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Objectives

m Understand electric power systems basics to be able to
identify where and how apply computer science techniquesin
energy management and in designing and building smart
grids

m Understand smart grid concepts and components
m Understand energy efficiency concepts

m Energysaving vs. Energy efficiency
m |CT for energy efficiency vs. Energy-efficient ICT

m Power vs. Energy

.
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Major Literature

m Alexandravon Meier: Electric Power Systems— A Conceptual
Introduction. |EEE Press. ISBN-13: 978-0-471-17859-0, ISBN-10: O-
471-17859-4

m James Momoh: Smart Grid — Fundamentals of Design an
Analysis. |EEE Press. ISBN: 978-0-470-88939-8

m NIST Framework and Roadmap for Smart Grid Interoperability
Standards U.S. Department of Commerce, Office of the
National Coordinator for Smart Grid Interoperability, NIST
Special Publication 1108, Release 1.0
Published Jan. 2010

.
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Further Readings

m J. Glover, M. S. Sarma, T. J. Overbye: Power System Analysis

and Design. ISBN-13: 978-1-111-42579-1, ISBN-10: 1-111-42579-5.
Edition: 5th

m International Electrotechnical Commission
http://www.iec.ch/smartgrid/background/explained.htm

m Europeantechnologyplatform for the electricity networks of

the future
http://www.smartgrids.eu/FAQ#12

m (US) National Institute of Standards and Technology
http://www.nist.gov/el/smartgrid/sgprogram.cfm
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1.1 Basic Quantities (1) ™

m Charge:
m Positive & negative charge
m Like charges repel each other

Opposite charges attract each other

Source: http://commons.wikimedia.org

|
m Atom: electrons (-), protons (+), neutrons (no charge)
|

Charged versus uncharged particles
m Positively charged: number of protons > number of electrons
m Negatively charged: number of protons < number of electrons

m Electrically neutral: number of protons = number of electrons

.
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1.1 Basic Quantities (2) ’7;}]5?5'&55 o

m Charge:
m |on: naturally charged atoms or molecules (group of atoms)

m Imbalanced number of protons and electrons

m Unit of charge

m coulomb (C)
m Charge of 6.25x 10" protons

m Proton charge: 1.6x107°C
m Electron charge: -1.6 x10™"° C
m Symbol of charge

mQorgq
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1.1 Basic Quantities (3) ’%]HANSEVXSS "

m Potential or Voltage

m The potential energy held by a charge in a particular location,

relative to a reference location, divided by the amount of its
charge

m The required work to move the charge (to / from) that location

m Can be positive or negative Energyin  Energy out

m Unit

m volt (V) PE PE—-

m 1 volt =1 joule per coulomb s I ,l KE 4 . KE
m Symbol Ela? © ©

mE eV orv ‘Uncomfortablestate -Comfortable state
*Higher potential *Lower potential

Source: http://slideplayer.us (33 Electric Fields and Potential)
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1.1 Basic Quantities (4) /;i}]gANSI;//ESSITAT

m Ground
m Electrically neutral place
m Able to absorb excesses of either positive or negative charge
m Synonym: earth

> L L1

Signal Chassis Earth
ground ground ground
-
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1.1 Basic Quantities (5) ’%]HANSEVXSS "

m Conductivity

m The material is able to conduct electricity if it has number
electrons that are always free to travel
m Conducting materials: metals, water (with dissolved ions)

® |onization: a process by which electrically neutral atoms or

molecules are converted to electrically charged atoms or
molecules (ions)

m Heat

m Superconducting

m Very low temperature

(il

— N Source: http://commons.wikimedia.org
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1.1 Basic Quantities (6) ’%]HA%V/ES.S,l,TAT

m Current
m The movement of electric charge
m Flow rate of charge
m Positive or negative
m DCor AC
m Unit
m amperes (A)

m 1 ampere =1 coulomb per second

m Symbol
m|ori
- D
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m Contents
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1.2 Ohm’s law (1) ’%JH%EVXSSW

m OHM'’s Law

m Intuitively, voltage and current are related, e.g. if the potential
difference between two ends of a wire is increased, a greater
current to flow would be expected.

m OHM'’s Law expresses the linear relationship between voltage
and current

V=IR Vv
I | R

m V is the voltage
m |is the current
m R is the proportionality constant called resistance

.
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1.2 Ohm’s law (2) ’%JH%EVXSSW

m Resistance

m |t is usually a fixed, unchanging property of the object with
respect to current and voltage

m |t depends on an object’s material composition and its shape
m Length | (meter): resistance increases with length

m Cross-sectional area A (square meter): resistance decreases with
cross-sectional area

m Resistivity p (ohm*meter): an intrinsic material property that
qguantifies how strongly a given material impedes the flow of
electric current.
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1.2 Ohm’s law (3) %HANSSV/ESS'TAT

m Resistance

m Resistance also tends to vary with temperature

m E.g. the resistance of a copper wire increases as it heats up

m Unit:
m ohm (Q)
m By rearranging Ohm’s law, we see R = V/I
m 1 ohm =1 volt per ampere (Q =V/A)
m The unit of resistivity are onm*meter (Q*m), which can be
reconstructed through the preceding formula:

mp=RA /I =Q*m?*/m=0Q*m
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1.2 Ohm’s law (4) ’7;}]5%'5/555””

m Conductance
m Conductivity is the inverse of resistivity o =1 / p (mho/m)

m Conductance is the reciprocal of resistance G=1/R
m The conductance is related to the conductivity by:

od 1
m Unit
m mho
m1lmho=1/Q
- D
Computer Networks
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1.2 Ohm’s law (5) ’7;}]5%'5/555””

m [nsulation
m Aims to keep current from flowing where it is not desired

Insulators have an infinite resistance or zero conductance, so
that zero current flows through it

.

Source: http://www.answers.com Source: http://commons.wikimedia.org

.
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1.3 Circuit Fundamentals (1)

m Static Charge is accumulation of charge in one place due to
lack of a conducting pathway that enables it to move towards
its opposite charge.

Source: http://commons.wikimedia.org Source: www.freeimages.com

.
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1.3 Circuit Fundamentals (2) ’%HANSISV/ESS'TAT

m Electric Circuit is a pathway to recycle charge to its origin to
maintain potential difference, in order to produce a sustained
flow of current

m Electromotive force (emf) refers to the mechanism that force
the charge to return to the less “comfortable” potential.

A

-

.
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1.3 Circuit Fundamentals (3)

m Voltage Drop is the difference in voltage between two points
in a circuit as the electriccurrent flows

m As in Ohm’s law V = IR, voltage drop is proportional to the
current flowing through the component and its resistance

m Electric shock is the reaction or injury caused by electric
current flowing through an object.

Source: www.coolquiz.com

.
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1.4 Resistive Heating (1) ’%JE/ANS'SV/ESS'TAT

m Calculating Resistive Heating

m The process of generating heat due to flow electric current
through a conductor that has some resistance.

m Desirable (e.g. in any heating appliance)
m Undesirable: resistive losses (e.g. power lines)

m This heat is measured in terms of power
Charge . Energy Energy

" P=IV=
Time Charge Time
2
= P=/°R
m Unit
m watt (W) = amperes x volts
m\W= A2 X Q
Computer Networks
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1.4 Resistive Heating (2) ’7’;”(/‘%55'3/555 T

m Transmission Voltage and Resistive Losses

m High level voltage are used for power transmission lines

m Acc. to P =1V, a high level voltage implies less current needs to
flow in order to transmit the same amount of power

m Acc. To P = I°R, reducing the current result in reducing the line
losses

m Reducing the power losses by reducing the resistance of the
conductors

m Only at the expense of making them thicker and heavier

.
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1.5 Electric and Magnetic N
Fields (1)
m A field is an abstraction developedin physics to explain how

tangible objects exert forces on each other at a distance, by
invisible means

Source: www.freeimages.com

.
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1.5 Electric and Magnetic
Fields (2)

m Electric Field is a map of electric

force experienced by a charge at ‘\T S/ N\ l /

any location

-
m This invisible field of force is /T\ /’ T \

represented by field lines
indicating the direction of

Electric field of single charges
movement of positive charge

m The electric force drops off at rate

proportional to the square of the \ T /\ l /
———

distance , . < A
P Electric field of two opposite charges
Computer Networks
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1.5 Electric and Magnetic I;QIJUNNERS.TAT

Fields (3)

PASSAU

m Magnetic field

\
Computer Networks

Electric current produce a magnetic field (B)
- A magnetic field is the magnetic influence
of electric currents and magnetic materials

Right-hand rule to specify the direction B
Unit of magnetic field:

Source: http://commons.wikimedia.org
m tesla (T) or gauss (G)
A |

|
A
A

[} I}

I |

Magnetic flux (D) is the amount of magnetic
field passing through a surface

A

m [t is measured in units of weber (Wb) < i :)

Magnetic field = Magnetic flux density

] 91 tesla = 1 weber per square meter

Source: http://commons.wikimedia.org
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1.5 Electric and Magnetic
: ™

Fields (4)

m Electromagnetic Induction:

m A process of exerting a force on the charge, accelerating them
in one direction along the wire and causing a current to flow

m This force is caused by a varying magnetic field =

4 F
m Changing intensity of B S
m Relative motion between the charge and B 5
m Lorentz equation: F =qvxB o
Source: http://commons.wikimedia.org

m F :magnetic force (vector: magnitude and direction)

mQ :particle’s charge (determine the direction)

m B :magnetic field (vector: magnitude and direction)

Y/ :velocity (vector: magnitude and direction)

[ When 8 is 90° the maximum force is possible
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1:5 Electric and Magnetic //,{[\,}]})J/L\ISI;//ESSITAT
Fields (5)

m Electromagnetic Radiation (EMR)

m A self-propagating oscillating wave of electric and magnetic

fields
m The propagation speed of the wave is fix‘fed )
m Speed of light = 3 x 108 \/L iy
m EMR carries energy /

m Electrons are used to interact with matter

m Light, radio waves, microwaves, infrared, etc.

Source: http://commons.wikimedia.org

A
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1.6 Summary

m Mobile charge carriers (electrons and ions) provide conductivity

m Voltage refers to the difference of electric potential energy
between two points

m Currentrefers to the flow of electric charge (carried by moving
electrons and ions)

m OHM’s Law states the relationship between the voltage (V),
resistance (R), and current (I)

m Whenever an electric current flows through a material that has
some resistance, it generates heat.

m ElectromagneticInductionrefersto the induction of an
electromotive forcein a circuit by a varying magnetic field

.
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2.1 Modeling Circuits (1) //’i’\ﬂgANSQ//ESSITAT

m Electriccircuit:

m An interconnection of electric elements
m Power source (battery, wall outlet, or generator)

m Conductor:
m Negligible or zero resistance

m Drawn as lines, of arbitrary length and shape

m Load in which the electric power is being utilized (e.g. light)

.m.p@ |

voltage .
S e switch (

commons.wikimedia.org

.
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2.1 Modeling Circuits (2) %Hg'gfﬁs'TAT

m Circuitelements:

m Linear elements:

m Exhibit linear relationships between voltage and current or their
rates of change

Resistors Capacitors Inductors
—MWW— L4 oLk
R TT T

m Non linear elements
m Does not have a linear relationship between current and voltage

Transistors Diodes

SRS

&%

.
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2.2 Series and Parallel Circuits -
0 ™

m Resistancein Series
m Resistance of a series combination of resistors = The sum of
their individual resistances

m A voltage drop proportional to each resistance will be across
each resistor in a series combination

>
il

n

commons.wikimedia.org

Combined (series) resistance
R:R1 +R2:20()Q
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2.2 Series and Parallel Circuits -
) ™

m Resistance in Parallel
m Decreasing the overall resistance of the combination
m “Alleviates” the current flow through each branch

m Consider resistors in terms of conductance (G=1/R)

m The total resistance will always be less than any of the individual
resistances

1 1 1
= + +....
R R, R, E
Where R is the combined Resistance
tp—— Ry —
Parallel Resistor Calculator
- D
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2.2 Series and Parallel Circuits :
(3) ,,%] 'L’.JA[\JSISV/EL?TAT

m Seriesvs. Parallel

Series The same Vary
Parallel Vary The same
.
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2.3 Kirchhoff’s Laws (1) ’%ngslsvfsmm

m Kirchhoff’'s Voltage Law (KVL)

m The sum of voltages around any closed loop in a circuit must be

Zero
m The polarity of the voltage is very important [ ]
. m Example _____.
| 45V | N 1 35V | T Frheing of
| P l2 1 | F ] _ 45V o
WA E.i=+ —
* o + E. ., =-10v :
45V — 10kQ %Rv " OV
75kQ i E4_3 T Red
I —IWNE—— =-15V
L ov i1 R, o 15V | Ev
----- : fmm e www.allaboutcircuits.com
E2 1= EZ' E1

The voltage at “2" in reference to “1"
- D
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2.3 Kirchhoff’s Laws (2) ’%]gf*NSEVXSS'W

m Kirchhoff’'s Voltage Law (KVL)

m Example

E3-2

1= #5V voltage from point 2to point 1
voltage from point 3to point 2
voltage from point 4to point 3
voltage from point 1to point 4

voltage from point 2to point 3
voltage from point 1to point 2

voltage from point 4to point 1
voltage from point 3to point 4

http://www.allaboutcircuits.com 5
o]
o cougr]
E1-4
”~ 3
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2.3 Kirchhoff’s Laws (3) ,;;u(]ggsvggsm

m Kirchhoff’'s Voltage Law (KVL)
m Work for any circuit configuration, not just simple series

m Example
m Circuit (2,3,4,5,6,7) ; The branch (3,6) is not considered

I 6V | L6V i 16V I 16V
————d e ——— ] lmmmmm] acca=
1 2 3 4 E,,= 0V voltage from point 3to point 2
E,;= 0V voltage from point4to point 3
o + + + E;,= -6V  voltage from point 5to point 4
6V — % R, R, % R; E.s= 0V voltage from point6to point 5
T . } B} E,.c= 0OV voltage from point7to point 6
+E,,= +6V  voltage from point 2to point 7
et 7. 8. 5. Eem OV
L OV L OV i L OV 1 0V

http://lwww.allaboutcircuits.com

.
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2.3 Kirchhoff’s

UNIVERSITAT
Laws (4) /;i}]PASISAU lA

m Kirchhoff’s Current Law (KCL)

m The currents entering and leaving any branch point or node in
the circuit must add up to zero

m Work for any circuit configuration, not just simple series

S o

.

¢
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& Communications
Prof. Hermann de Meer I I

Computer Networking and Energy Systems

Ch02-Basic Circuit Analysis 48



2.3 Kirchhoff’s Laws (5) ’7;}]5@5&5“”

m The Superposition Principle
m For circuits with more than one voltage or current source

m The combined effect—that is, the voltages and currents at
various locations in the circuits—from the several sources is the

same as the sum of individual effects

m Example
R, 3
— WA ' %
4 Q 1 Q
B, — 28V ZQ%R, 7V — B,
&
/\ www.allaboutcircuits.com
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2.3 Kirchhoff’s Laws (6) ’%ngslsvfsmm

m The Superposition Principle o My
4Q 1Q
m Example B, =28V RS20
m The circuit with only the 28 volt battery in effect
-“““-
Volts
I 6 2 4 6 6 Amps
R 4 2 1 0,667 4,667 Ohms
, SA A R
VWA VWA
hav” T av -
2A
+ +
B, — 28V R,Z4V
- D
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2.3 Kirchhoff’s Laws (7) ’%ngslsvfsmm

m The Superposition Principle e e
m Example R.320 B, =7
m The circuit with only the 7 volt battery in effect

-“““-

Volts
I 1 2 3 3 3 Amps
R 4 2 1 1.333 2.333 Ohms
1A 3A R
1 I —_— 3
~MV— ~MA—
4V 3V
2A
_*
R, %4 v B, — 7V
- D
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2.3 Kirchhoff’s Laws (8)

_¥ |UNIVERSITAT
/%PASSAU

m The Superposition Principle
m Example

m When superimposing these values of voltage

With 28 V With 7 V
battery battery With both batteries
R, R; 24V 4V EOV-
20V A e SWE | B e
. . . Eqi Eri 24V-4V=20V
— 28V 7V —
B, = R, gsv = B, . . .
Ery, S4vV Egr, %4\/ Er, %sv
4V+4V=8V
4V 3V 1V
+ -t + .
—~W— —~\W— Erxs W
Egs Egs 4V-3v=1V

.
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2.3 Kirchhoff’s Laws (9) //’i’\ﬂgANSQ//ESSITAT

m The Superposition Principle
m Example

m When superimposing these values of current

With 28 V With 7 V
battery battery With both batteries
R, R,
- OA — 1 A -— 5A
M M ayye —~ A et —AVA—
+ + Iz, I 6A-1A=5A
B, — 28V 4AT§R2 B, — 7V
lazéTZA lazéTZA 1@%141\
2A4+2A=4A
-— 4 A — 3 A -— 1A
W —~W— lp; VW
Ies Ies 4A-3A=1A
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2.4 Magnetic Circuits (1) ’7;}]%%5”“

m The magnetic flux ¢ representation:
m Two poles (north, south)
m Always continuous

m Flux lines neither begin nor end anywhere
m Travel around in closed loops

m Analogous to an electric current traveling through a closed circuit

m Has the property that “what goes in must come out”

