,of the entire blade can be adjusted through servo
mechanism. If the blade is turned on, the anglattaickp between the blade and the relative
wind, Vie Will be changed accordingly. So, the energy exwacfrom wind is depend on the
angle of attacky between the moving rotor blades and the relativiel wpeedVinp.

The power efficiency coefficienG, value of the blades is depend on the blade ghglal tip
speed ratidy . So,C; is the function ofA andf and can be expressed in the following way:

Cp = fcp (A.8) (6.8)

Therefore, equation (6.4) and (6.8),

Mechanical powerPvecH can be described in the following way:

R —%*p*ﬂ* RZ*CP(/L:@*VV\?/’IND

mech —

(6.9)
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The performance coefficient, dictating the operational performance of the wundbine and
follow the non-linear power function of and . If the C, - A curve is known for a specific
wind turbine with a turbine rotor radiuR it is easy to construct the curve Gp against
rotational speed for any wind speedyind. The following figure-6.5 show§, - A curve for
different pitch angle.

For specific wind speedvwinp the optimal operational point of the wind turbioan be
determined by tracking the rotor speed to the agtiip speed ratiodopr. SO, equation (6.6)
can rewrite for optimal turbine rotor spe@,m, opr

*
w _ AOPT VWIND
turb,OPT — R

(6.10)

I I
| | l l l pitch angle=0.5 deg
1 1 | | | — - — pitch angle=3 deg
| | | | |
l l l l l
| | | | |

—— — pitch angle=5 deg
pitch angle=7 deg H
pitch angle=9 deg

pitch angle=11 deg
pitch angle=13 deg ||

10 11 12

lambda
Fig.-6.5 showed th&p-A curve for different pitch angle.

From equation (6.10), for the specific wind spekd,optimal rotational speed depends on the
turbine radiusR which increases with the rated power of the tueb®bo, the larger the rated
power of the wind turbine (equation-(6.9)) the lowee optimal rotational speed.
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For fixed speed wind turbines it have to desigmearder for the rotational speed to match the
most likely wind speed in the area of installatiémd for variable-speed wind turbines, the
rotational speed of the wind turbine is adjustedrav wide range of wind speeds so that the
tip speed ratio;A is maintained at optimal tip speed ratiothor. Thereby, the power
efficiency coefficient,Cp reaches its maximum value and as a result, mezdlapower,
Pwmecn output of a variable-speed wind turbine will bgter than that of a similar fixed-speed
wind turbine over a wider range of wind speedshigher wind speeds, the mechanical power
is kept at the rated level of the wind turbine bytrolling the pitch of the turbine blades.

6.6 Power control of wind turbines:

Wwind energy has reached a level of maturity regardis value as an alternative energy
generation technology. Wind turbines are desigongutoduce electrical energy as cheaply as
possible. Wind turbines are designed in such wagrtavide the maximum output at wind
speed. In case of strong wind, some portion ofg@neiill be lost for avoiding damage the
wind turbine blades and its surrounding. So, afidviurbines are designed with some sort of
power control. There are two main different contsgstems are available to safe run the
modern wind turbine. [1] [2] [5] [6]

Pitch controlled wind turbines:

In case of variable-speed wind turbine the optinpower can be produced by appropriate
controlling of pitch system that adjusts the effectrotor blade anglef. Where the blades
can be turned out or into the wind as the powepuubecomes too high or too low.
Practically, blade pitch control are used to redheeoverloading the wind turbine when wind
speed are available. Some drawback of the pitclraoto need of pitch mechanism and
higher power fluctuation at high wind speeds.

In modern wind turbine, high efficient turbine’seetronic controller is used to check the

power output of the turbine in several times p@osd and when power output becomes too
high, it sends an order to pitch the blade mechangsturns the rotor blades slightly out of

the wind. When the wind is going to droop the colfér gives an order to the blades of the
turbine to turn back into the wind.

Pitch control techniques are classified into twatools area are passive and active control.
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In passive control system to keep the power constarated value, the turbine blades are
stalled at a certain wind speed higher than thedlratind speed. For each blade, some systems
use the hydraulic actuators or separate electticasmrs. Most of the case, hydrauficch
mechanism is usually operated.

In active pitch control, for generating the reqdingower output; the blade pitch angle is
continuously adjusted based on the measured paenéh some cases, the active pitch
regulation sometimes can make the system unstainiegdhighly variable wind conditions.
In figure- 6.6 represents the pitch control systdwind turbine.