Lines of Magnetic Flux
produced around a Coil

N-pole

Coil or Loop
of Wire

www.electronics-tutorials.ws

Q\_‘_
=
DN
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2.4 Magnetic Circuits (2) ’%]HANS'SV/ESS "

m This analogy extendsin such a way that we can speak of
magnetic circuits that obey similar rules as electric circuits

m Magnetic permeability u

m Analogous to electrical conductivity

m Material’s propensity to carry magnetic flux in response to an
externally applied magnetic field - B

-

m The permeability of a vacuum Lo
m |s not negligible

m Called the permeability constant

commons.wikimedia.org

.
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2.4 Magnetic Circuits (3) ’7;”(/‘%'5555 "

m This analogy extendsin such a way that we can speak of
magnetic circuits that obey similar rules as electric circuits

m Reluctance R

m Analogous to the electrical resistance

m The relative difficulty or ease with which the magnetic flux may
traverse an element within a magnetic circuit

m The reluctance of a magnetic circuit element R =€/ uA ; £ : The
length, A the cross-sectional area of the element

.
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2.5 Summary

m The current flow at any element in a DC circuit can be
determined using KCL

m The voltage at any point in a DC circuit can be determined
using KVL

m The equivalent resistance of series and parallel combinations
of elements can be used to simplify DC circuit analysis

m Magnetic circuitis made up of one or more closed loop paths
containing a magnetic flux

.
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3.1 Alternating Current Iip{]%%sm
&Voltage (1) e

m Direct current (d.c.) circuits e | WYV

m Polarity always remains the same sl

m The current always flows in the same direction —/3‘\\‘
m Alternating current (a.c.) circuits

m The polarity reverses and oscillates very rapidly

m a.c. frequency is measured by hertz (Hz) or cycles per second

m [n USA : 60 Hz

®m |[n Germany : 50 Hz
m The direction of voltage and current are reversed, and reversed
back again, (60,50) times every second

Source: abbaustralia.com.au

Alternating Current ~ Direct Current
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3.1 Alternating Current Iip{]%%sm
&\Voltage (2) ~

m Mathematical description

m Sinusoidal function is used to model the oscillation of voltage
and current
m A sinusoidal function is specified by three parameters:
m Amplitude A:The maximum value or height of the curve
m Frequency F:The number of complete oscillations per unit time
m Period T :Inverse of frequency; Duration of one complete cycle
m Phase ¢ :Shift of the entire curve to the left or right

m Angle ot :“Time as angle

f ~ freaquency
A
i\ -
t=0 t=T/2=1/2f t=T=1f
: : 2nft =0 2nft =n 2mft =27
A Source: http://commons.wikimedia.org \/
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3.1 Alternating Current %H@'ﬁﬁsm
&Voltage (3)

m Mathematical description
m Time as angle A /\
m A fraction of the complete oscillation | | —
m Unit: Radians (rad) v\ sz fam w2
m Refer to arc described by an angle. _a|
m 1t rad = one half cycle (180°) Copyright Jomn Wiy & Sons

m The period of which would be 1/60th of a second for 60 Hz, is
taken to correspond to a full circle of 360 degrees.

m Angular frequency w

m radians per second

m w =60 cycles/s-2m radians/cycle = 377 rad/s
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3.1 Alternating Current /i;}]g/@g/gsgij
&\Voltage (4)

m Mathematical description
m An alternating current as a function of time
m [(t)=1__ sm(axt+¢,)
I« :The maximum value or amplitude of the current
-1 =<I{t)=+[__
¢, :Phase shift

m An alternating voltage as a function of time
s V(@)=V__sm(wt+¢@,) e

mex I(t) = Iy SIN(02t)
with ® = 21 60 Hz

| | l [

90° 18 270° 60° 450°  Time tor angle wt
/2 T 3n/2 2n 5n/2
11120 1/60 s
_Imax N
A Copyright John Wiley & Sons
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3.1 Alternating Current /i;”,(/‘g/_[\\nslg//gsswm
&Voltage (5) ~

m The root mean square (rms) Value

m Determining the overall magnitude of a.c. Sinusoidal function

m Indicate the amplitude of the sine wave
m Most of the time, the actual value is much less than the maximum

m Simple arithmetic average or mean

m Zero, sine wave is positive half the time and negative the other half
m Contains no useful information

m Meaningful physical measure equivalent to a d.c. value

m Calculation
] Squaring the entire function
1. Taking the average (mean)

. Taking the square root of this mean

Prof. Hermann de Meer 66
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3.1 Alternating Current %H@'ﬁﬁsm
&\Voltage (6)

m The root mean square (rms) Value
m The rms value of a sine curve = 0,707 the original amplitude

m Utility voltages and currents are almost always given as rms
values

m 120V is the rms voltage for a residential outlet

0.707 Vipay d = mfm e N e e e e L e D e S N

R/ VARV/E\

V(b

_Vmax .

.
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3.2 Reactance (1)

m The property of a device to influence the relative timing of an
alternating voltage and current.

Depending on the frequency
Related to the internal geometry of a device
physically unrelated to the resistance

Two types of reactance
m Inductive reactance :based on inductance
m Capacitive reactance : based on capacitance
m Impedance

m Both resistance and reactance

m Units of impedance, reactance and resistance : Ohm Q

Computer Networks = .
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3.2 Reactance (2) ,;;"(]ggsv/ggsm

m Inductance

Inductor or solenoid:
m Coil of wire

m Electric current produces a magnetic field around it

m Direction of the field : right-hand rule
m Wire is coiled up, it effectively amplifies this magnetic field
m Great in the center, pointing along the central axis the coil

m Electromagnet
m Coil + Material of high magnetic permeability (iron)

0

Magnetic field

———
A — Copyright John Wiley & Sons
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3.2 Reactance (3) %ﬂg@gggsm

m Inductance

m Principle : Changing magnetic field in the vicinity of a
conducting wire induces an electric current to flow through this
wire

® |n a.c. circuit

m The current oscillates back and forth, so does the magnetic field

m Other current induce in coil
m Because of continuously changing of magnetic field
m Proportional to the rate of change of the magnetic field

m Exerts an opposing effect on the change in current flow that is
responsible for producing the magnetic field

m Lead to delay or phase shift of the alternating current with respect to
the alternating voltage (90° with ideal inductor)

.
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3.2 Reactance (4)

m Inductance

UNIVERSITAT
’7;}/‘ PASSAU

m D.C. corresponds to case of zero Frequency

m Frequency of the applied alternating current is important
m The higher the frequency, the greater the induced current

m The lower frequency, the current pass through the inductor easier

<

» V()=V__ sm(ax)

_|m§

YIL

Yl =1 sin(wt-7/2)

I lags V_ by 90°

Current lagging voltage by 90° with ideal inductor

+ Self-induced
Vimae V emf
Imax—¢=pf=———
) 180; I ) o>
20" 240° 360"
Ov >
\ | | time
| | I
| ‘ |
‘ | |
\ |
Yaf 1 Vaf 0 vaf | Yaf |
| ||
Source: www.electronics-tutorials.ws
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3.2 Reactance (5) %ﬂg@gggsm

m Inductance

>

m The inductive reactance X;
O XL = wlL

m o - Angular a.c. frequency

Reactance, (L)

m [ : The inductance depends on

m The physical shape of the inductor
m Measured in units of henrys (H) 0

Frequency, Hz
| In the context Of power Systems Source: www.electronics-tutorials.ws

m Frequency is always the same

m Reactance is treated as if it were a constant property

m Inductor as a thing that resists any changes in current
m V=L ({dldt),

m J : The voltage drop across an inductor

.
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3.2 Reactance (6) /;;}]},JANS'SV/ESSITAT

m (Capacitance

m Capacitor

m Two conducting surfaces or plates that face each other and are
separated by a small gap

m These plates can carry an opposite electric charge
m Electric field across the gap

m Coaxial cables : capacitors with unideal shapes

Distance . Conductive '
' . Parallel Plates ECI;Ctncal
Q+ / \ Q/ arge

1 L
Dielelctric -|-

Symbol

Lead

+ + |+ + +

Conductive
Plate with
Area = A

A Source: www.electronics-tutorials.ws
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3.2 Reactance (7) ’7;}]5?5'&55 o

m (Capacitance
DC
m Capacitor | | b—
m In d.c. circuits I I MW
AC

m acts as an open circuit, and no current will flow

B |n a.c circuits
m a.c. current can get across the capacitor
m Impulses of electrons can be transmitted across the gap by means

of the electric field
m This transmission only remains effective as long as the voltage
keeps changing
m Current flow across a capacitor proportional to
m The rate of change of the electric field
m The rate of change of the voltage across the capacitor

.
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3.2 Reactance (8) %ﬂgANS'SV/ESSITAT

m (Capacitance

m Capacitance C
m Unit: farad (F)

m Increases with
m The area of the plates
m Decreasing separation between plates ( except zero)

m The capacitive reactance X, *
mX-=-] £
¢ /ol < Capacitive
m Increases with 8 R%&t;nce
m Decreasing angular frequency w %
[a
m Decreasing capacitance

o

m Effect is opposite that of inductive reactance Frequency i

Source: www.electronics-tutorials.ws
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3.2 Reactance (9) %ﬂg@gggsm

m (Capacitance

m The capacitive reactance

m Capacitor stores and releases energy during different parts of the
cycle (as inductor does)

m This energy resides in the electric field between the plates

m The storage and release of energy by a capacitor occurs at time
intervals opposite to those of an inductor in the same circuit

m A capacitor and an inductor can therefore exchange energy
between them in an alternating fashion

m Capacitor as a thing that resists changes in voltage
m [ =C (dV/dt)

m /[ The current through the capacitor

.
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3.2 Reactance (10) ’7;}]5&?}55””

m (Capacitance

m The capacitive reactance

m Causes a phase shift between current and voltage
m Opposite direction: The current lead the voltage by 90°

V(f)

I(t)

Copyright John Wiley & Sons

Current leading voltage by 90° with a pure capacitance

.
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3.2 Reactance (11) %HANS'SV/ESS'TAT

m Complexrepresentation

m Complex numbers

m Concise way to mathematically represent two aspects of a physical
system at the same time (e.g. impedance)

m Contain

m A real part
m Ordinary number
m Directly corresponds to a measurable physical quantity
® An imaginary part
m A sortof intangible quantity
m When projected onto physical reality, represents oscillatory behavior
m Multiple of the imaginary unit quantity j = \/—_1

m The complex number C=a + jb

Prof. Hermann de Meer 79
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3.2 Reactance (12) %HANS'SV/ESS'TAT

m Complexrepresentation

m Complex numbers

m The complex number C = a + jb

m Refers to the point a units to the right of the origin and b units above

Im

4 c

|C|2 =a’+b’ ;.

sin@ =b/C C+C,=(a,+a,)+ j(b +b)

cosl =a/C “] C-C,=(a,-ay)+ jb-b)

tan d = b/a 11 C.C,=(a,.b—a,b,)+ j(a.b,+a,b)

Copyright John Wiley & Sons

The number C =3 + j4=

.
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3.2 Reactance (13) //%]

m Complexrepresentation
m Polar form
m C =|C|(cos p+tj sin ¢ )
mC=|Cle?
m . C= [Chl|Cole?; ™,
m C/C= |G|/ |Cole 2,

A C=x+jy

» Re
A Source: http://en.wikipedia.org

UNIVERSITAT
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3.2 Reactance (14) %ﬂg@gg&sm

m I[mpedanceZ

m Combination of reactance X and resistance R

m Vector sum of R and X in the complex plane
mZ=R+jX

Reactance X

Resistance R

m Any device found in an electric power system has it

m Combined according to the same rules for series and parallel
m The angle ®©

m Shift between current and voltage

m Positive when reactance is inductive

m Negative when reactance is capacitive
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3.2 Reactance (15) %Hg'gfﬁs'TAT

m I[mpedanceZ

m Example

m An electrical device contains a resistance, an inductance, and a
capacitance, all connected in series. Their values are R=1Q, L=0,01H
and C=0,001F, respectively. At an a.c. frequency of 60 cycles, what is
the impedance of the device?

m The inductive reactance X; = wlL= 377rad/s0,01H=3,77 Q
m The capacitive reactance X-=- 1/wC =-1/377rad/s-0,001F=-2,65 Q
m The reactances are in series
m X=X, +X.=3,77-2,65=1,120Q
m The impedance Z=10Q+j1,120Q
m In the polar form |Z]= 1,50, ¢ =48,2°

m This impedance would simply be referred toas 7,5 Q

.
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3.2 Reactance (16) ’%H&'ﬁﬁs'm

m AdmittanceY
m Inverse of the complex impedance Y=1/Z
m Combination of conductance G and susceptance B (theinverse of X )
mY=G+/B
m Y, Zare complex (vector) quantities
m The magnitudes of Y= 1/Z | Inductance <k Capacitance

m G=R/Z’
mB=-X7 @
Resistance R |- | Reactance X

U

impedance Z

Computer Networks =, .
& Communications I Computer Networking and Energy Systems

Prof. Hermann de Meer 84

Ch03-ACPower




UNIVERSITAT
3. AC Power /i;}]PASSAU

Fakultar fiir matik und Mathematik

m Contents

1) Alternating Current and Voltage

2) Reactance

3) Power
4) Phasor Notation

5) Summary

-~

Computer Networks = . '
& Communications Computer Networking and Energy Systems
l

Prof. Hermann de Meer 85

Ch03-ACPower



3.3 Power (1)

m Definition of Electric Power
m Measure of energy per unit time
m Rate of energy consumption or production
m The units for power are generally Watt(W)
m P : Power dissipated by a circuit element
m P=[°R =IV; R:resistance, /: current, V: voltage

m Converted to heat

m Maybe part of the appliance’s intended function
m Considered as a loss (transmission lines)

.
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3.3 Power (2) %ﬂg@gggsm

m Definition of Electric Power

® In transmission lines two types of power
m The dissipated power : “I°R losses”

m P= [V :less convenient for two reasons
m Power line as not just a resistive wire; has a significant reactance
m Multiplying /and V" will be more complicated due to phase shift
m Which V to use?
m linedrop : (Voltage difference between two ends )
m A few percent of the line voltage
m Not known precisely
m Line voltage : specifies the line voltage with respect to ground

m Power transmitted by the line
m P= ][V = Charge/Time . Energy/Charge = Energy/Time
m /' : The line voltage (line is considered as extended terminals)

.
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3.3 Power (3) ’7;}]%2/&55”“

m Complex Power
m /and Vvary in time :

m Instantaneous conditions P(1)= I(1)V(t)

m Need an expression for power as averaged over entire cycles

m Purely resistive load : Voltage and current are in phase
= P =]V

ave rms - rms

m Load with reactance

m The relative timing of voltage and current has been shifted
m The average power is clearly less than it was in the resistive case

1 1
ave rms’ rms ¢ 2 max ¢ \/E \/E
m Power factor p.f. =cos ¢

m Average power (Wirkleistung): (Watt ) Real power, active power
m Apparent power S (Scheinleistung) : (volt-amperes VA)
=N " Regardless of phase shift =1L,V s
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3.3 Power (4) G

m Complex Power

m /and Vvary in time :

m Need an expression for power as averaged over entire cycles
m Purely resistive load : Voltage and current are in phase
= P =1V

ave rms- rms

m Load with reactance
s P.=1_V cos¢g

ave rms- rms

\/Voltage /Current Average /\ N/Voltage Current Average /'\
\/\( Power, Powe5=0/ M Power Power //-\
AN\ // AN /\j///\
M~ \ N/ / \k ﬁ/
N/ X ,/X /[ . /. \
/
I\ /S
\ N/ N4
4

Source: http://slideplayer.us
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3.3 Power (5) ’%]HANSEVXSS "

m Complex Power
m Average power (Wirkleistung) (Watt W): real power, active power
m The power actually transmitted or consumed by the load
m Apparent power S (Scheinleistung) (volt-amperes VA):
m The product of current and voltage, regardless of their phase shift
m Reactive power Q (Blindleistung) (VAR volt-ampere reactive)
m Oscillates back and forth through the lines
m Not getting dissipated

m Exchanged between electric-magnetic fields

Reactive power Q

m O=[_V sing Real power P

rms - rms

m Inductive loads “consume” reactive power,

m Capacitive loads “supply” reactive power
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3.3 Power (6) g T

m The Significance of Reactive Power

m The cholesterol of power lines
®m Doing no useful work
m Causes the utility to incur costs

m Additional losses — B
Copyrightld - hitpoiwwedelectricaliechnology.org
m Greater capacity requirements Sou Analogy of Actve Power Reactve Powsr, Appereat Pewer & Powse tcte

KVA

— Appare POWer s

m Reactive losses (VAR volt-ampere reactive)
m The difference between the reactive power supplied by
generators and that consumed by loads
m Important in the context of planning and scheduling reactive

power generation

.
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3.4 Phasor Notation (1) ’%JH%EVXSSW

m Phasors as Graphics
m A way to characterize a sine wave, specifying its magnitude

m Map the sine wave onto a circle (phasor diagram)

m The vertical axis : Physical quantity

-1 +1

®m The horizontal axis : Time
m The voltage as an arrow (voltage phasor)

m Constant length : Maximum or rms value
m Spins around the circle counterclockwise

m Spinning speed is constant : Angular frequency w

d lhw X NN x |

Source: http://commons.wikimedia.org A
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3.4 Phasor Notation (2) ’%JEAN;SV/ESSITAT

m Phasors as Exponentials

m The voltage phasor
m Je/?
m J: The magnitude of the voltage
m @ : The voltage phase angle @2

. V : ¢ e 13"14 e jnia

s L Symbol means “angle.”

m The current phasor e
mJe/? |

m /[ : The magnitude of the current

m @ : The current phase angle o132
[ | [A¢ Copyright John Wiley & Sons

s L : Symbol means “angle.”

.
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3.4 Phasor Notation (3) /;iﬂngANSI;//ESSITAT

m Phasors as Graphics

m The impedance Z=/7/0
m O : Means a ratio of components ,not a time
m O : Physically determines the time lag of current with respect to

voltage
m V=IZ
s JV/0=[/-6-7/6

B Ve /®=]ei® Zei® =7/ (®+8)

-~ N
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UNIVERSITAT
3.5 Summary ’7’;}] PASSAU”

m Two typesof current
m Alternating current (a.c.)
m Direct current (d.c.)
m Reactance Vs Resistance
m Reactive power Vs Real power

m Phasor notation

m Used to know what happens over the course of many cycles,
not within a single cycle

.
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4.1 The Simple Generator (1)

m An electricgeneratoris a device designed to convert
movement into electricity based on electromagnetic induction

m A generator converts mechanical energy of motioninto

electrical energy, whereas the electrical motor accomplishes
just the reverse

m Simple generator:

m consists of a loop of wire surrounding a bar magnet

Rotation of magnet

®m Induces a current by rotating the magnet inside
the loop (or by rotating the loop around it)

Induced current

Copyright John Wiley & Sons
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4.1 The Simple Generator (2) ””D(]FJANS'SVAESS'TAT

m What is the effect of rotating magneticfield?

m The rotation results in a magnetic field or flux that changes over
time

m With continued function, the flux over time could be plotted out
as oscillating function (sine or cosine wave)

m The amount of the current induced in the loop of wire will be
directly proportional to the rate of the magnetic flux linking it
(i.e. alternating current)

m The induced current will have a direction so as to oppose, not
enhance, the changing magnetic field that create it (energy
conservation)

.
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4.1 The Simple Generator (3) /79(1%%?&55”“

m What is the effect of rotating magneticfield?
m The induced voltage and its resulting current resembles also the
sine or cosine wave, but offset from flux wave

m Derivative of the sine is a cosine, or a curve of the same shape,
only shifted by 90°

Rotor position — L N [l y 2 L Mg |
Magnetic field '—‘——? ST z"?##ﬁ f‘;"ﬂ =7 oY ‘i‘i‘f
or flux lines 5% 7 LRy by e o Y Lot L7 T

Magnetic flux ® |\ M\ m /A A ay M\
through loop | \J A\ |\ |\ NS \vy \/
Voltage (emf): ‘,;-T-..,,A ra -\l e | ) | Y | a

Rate of change — 7177 W T T YT LN 7 A

of flux (ddidt)

Copyright John Wiley & Sons
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4.1 The Simple Generator (4) ’7;}] PASSAU

m Where doesthe carried energy in the wire come from?

m The energy is put into the generator by an external source of
mechanical energy
® Prime mover
m An external force spins the magnet (e.g. steam turbine)
m Renewable or non-renewable energy

m High-pressure steam, fissioning atoms, etc.

.
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4.1 The Simple Generator (5) ’%]FJANS'SVAESS'TAT

m Must the magnet offer some resistance to being spun?

m If the magnet offered no resistance to being spun, it would be
impossible to exert a force on it, and therefore impossible for it
to do any work

m In physics, the mechanical work done equals the force applied by
the distance an object is being pushed

m \Where doesthis resistance come from?

m The rotating magnet is pushing against a second magnetic field
that is a result of the induced current in the wire (armature
reaction)
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4.1 The Simple Generator (6)

m How to producedirect current?
m Hold the magnet stationary while the wire rotates

m Use sliding contact for rectifying

m reverse the connection each half turn

EIATEVATAY

/\ Source: www.wikimedia.com (Physik3D.de)
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4.2 The Synchronous -
Y ,7;“(1 UNIVERSITAT
Generator (1) e

m Basic Componentsand Functioning

m Rotor
m The rotating assembly in the center of the generator

m Contains the magnet

m Rotor winding : electromagnet (coil of wire wound around an core of
high permeability)

~/.

m Rotor magnetic field is provided by
an external dc current supplier (exciter)

..
-
e
,

A Copyright John Wiley & Sons
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4.2 The Synchronous ’?;u(/‘%?s'svﬁﬁsm
Generator (2)

m Basic Componentsand Functioning

m Stator
m The stationary part of the generator

m Contains the armature where the current is induced and is
electrically connected to the load

m Stator winding (single conductor (1 phase), three conductors (3
phases))
m In the three phase design the phases are wound such that they are
120° spatially on the stator

m Each phase carries an alternating voltage and current shifted in time
from the others by one-third of a cycle

.
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4.2 The Synchronous //’D(]HANS'SV/ESS'TAT
Generator (3)

Phase A + Phase 8 + Phase C = Total armature

m Basic Componentsand Functioning
F A N

m In single phase generator the force between

the magnetic fields pulsated during the S ”
rotation > I I ‘
m Three phase generator provide a uniform Coh R R
force or torque on the rotor for a much
smoother conversion of the energy PR N
m Because the magnetic fields resulting from /- ¥ - « - " 4
the three induced currents of the stator are l L w '
combined together to resemble the
magnetic field of a single, rotating magnet ¥ NG W
7N

Copyright John Wiley & Sons
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4.2 The Synchronous
v ™
Generator (4)

m Basic Componentsand Functioning

m The stator field (armature reaction) spins at the same frequency
as the rotor field (move in synchronicity)

.
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4.2 The Synchronous //’D(]HANS'SV/ESS'TAT
Generator (5)

m Basic Componentsand Functioning

m Rotor rotation (revolutions per minute (rpm)) = frequency of
alternating current (hertz (cycle per second) )
m 60 Hz = 3600 rpm (rotor with two magnetic poles)

m Rotor with more poles need less revolutions to still produce an
a.c. frequency of 60 Hz

/= E ; f: the a.c. frequency in Hz; n: the rotational rate of the

rotor in rpm; P: the number of magnetic poles (2,4,8,32)

m Cooling system is very important

m 100 MW generator with an efficiency of 99% releases
continuously 1 MW of heat into its environment
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4.3 Operational Control (1)

m Thereare two control variables (two dimensions) to adjust
the generator’s behavior
m Rotational frequency of the generator
m Related to the real power it supplies
m Voltage at its terminal (the generator bus voltage)

m Related to the reactive power it supplies

m A bus/busbaris a metal bar to which all the incoming and
outgoing conductors are connected

m A reference point for measurements of voltage, current, and
power flow

m A definitive measure of how the generator is interacting with

the grid
/D
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4.3 Operational Control (2) ’7;}]5/@'&55””

m Single generator: Real Power
m Controlled through the force exerted by the prime mover
m Rate of rotation of the rotor
m First operating model called “On the governor”

m As load-following generator which must respond to load
fluctuations

m Continually monitors the generator frequency (e.g. set point 3600
rpm)

m Uses a governor valve to adjust the supplied force
m Second operating model called “on the load limit”
m Generators are operated at a fixed level of power output
m Corresponding to its maximum load
[ Used for base-load plants
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4.3 Operational Control (3) ’%]HANSEVXSS "

m Single generator: reactive power

m Controlled by the current provided to the rotor windings by the
exciter

m Increasing d.c. current = Increasing rotor magnetic field 2>
Increasing emf in the armature’s windings

m This emf manifests as a voltage difference between the
generator’s terminals (bus)

m The magnitude of the rotor field determine the induced emf in
the armature, and thus the generator bus voltage

.
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4.3 Operational Control (4) %HANSISV/ESS'TAT

m Single generator: reactive power
m Unity power factor

m The angel between the stator field and the rotor field is 90°

Raotor field
{physical rotation)

Stator fiekd
(apparent rotation)

N
-
>

A Copyright John Wiley & Sons
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4.3 Operational Control (5) /;i,ﬂILDJANSI;/AESSITAT

m Single generator: reactive power

m Lagging power factor

m The angel between the stator field and the rotor field is longer
than 90°

A Copyright John Wiley & Sons
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4.3 Operational Control (6) /;i,ﬂILDJANSI;/AESSITAT

m Single generator: reactive power

m Leading power factor

m The angel between the stator field and the rotor field is shorter
than 90°

’
A Copyright John Wiley & Sons
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4.3 Operational Control (7) ’%zmlsvfﬁswm

m Single generator: reactive power

m Decomposition of the stator field into two components
m Perpendicular to the rotor field affects the torque

m Parallel to the rotor field affects the rotor fields

Perpendicular component
affects lorque (power)

Parallel component
affects rotor field

/\ strength (voltage)
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4.3 Operational Control (8) ’%JH%EVXSSW

m Single generator: reactive power

m Load = producing reactive power = change in rotor field -2
change in generator voltage = change in real power supplied

to the load
m Voltage-control mechanism
m Maintains the bus voltage constant
m By continually varying the field current
as required by the load

.
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4.3 Operational Control (9) ’%JEANS'SV/ESSITAT

m Multiple generators: Real power

m Relationship between interconnected sync generators
m Rotating exactly at the same frequency

m Coincident timing of all produced alternating voltages (in step)

m Power angle (6) is the variation of the precise timing among
voltages as supplied by different generators

Stronger
A"“’;“"‘ armature reaction
reaction \6
; .. 57 stronger
’s' Y turbine push
| | | |
| |
| P
Copyright John Wiley & Sons
” S Unit 2 Unit 1
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4.3 Operational Control (10) ’%JH/ANS'SV/ESSWAT

m Multiple generators: Real power

m The more ahead the power angle, the more power the
generator is producing compared to the others

m This result in a stronger armature reaction and greater
restraining torque on the turbine

m 2 slowing down the generator until an equilibrium is reached

m Conversely, if one generator slows down to fall behind the
others, this will reduce its load while increasing that of the
others

m This relieving the torque on its turbine

m — allowing it to speed up until equilibrium is again
reestablished
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4.3 Operational Control (11) %PASSAU

m Multiple generators: Real power

m Increasing forward torque at unit 1 = rotor 1 moves ahead of
rotor 2 = V1 occurs in each phase slightly a head of V2

m Difference voltage (V1-V2) is approx. 90° out of phase with both
m Units 1 and 2 have opposite perspective

m Circulating current is associated with difference and flows
between the two generators

Copyright John Wiley & Sons

.

Computer Networks =, .
& Communications Computer Networking and Energy Systems
il

Prof. Hermann de Meer 123

Ch04-Generators




4.3 Operational Control (12) %mmggﬁsm

m Multiple generators: Real power

m Circulating current is associated with difference and flows
between the two generators
m This current lag by almost 90° the difference voltage
m Inductive reactance
m — The circulating current is in phase with current generated by

unit 1 (addition), but approx. 180° out of phase with current at
unit 2 (subtraction)

Copyright John Wiley & Sons
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4.3 Operational Control (13) ’%JEANS'SV/ESSITAT

m Multiple generators: Real power

m - The real power output of unit 1 increases, while the power
output of unit 2 decreases

m Load reduction will be shared among all the generators in the
system —>these generator will speed up

Copyright John Wiley & Sons
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4.3 Operational Control (14) li?i]g/ﬁ'svfﬁs'm

m Multiple generators: Reactive power

m The allocation of reactive power among interconnected
generators can be controlled by the magnitude of the supplied
voltage (rotor field current)

m All generators have the same bus voltage = their reactive
power output would be in the same proportion to the
generating real power

m Why may it be desirable to change this balance?

m Maintaining voltage profile throughout the system
® Minimizing cost

m Avoiding loss of real power
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4.3 Operational Control (15) %PASSAU

m Multiple generators: Reactive power

m Increasing the voltage set point of unit 1 = increasing rotor
field current of unit 1 = increasing reactive power contribution

m Voltage difference is in phase with the normal voltage
m Circulating current lag by almost 90° the difference voltage

m |Inductive reactance

Circulating
Vi-Va Vs current

...............
.
-
S

aaaa

-
-
-
--------
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4.3 Operational Control (16) %PASSAU

m Multiple generators: Reactive power

m At unit 1 lagging circulating current coincides with lagging
current associated with reactive power supplied to the load

m Increased reactive load = Weakening the rotor field
m At unit 2 the circulating current is observed as leading

m Decreased reactive load = Strengthening the rotor field

‘‘‘‘‘

as*
.........

Copyright John Wiley & Sons
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4.3 Operational Control (17) ’7;}]%5%

m Multiple generators:
m The circulating current, as an electrical interaction between
generators, has the effect of equalizing:
m The voltages

m Rotational frequencies

.
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4.4 Operating Limits (1)

m The appropriate measure of generating capacity is in units of
apparent power (KVA or MVA)

m Overloading means primarily overheating

m [nsulation damage

m Thermal expansion between winding conductors and the core
m Operatinglimits assure the integrity of the equipment

m Reactive capability curve

m Automatics control are used to assist the operator that these
limit are not exceeded

.
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4.4 Operating Limits (2)

m Reactive capability curve

RS -
¥ |UNIVERSITAT
~““&4(| PASSAU

‘Generating”
m A boundary on permissible MVAR iy
combinations of real and g |
) Lagging 0.85 lag
reactive power output - 8
m Normal operating range: e
m Operating limit imposed by heating -
Unity p.f. MW
of stator conductor (BC)
m |agging power factor (overexcitation) 095 lad
Leading
m Heating of the rotor conductor (BA) Pt i "/ Stator end iron
. . . heating limit
m |eading power factor (underexcitation)
m Heating of the stator core iron (CD) "Wk o
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4.5 The Induction Generator (1)7;”(] PASSAD

m General Characteristics of asynchronous generator
m Without an independent excitation for rotor
m Armature is connected to a live a.c. system (electrical grid)

m Rotor field current is obtained be electromagnetic induction
from the rotating stator field

m Not fixed rotation rate
m Synchronous speed is the speed of rotation of stator’s field

m Corresponding to the electrical grid
m Syn. speed = 1800 rpm for 60 Hz und 2 magnetic poles

m Slip speed is the difference between the rotor

speed and the synchronous speed

.
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4.5 The Induction Generator (2)==z /2™

m General Characteristics of asynchronous generator
m Zero Slip represent equilibrium state, it delivers no power

m Exerting forward torque (by a turbine) would accelerate beyond
syn. speed and generate electric power forave

m Spinning slower than syn. Speed (restrained siip

Operating as
generalor

by mechanical load) , then the machine

is operating as a motor! Synchronous apeed

zero load

Operating as
maotor

Copyright John Wiley & Sons
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4.5 The Induction Generator (3)7;”(] PASSAD

m Electromagnetic characteristic

Computer Networks

Stator field rotates corresponding to the a.c. frequency
Rotating stator field induces an a.c. current to flow in the rotor

As a result, a torque is exerted on the rotor to accelerate it in
the rotation direction of the stator field

The rate of change of the flux through the rotor depends on

m A.c. fregency in the stator

m Slip speed
Exerting external torque on the rotor > rotor revolve faster
than stator field 2 inducing emf in the armature winding, which

acts to strengthen the potential difference at the generator

terminal = flowing current to load and transmitting power
- D
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4.5 The Induction Generator (&)= /0™

m Electromagnetic characteristic

m When the machine is operated as a motor, with mechanical

force holding the rotor back, the rotor current lags 90° behind
the stator field

m As a generator, with a mechanical force accelerating the rotor
beyond sync speed, the rotors current leads the stators field by
90°

m Inductive generator can only generate at leading power factor

m [t consumes reactive power

.
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4.6 Inverters (1)

m |sadevicethat changesd.c.intoa.c.
m Toobtaina.c. powerfromd.c. electrical source

m |In Power generation systems
m E.g. to inject power into grid from photovoltaic module

m In battery powered devices

m As a part of the conversion process of a.c. frequenciesto a
steady 60 Hz

m a.c. output from a variable-speed wind turbine
m Rotaryinverter:ad.c. motor powersan a.c. generator
m Electronicinverter: rapidly switching electronic circuit

m The key performance criterion of inverteris the waveform
- D
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4.6 Inverters (2) //PT/‘PASSAU .

m \Waveforms

True sine wave

Vaokage

Modified square wave or

- 1 w -
Square wave quasi-sine wave

“Sine wave”

Copyright John Wiley & Sons
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4.7 Summary

m An electricgenerator is a device designed to convert
movement into electricity based on electromagnetic induction

m [nthesynchronousgeneratorthe stator field (armature
reaction) spins at the same frequency as the rotor field

m Requiresan externald.c. current

m Aninduction (asynchronous) generator operates without an
independent source forits rotor field current

m Theinverteris a device that changes d.c. intoa.c.