=

A 4

Signal
o | K adl o 1
1 oy PID 7| s+K _act
- Actual
Pitch Demand Sum PID Controller Transfer Function Pitch Signe

Fig.-6.6 Block diagram of pitch control system.

Stall Controlled Wind Turbines:

Practically, stall control system was for large @vitarbines Stall control wind turbines are
designed in simplest way, most robust and also pgstacontrol method compare to other.
Rotor blades in this type of wind turbine are bablbato the hub at a fixed angle.

When wind speed exceeds a certain level, the dedigrtor aerodynamics cause the rotor to
stall. As a result, power extraction on the blagebmited. Such slow aerodynamic power
regulation causes less power fluctuations than sd-giich power regulation. For stall
controlled wind turbine the blade is twisted slights longitudinal axis. This is partly done in
order to ensure that the rotor blade stall gragiualther than abruptly when the wind speed
reaches its critical value. The main advantagdisftype of turbine is that one avoids moving
parts in the rotor itself. The drawbacks are complerodynamic design and lower efficiency
at low wind speeds.
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Active Stall Controlled Wind Turbines:

Nowadays most of wind turbine are being developét active stall in larger type (1 MW
and up) by the Manufacturer. In this type of contine stall of the blade is actively controlled
by pitching the blades. To achieve the maximuncedficy at low wind speed, the blades are
pitched like to a pitch-controlled wind turbine. Aigh wind speeds the blades are forwarded
into a deeper stall by being pitched slightly itkh@ direction opposite to that of a pitch-
controlled turbine. In this type of control systetime advantages are the power output is more
accurate than the passive stall control and systambe run almost exactly at rated power at
all high wind speeds. Another advantage is tha @asier to stop in emergency and start up
the turbine at any circumstances. Normally, pitcBchanism is usually operated using
hydraulic or electric stepper motors.

6.7 Wind turbine topology

Wind turbine is operated in fixed speed or variadpeed.
Fixed —speed wind turbines:

In this type of wind turbine is designed with intlono generator (squirrel case or wound
rotor) and directly connected to grid where theorapeed of the wind turbine is fixed and
same to the grid frequency. In fixed speed systehes,wind turbines are coupled to the
system bus through a gearbox and induction gerrer@ompensating capacitor bank for
reducing reactive power compensation (because fimtugenerator consumes a significant
amount of reactive power which increases along it active power output) with soft-
starter is equipped when connected to the gridiglre- 6.7 shows the systems structure of
the wind turbine with direct connected squirreleagluction generator.
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Fig.-6.7 Wind turbine with direct connected squirrel cageguiction generator

In fixed-speed wind turbine the mechanical powercasiverted directly to a three-phase
electrical system through induction generator andcomplex controller is needed in the
electrical part. For an active stall fixed-speeadvturbine, a pitch controller is needed to
regulate the pitch angle of the turbine. This tgbevind turbine is designed in such way to
achieve maximum efficiency in certain wind speed. ificrease power production in low
wind speed the winding of the generator is designefl poles and for medium & high wind
speed the generator is designed by 4-6 poles.

Some advantages of this type of turbine are lowt, ceisple, robust and reliable and
drawbacks are uncontrollable reactive power consiompmechanical stress and less power
quality control.

Variable- speed wind turbines:

To attain maximum aerodynamic efficiency, the Jaleaspeed wind turbines are designed
over a wide speed range. In this type of turbihe, possibility to rotational speed of the
turbine can be increased or decreased with variaivlé speed and consequently, creates the
maximum power coefficient by keeping constant thespeed ratio at predefined value.

Increased power capture, power quality, reducedhargcal stress are advantageous of
variable-speed wind turbine compare to fixed-spewthd turbine. Complicated electrical

120



system, loss of power electronics, increased coste components are the drawbacks of the
variable-speed wind turbine. The following sectiotroduced the combination of different
types of generators as well as power converterasae in variable-speed wind turbine.

The following figure-6.8 described the general latyof a variable-speed wind turbine.

v

>
@)
—> Z
- | ]
B - - . g
Wind Turbine PM Syn. EIectroniql: Power =
Generator Converter/

Inverter |

i

Pitch < '

Controller Dump Load

Fig.-6.8 Block diagram of variable speed wind generatoetiaystem

Limited variable-speed wind turbine:

Wound rotor induction generator (WRIG) with varlgenerator rotor resistance is used in
this type of wind turbine that connected directty the grid. In order to smooth grid
connection and compensating the reactive poweruropgon soft-starter and capacitor bank
is used respectively. The power output in this @ysis controlled by changing additional
rotor resistance which can be changed by an olgticahtrolled converter mounted on the
rotor shaft. The following figure-6.9 representsimited variable-speed wind turbine system.

Wind Turbine
WRIG Soft starte >
) @)
( Z
(O 50 SD==F
Transformer g
Gear Box / =~
Variablyr/esistance
_|__|_
Compensating
apacito

Fig.-6.9 Block diagram of Limited variable-speed wind '[lmr:c):l
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Variable-speed with partial scale frequency convedr:

Double fed induction generator (DFIG) with parahle frequency converter is used in this
type of Variable-speedavind turbine that connected to rotor circuit whestator circuit is
connected to the grid and rotor circuit to the @ter through slip rings. Here, in order to
smooth grid connection and compensating the reagtivwer consumption; partial scale
frequency converter is used. It has wide dynamézdpange from -40% to +30% compare to
limited variable speed wind turbine. The followifigure-6.10 represents a variable-speed
with partial scale frequency converter wind turbgystem.

Partial scale
Frequency converte

Wind Turbine C

[

()

DFIG

Transformer

YIOMISN OV

Gear Box

Fig.-6.10Block diagram of Variable-speed with partial sdaégjuency converter system

Variable-speed with full- scale frequency converter

Figure-6.11 represents the full variable speed windine with electrically excited WRSG
(wound rotor synchronous generator) or WRIG or PMP&manent magnet synchronous
generator) connected to the grid through a fuldlesérequency converter. Here, in order to
smooth grid connection and compensating the reagbewer consumption; full- scale
frequency converter is used. The advantage tohestutl-scale frequency converter compare
to partial-scale is no need to gearbox in the hebsystem and direct driven multiple
generator with large diameter is used.
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Fig.-6.11Block diagram of Variable-speed with partial sdaégjuency converter system

6.8 Model study of GHI Wind turbine:
In this chapter, we studied the computer simulatbGE-3.6 Wind Turbine model.

The following figure-6.12 represents the GE WTG Bwynic models. In this model wind
turbine generator is unusual from a system sinariapierspective and used the wound rotor
induction generator (WRIG). Machine is DFIG typedaequipped with a solid-state AC
excitation system that supplied through converter.

The main purposes of the turbine control are toimee power production by maintaining
the desired rotor speed and avoiding equipmenti@a@s. Blade pitch control and electrical
control are main two controls to satisfy the oljextBeing considered load flow phenomena,
conventional generator and transformer are usedhitalization of the dynamic simulation
programme. The following four main device models aonsidered to construct the WTG

model.
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Fig.-6.12showed the GE WTG Dynamic models and data convicti

1. Generator/converter model: This model represents the physical equivalenthef t
generator and converter hardware and provides rntexface between the WTG
electrical controller & network.

2. Electrical control model: This model indicates the active and reactive powdoe
delivered to the power system based on input froenturbine model and power
systems conditions. In this model the control fiowg are separated into two main
categories are closed loop control and open loagrab The closed loop controller
contains the voltage regulation and power factartrod functions. The open loop
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control responds to large disturbance and conthmsmportant protective functions
relating to the electrical aspects of the WTG.

3. Wind Turbine and Turbine control model: Wind power system is Electro-
mechanical system where Electricity is producednfreind turbine by conversion of
kinetic energy of wind. So, wind turbine model igure 6.13 provides a simplified
representation of a very complex electro-mecharsigstem. The model represents the
all of the relevant controls and mechanical dynanot the wind turbine. In this
model; the following equations and parameters hssuraed to represent the
characteristic curves (for GE-3.6 MW WTG). The witdbine mechanical power
(shaft power) from energy contained in the wind is:

P —1*p*7T* RZ*CP(/":@*V\/\?IND

mech ~ A
2

For rigid shaft representation used in this mothel,relationship between blade tip speed and
generator rotor speed is fixed constant denoteg,by

The value of i§ for GE-3.6 is 69.5.