.
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5.1 Introduction (1)

m Load refers to any device in which power is being consumed
m Individual appliances (e.g. light bulb)
m Aggregated system (e.g. city block)

m Theload is defined mainly by
m Impedance (resistance and reactance)
m Aggregated behavior (e.g. timing of demand)
m Type of electric power (d.c. or a.c.)
m Theoretically there are three types of loads acc. to impedance
m Resistive loads
m Inductive loads (motors)

m Capacitive loads(electronics devices)
-
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5.1 Introduction (2)

m Typesof loads

Type of loads Examples

Pure resistive loads Incandescent lamps
Heaters (toaster, iron)

Motors Pumps
Fans
Household appliances
Power tools
Large commercial three-phase motors

Electronics Power supplies for computers and other electronics
Transformers (adapters, battery chargers)
Microwave ovens
Fluorescent lamps

Copyright John Wiley & Sons
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5.2 Resistive loads (1)

m This type of load is a purely resistive load without capacitive
or inductive reactance

m Power factorof suchaloadis 1.0
m The heatingelement dissipates power according to:
m P=I1’R=IV=V?R

m Accordingto P = V?/R the strongest heaters are those with
the lowest resistance

m Resistance is usually a fixed property of a device

m Resistive load are the most tolerant of variation in power
quality, such as variation in voltage or in a.c. frequency

.
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5.2 Resistive loads (2)

m resistive device can be damaged be excessively high voltage

m QOverheat

m Low voltage causes no physical damage, but the heat or the
light output will be reduced

m The resistive loads are indifferent to the a.c. frequency

m The performance of an incandescent lamp at a.c and d.cis
indistinguishable by human eyes

m What happensto loads and their power consumption when
voltage changes?

" P = V¥R

.
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5.2 Resistive loads (3) %}]g@gggsm

m Dimmer

m Dimmer is used to control the brightness of a light by reducing
the effective root-mean-square (rms) voltage across the lamp

m Dimmer selectively turns the voltage on and off for a certain
fraction for each cycle, producing a jagged voltage curve

m No problem; resistive loads are indifferent to a.c. waveform

m As a result, the overall brightness is /‘\ /\
diminished in relation to the average \/ \J
amount of power dissipated by the |\ \
load, which in turn given by the Y/ /
average voltage N A

V

Copyright John Wiley & Sons
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5.2 Resistive loads (4) ’%]%Ts'svfﬁs "

m Dimmer

m Dimmer switches should only be installed in appropriate circuits
m The majority of fluorescent lamps are not dimmable

m They are not resistive load, therefore reducing the voltage may
damage them

m Rheostat refers to the process of reducing the voltage by
inserting a variable resistance in series with light bulb

m Splitting the voltage between the light bulb and the rheostat
m Dissipating less power by the light bulb (dimming)
m But, rheostat dissipates also a significant amount of the power

m —>no savings from reduced lightning energy use

m —risk of meltdown and fire

.
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5.3 Motors (1)

m Motorsreferto the inductive loads

m Motorloads comprise anything electric that moves, such as
fans, pumps of all kinds, power tolls and even electric cars

m The motoris essentially as a generator operated backwards
m The mechanical power output of a motoris expressedin
units of horsepower (hp)
m 1hp=0.746 kW
m There are three main types of motors
® Induction
m Synchronous

m D.c.
- D
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5.3 Motors (2) e

m |[nductionmotor
m Similar to induction generator
m No independent source of magnetization for the rotor
m Induced rotor current (a.c. frequency and slip)

® Inrush current refers to the drawn current by a motor when first
switched on and before establishing the rotor field

m Maximum drawn current by the motor (very little impedance)

m Starting current refers to the drawn current after establishing
the rotor field until the motor reaches its operating speed

m Several times greater than the current under full load

m Power factor less than unity

Computer Networks -
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5.3 Motors (3) %HANs'sV/ESS'TAT

m Synchronous motors

m An independent source of magnetization for the rotor
® Permanent magnet
m Electromagnet (excitation)
m Operating at synchronous a.c. speed regardless of load
m More complicated and expensive than induction motors

m Used in industrial application, especially those requiring high
power force and constant speed

.
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5.3 Motors (4) %H&'&SW

m d.c. motors
m An independent magnetization
B Require commutation
m Brushed motor: commutator rings and brushes
m Brushless motor: electronic commutation (stepper motors)
m Distinguished by:
m High starting torque
m Convenient speed control (varying directly with voltage)

m 2> Useful in application such as accelerating vehicles from rest

.
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5.3 Motors (4) ’%]HANS'SV/ESS'TAT

m Three phase motors
m Only a.c. motors
m Constant torque afforded by three separate windings

m Staggered in space and time

m Operating more smoothly and much more efficiently than
single-phase motor
m High performance, high horsepower and high efficiency
m Used for large industrial and commercial applications

m More expensive

.
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5.3 Motors (5)

m Motorsaccount for a large portion of our society’s energy
consumption

m They represent a significant opportunity for energy saving

m Increasing motor efficiency

m Motor design
m Speed controls

m Unlike resistive loads. Electric motors are sensitive to power
quality
m Voltage, frequency, harmonic content and phase imbalance

m Causing excessive heating and energy and performance losses

.
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5.4 Electronic devices (1)

m Electronicdevicesrefer to capacitive loads

m Electronicsare powered by a low-voltage d.c.
m By batteries
m Through a power supply

m Theyare notdesigned to do any real physical work, but to

relay information by switching tiny circuits “on” or “off” in
some pattern

m Pure electronicdevices
m Require avery small current

m E.g. pocket calculator or digital wristwatches

.
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5.4 Electronic devices (2)

m Standby power refers to the consumed power by electronic
devices (requiring physical work to operate) whenever they
are plugged in and ready to respond

m Can be recognized as a warmth on the back of the appliance

m For a household, standby appliances consume annually
hundreds of kWh

m Mixed electronic and power appliances appear as resistive or
inductive loads, depending on the feature that dominates
energy consumption

m Heat producing electronics represent a double energy load

m Requiring cooling systems to protect them from overheating

.
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5.5 Load from the system
perspective (1)

m Demand refers to a physical quantity of power demanded at
any given time

m Central challenge in designing and operating power systems is
serving the instantaneous demand under diverse
circumstances

m The historical service philosophy considers demand as the
independent variable thatis to be met by supply at any costs
m Costumers freely determine how much power they want
m Power system operators have to accommodate this demand

m Because of the consideration: “load is a variable beyond
control”

.
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5.5 Load from the system
perspective (2)

m Recently, new philosophy has appeared by which customers
vary their demand according to the electricity prices

m Making demand more responsive

m Using remote-controlled and automated devices

m Load forecasting refers to the process of predicting the
demand at a given future time

m Based on statistics of past demand behavior and other factors

.
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5.5 Load from the system UNIVERSITAT
. ’77(( PASSAU
perspective (3) *

m Coincidentand noncoincident demand

m Coincident demand refers to the amount of combined power

demand that could normally be expected from a given set of
customers

m Noncoincident is the total drawn power by these customers if all
their appliances were operating at the same time

m E.g. suppose each of 10 residences had a 600 W refrigerator
m The noncoincident demand would be 6000 W

m As the compressor in each refrigerator goes on and of on a duty
cycle and as these cycles will be at random in relation to each other,
so we could expect at any given time only one in five is operating

m - The coincident demand in this case would be 20% of 6000W

(1200.W)
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5.5 Load.from the system /?;}]%_\NS'SV/ESS'TAT
perspective (4)

m Coincidentand noncoincident demand

m Power system operator must be prepared to face noncoincident
demand under certain circumstances
m E.g. after a power outage
m |n addition to the simultaneous operation of normal loads after

an outage, the inrush currents of electric motors as they turn on
and establish their internal magnetic field can overload the grid

.
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5.5 Load.from the system /?;}]%_\NS'SV/ESS'TAT
perspective (5)

m Load profiles and load duration curve
m Load profile represents the instantaneous demand variation
over the course of a day

m At any level of aggregation: individual user, distribution feeder or
entire grid

m An actual day, or a statistical average over typical days in a given
month or season

m Peak demand refers to the maximum demand

50

Dhiry shoid Semand foredast .
—— Load profile for an August

. " 4 day in California
g “ Actunl demand (www.caiso.com)
2
¥

10

Y Y Y Y T Y T } Copyright John Wiley & Sons
A 3 6 8 MNeos 95 18 21 Medeight
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5.5 Load.from the system /i;”i/‘g/i\lslg//ESSlTAT
perspective (6) ~

m Load profiles and load duration curve

m Load duration curve depicts instantaneous demand at various
time (generally in one-hour intervals), but the hours are sorted
not in temporal sequence but according to the demand in each
hour

m The highest demand hour of the year is the first hour
m The shape of this curve is a useful to characterize the pattern of

demand o
«— Peak demand 51,803 MW Load duration curve for
0 \— 1% of time demand exceeds 46,094 MW California
0 — 10% of time demand exceeds 38,599 MW (WWW .ene rgy_ca .gOV)

30 \

. E—

10

Load in 1000 MW

T T T T T T T T .
1 1001 2001 3001 4001 5001 6001 7001 8001 8760 Copyright John Wiley & Sons

A Hour of the year
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5.5 Load.from the system ,;;“,(]%S%swm
perspective (7) ~

m Load profiles and load duration curve
m Load factor is the ratio between average and peak demand
m For utilities a relatively flat load duration curve with a high load
factor is desirable, because:
m The cost of providing service is related to peak capacity

m Whereas, revenues are related to total energy consumed (i.e.
average demand)

m Load factor can be improved through increased load diversity,
which refers to the diversity within the customer base

m Commercial loads, residential loads
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5.6 Single- and multiph
g. pnase ,i;”(]g/iwslg//gsswm
connections (1) ~

m 120V Standard outlet has three terminals:

m Hot: phase supplies an alternative voltage with an rms value of
120V + 5% between it and the neutral terminal

m Neutral: its voltage between zero and a few volts
m Balanced loads in the neighborhood between the three phases

m Distance to the physically grounded neutral terminal

m Safety ground

Neutral (white)
_ . Hot" phase conductor
S — 5 black)

ST ( b q20viATN .....-7(:\
$ o ! "

{ . { 1
[ | I R "
N IR
‘,‘ e ! i "l

Copyright John Wiley & Sons h Ground (bare) &
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5.6 Single- and multiphase
g. P ,7;“(1 ggggsswm
connections (2)

m 120/240 multiphase outlet
m Consists of one neutral and two phase conductors
m Both 120 and 240 are coming from the same phase (A, B or C)

Phase A

- = “Hot"
' '
' '
’ '
120V : : 240V
' '
» E Neutral
T ! |
: ’
120V 8 '
"
' '
Neutral "4 ’
Copyright John Wiley & Sons .4 4 “Hot"
Computer Networks -
& Commumcatlons Computer Networking and Energy Systems
Prof. Hermann de Mee 172
i I Ch05-Loads



5.6 Single- and multiphase
& P ™
connections (3)

m 120/208 multiphase outlet
m Uses two different phase combination (A und B)

m Phase-to-ground voltage between one phase and the neutral

terminal is 120V
m Phase-to-phase voltage between two different phases is 208 V
m 208 V corresponds to the

. . Phase A
difference between two sine

M ES D .Hor
curves of equal magnitude v
: 120V 208V
and shifted by 120 degrees E b
Neutral . ' Neutral
= 120V3 T 1
.
E 120V 4 E
b
N4 » “Hot"
Copyright John Wiley & Sons Phase B
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5.7 Summary

m Load refers to any device in which power is being consumed
m Theoretically there are three types of loads acc. to impedance

m Resistive loads
® Inductive loads (motors)

m Capacitive loads(electronics devices)

m Central challenge in designing and operating power systems is
serving the instantaneous demand under diverse
circumstances

m Load following power plant

m Smart grid: demand response

.
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6.1 System Structure (1)

m Earlier, the standard power system consisted of an individual
generator connected to an a appropriately matched load

m Then, these isolated systems had begun to interconnect with

each other, and to expand geographically to capture an
increasing number of customers

m The technicaljustifications for expansion and interconnection
of power systems are:

m Economy of scale
m Improvement of the load factor
m Enhancement of reliability by pooling generating reserves

.
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6.1 System Structure (2) e (AT

m Economy of scale
It is less expensive to build and operate one larger generator

than several smaller ones 401 . 1800 - 900
— PriCR
. . Voltage _ L
m Construction costs and operatmg Unit size 1600 600
costs in aspects such as labor, § . Ruadi ™
. . 5 - 2
maintenance and operational g 1200 £ m%‘
support are not depending very§ 1000 i.g 1 500?
20
. . -
much on the unit’s capacity § - 800 § 400 &
% - 600 r 3005
£ 10
400 - 200
P - 100
Copyright John Wiley & Sons T T T T -
1880 1800 1920 1940 1960 1980
/‘\ Historical growth of generation unit size and transmission voltage
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6.1 System Structure (3) %gxslsvfﬁsm

m Load factor

m |tis the ratio of a load’s actual energy consumption over a
period of time (revenues) to the maximum amount of power it
demands at any one instant (infrastructure investment)

m |deal customers would be demanding a constant amount of
power 24 hours a day

m Aggregating loads by combining a larger set and different types
of customers within the same supply system whose demand
times do not coincide

m The greater the geographically expansion and interconnection,
the larger the number of customers with different types of
needs
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h's |
6.1 System Structure (4) 7 gAfg"SV/g@é'TAT

R
m Servicereliability

m Generating reserve refers to the reserve margin of generation
maintained by utilities for unexpected power losses or outages

m When the generator is unavailable for any reason, the load can
be served from another one elsewhere

m The larger the number of interconnected utilities, the smaller
the probability of their reserves being needed simultaneously

m Thisinterconnection allows for managing and utilizing
resources for power supply in the most economic way

m More options in choosing the least expensive generators

m More options for selling the electricity of a surplus of

inexpensive generating capacity
- D
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6.1 System Structure (5)

m Onthe otherside, the transmission voltages have to be
increased to reduce current flow and therefore resistive
losses in the lines

m Longtransmission linesintroduce the problem of stability

m The morethe interdependence amongareas, the greater the
vulnerability to disturbances far away

m Including voltage and frequency fluctuations

.
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6.1 System Structure (6) /;;}]ggsv/ggswﬂ

m Structural features
m In the design of power delivery systems, the greater energy
efficiency of high voltage and low current must be weighed
against safety and capital cost

m Transformers allow to operate different parts of the system at
different voltages

m Therefore, power delivery systems are divided into two general
tiers:
m A transmission system that spans long distances at high voltages
m Hundreds of kilovolts (kV)
m Local distribution system at intermediate voltages
m Tens of kV

.
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6.1 System Structure (7) %}]g@gg&sm

m Structural features

m Primary distribution systems
m Tens of kV

m Connect large commercial and industrial customers

m Secondary distribution systems
m At voltage in 100 V range
m Connect most domestic and small commercial customers
m >the entire power delivery system is referred to as the
transmission and distribution (T&D) system
m Division is defined in terms of voltage level
m In general, “distribution” means below 60 or 70 kV

[ Physically, the boundary is demarcated by transformers
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6.1 System Structure (8) ~7z4( 3&'&5 TAT

1 . of
Fakultat fur 1al athematie

m Samplediagram (one-line diagram)
m Basic components
m Generator @;

Secondary
m Transformer  3f aemm 120y
m Circuit breaker - = - primary
m Buses or connections l . m:aaw swtem 12 ¥
m Feeders v %
m Main: 3-phases 21KV BOKV HJJ 12KV

m Lateral: 1,2-phases ( H

Power plants - ---- > O‘l E—<'
Copyright John Wiley & Sons 120V
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6.1 System Structure (9) %}]g@gg&sm

m Topology
m |t refers to how the transmission and distribution lines are
connected

m Radial configuration where lines branch out sequentially and
power flows strictly in one direction

m Network configuration where the lines are more interconnected
and some lines form loops so that any two points are usually
connected by more than one path

m Transmission systems are generally networks

m Redundancy
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6.1 System Structure (10) ’;iﬂngANslg//ESSWAT

m Topology
m Radial system

m A strict hierarchy: power flows in one direction

m Any component can be energized from one direction
m Upstream and downstream

m Fault can readily be isolated

m Normally open (N.O.) loops can be used to improve the reliability

P"m Prwvaary et
feeder Powie Baws i pody one i ! "
CNTREHON By Wi
Bt b v b pwrywd
M s S e
X 3 X
T - o
oy egi
Ve
N:;wm Fuse St To koads "V—ﬁ_‘
A Copyright John Wiley & Sons
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6.1 System Structure (11) e (AT

m Topology
m Network system
m No hierarchy
m More reliable because of built-in redundancy

m More expensive than a simple radial system

m Larger number of lines
m Equipment for switching and protection

. . 4 '
m Complex fault isolation e °::"“
#1
Loads always have
redundant supply
> S
>
e
— P
Protected
A transformer Copyright John Wiley & Sons
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6.1 System Structure (12) %Hg'gfﬁs'TAT

m Topology
m Power island refers to an energized section of circuits separate
from the larger system

m One or more local generators continue to power a location during
a service interruption

m Rooftop photovoltaic, fuel cells
m Reasons for anti-islanding
m Safety concerns: jeopardizing the safety of line crews

m Liability: different power quality can damage customer equipment
which the utility may then be held liable

.
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6.1 System Structure (13) ’7;}]%@'5555 o

m Loopflow

m |t can arise whenever there are multiple paths between two
points in the system

m The problem is that the current cannot be directed along any
particular branch in the network, but determined by:
m Kirchhoff's laws
m Relative impedance of the links
m Power flow through the network becomes critically important
when there is congestion or overloading of transmission lines

m Effectively adjusting of generator output
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6.1 System Structure (14)

m Loopflow

m Example
m One load at bus 3 of 900 MW

m Two generators supply 600 MW and 300 MW

m Three transmission lines A, B, C

m The impedances are exactly the same

m Power flows
m From Genl to load3 through ®_|_
Gen 1

m Path1l=IlineA 600 MW
m Path2=IlineB+lineC

m From Gen2 to load3 through

m Path1l=IlineC @
m Path2=IlineB+Iline A P —

N 300 MW

UNIVERSITAT
’77(( PASSAU-

Line A

—
400 MW

200 MW
100 MW
—

LineB
100 MWI

n

Copyright John Wiley & Sons

200 MW

.