The mathematical presentation(@f

CBN=YY a, 54
i=0 j=0 (6.11)

The coefficient ofa;; are given in the appendix. The curve fit is a gapgroximation for
values of 2A<13. values of outside this range represents very high and lomdvgpeeds,
respectively, which are outside the continuousgadif the machine.
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Fig.-6.14showed the &A curve of GE-3.6 MW WT for different pitch angleofn 0.5 deg to 13 deg.

In this figure it showed thatgs optimal at 0.5 deg whex,,;=8.25 and & is minimum at 13 deg

4. so, when the pitch angle is increase thés@ecreases from its optimal.
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Power [pu]

Wind-Speed [m/s]

Fig.-6.15showed the Power- wind speed curve of GE-3.6 MW. WT

In this figure, by keeping the pitch angle to ngaero (0.5), the turbine output power-wind speed i
hold at maximum level. From this figure we can al&scribe the cut-in speed of the GE-3.6 MW
wind turbine is nearly 3.5 m/s, average wind speé5 m/s, rated wind speed is 11.25 m/s

and cut-off wind speed is 27 m/s.
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Fig.-6.16showed the Rotor speed- wind speed curve of GBASVGWT.

In this figure, the rotor reached the maximum valaerated value at 1.2 pu when wind speed is 10.2
m/s that is a little bit lower than the rated wspmked of the power curve in figure 6.15 at ratexkdp
It should be noted that the minimum rotor speethisfmodel is 0.7 pu.
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Wind-Speed [m/s]

Fig.-6.17showed the Tip speed ratio - wind speed curvel3® MW WT.
In this figure, it showed that the Tip speed ra&imaximum at 8.25 when the wind speed is increased

the Tip speed ratio is decreased by maintainirggiozl with equation (6.6).

4. Wind flow/speed model:Wind power fluctuations are relatively complex atdchastic in nature.
The wind speed variable is accessible to a usd¢tenmrmodel that can be designed to apply various
wind fluctuations
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Chapter-7

Comparison

Contents overview

7.1 Operation of GE-3.6 MW Wind Turbine

7.1.1 with Pitch Control

7.1.2 without Pitch Control
7.2 Turbine responses of the conventional Power plant
7.3 Comparison of Turbine responses of Conventional Power ithivwvind Energy
7.4 Statement of the comparison
7.5 Comparing the output power of Hydro Power with GE-3.6 MMd Turbine
7.6 Comparing the output power of Steam Power with GE-3.6\MWd Turbine
7.7 Comparing the output power of Thermal Power with GE-3.6 WIWd Turbine

7.1 Operation of GE-3.6 MW Wind Turbine:

Electricity is produced from wind turbine by consiein of kinetic energy of wind. But, turbine blade
can't extract all kinetic energy from wind. The &fit energy of a cylindrical air of radiu®
traveling with wind speell\inq and corresponding total wind power will be:[3] [4]

P ech:%* p*m* RZ*CL(A, B *Vogno

m

Where:

Par = Air density (kg/nf) =1.225 kg/mi
R =Rotor Radius (m)

Vo =Wind speed (m/s)

At high wind speeds, the mechanical power with ropti power efficiency coefficientC,, will
exceed the nominal power for which the wind turbimelesigned. So, it is essential to reduce the
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mechanical power by turning the blades away froenagptimal pitch angle. It is possible to do either
out of the wind or up against the wind.

By pitch control: If the blades are turned out of the wind, thediftthe blades is gradually reduced.
This control requires a relatively large changepitch angle which in turn it reduce power
significantly.

By active stall control If the blades are turned up against the wind, the turbiages will stall and
thus automatically reduce the lift on the turbinedes. This effect is obtained with a relativelyadim
change in pitch angle. This control requires a nam@&irate control of the pitch angle because of the
high angular sensitivity.

GE-3.6 MW WTG Model(Appendix-Model-W-01ig.-7.0), here two models are described in two
different categories (1) Pitch controller inacti{{@&ppendix, model-W-03, fig.-7.1.2)) and (2) Pitch
controller active (Appendix, model-W-02, fig.-7.1.1)). Both model is run in de-rated power by
applying 5 to 7 deg pitching the blades virtualtysimulation (Note- generally, electrical power as
well as rotor speed will be disturbed due to pitghihe blade) and then applied the desired stag inp
(by adding step function in the model-Appendix-7t@)increase the power. Here, a clear picture
between using Pitch controller and without pitchtcoller is shown.

7.1.1 With Pitch Control:

The following figure-7.1 represents the Aerodynamp@wer, Electrical Power and corresponding
rotor speed in pu at 0.51) pitch angle and using high wind speed (12 nmd)r@ wind step applied
in this model{Appendix, model-W-02, fig.-7.1.1)

132



0.301

8
1 , 1 it 1 , , ,
| | | | | [ | |
| | | | | [ | |
| | | | | [ | |
| | | | | | | |
| | | | | [ | |
“““ SRR R R I
| | | | | [ | |
| | | | | [ | |
| | | | | [ | |
| | | | o | [ | |
“““ R I R A R
| | | | | [ | |
| | | | | [ | |
| | | | | [ | |
| | | | | [ | |
I A Y = e O A
I | ] | N~ ] [ ] |
| | | | | [ | |
| | | | | [ | |
| | | | | [ | |
| | | | | [ | |
| | | | | [ | |
“““ SR A e R = R R
| | | | | [ | |
| | | | Mv/ | [ | |
| | | | | [ | |
| | | | ﬂﬂ\.w | | |
| Y I D B = 67 [
| | | w0 g | | |
| | | | | | |
| | | | m | | |
| | | | T | | |
| | | | | | |
| | | | o | | |
\\\\\ L | R B B o L L e |
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |
| | | | o | | |
“““ R e S R A S
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | | |
O S I S o Y = S A A S
I I | ] N | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
\\\\\ T\\\\T\\\\%\\\\J‘m i i e S B |
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |
| [ | L (@) | [ | [
8 @ S S S 8 @ S o
e} © oy} N ™ e} © oy} I\
™ N o o “ N o
o o o o
nd ul Jamod dlwreuAposay nd ul Jamod [eo11199|3

100

90

80

60

40

30

10

Time (Sec)

0.876 -~~~

nd ui paads 10104

0.8754 -~ - - -

100

90

80

60

40

30

10

Time (Sec)

Fig.-7.1represents the Aerodynamic power, Electrical Pamer corresponding rotor speed

respectively.
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The following figure-7.2 represents the Aerodynamp@wer, Electrical Power and corresponding

rotor speed in pu at 05 pitch angle and using igid speed (12 m/s) and no wind step applied in

this model.
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Fig.-7.2represents the Aerodynamic power, Electrical Pamer corresponding rotor speed

respectively.
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step function to increase the Aerodynamic poweectcal Power and corresponding rotor speed
The following figure-7.3 represents the Aerodynamp@wer, Electrical Power and corresponding

Step Input: In this modeI(Appendix, model-W-02, fig.-7.1.1) we applied the step input (3) in the
rotor speed.

100

Time (Sec)

100

Time (Sec)

0.92

100

Time (Sec)

increased 14% and it reached the steady statevatreh 30 sec, Electrical Power from 0.3 to 0.342
i.e. the Electrical Power increased 14% and it iedcthe steady state level within 43 sec and

Fig.7.3 represents the Aerodynamic power has increasedo003342 i.e. the Aerodynamic power
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corresponding rotor speed from 0.873 to 0.92 atarrspeed increased 6% and it reached the steady

state level within 52 sec respectively.
The following figure-7.4 represents the Aerodynamp@wer, Electrical Power and corresponding

rotor speed in pu at 0.51) pitch angle and using high wind speed (12 nvd)r@ wind step applied

in this model(Appendix, model-W-03, fig.-7.1.2)

7.1.2 Without Pitch Control:
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Fig.-7.4 represents the Aerodynamic power, Electrical Poaed corresponding rotor speed

respectively.



The following figure-7.5 represents the Aerodynamp@wer, Electrical Power and corresponding

rotor speed in pu at 05 pitch angle and using igid speed (12 m/s) and no wind step applied in

this model.
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Fig.-7.5represents the Aerodynamic power, Electrical Pamer corresponding rotor speed

respectively.
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Step Input: In this model, we applied the step input (3 dediwalues) in the step function to

increase up the Aerodynamic power, Electrical Paaver corresponding rotor speddhe following
figure-7.6 represents the Aerodynamic power, BlegdtPower and corresponding rotor speed.