_ |

LineC

Load
Bus 3
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6.1 System Structure (15) //’i’\ﬂgANSQ//ESSITAT

m Loopflow

m Example

m Power flows by superposition principle
m Line A=400 MV + 100 MV =500 MV
m Line B=200MV -100 MV =100 MV
m Line C=200MV + 200 MV =400 MV

m The more paths connecting to Line A
the buses, the more complicated @_I_
the power flow calculation 500 i

' ; Copyright John Wiley & Sons
n

100 MW

m The effect of one generator’s output

may be to reduce rather than to

increase the flow on a given link @ o ! [ ]

Gen 2 LineC Load
300 MW Bus 3
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6.1 System Structure (16) ”iD(]HA'\é'sV/ESS A

m Stations and substations

m Represent an interface between different levels or sections of
the power system, with the capability to switch or reconfigure
the connections among various lines

m Largest scale: a transmission substation would be the meeting
place for different high voltage transmission circuits

m Intermediate scale: alarge distribution station would receive
high-voltage transmission on one side and provide power to a
set of primary distribution circuits. They include control room
from which operations are coordinated

m Smaller scale: a smaller distribution substation receives high-
voltage power and send out a number of distribution feeders at
lower \pltage. It serves limited area and is usually unstaffed
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6.1 System Structure (17) ’%]HANSEVXSS A

m Stations and substations

m Transformer (bank): represents a central component as it
provide an interface between high- and low-voltage system
parts

m Circuit switches: control devices that can be opened or closed
deliberately to establish or break a connection.

m Operable under normal current

m Circuit breakers: protective devices that open automatically in
the event of a fault, that is, when a protective relay indicates
excessive current due to some abnormal condition

m Capacitor bank: to provide voltage support
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6.1 System Structure (18) e (AT

m Stations and substations

m Distribution substation layout

_\_D_/—b
-
_W_>
High-voltage
whvasmsson Voan0 =N\ ——
line
—o—-
Tk beaae [ O —>
» Distabution Distribution
- vollage feader
Copyright John Wiley & Sons bushar
-
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6.1 System Structure (19) %gﬁgfﬁsm

m Reconfiguring the system
m Switching operations

m Remotely through a supervisory control and data-acquisition
(SCADA)

m Manually by field crews per telephone instructions from operators
m Switching reasons

m Contingencies: isolation of faulty line and redistribution the load
among the other connection

m Work clearance: maintenance or replacement of a line or system
component requires isolating of this component

m Service restoration after an outage

m Managing overloads
m Enh;ns.i.qg system efficiency
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6.1 System Structure (20) ”iD(]HA'\é'sV/ESS A

m [nternational differencesin distribution system design

m |n Europe
m Standard secondary voltage is 220V
m There are fewer and larger transformer
m Transformer are hidden in vaults
m Inexpensive secondary (low-voltage) lines represent the larger
part of the distribution system (undergrounded)
m |n United States

m Standard secondary voltage is 120V
m A distribution transformer for every few customers
m Distribution transformers are mounted on poles

m Expensive primary (medium-voltage) lines makes up the larger
parieftge distribution system
Computer Networks
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6.1 System Structure (21) %EANSEV/EBSW

m [nternational differencesin distribution system design

Primary1
Secondary
—
Customer \_,
. .
° o e *
Secondary
. e« e e - e e - e
. *——— (=
. t e . . e .
Transformer
North American Copyright John Wiley & Sons European

-~ N
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6.2 Three-phase Transmission -
oy ™

m Rationale for three phases

m Smooth power generating

m A constant torque (uniform force) on the rotor as opposed to the
pulsating torque that appears in single-or two-phase machine

m Economy of transmission
m Fewer wires and less conductor capacity

m One combined return conductor for the three phases

.
Copyright John Wiley & Sons I o4 Y

.
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6.2 Three-phase Transmission -
oy ™

m Rationale for three phases
m Economy of transmission

m What would be the combined current in the wire?

m |f the three phases are exactly 120° apart und have the same
amplitude, then

m Always Ia(t) + Is(t) + Ic(t) =0

Copyright John Wiley & Sons

A g \
= - ) \ />< \
g ) L ' / Time
s
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6.2 Three-phase Transmission f -
@ e

m Rationale for three phases

m Economy of transmission

m What would be the voltage at the share point G (at generator) and
L (at load)?
m The sum of the three generated sinusoidal waves remains also zero

at all times, assuming that all three loads are identical

m —>no potential difference between G and L = no return current -
the wire can be simply eliminated

m In reality, loads may not be balanced = flowing of some return
current 2 G and L are both grounded

BOF

A 4 Copyright John Wiley & Sons
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6.2 Three-phase Transmission f -
@ e

m Rationale for three phases
m Why three phases is the global standard?

m Only two phases means a greater vulnerability to imbalance in the
loading of two circuits

m More phases can absorb the difference

m More than three phases
m Expensive and complicated
m E.g. transmission and distribution lines should consists of more
separate conductors

m For the same amount of total power, the capacity of each component
could be smaller, whereas the total cost would be greater

.
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6.2 Three-phase Transmission -
o ™

m Balancing loads

m Eliminating of the return conductor is based on the assumption
that “the total load connected to each phase is identical”

m Certain loads such as large commercial motors connected to all
phases draw power equally from all of them

m But, Combined loads from small commercial and residential
customers have to be distributed as evenly as possible between
the three phases

m Balancing loads is an approximate procedure

m Limited precision: loads come in chunks
m Fluctuating balance: switching on and off of devices

.
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6.2 Three-phase Transmission | -
© e

m Deltaand wye connections

m A wye (Y) connection refers to the arrangement, where three
opyright John Wiley & Sons
loads are connected one phase each and ground copynentiomn e RS

m Phase-to-ground voltage ’

m Fg 120V

m For each load voltages and current are 120° apart .

m Another single ground anywhere else in the system will cause a
fault and the breakers will be opened

m Typically used on generators, main transformer banks and
transmission lines

.
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6.2 Three-phase Transmission | -
o e

m Deltaand wye connections

m A delta connection (A) refers to the arrangement, in which
three loads are connected between one pair of pPJases

m Phase-to-phase voltage
m The voltage across a load is the difference between
the voltages on both sides 8 VMV

'
m Phase-to-phase voltage =1/3 Phase-to-ground voltage

m Phase current = line current /\/3

Copyright John Wiley & Sons

m If any part of the circuit accidentally gets grounded,

the delta connection can continue to operate A
m - more reliable s
m Used on auxiliary equipment in power plants,

)Len‘smaller transformer
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6.2 Three-phase Transmission | -
@ e

m Three-phase power

m Transmitted apparent power S = 3 x (voltage x current (for each
phase))

m V.refers to the phase-to-phase voltage
® | refers to flowing current in each conductor

m |n case of wye connection: voltage seen by the load is the line-
to-ground > voltage = Vims /V/3
O 9 S =3 lims (Vrms /'\/3)

m |n case of delta connection: the current through each conductor
contributes to two phase pairs = for each load the credited
current is only 1/v/3 of the line current

o 9 current = lims /\/3 9 S=3 ( lrms /'\/3) Vims
.
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6.2 Three-phase Transmission A -
° e

m Three-phase power

m 2> Transmitted apparent power
S = V3 |rms Vrms
regardless of how the load is connected

m For real and reactive power need to include cos® and sin®
respectively, depending on load power factor (p.f.).

.
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(61(2))Three -phase Transmission %H@s’svﬁﬁs'm

m D.C.transmission

m Power has to be converted both at the beginning and the end of
the d.c. line

m Using costly solid-state devices (thyristors)
m d.c. transmission is worthwhile
m No stability limit because reactance is irrelevant for d.c.
m May carry very high voltages and is therefore highly efficient
m Provide intertie between two a.c. systems that are not in sync
m Not vulnerable to frequency-related disturbances

m Have a thermal limit (determined by the line resistance)

.
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VERSIT
6.3 Transformers (1) '7;}/‘3?3'5/55 T

m General properties

m A transformer is a device for changing the voltage in an a.c.

circuit
m Consists of two conductor coils with different number of turns or
loops in each coil I t
m Primary winding (n1) T = ~— 1
. V,i — ny ny S— iVs

m Power source connection H b 4 :

P = B |

m Secondary winding (n2) —_— S—
- Load Connection M:::;:’:::‘J Copyright John Wiley & Sons
m The two coils are not connected electrically but through magnetic

flux

m |deally, the same amount of power goes into the transformer as
goes out

Prof. Hermann de Meer 211
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UNIVERSIT
6.3 Transformers (2) ’%JPES'S/EU o

m General properties

m Transformer coils are wounded (with n turns) around a core of
magnetically susceptible material (e.g. iron) with a low magnetic
reluctance 27

m In the primary winding:

m Magnetomotive force mmf = nl

m Produced magnetic flux ® = mmf/ &2
m In the secondary winding:

m Inducing an electromotive force (emf)

m Currentis determined by the connected impedance

m Emfis proportional to the number turns (n2) and the flux change
rate

.
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VERS
6.3 Transformers (3) ’7’;"(]3/55'5/55 "

m General properties
m Changing the voltage is related to the turns ratio between
primary and secondary windings

m N1 =n2 - no change h

m N1 >n2 - step down the voltage ¢~ =—=

m N1 <n2 - step up the voltage

-
m Some transformers have a transformer tap, which is a movable
connection between the secondary winding and the conductor.

m This tap adjust the voltage by moving up or down changing the
effective turns ratio

m Load tap changers (LTCs): used in distribution transformers to
compensate changes in voltage level associated with changes in
Ioad

Computer Networks -
& Communications Computer Networking and Energy Systems
il

Prof. H de M icci istributi 243
rol. Hermann de Meer Ch06-Transmission and Distribution




VERS
6.3 Transformers (4) ’7’;”(]5/55'5/55 "

m Transformer heating

m Refers to the power dissipated as a heat in a transformer

m Copper losses: the power losses in the windings due to the
electrical resistance of the conductor
m lron losses: the power losses from the transformer core

m result from the rapid direction change of the magnetic field >
friction due to continually realignment of the iron particles in the
direction of the field

m Smaller transformers are passively cooled by radiating heat
away to their surrounding

m Large transformers require the heat to be removed from the
core and windings by active cooling
mEg. through circulating oil

Computer Networks -
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UNIVERSITAT
6.3 Transformers (5) %ms’s;\u :

m Delta and wye transformers

m Transforming three-phase power requires three transformers,
one for each phase.

m These transformers are magnetically separate

m They don’t share magnetic flux among their cores, because the
three fluxes oscillate in different phases

m Delta and wye connections are used

m To connect a set of single-phase loads to three-phase system
m To connect a set of transformers to three-phase system

.
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VERSIT
6.3 Transformers (6) '7;}/‘3?3'5/55 T

m Delta and wye transformers

m In the wye connection

m Each transformer winding connects

between one phase and ground

c ! c
m |n the delta connection Copyriaht ot ey & Sore
m Each transformer winding connects
A ; . A
between one phase and another {E

m Because of electrical separation

-
"

between the primary and secondary

side, the type of connection on either
side need not to be the same ¢ (_ﬁu N ¢
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UNIVERSITAT
6.3 Transformers (7) //’;}]PAN;SAU o

m Delta and wye transformers

m - there are four possibilities fora  * 7 "
B
three-phase transformer connection n
mA-AY-Y,A-Y,Y-A
C c
m Using the same connection on both ) - )

sides '
mAsinA-A, Y=Y
m The voltage change from the primary

to the secondary side is simply given
by the turns ratio

e Sl
"

\ N\ . c
T CHES
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UNIVERSITAT
6.3 Transformers (8) a4 PANslSAU o

m Delta and wye transformers

m Using different connection on either * 7] A
B
side
mAsinA-Y,Y-A
C

m The voltage change is affected by

Copyright John Wiley & Sons

m The turns ratio

m The connection type A — A
m Phase-to-phase voltage = |

\/3-Phase-to-ground voltage

m A-Ytransformer increases voltage
by a factor V3

m Y- A transformer decreases voltage

by a factor V3 ¢ Lﬁ
- D
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6.4 Characteristics of power
. power Xz
lines (1)

m Conductors

m Overhead lines
m Lightweight: Aluminum and reinforced with steel
m Often stranded

m Much easier to bend and manipulate

m Underground cables
m Heat dissipation
m Copper
m Low resistance to minimize energy losses

m Line resistance increases linearly with distance and decreases
with the conductor cross section, R = pl/A

m Line resistance is critical in the context of line losses

Prof. Hermann de Meer 220
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6.4 Characteristics of power
. POWEr ™
lines (2)

m Conductors
m Line inductance

m The impedance of a line is dominated by its inductive reactance
more than its resistance
m Transmission and distribution lines have inductance
m Since straight wire can be considered an infinitely large loop, and
m the magnetic flux around the wire does link it

m Magnetic effect is cumulative on per-unit-length basis = the effect
increases with length of the conductor

m There are two inductance contributions

m Self inductance : as a part of large loop

m Mutual inductance : between the conductors of the three different
phases

.
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6.4 Characteristics of power | -
. P ,i;}] UNIVERSITAT
lines (3) S

m Conductors
m Line capacitance

m Between two parallel lines with gap in between

m Between a conductor and the ground

m |In coaxial cables where one conductor surrounds another with
insulation in between

B —in general, lines can be characterized in terms of an
equivalent resistance, reactance and capacitance on a per-
meter or per-mile basis Copyrgnt Join Wley & Sos

Sorvs reclasce

m Summing up the line segments’ contributions :
m —>inductance, capacitance and Transmissionline % Tewwoms
modeling i
resistance increase with line length ;
A : «:"‘.MW'.".:’
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6.4 Characteristics of power /i;”{]HANSI;//ESSITAT

lines (4)

m Conductors

m Characteristic impedance is the ratio of series impedance
(resistance and reactance) and shunt admittance (capacitance)

m Surge impedance (Sl) is the square root of inductance to
capacitance, in the case where resistance is negligible

O S]=\/z
C

m In telecommunications: a voltage signal can be transmitted with
minimal loss if the resistance connected at the line end is equal
. . . ) . Copyright John Wiley & Sons
in magnitude to line’s surge impedance

Sorvs reclasce

‘ A T ‘M—m—;— ——
Inductance | |=B | Capacitance € : i
U' ssiontine | = s
ResistanceR | o= | Reactance X Transmissionlie |, B
g modeling
/-\ impedance Z # et sagrec
Computer Networks -
& Communications Computer Networking and Energy Systems
Prof. Hermann de Meer .. . . . 223
i Ch06-Transmission and Distribution



6.4 Characteristics of power
. POWEr ™
lines (5)

m Conductors

m For power lines: Surge impedance loading (SIL) states the
amount of real power transmission where the line’s inductive
and capacitive properties are completely balanced

m SIL=V?%/SI
m Measured in MW

m If transmitted power along the line is less than SIL = the line
appears as capacitance that injects reactive power (VARs) into the
system

m |f the transmitted power exceeds SIL = the line appears as
inductance that consumes VARs

m SIL serves as benchmark to system operator

Computer Networks -
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6.4 Characteristics of power
. POWEr ™
lines (6)

m Conductors

m Inductance 2 reactive power consumption
m |s a function of the line current
B Qs = 12Xt
mX.=wl
m Capacitive = reactive power generating
m |s a function of the line’s energizing voltage
B Qprod = V2/Xc
mXc=-1/ wC
m Balanced state:
B Qprod = Quoss 2 XiXc = V?/I?
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6.4 Characteristics of power
. POWEr ™
lines (7)

m Conductors

m Impedance is the ratio of voltage to current (Ohm’s law)
V
®m Impedance = 7" vL/C , which is the surge impedance
2

V
VL/C

m Then, the surge impedance loading is SIL =

.
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6.4 Characteristics of power g UNIVERSITAT

lines (8) oy

m Conductors

m Sample transmission line data

Line Voltage (kV)

138 345 765
Conductors per phase | 2 4
Number of strands aluminum/steel 54/7 45/7 54/19
Diameter (in.) 0.977 1.165 1.424
Conductor geometric mean radius (ft) 0.0329 0.0386 0.0479
Current-carrying capacity per conductor (A) 770 1010 1250
Geometric mean diameter phase spacing (ft) 22.05 32.76 56.7
Inductance (H/m x 10'7) 13.02 9.83 8.81
Inductive reactance X; (Ohms/mi) 0.789 0.596 0.535
Capacitance (F/m x 10~'%) 8.84 11.59 12.78
Capacitive reactance X (MOhms/mi) 0.186 0.142 0.129 Copyright John Wiley & Sons
Resistance (Ohms/mi) 0.1688 0.0564 0.0201
Surge impedance loading (MVA) 50 415 2268
—— 649" —|
Source: Bergen, Arthur R.; Vittal, Vijay, Power Systems Analysis, 2nd Edition, © 2000, p. 85. Adapted by | AT
permission of Pearson Education, Inc., Upper Saddle River, NJ. l > —<___ ZJSLB-
5 —28 = == AW N X WA it
Copyright John Wiley & Sons - | | 18 e e
¥ |<-17.5'->| i 7 . i N s _’I
ee" e : ) H
: : P 5 :
T . : ' T 110
55'8"
e <
A Y/l /L, z Z v S 7z
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6.4 Characteristics of power
. power Xz
lines (9)

m Conductors

m Bundled conductor is composed of two, three or four wires a
few inches apart, held together with connectors (conducting
frames)

m Such as high-voltage and high capacity transmission lines

m Advantages

m [ncreasing heat dissipation because of increasing the surface area of
the conductors - more effectively radiate heat off into the
surrounding environment

.
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6..4 Characteristics of power li;u(]%&'gvfﬁsm
lines (10) B

m Conductors

m Bundled conductor is composed of two, three or four wires a

few inches apart, held together with connectors (conducting
frames)

m Such as high-voltage and high capacity transmission lines
m Advantages
m [ncreasing heat dissipation

m Reducing corona losses

m Corona discharge refers to the microscopic arcs occurring between the
conductor surface at high potential and ionized air molecules in the
vicinity (e.g. Tesla coil)

m Increasing conductor’s surface area = decreasing the surface charge

density 2 reducing electrical field strength = reducing formation of arcs
- reducing corona losses

.
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6..4 Characteristics of power %mg&vgﬁsm
lines (11)

m Conductors

m Bundled conductor is composed of two, three or four wires a
few inches apart, held together with connectors (conducting
frames)

m Such as high-voltage and high capacity transmission lines

m Advantages
m [ncreasing heat dissipation
m Reducing corona losses

m Reducing line inductance
m Inductance is less for a bigger wire diameter

m Changing a single wire into a bundled conductors makes it resemble a
wire of larger diameter (concerning magnetic fields)

.
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6..4 Characteristics of power %mg&vgﬁsm
lines (12)

m Conductors

m To keep mutual inductance about equal on all three phases, the
three conductors should be arranged symmetrically as an
equilateral triangle —

L
m Over a long distance, it is not possible —

m Wires are in a row
/
m Asymmetry \

m Therefore, the wires are transposed every so often, allowing
each phase to cover roughly the same distance in each of the
three position
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6..4 Characteristics of power li;u(]%&'gvfﬁsm
lines (13)

m Towers,insulatorsand other components

m Towers support overhead lines
m Wood or metal (for larger towers)
m Designing depends on

m Line voltage, conductor size and weight, terrain, aesthetic preference
and tradition

m Safe clearance maintaining

m Between conductors and the ground
m Between conductors and the towers

m Taking into account sagging of the lines due to thermal expansion

.
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6..4 Characteristics of power ’?;u(/‘%?s'svfﬁsm
lines (14)

m Towers,insulatorsand other components

m Insulators serve to electrically separate the conductor from the
tower

m Consisting of one or several smooth and rounded bells
m Providing more surface area for spreading out surface charge

m Bells are made of a nonconducting ceramic or plastic
m Number of bells is roughly proportional to the line voltage

m Each bell contributes to insulate around 10kV

.
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6..4 Characteristics of power li;u(]%&'gvfﬁsm
lines (15)

m Towers,insulatorsand other components
m Metal lightning arresters are used to attract lightning and direct
it to ground

m Using small metallic objects to reduce the swinging and
vibration of the conductor in the wind

m There are large red and white plastic balls, intended for airplane
and helicopter to see

.
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6.5 Loading (1) /;;}];,JANS'SV/ESSITAT

m Thereare twoimportant limits for power transmission and
distribution

m Thermal limit
m Stability limit

.
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6.5 Loading (2 el

PASSAU

m Thermallimits

m The resistive heating of the lines limits their capacity to transmit
power

m Thermal limit = magnitude of the current =2 limiting the loading

m Line ratings are generally expressed in ampacity, which refers to
current-carrying capacity in amperes
m Environmental conditions
m Temperature, wind and rain
m Loading history of the line

m Thermal limits are given in terms of current (amp) or apparent
power volt-amperes (AV)

m Heating also limits the operation of transformers at high-

curren¥z" >
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6.5 Loading (3) ™

m Stability limit
m Maintaining the feedback between generators on either end of
the line that keep them locked in synchronicity
m Sending generator pushes harder than the receiving generator
m Sending generator has a power angle 6 that is somewhat ahead
of the receiving one

m The amount of real power transmitted on an ideal, lossless line
W,

P=

12

m 512 is the power angle difference, X is the line reactance

m 2|t is necessary to increase the angle difference (but less than the
maximum permissible difference) to transmit a large amount of

power-om a given line
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6.5 Loading (4) %ﬂg@gg&sm

. Stabilitylimit
= po Vv,

m For short lines, the reactance X is usually small =2 a small & still
results in a large amount of power transmitted

12

m —risk of exceeding the line’s thermal capacity before reaching the
maximum permissible 612

m For long lines, the reactance X is more significant

m —risk of reaching dangerous 612 before reaching the thermal limit
of the line

m The stability limit is given in terms of real power (MW)
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6.5 Loading (5) ’%JH%EVXSSW

m Thermal and stability limits
m Limits as a function of line length

m P.,;/Ps.is a measure of the real power transmitted between two
ends of the line, expressed as a ratio of the actual power in
watts and the surge impedance loading

m 81, =45°is the maximum permissible ..

121\6!0:00
phase separation between thetwo °°
line ends before synchronicity is lost |
F T —
1 -
A Copyright John Wiley & Sons 100 2;0 3‘;0 “[)O 530 5:)0 L'lwn\:;?m
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6.6 Voltage control (1) ’%]HANS'SVAESSITAT

m Voltagein powersystemsis controlled both
m At generator (bus voltage)
m By the excitation or the rotor field current
m Throughout the transmission and distribution system

m By using transformers

m At any location the exact voltage level dependson

m The reactive power generated or consumed in the vicinity
m Generator voltage is directly linked to reactive power generation

m The two variables cannot be controlled independently of each
other

m The voltage drop associated with resistive losses
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6.6 Voltage control (2) %gxslsvfﬁsm

m Controllinglinedrop

m Line drop refers to the voltage decreasing as one moves from
the power source to the end of a distribution feeder

m Voltage difference V=1Z, | is the current and Z is the line’s
impedance

m The drop depends on the drawn current, which in turn depends
on the power demand (i.e. connected load)

B > maintaining a perfectly flat voltage profile is physically
impossible

m Thus, a window of tolerance of the nominal voltage is expected
m In US, the tolerance is +5% of the nominal voltage
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6.6 Voltage control (3) %HANS'SV/ESS'TAT

m Controllinglinedrop

m When customer nominally receiving 120V, should expect
voltage between 114 and 126V

m For very long feeder, voltage boosting is necessary to maintain a
permissible voltage level along the entire feeder

g
k4
+5%
First customner tolerance
»
:
~
Last customer
Distance along feeder
2
N o
Substation .
A TS.N'C. drog T Copyright John Wiley & Sons
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6.6 Voltage control (4) ’7;“115/@&55””

m Controllinglinedrop
m Load tap charger (LTC) refers to the process of changing the
effective number of the turns of the transformer winding

m Voltage regulator looks like transformer between two segments

of the same line
m The regulator’s turns ratio is adjusted to boost the voltage just
enough to compensate for line voltage drop

.
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6.6 Voltage control (5) %ﬂgxﬁs'svﬁﬁs'm

m Controlling reactive power

m Boosting the local voltage level by injecting reactive power into
the system provided by capacitive reactance

m There are three devices, which provide capacitive reactance
m Static VAR compensators (SVCs)

m Synchronous condensors (sync generators operating at zero real
power output) Comparative

voltage rise

Voltage

Reference

m Capacitors

Profile with
capacitor

Profile without
capacitor

Distance

3

A > Substation _/I< Capacitor Copyright John Wiley & Sons
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6.6 Voltage control (6) ’%JE/ANS'SV/ESS'TAT

m Controlling reactive power

m Capacitors are the simplest and most common at the
distribution level

m Capacitive devices are usually connected in parallel with load

m Series capacitance is used in some specific applications, mostly
on transmission lines

m —>the inductive load can be compensated by capacitance, which
in turn brings the power factor of the load area closer to unity

m >smaller apparent power is needed to deliver the real power
m —reduction in the current

m —reduction in the voltage drop (Ohm’s law)
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6.6 Voltage control (7) ’%]EJA“%'SV/ES'S,'TAT

m Controlling reactive power

Copyright John Wiley & Sons

Valtage

Vohage
|
$

Distines Distance

é Substaton Supplemartary S _l_
waltage regulator Substation 7 Capacitor

Effect of voltage regulator Effect of capacitor
.
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6.7 Protection (1) /;;}]gglg/gsswm

m Basic protectionand protective devices

m Circuit protection refers to the scheme for disconnecting

sections or components of an electrical circuit in the event of a
fault

m A fault means that an inadvertent electrical connection is made

between an energized component and something at a different
potential

m Directly touching of two conductors
m The basic types of faults

m Phase-to-ground faults

m Phase-to-phase faults
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6.7 Protection (2) %Hg'gfﬁs'TAT

m Basic protectionand protective devices
m The basic types of faults

m Phase-to-ground faults

m One or more conductors make electrical connect with the ground
m Or point of zero-volt potential

m E.g. tree conduct the current of a line into the ground because of its
moisture

m Phase-to-phase faults

m Two different phases come into direct or indirect contact with each
other

m E.g. bird touches two conductors simultaneously

.
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6.7 Protection (3) /;;}]g/_[\“slg/gsswm

m Basic protectionand protective devices

m Fault current (wasteful current flow) is determined by
m Impedance of the connecting object

m Ability of the power source to sustain the voltage during flowing of
an abnormally current

m The objective of the circuit protection is to detect the fault and
to interrupt the power flow to it
m Fault detection
m Overcurrent (fuse, breaker)
m Phase imbalance

m Unusual voltage differences
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6.7 Protection (4) %HANS'SV/ESS'TAT

m Basic protectionand protective devices
m A fuse consists of a thin wire that simply melts when the current
is too high
m Reliable, but
m Delayed fault clearing (time for heating up und melting)
m Time delay for connection restoring
m Nonreusable

m Fixed sensitivity

.

Computer Networks -
& Communications Computer Networking and Energy Systems
il

Prof. H de M issi istributi 253
rol. Hermann de Meer Ch06-Transmission and Distribution




6.7 Protection (5) /;i,ﬂILDJANSI;/AESSITAT

m Basic protectionand protective devices

m A circuit breaker has movable contacts that can open or close
the circuit according to a signal triggered by relay, which

B

measures the current T w
m More quickly E '
E 10 n 1 )
m Reusable . \
| \
m Multiple settings for sensitivity ' N
' i z : :S“:M
m Fault clearing time depends on s VA & G i 2
- - 4
the current magnitude NG il
. 0.1 1 n ——— = 6
(inversely-related) 005 i
0.0 1l
1 5 10 50 100 500 1000 10,000

Current (ampares)

Copyright omn Wiey&Sns Time-current characteristic of a relay
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6.7 Protection (6) '7’;”'(]

m Basic protectionand protective devices

UNIVERSITAT
PASSAU

m Then, a prerequisite for a fuse or a relay is a high fault current
m High-impedance faults refer to the situation, in which the fault

current is undistinguishable from a high load current

m A differential relay detects the small fault current by comparing
the currents on the different phases, or between a phase and a

return flow

m Used in transmission and distribution systems

m In ground-fault circuit interrupters (GFCls)
m Qutlet are close to water
m In kitchens

m Very sensitive and very quick
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6.7 Protection (7) I;;”;‘g/glsv/ggswm

m Basic protectionand protective devices

m Regular switches, in contrast to circuit breakers, serve the
purposes of deliberately isolation individual pieces of the
system

m E.g. for maintenance
m Switchgears consist of switches and circuit breakers, serving for
deliberately and automatically isolating portion of the system
m Key design challenge of switchgear

® lonization of the medium between the contacts, with results in
arcs (plasma arc)

® Immersing the contacts in a nonconducting fluid such as
transformer oil or gas as sulfur hexafluoride SF6

N PIaC| e contacts in a vacuum
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6.7 Protection (8) %ﬂgxﬁs'svﬁﬁs'm

m Basic protectionand protective devices

m Reclosing breaker (recloser REC) refers to the breaker that
opens when the fault is detected, but then, after passing some
time, closes again to see if the fault is still there

m Useful in the event of transient faults

m Lightning strike, momentarily contacting of power lines in the wind
m Customers experience a very brief interruption
m Two parameters

m Reclosing time

m Number of attempts

-~ N
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6.7 Protection (9) %mg&vﬁﬁsm

m Protection coordination

m Two main considerations:

® Minimum interruption of service

m Protection interrupts the circuit as close as possible to the fault location

m Protection redundancy

m 2> Protection coordination refers that for any given fault, the

.............

..........................

m Backup protection for another

nearest breaker will trip first S

. e S I

B protection zones ocs ' .oc - “f‘i;. 2%

m Each protection device LT
m Primary protection for its zone i ‘ ' P i

B Less sensitive

.
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6.7 Protection (10) ,%q

m Protection coordination

m Primary protection device must be more sensitive than any other
backup protection devices

m As depicted in the figure, the fault current of Fuse 2 is less than the
fault current of Fuse 1

B0-kV 21-kV Max asymmetrical current (amps)
aircult aircutt // Max symmetrical current (amps)
g | (300
3 VIE7— .
. N— :
Substation Fuse 1: ;
transformer Fuse 2
Fuse 1 S i (288
protection zone °: © \2689
..-.'.‘.'.'T.’.'.'..'J:
Copyright John Wiley & Sons Fuse 2
A protection zone
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6.7 Protection (11) /;i,ﬂILDJANSI;/AESSITAT

m Protection coordination

m Primary protection device must be more sensitive than any other
backup protection devices

m As depicted in the figure, the fault current of Fuse 1 is less than the

fault current the recloser
u REC
3 L Y :
RVE :
1 min =400 A : @

Operating sequence : \89/ |
2AZE : : E
Reclosing interval | : <>
times (in seconds) : 3
5 5§ 5

Copyright John Wiley & Sons 2 eonsensensnsenas T oLt T nersenssodg

/N Recloser protection zone
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6.7 Protection (12) /;iﬂngANSI;//ESSITAT

m Protection coordination

m Protection coordination involves location, current magnitude,
individual phases and time.

m All of which must be combined into a scheme that can be
expected to perform safely and reliably

. ‘.
. .
H ‘
_D : Ol circuit :
¢ breaker '
; %_ ; i -
H : . ----------- L
- 1 Y i
" @ o
) : : :
@: L
IAC 53 : 8 1
1 min =722 A S
1 inst = 5538 A : :
Reset timer = 12 sec H :
Time lever = 2.0 ’ H
- S U ottatototubutel d :
: .......................... :
H ‘
Copynght]ohn \M|ey&$ns --------------------------------------------
A Relay 2 protection zone
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6.8 Summary

m Transmission and Distribution system (T&D) refers to the entire power
delivery system, which operates at different voltage levels

m Transformers are in charge of changing the voltage in an a.c. circuit
m Three phases in a.c. power system is a global standard

m Less than three is heavily vulnerable to unbalanced load

m More than three become increasingly complicated and expensive
m Power transmission is limited by thermal and stability limits

m The two methods for controlling or supporting voltage in the T&D
system are transformer taps and reactive power injection

m Circuit protection refers to a scheme for disconnecting sections of an
electric circuit in the event of a fault

.
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/ I
Faruilal fu matir

m Contents y .
1) Introduction //4. o
2) The Power Flow Problem K ‘:\:v

3) Example with Interpretation of Res{ufts s
4) Power Flow Equations and Solution /«.?;- "

5) Applications and Optimal Power Flow w, .P%\,‘
&Y

A

6) Summary @ﬁr
oYl Vi A

S

-

Computer Networks = . .‘
& Communications Computer Networking and Energy Systems
l