(Appendix, model-W-03, fig.-7.1.2)
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Fig.7.6 represents the Aerodynamic power has increasedo003375 i.e. the Aerodynamic power
increased 25% and it reached the steady statewetleh 20 sec which 10 sec. less than with pitch
controller system, Electrical Power from 0.3 to®3.e. the Electrical Power increased 25% and it
reached the steady state level within 55 sec tAatet more than with pitch controller system and
corresponding rotor speed from 0.876 to 0.94#oter speed increased 8% and it reached the steady
state level within 62 sec respectively.

In “without Pitch Control system” the Aerodynamiower and Electrical Power is 11% and rotor
speed is 2% more than the “with Pitch Control syste

The following figure-7.7 described the comparisdrAerodynamic power and Electrical Power of
GE-3.6 WT model with pitch control and without phitcontrol:
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Fiq.7.7 represents that the Aerodynamic Power “withouthpitontrol system” in this model more
power and taken less time to reach steady statgigmoshan “with pitch control system” and
corresponding Electrical power “without pitch cartsystem” in this model more power and taken
more time to reach steady state position than “pitith control system”.
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The following figure-7.8 described the comparisdrSpeed Deviation and Pitch Angle of GE-3.6
WT model with pitch control and without pitch caooitr
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o l l l l
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< l l l l
S 3 i ity et ity
.-': | | | |
a l l l l
2 s R W— [ e W— L R
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Time (Sec)

Fig.-7.8 represents that the Speed Deviation in “withotthpcontrol system” in this model taken
longer time to reach steady state position tharth\pitch control system” and Pitch angle in “with
pitch control system” should be same as “withotdtpcontrol system” but 60% more.
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7.2 Turbine responses of the conventional Power plant

7.2.1 Turbine response of Hydro power unit:

The following 7.10 figure shows the Turbine resposHydro Power Plant against the step
change in Gate position. [7] [8]

Scopedd
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GateNSalve Turbine To Waokspace
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Fig.-7.9represents the Turbine unit of Hydro Power plant.
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Fig.-7.10represents Turbine response of Hydro Power Paihsat the step change in Gate
position.
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7.2.2 Turbine response of Steam power unit:

The following 7.12 figure shows the Turbine respoas Steam Power Plant against the step

change in

Fig.-7.
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11represents the Turbine unit of steam Power plant.

Time (Sec)
Fig.-7.12represents Turbine response of Steam Power Rjamst the step change in Gate

position.
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7.2.3 Turbine response of Thermal power unit:

The following 7.14 figure shows the Turbine respoas Thermal Power Plant against the step
change in Gate position.
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Fig.-7.13represents the Turbine unit of Thermal Power plant
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Fig.-7.14represents Turbine response of Thermal Power Bgaihst the step change in Gate
position.
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7.3 Comparison of Turbine responses of Conventional Powenit with Wind
Energy

The following 7.15 figure shows the Turbine respoas a Mechanical Power of Conventional
Power unit with wind energy against 5% Gate positcsturbance.
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Fig.-7.15represents the Turbine responses of ConventiawaéPplant with Wind energy.

Zoom Position to visualize the Turbine responseyifro power.
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7.4 Statement of the comparison

Here, it was compared the combined operation withd¥Energy (Electrical power) to Conventional
power plant- Hydro, Thermal & Steam (Mechanical powby increasing the load of the power
system in such way, when the system load is inete§8% load disturbance); power of the entire
system goes unbalanced and corresponding systemrefiey also decreases from its nominal value.
According to primary frequency control (Local autatra control which delivers reserve power in
opposition to any frequency change), the conveatiggower plant acquire time (Response and
Settling time of Mechanical power of Hydro, TherngalSteam unit take 04-25 semd 20-68 sec
respectively to stabilize the system) to supplydeemand power in order to balance the entire system
which in turn will balance the system frequency.riBg this transition time power to the system can
be supplied from the wind turbine to meet the hisewer and to stabilize the frequency. Thus wind
turbines can be used as a source for limited angiBervice to the system where the Response and
Settling time of Electrical Power of the wind turbiare 03 sec — 09 sec and 08 sec —38 sec
respectively.

Normally Wind Energy is connected to the power exystike other power plants. We propose to run
the wind turbines at a de-rated power (i.e. a davdivhere the wind turbine is run below its actual
rated capacity using pitching the blades) duringmad operation to the grid. When the demand in the
grid increases a transition occurs, where the autimeal power plant takes time to meet the
increased demand, at this moment wind turbine camesovide to meet the demand and keep the
system frequency stable.
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7.5 Comparing the output power of Hydro Power with GE-3.6 MW Wnd Turbine:

Combined operation of Hydro power unit by 5% load distubance with GE-3.6 MW Wind
Turbine.