Prof. Hermann de Meer 265

Ch07-Power Flow Analysis



7.1 Introduction ’7;}] g/-\Ns'sV/ESS'TAT

m Power flow or load flow

m Given the amount of power delivered and where it comes from

m Power flow analysis

m Describing the present operating state of an entire power
system, given certain known quantities

m To do:

m A mathematical algorithm of successive approximation by iteration
m The repeated application of calculation steps

m Assuming one array of numbers for the entire system A

m While (A isn’t consistent with both physical law and the conditions
stipulated by the user) do

m Adjusting the numbers

m Looks like a computer program

.
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7. Power Flow Analysis R AT
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(71)2 The Power Flow Problem %ﬂmggﬁsm

m Network Representation

m Nodes : The points that are electrically distinct

m |[n power systems
m Nodes are called buses

m Marks the location of one of two things
m A generator

m A load

m Represents aggregations of loads at the location where they connect to
the high-voltage transmission system

m The buses are connected by transmission lines

m One-line diagram : does not generally distinguish among the three
phases of an a.c. transmission

m Impedance of the line : constant

.
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(72)2 The Power Flow Problem %ﬂ%’sﬁs'm

m Network Representation

m Example

®m One-line Diagram for a power system

Lembert
230 kV

Copyright John Wiley & Sons
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(73)2 The Power Flow Problem %}]g@ggggwm

m Choice of Variables

B |n an a.c. circuit

m To fully describe the voltage and current at any given node
m Magnitude component : root-mean-squared (rms) value
m Time component : phase angle

m The amount of power transferred at any point
m Real component

m Reactive component
m Two variables per node : determine everything in the system.

m |n practice:
m Currentis not known at all
m Voltage is known explicitly for some buses but not for others

m The amount of power going into or out of a bus is known

.
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(74)2 The Power Flow Problem %HHANS'SV/ESS'TAT

m Typesof Buses
m Load buses (P,0Q buses )

m The power consumption is given with two numbers

m Real power referred to as P
m Reactive power referred to as Q
m Generator buses (P, V buses ) except slack bus

m |s given
m Real power referred to as P
m The generator bus voltage

.
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(7; The Power Flow Problem ,;;u(’mlsvggg.m

m Variables for Balancing Real Power

m Balancing the system

m The generators in the system collectively must supply power in
exactly the amount demanded by the load, plus the amount lost
on transmission lines I°R

m No balancing : The system would lose synchronicity and crash
m Difficult

m To know ahead of time what the transmission losses will be

m The exact amount will vary depending on
m The different dispatch

m Will resultin a different distribution of current over the various
transmission paths

m Amount of power coming from each generator

.
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(75 The Power Flow Problem /7;”(/‘%'5555”“

m Variables for Balancing Real Power

m Mathematical way to deal with this situation

m Assuming a typical percentage of losses (e. g. 5% of the total P

demanded by the load)

m Dispatch all the generators in the system in some way so that the
sum of their output approximately matches what we expect the
total real power demand (load plus losses) to be (105% of load

demand)

m Using slack bus (swing bus)
m A generator whose output we allow to adjust, depending on the

system’s needs , generates
m More power if system losses are greater than expected

m Less if they are smaller

.
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(7; The Power Flow Problem I;;“(]%lsv/ggswm

m Variables for Balancing Reactive Power

m The total amount of reactive power generated throughout the

system must match the amount of reactive power consumed by
the loads

m Mismatch of reactive power leads to voltage collapse
m Reactive power losses I°X

m The difference between reactive power generated and reactive
power consumed by the metered load
m Does not refer to any physical measure of something lost

m Positive or negative, depending on whether inductive or capacitive
reactance plays a dominant role

.
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(78$ The Power Flow Problem /7;”(/‘%'5555”“

m Variables for Balancing Reactive Power

m Power flow analysis
m No need to know explicitly the total amount of O
m Specifying the voltage magnitude at a bus
m Essentially equivalent to requiring a balanced QO

m Could specify P and Q for each generator bus, except for one slack
bus assigned the voltage regulation

m Reactive slack bus

m Specify voltage magnitude Vinstead of O
m Specify Vinstead of O for all generator buses

m voltage is the explicit operational control variable
m Reactive slack

l}hg&d between all generators
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(79? The Power Flow Problem ,%]gg'ggsw

m The Slack Bus (V buses )

m Real power balance

m Manifests operationally as a steady frequency
m Constant frequency is indicated by an unchanging voltage angle
m Voltage angle known as the power angle at each generator

m More power is consumed than generated
m Generators’ rotation slows down
m Generators' electrical frequency drops
m Generators' voltage angles fall farther and farther behind

m Excess power is generated
m Generators’ frequency increases

m The voltage angles move forward
- D
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(713)The Power Flow Problem ,%]gg'ggsw

m The Slack Bus (V buses )

m Load-following generator

m Balance real power in real-time

m Holding the generator frequency steady at a specified value

m In power flow analysis
m Slack bus is mathematically assigned to do the load following
m The place of P will therefore be taken by the voltage angle
m Voltage angle (o)
m The relative position of the slack bus voltage at time zero
m The same thing that is elsewhere called the power angle 0

m Actual numerical value has no physical meaning
m Physical meaning: angle will not change as the system operates

.
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(71.i)The Power Flow Problem %}]g@ggggwm

m The Slack bus (V buses )

m In power flow analysis

m Numerical value of voltage angle (o)
m Different (constant) value for each bus
m Depending on its relative contribution to real power
m Numerical values only have meaning in relation to a reference
m Difference between the voltage angle at one bus and another
m The difference in the precise timing of the voltage maximum
m Systemwide reference for timing “zero”

m At which the alternating voltage at the slack bus has its maximum
m Any number between 0 and 360 degrees as the voltage angle
m 0°is the simple and conventional choice

.
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7.2 The Power Flow Problem ’\”/‘UNNERSWAT
(12)

~““&4(| PASSAU

m Summary of Variables

Tvbe of Bus Variables Given Variables Found
e (Knowns) (Unknowns)

Real power (P) Voltage angle (©)

Generator
Voltage magnitude (/) Reactive power ()

Real power (P) Voltage angle (o)

Load or generator
Reactive power () Voltage magnitude (/)

Voltage angle (©) Real power (P)

Slack
Voltage magnitude (V) Reactive power ()

.
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7. Power Flow Analysis s

FaRultat fur Informatik und Mathematik

m Contents

1) Introduction

2) The Power Flow Problem AN
3) Example with Interpretation of ReséftSM

4) Power Flow Equations and Solution Me "&.?»

s
licati d Optimal ow LLER ¢
Z; :\upg]:]aatrlons and Optimal Power /mi?&\ |
y /@ﬁﬂ
LXK

)

-

Computer Networks = . .‘
& Communications Computer Networking and Energy Systems
l

Prof. Hermann de Meer 280

Ch07-Power Flow Analysis



7.3 Example With Interpretation,?;ﬂUNNERS,TAT
Of Results (1)

A PASSAU

| SiX'bUS Exam ple 100MW  200MW

20MVAR 9MVAR

m The six buses have a load

m Four of them also have
generators (2,3,4)

| SIaCk bus (1) 20MVAR
m Buses have only loads (5,6) i1orpugy

100 MW
20MVAR

237MV
34 MVAR

m User specifies: servar 29 - L00p.u.

m Real and reactive power of v
loads and the generation 2 | | o
except the slack bus

m Voltage magnitudes at each

generator bus Y
m Max line capacity: 100 MW Copyright John Wiley & Sons
- N
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7.3 Example With Interpretatior‘Li;qUNNERWT
Of Results (2)

A PASSAU

| SiX'bUS Exam ple 100MW  200MW

20MVAR 9MVAR

m Program (e.g. PowerWorld™)
computes MVAR generation
necessary to maintain this

100 MW
20MVAR

237MV

voltage at each bus. oan AR

m Voltage angle 000
1.02 p.u. Bus6
3.47°

m At slack bus : 0.00 degrees m

35SMVAR

®m Program computes the voltage
angle at each of the other five Buss.
buses in relation to the slack 0.99 p.u.

bus

-l
-
%
=

100 MW

100 MW
SOMVAR

100 MW 84 MW
20MVAR 67MVAR

Copyright John Wiley & Sons
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7.3 Example With Interpretation ”/‘umvgmm
T
Of Results (3) A

| SiX'bUS Exam ple 100MW - 200MW

m Voltage angle
m More positive voltage angle

m Corresponds to an injection
of power into the system 1003w

20MVAR

m More negative voltage angle®u!
1.02 p.u.

100 MW
20MVAR

237MV
34 MVAR

m Corresponds to a
consumption of real power s
m Not in hierarchical order
depending on the amount of ' ' warva
power injected or withdrawn
at each individual bus

100 MW 84 MW
20MVAR 67MVAR

Copyright John Wiley & Sons
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7.3 Example With Interpretatior‘Li;qUNNERWT
Of Results (4)

A PASSAU

| SiX'bUS Exam ple 100MW  200MW

20MVAR 9MVAR

m Voltage angle

m Must consider the location of
each bus relative to the
others in the system and the v

20MVAR

100 MW
20MVAR

237MV
34 MVAR

direction of power flow Bus 1
0.0° — p 2
between them 102p.u. | " Busé
89 MW b -3.47°
| Example 35MVAR ; s 1.00 p.u.

m Net generation at
m Bus4is 137 MW 02 Bus : LOMVAR
= Bus 2is 100 MW ' |

m Voltage angle
m at Bus2>atBus4 0OMW  s4MW

20MVAR 67MVAR

Copyright John Wiley & Sons
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7.3 Example With Interpretatio
Of Results (5)

n UNIVERSITAT
’77(( PASSAU-

m Six-bus Example

m \Voltage angle

m Example

m \oltage angle at Bus 2 > Voltage angle at Bus 4
m  Real poweris generally flowing from north to south
m  From Bus 2 to the neighborhood of Buses 5, 3, and 6
m  Where there is more load and less generation

m  Power flows from a greater to a smaller voltage angle, the
exception is Link 3 -6

m  Powerflow is very small
m  The difference in voltage angle is very small
m  Agreater flow is associated with a greater angle difference

.
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7.3 Example With Interpretation UNIVERSITAT

Of Results (6)

m Six-bus Example

m Per-unit (p.u.)

m Indicates the local value of the
voltage as a multiple of the nominal

value

m 138 kV equals 1.00 p.u.

m 141 kV equals 1.02 p.u

.

’77{ PASSAU

100 MW 200 MW
20MVAR 9MVAR

100 MW
20MVAR

237MV
100 MW 34 MVAR

20MVAR

0.0° —

1.02 p.u. £ s : Bus6
S9MW ; -3.47°
35MVAR : 1.00 p.u.

100 MW
10MVAR

100 MW 84 MW
20MVAR 67MVAR

Copyright John Wiley & Sons
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7.3 Example With Interpretatior‘Li;qUNNERWT
Of Results (7)

A PASSAU

| SiX'bUS Exam ple 100MW  200MW

20MVAR 9MVAR

m Reactive power flows from greater
to smaller voltage magnitude

100 MW
20MVAR

m Real and reactive power

237MV

100 MW 34MVAR

m Not necessarily flow in the same mar
direction on a given link 0.0°

. . . s Busé6
m Imply no “relief” or reduction in s : 347°
35MVAR : 1.00 p.u.

current, S%= P%+ O?

Buss N 100 MW

100 MW S4 MW
20MVAR 67MVAR

Copyright John Wiley & Sons

.
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7.3 Example With Interpretatior‘Li;qUNNERWT
Of Results (8)

A PASSAU

| SiX'bUS Exam ple 100MW  200MW

20MVAR 9MVAR

m The total real system losses
m Generators supply 610 MW
m Subtracting the six loads of 100MW &

100 MW
20MVAR

237MV

100 MW 34MVAR

m The total real power losses is 10 2wz
MW 0.0

B The total reactive system loss  www =1 e 47
m Generators supply 145 MVAR

m Total reactive load is 140 MVAR 2%

10MVAR

. . 0.99 p.u.
m The system reactive losses is 5
MVAR
100 MW 84 MW
20MVAR 67MVAR
Copyright John Wiley & Sons
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7.3 Example With Interpretation H]UNNERS.TAT

~Z&4(| PASSAU

Of Results (9)

100MW 200 MW
20MVAR 9MVAR DBus2
2.77°

1.04p.u.

m Six-bus Example

m Record both the power entering and ,
exiting each link

38.0

100 MW
20MVAR

237TMW

m Real inred o HanaR
. . Bus1
m Reactive in blue ve
02pu. ) ¢
m Losses e 2\ ' i T

m The numbers in parentheses

100 MW
10MVAR

m The real line losses 2oz
m All positive

m The reactive line losses may be negative S
m Typical for system reactive losses to be Copyright John Wiley & sons
positive overall
- D
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7.3 Example With Interpretation,;;ﬂUNNERS,TAT
Of Results (10)

([ PASSAU

m Tweakingthe Case v, B2

1.04p.u

m Increase the load at bus 5 by 20%

m Power factor at bus 5: no change
m Real power at bus5:120 MW
m Reactive power at bus 5: 60 MVAR nmax

m This change is small enough for theosr

1.02pu £ N 3

100 MW
20MVAR

237MMW
42MVAR

‘g).

generator at the slack bus to m a L B
absorb. 2MVAR * 1.00p.u
m The generation at Bus 1:110 MW
m The line flows to Bus 5 increase by Buss WAVAR
a total of 20 MW 0.99p.

noMw % (0.55)
60MVAR

m 14.5MW comes from Bus 1
m 4 MW from bus 4

100 MW 1341\:[\}’
m Reduction of about 1.5 MW: Bus 3 Copyright John Wiley &sons

.
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7.3 Example With Interpretation,;;ﬂUNNERS,TAT
Of Results (11)

([ PASSAU

100 MW 200 MW

| Twea king the Case 20MVAR 9MVAR Bus2

245°

m Increase the load at bus 5 by 20%

m Increasing reactive power at bus 4
and 3 and decreasing at slack bus

100 MW
20MVAR

23"MMW
42MVAR

m Voltage angles change as a result ooy

20MVAR

of the changed power flow pattern pu;
0.0°
m The real power is fixed at all buses 102pu

other than 1 and 5 1oMW

m Substantial increase in system
reactive losses of 2.33 MVAR Buss

100 MW
10MVAR

m Up almost 50% from 4.74 to 7.07 }.2,;.7931:_1,_
MVAR owar 9 «
m Reactive power changed from 145
to 157 MVAR in total oM s
Copyright John Wiley & Sons
- D
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7.3 Example With Interpretatio

Of Results (12)

UNIVERSITAT
PASSAU

m Tweakingthe Case

m Increase the load at bus 5 by 20%
m The fully loaded link 4-6

m Thermal limit of 100 MVA of each
link
m Carries after change 101,5 MVA
m Becoming overloaded
m In reality, proposed change is
inadmissible

m A generator other than bus 1
would be required

.

100 MW
20MVAR

200 MW
oMvAR Bus2

245°

100 MW
20MVAR

100 MW

237MMW
£2MVAR
20MVAR
Bus1
0.0°
1.02p.u Bus6
110MW -4.18°
32MVAR 7 100 p.u.
£
_ 100 MW
Bus$
-2.73°

10MVAR
0.99 p.u.