The wind EnergyGE-3.6 MW WT) is run without pitch control system (AppendiModel-WH-
02, fig.-7.1.3 at 5 deg angle pitching blades. The step inpapjslied into GW model from the
Hydro power as speed deviation.

Applied 5% step load in Hydro power and correspogdiurbine mechanical power from Hydro and
Electrical power from Wind Energy are describethim figure-7.16.
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Electrical Power penetration of Wind=20%
Mechanical Power penetration of Hydro=80%

Fig.-7.16 showed the contribution of power- Electrical PowéWind (red) and Mechanical Power

of Hydro (black) for 5% load disturbance and cqooesling rise time and settling time for both Wind
& Hydro power are figured in 8.1 results.

146



7.6 Comparing the output power of Steam Power witlGE-3.6 MW Wind Turbine.

Combined operation of Steam Power unit by 5% load disttbance with GE-3.6 MW Wind
Turbine.

The wind EnergyGE-3.6 MW WT) is run without pitch control system (Appenddodel-WS-

03, fig.-7.1.3 at 5 deg angle pitching blades. The step inpapjslied into GW model from the
Steam power as speed deviation.

Applied 5% step load in Steam power and correspand@urbine mechanical power from Steam and
Electrical power from Wind Energy are describethim figure-7.17.
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Fig.-7.17 showed the contribution of power- Electrical PowéWind (red) and Mechanical Power

of Steam (black) for 5% load disturbance and cpwading rise time and settling time for both Wind
& Steam power are figured in 8.1 results.
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7.7 Comparing the output power of Thermal Power with GE-3.6 MVWWind Turbine:

Combined operation of Thermal Power unit by 5% load dsturbance with GE-3.6 MW Wind
Turbine.

The wind EnergyGE-3.6 MW WT) is run without pitch control system (AppendModel-WT-
04, fig.-7.1.3 at 5 deg angle pitching blades. The step inpapjslied into GW model from the
Thermal Unit as speed deviation.

Applied 5% step load in Thermal power and corredpan Turbine mechanical power from Thermal
and Electrical power from Wind Energy are descrilpetthe figure-7.18.
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Fig.-7.18showed the contribution of power- Electrical PowEWind (red) and Mechanical Power

of Thermal (black) for 5% load disturbance and esponding rise time and settling time for both
Wind & Thermal power are figured in 8.1 results.

148



Chapter-8

Results and Conclusion

Contents overview

8.1 Results
8.2 Conclusion

8.1 Results

For 5% load disturbance of the conventional powantpwe have identified the following Response
Time and Settling Time in combined operation witm@&/Energy:

1. Power from Hydro -Wind power Unit:

Hydro Power Wind Power
Response timé& sec Response time sec
Settling time20 sec Settling time25 sec

Where:

Electrical Power penetration of Wind=20%
Mechanical Power penetration of Hydro=80%

2. Power from Steam-Wind power Unit:

Steam Power WiRower

Response timé&4 sec Response time sec

Settling time7 sec Settling time08 sec
Where:

Electrical Power penetration of Wind=20%
Mechanical Power penetration of Steam=80%

3. Power from Thermal-Wind power Unit:

Thermal Power Wind Power
Response time&5 sec Response timé& sec
Settling time68 sec Settling time38 sec
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Where:

Electrical Power penetration of Wind=20%

Mechanical Power penetration of Thermal=80%

The following table shows the operational sequencéhe conventional power plant with Wind

power at normal operation and at contingency (ldastlurbance of the conventional power plant)

period.

Normal Operation

At contingency

Normal Operation

% Hydro Power

Hydro Power (5% load disturbance) with wind
Energy

Hydro Power

«» Steam Power

Steam Power (5% load disturbance) with wind
Energy

Steam Power

«» Thermal Power

Thermal Power (5% load disturbance) with
wind Energy

Thermal Power

+ Wind Power (De-
rated)

Wind Power (power increased at rated level
for stabilizing the power of the System)

Wind Power (De-
rated)
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8.2 Conclusion

v" Thus we have investigated the given wind turbine and responsediemes
compared with other power plants

v Itis found that Wind turbine has a quick response in sose aad response
equal to that of high capacity power plant

v It can be used as ‘Limited ancillary’ service

v In Nordic countries, wind penetration is only 1% andiagrior 20%
penetration

v' These results can be used for analyzing Frequency Respongedatiividines.
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Appendix

A. Steam Power Unit

Model-S-01
Gaini
— Sp_Er ¢ Gov — pmi ) = Az
Speed emor Gavemord To Modspace To Woispace
! -
*
1 21451 |+ 1
P » d — PD
0.25+1 245547 Zs+1 . 10z+1
+ Govermor T _r’ Transfer Fen speed
urbine (inith initial outputs)?
Step Load Step Load-PI
{1 1 JE
Ermor Speed Govemar Wech Fomar

@—pﬂ

time

Open loop transfer function of the system GH(s)22Q(1s)/(1+0.2s)(1+0.2s)(1+7s)(1+10s)

Fig. - 2.1 Model of Steam power unit. [7]
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B. Hydro Power model

' | R ] ,
! P : Mechanical
l PowerAP,,
Load fi 1 1+sT, | 1-sT, | * 1
oaad ret. 'y Y-
Pl 2 1+ sT M1+ S(R /R)T, |1+ s05T,, Ms+D [> A&
: | Speed
: . ! . i Deviation
| Transient droo:  Turhine AP
1 . | L
: compensation;
Governor
Fig.- 3.1 Simulink Model of Hydroelectric power unit. [7]
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. o L e R o S O
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Step Load PI
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LE
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Fig.- 3.1.1 Model of Hydroelectric power unit. [7]
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Value of the parameters:

Parameters/

Re Rr Tw Ts Tr M D 1
Unit R,
Hydraulic Unit 005 | 1.233| 40s| 0204 140s| 6.0s 1.0 20
Model
Parameters
Rp Permanent Droop
Rt Temporary Droop
Tw Water Starting Time
Tg Main Servo time constant
Tr Reset time
M Inertia Coefficient
D Damping Constant
1 Gain
R,
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Hydro Power unit
Model-H-02

Gain
2D|1
B y_rotor
—W  Gate — pm_tana
e — o Rator
Errar Gate Mechanical pawer
Governar

r
r
h
h
IT

1 1ds+1 -2zt y
'P'_ . —_— By - '
0.5s41 345 24z+1 o+ 10+ .
E_”f _ Fi_Speed
Gavemor Tranzient droop Comp. Turhine S

Step Load {ith initial outputsy3 finith initial output)t {with initial outputls — I

*@ Gate
Speed Emor = Speed]
Step Load PI

Govermor -
N
hﬂemwer
: tz
Bl time
Fig.- 3.1.2 Model of Hydroelectric power unit. [8] [9]
Parameters/ Re Rr Tw Te Tr M D 1
Unit g
Hydraulic Unit 0.05 | 1.233 20s 0.50s| 14.0s 10.0 § 1.0 20
Model
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Hydro Power unit

Model-H-03
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Fig.- 3.1.3 Model of Hydroelectric power unit.
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Hydro Power unit

Model-H-04
Gain
2%4
e UU_rotor
—M  ate —M  Fm
o Rator
o E WalrelG ate Mechanical power
Error Gowemuor
1 izt -5+ 1
- Y o — > — Y — b+ > — p
02541 38+ 0.5s+1 fizt1
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Transfer Function:

1. Open loop transfer function of the systemtl{out transient droop compensation
Gce(s) =1.0) is GH(s) =20(1-s)/(1+0.5s)(1+0.2s)(D+6s

2. Open loop transfer function of the systemitlf transient droop compensation,
Gc(S)=(1+5s)/(1+38s)) is GH(s)=20(1-s)(1+5s)/(1-8)(5+0.2s)(1+6S)(1+38s).

Fig.- 3.1.4 Model of Hydroelectric power unit.
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C. Thermal Power Unit

Model-T-01
aini
4 hlechanical zpeed
P ower dewiation
Govermnar
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Rotor speed
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(} I t

Clock time

Transfer Function:

Open loop transfer function of the system GH(sLZ¢1+5s)/ (1+0.08s) (1+48.7s) (1+10s)

Fig. - 4.1Model of Thermal Power unit.[7][18]
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