18.6
120 MW

('0-56)
60MVAR

100 MW
20MVAR

S4 MW

74MVAR
Copyright John Wiley & Sons
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7.3 Example With Interpretatiogitu" UNIVERSITAT
Of Results (13) e

m Conceptualizing power flow

m Power flow analysis
m Deals with a steady operating state of the system

m Describing the stable equilibrium consisting of a pulse

m Had to make its rounds through the system as a disturbance, while
the grid was being energized by the first generator on-line

m Established as an ambient, steady-state condition and appears to
reside everywhere in the system at once

m The voltage-angle difference between two ends of a link
m |s not explicitly a function of length

m Depends on
m The amount of power flow

m The impedance of the link

.
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7.3 Example With Interpretatlogi;ﬂUN,VERS.TAT
Of Results (14) i

m Conceptualizing power flow

m Visualize power flow by way of a mechanical analogy

m Transmission lines

m Rubber bands tied together into a grid
m Generation

m Bands are suspended by hooks from the ceiling
m Loads

m Bands have weights hanging from them ntpdinptelac.n
m Real power injected or consumed at each node

m Weight or amount of force pulling the node up or down
m The voltage angle

m The elevation of each point in the rubber-band grid

Computer Networks -
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7.3 Example With Interpretatlop?;ﬂ HAI\JS.SV/ES‘SA.TAT

Of Results (15) =

m Conceptualizing power flow

m Visualize power flow by way of a mechanical analogy

m Power injected equals power consumed
m Rubber-band grid be in balance

m Dynamic stability:
m A load is lost : weight suddenly falls off
m A generator goes off-line : hook pops out of the ceiling

. http://nptel.ac.in
m Generators compensate for the change in system load

m Assuming the remaining hooks can accommodate the weight
m The network of rubber bands will bounce up and down
m Steady-state stability
m Any given rubber band can only be stretched so far before it breaks

Prof. Hermann de Meer 295
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7.3 Example With Interpretati oanN.VERS.m

~“ZZ4(| PASSAU

Of Results (16) = &

m Conceptualizing power flow

m Visualize power flow by way of a mechanical analogy

m Line impedance

m Rubber bands have different elasticities and strengths

m A line with a high impedance :
m A band stretches farther under a given tension,

N

] ) http://nptel.ac.in .
m The amount of tension that can be sustained by each band regardless

of stretch

m Longer

m More elastic

m The thermal limit

m Reactive power and voltage magnitude (Not obvious)

m Reactive power: rapid vibration in the weight (load) = met by a
MIng vibration in the suspension (generation)
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. UNIVERSITAT
7. Power Flow Analysis //;(N;‘PASSAU

matik

m Contents

1) Introduction

2) The Power Flow Problem )
3) Example with Interpretation of Reséﬁs »:

4) Power Flow Equations and Solution Me

_‘
o;/\vl’|

5) Applications and Optimal Power Flow w "\ |

6) Summary
RS WA,
/i%
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7.4 Power Flow Equations ,,;”(/\umvgmm
And Solution Methods (1) s

m Derivation of power flow equations
m Show explicitly how the variables are related to each other
m Complex power S;=V.I." ;
m ; ; indicates the bus of the network
m The asterisk denotes the complex conjugate of the current
m All variables are complex quantities
m Power at load buses is positive, at generator buses is negative.
m Not very helpful, no idea what the /; are

m Using Ohm’s law to substitute known variables (voltages and
impedances) for the unknowns (currents)

m/=V// =VY; Zisthe complex impedance
[ Y=1/Z Y is the admittance

Computer Networks -
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7.4 Power Flow Equations ,,;”(/\umvgmm
And Solution Methods (2) s

m Derivation of power flow equations

m Y=G + jB; Gisthe conductance; B is the susceptance
m Admittance matrix Y :
m Summarize the admittances of all the links in the network

m ), =gyt by ; The matrix element that connects nodes i and &
m v, =0 ; The absence of a transmission link

m ]k = kalk, The current between nodes i and k

= Vi@t bi);
m V,: The voltage difference between nodesiand k

mS =VJ§‘=V,~( ;lyika)

m Index k : accounting for all the current that is entering or leaving
nodei

Computer Networks -
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7.4 Power Flow Equations
And Solution Methods (3)

m Derivation of Power Flow Equations
m S =VEZ \8ix _jbik)V*

= S=)ul
m S = Ekl

m (e-6,) : The difference in voltage angle between nodes i and &

. n-SLI
O Qi=EZ=IVin

49ek

gzk _jbik)

k‘e

k‘ COS 6 9 )+]Sm(8 6 ):ngk ]bzk)

i

I

:gik COS(@ -0, )"‘ by sin(6, - O, )]

1

[gik sm(ﬁl -0, )- by cos(6, - O, )]

l
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7.4 Power Flow Equations ,,;ﬂumvmswm
And Solution Methods (4) e

m Solution methods

m No analytical, closed-form solution for the set of power flow
equations

m Use numerical approximation (iterative solution method)
m First, assume certain values for unknown variables at every bus
except the slack bus
m Flat start: voltage angle (0) zero, voltage magnitude (V) 1 p.u.

m Based on the starting values, a different set of the known P’s and
Q’s will be produced (contradiction or mismatch)

m The objective is to get rid of this mismatch by repeatedly inserting
a better set of (6, V)

m Depending on the required degree of precision, we can continue
this process to reach some close approximation

Computer Networks -
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7.4 Power Flow Equations H/‘UNNERS,TAT
D 77
And Solution Methods (5) e

m Solution methods

m Use numerical approximation (iterative solution method)

m The heart of the iterative method is to know how to modify each
guess with each iteration, so as to arrive the correct solution as
quickly as possible.

m There are several standard techniques: such as

m Newton-Raphson,
m Gauss, and
m Gauss-Seidel iterations

.
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7.4 Power Flow Equations H"UNNERS.W
D 77
And Solution Methods (6) .

m Solution methods

m Newton’s method

m Combine the initial guess for the unknown variables with the set
of power flow equations and its partial derivatives in such a way
that it suggests a helpful modification of the unknowns

m Jacobian matrix J consists of the partial derivatives of the power
flow equations, or their rates of change with respect to voltage
angle and magnitude

oP OP
00 dVv

B =
) P aQ
00 odV
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7.4 Power Flow Equations W/‘umvmm
D 77
And Solution Methods (7) T

m Solution methods
m Newton’s method

m X' refers to vector composed of the values of 8’s and V’s from the
ith iteration

m f(x) refers to a vector containing difference between power flow
equations P(0, V) and Q(B, V) and the actual values of P and Q at
each of the buses, which are known (i.e. f(x) represents the
mismatch, which we want to get as close as reasonable to zero)

m Ax' = - Jif(x)

mx*=x + Ax

m When f(x})=0, it means that there is no more mismatch, and the x!

represents the operating state of the power system that is
consistent with the known P’s and Q’s
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7.4 Power Flow Equations H"UNNERS.W
D 77
And Solution Methods (8) e

m Solution methods

m After having found 6, V for each P,Q bus and 6, Q for each P,V
bus, we can writhe the power flow equation for the slack bus
and determine the amount of general power generated there

m To determine how many MW of losses in the system, we can
compare total MW generated to the total MW of load demand

A
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7.4 Power Flow Equations H"UNNERS.W
D 77
And Solution Methods (9) e

m Decoupled power flow
m There is a general rule that relates

m voltage angle mainly to real power, and

m voltage magnitude to reactive power

m There are two assumptions behind this rule

m The reactive properties of transmission lines tend to outweigh the
effect of their resistance

m The voltage angle differences between buses are small (usually
less than 10°)

.

Computer Networks -
& Communications Computer Networking and Energy Systems
il

Prof. Hermann de Meer 306

Ch07-Power Flow Analysis




7.4 Power Flow Equations W/‘umvmm
D 77
And Solution Methods (10) e

m Decoupled power flow
m Therefor, based on these dependencies

) : .. 0P
m For real power, 0 ought to be substantial, while P ought to be
small

: 0 .0
m For reactive power, % ought to be small, while a—gshould be

substantial

m Second, we must distinguish whether the dependence of real or
reactive power on voltage angle or magnitude at the same bus,
or at a neighboring bus. Thus, we will consider only the
derivatives with unequal indices (such as 0P, /00;)
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7.4 Power Flow Equations H"UNNERS.W
D 77
And Solution Methods (11) e

m Decoupled power flow
m Let us examine the derivatives for sample bus pair 2 and 3

dP,

N av, = V,[g23 cos(0; — 03) + by3 sin(0; — 63)]
a .
M % = V,V3[g23 cos(0; — 03) + by3 sin(6;, — 03)]

m Since the transmission link’s reactive effects outweigh its resistive
effects, the conductance g,3 is a much smaller number than
susceptance b,3; =2 this makes cosine terms small

m Since the voltage angle difference between buses is small, then the
sine term is also small

m As a result, we might deem these derivatives small enough to be
negligible

.
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7.4 Power Flow Eguations
g ,i;}] UNIVERSITAT

And Solution Methods (12)

PASSAU

m Decoupled power flow

m By contrast, consider the following derivatives

P,

26,

a 0%

Vs
[

Prof. Hermann de Meer
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! I

965

= V,V3[g23 sin(f,; — 63) — by3 cos(8; — 83)]

= V; [g23 cos(8, — 03) — by3 cos(0; — 63)]

Here, the g’s multiply the sine terms, so these terms vanish on both
accounts

But neither b’s nor cosine terms are negligible.

Since cosine of a small angle is nearly 1, we obtain the following
approximations

o, = —V,V3b,3

0
Q2 — —Vz by3
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7.4 Power Flow Equations H"UNNERS.W
D 77
And Solution Methods (13) T

m Decoupled power flow

m Decoupled power flow analysis takes advantage of these

observations, where the term decoupling refers to the
separation of the two variable (P and 8, on one hand; Q and V,

on the other hand)

m By assuming the small derivative to be zero, we greatly simplify
the Jacobian matrix.

z—’; 0
m)=

o 2¢

av
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7.4 Power Flow Equations ,7;”(/\UN|VER5.W
And Solution Methods (14) S St

m Fast-decoupled power flow

m Here we add a third assumption to the previous two
assumptions about transmission lines and voltage angles
m The voltage magnitude profile throughout the system is flat,
meaning that all buses are very near the same voltage magnitude
m As a result, we get an approximation for Jacobian that is
independent of the voltage magnitude/angle and stays the
same during each iteration = Jis only built and inverted once

m Therefore, it saves more computational effort = the computation
is vastly sped up

m Since the iteration process is self-correcting in nature, the
simplifying assumptions are only a crutch for the process of
approachinﬁ the correct power flow solution
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. UNIVERSITAT
7. Power Flow Analysis //;(N;‘PASSAU
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7.5 Applications And Optimal v versirar
’7(( PASSAU
Power Flow (1)

m System operator’s responsibility
m Approving feasible generation schedules
m Prepared on the basis of some economic considerations

m Scrutinize them for technical feasibility
m No important constraints (line loading limits) would be violated
m Optimal power flow (OPF) program

m |dentify the operating configuration or “solution” that best
meets a particular set of evaluation criteria

m Evaluating scenarios with different real and reactive power
contributions
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7.5 Applications And Optimal /D”‘ UNIVERSITAT
’7{( PASSAU
Power Flow (2)

m Optimal power flow (OPF) program

m Numerous power flow analysis runs

m The output of each is power flow solution in terms of bus voltage
magnitudes and angles

m Power flow solution is evaluated according to one or more criteria
(objective function)
m The sum of all line losses in megawatts,

m The sum of all generating costs when line losses are included

m Optimality of the system depends on how the objective
function is defined

m Reality does not always conform to plans

m OPF solution by actual planning and operating decisions is not
cIear—cut
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. UNIVERSITAT
7. Power Flow Analysis ’/%]PASSAU o
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4) Power Flow Equations and Solution Metfog

5) Applications and Optimal Power Flow /325 &

6) Summary K»A;!;é:% |
A ¥\
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UNIVERSITAT
7.6 Summary /;i,(u]PASSAU ,

m Power flow analysis
® |s a numerical analysis of the flow of electric power in an
interconnected system
m Focuses on various aspects of AC power parameters
m Voltages
m Voltage angles
m Real power

m Reactive power

m Analyzes the power systems in normal steady-state operation

.
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8. System Performance

m Contents
1) Reliability
2) Security
3) Stability

4) Power Quality
5) Summary

-~
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8.1 Reliability (1) 4%1

m Reliability
m The continuity of electric service to customers

m Depends on

m The availability of sufficient generation resources to meet demand
m Generation capacity must be greater than load

m The ability of the transmission and distribution system to deliver
the power

B Transmission must not be overloaded

./-_, '.t o
m Voltages must be within limits
‘:'.'.; L e
7 By
z ‘, ’ihl 5
A Source: http://commons.wikimedia.org
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8.1 Reliability (2) /i%ﬂ

m Measure of Reliability

m Reserve margin of generation resources

m Does not take into consideration the characteristics of specific
generation units

m Failure rates

4,000 -

0 1 —o—Peak demand

3500 1 —o— Required reserve margin
3,000

2,500 -

Computer Networks -
& Communications Computer Networking and Energy Systems 320
|

Prof. Hermann de Meer
Ch08-System Performance



8.1 Reliability (3) %ﬂg@gggsm

m Measure of Reliability
m Loss-of-load probability (LOLP)

m The probability that a system demand will exceed capacity during
a given period

m May be considered on a daily basis Looking at the peak load for
that day or for each individual hour

m Loss-of-load expectation (LOLE)

m Summing up the probability of loss-of-load for each day over a
time period and expressed as an inverse

m Expecting one loss-of-load event during this period
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8.1 Reliability (4) e

m Measure of Reliability
m Expected unserved energy (EUE)

m Calculated by combining
m The probability of loss-of-load

m The actual megawatt (MW) amount of load that would be in excess
of total generating capacity

m The excess load would be shed, or involuntarily disconnected

m QOutage frequency & outage duration

.
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8.1 Reliability (5) %}]g@gg&sm

m Valuation of Reliability

m One-day-in-ten-years criterion in USA

m The systemwide generation capacity is expected to fall short of
demand, presumably at the peak demand hour of that day, once
every ten years

m Benchmark value for reliability

$

m The duration of an outage is not certain
m Willingness to pay -é
m What level of reliability is “optimal” for a given type of customer
m The amount of money spent on providing this level of service

m The amount this customer would be willing to pay for it if given
the option

Computer Networks -
& Communications Computer Networking and Energy Systems
! I

Prof. Hermann de Meer Ch08-System Pe rformance 323



8.1 Reliability (6) %}]g@gg&sm

m Valuation of Reliability

m |dentify and distinguish how much service reliability is worth to
different types of customers
m Linear relationship between outage cost and duration

m Lost kilowatt-hours : Those that would have been demanded over
the course of the outage period

m QOutage cost : Dollars per kilowatt-hour (kWh)

.
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8. System Performance

m Contents
1) Reliability
2) Security
3) Stability

4) Power Quality
5) Summary
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8.2 Security (1) ’79(1 F)JANS'SV/ESS'TAT

m Definition
®m How many things can go wrong before service is actually
compromised

m A securesystem

m Can sustain one or several contingencies
m A transmission line going down
m A generator unexpectedly going off-line
m Continue to function without interruption

m Transitioning into a new configuration in which the burden is
shifted to other equipment

Prof. Hermann de Meer 326
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8.2 Security (2) %ﬂ HANs'sV/ESS'TAT

m How?
m Generator fails
m Reserve margin
B Transmission line fails
m “ Reserve” of transmission capacity
m Alternate routes for power to flow
m Contingencyanalysis
m The analysis of the fail scenarios
m N-I (“normal minus one”) criterion

m The system must remain functional after one contingency,

m e.g. loss of a major line
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8.2 Security (3) ’7;}] EJANs'sV/ESS'TAT

m Line flow limits

m The amount of current or power transfer permissible on each
transmission link
m |f one line is lost
m Loading on the other lines will not exceed their ratings
m Voltages can be held within the permissible range
m The resulting operating state does not violate any constraints
m Line ratings are based on
m Thermal limits
m Stability limits

Prof. Hermann de Meer 328

Computer Networks -
& Communications Computer Networking and Energy Systems
i I Ch08-System Performance



System Performance
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1) Reliability
2) Security
3) Stability

4) Power Quality
5) Summary

- D

Computer Networks = . |
& Communications Computer Networking and Energy Systems
Prof. Hermann de Meer
i I Ch08-System Performance

329



h'g T
8.3 Stability (1) “ZaaAssa)

T
m The Concept of Stability

m The tendency of an alternating current (a.c.) power system to
maintain a synchronous and balanced operating state
m Angle stability
m All the system’s components remain locked “in step” at a given
frequency
m Stability analysis

m concerned with the differences in phase or angle between current
and voltage and their implications for keeping the system locked
in step )

Source: http://commons.wikimedia.org
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8.3 Stability (2) /%WHMW

m The Concept of Stability
m Steady state

m A system’s stability under some fixed set of operating conditions
m Constant generator outputs and loads

m A crucial factor

m The length of transmission lines in relation to the amount of the
transmitted power

m Transient stability (dynamic)

m The system’s ability to accommodate sudden changes and return
quickly through this transient condition to a sustainable state

m Faults (short circuits)
m Loss of a transmission link *
m Failure of a large generating unit ‘

A Source: http://commons.wikimedia.org
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8.3 Stability (3) ™

m The Concept of Stability

®m |[n an a.c. power system
m Power angle is a variable at any point in the system
m Our conceptual challenge

m Understanding the power angle as a dynamic variable
m The changes of it over time interest us
m Relates different and remote parts of a power system to each other

Stability & Instability

e VN

If it returns to it’s Ifit does NOT return to
original position it it's original position, it is
is STABLE UNSTABLE

. http://tokyophysio.com
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8.3 Stability (4) %H&'&ESW

m Steady-State Stability

m A given set of loads

m A given set of power contributions from generators
m A given network of transmission lines
H

Synchronism among all components

m The frequency and the phase of two or more oscillating
components match
m Synchronous generators are connected together
m Spinning at the same rate
m Their voltage output peak at about the same time
m Generators simultaneously contribute to feed power into a network

.
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8.3 Stability (5) e

m Steady-State Stability

m Synchronism
m Requires a stable equilibrium condition

m Restoring force== Negative feedback effect
m Slow down a generator that has sped up
m A generator must supply additional power
m Thus tending to restrain the turbine more
m Speed up a generator that has slowed down
m A generator must supply less power
m Relieving the restraint on the turbine

.
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UNIVERSITAT

8.3 Stability (6) //7(( PASSAU

m Steady-State Stability
m Negative feedback effect

m Depending on the difference of phases between generators
m The most when the phases are very close together
m The difference between the phase angles grows
m A greater difference in power generation,

m A greater transmission of power between them
m A weak stabilizing effect, weakens.

Source: http://commons.wikimedia.org

-

Computer Networks -
& Communications Computer Networking and Energy Systems
l

Prof. Hermann de Meer 335

Ch08-System Performance



8.3 Stability (7) 179(]%/@'&55”“

m Steady-State Stability

m Mathematical expression and stability limit
mpP= (V1V2 /X) Sin 512

m P : The (real) power transmitted along a line

m J;, V,: The voltage magnitudes on either end of the line
mX : The reactance of the line

m O : The difference between power angles at the two ends

m 0;; = 90° 1is not generally safe to do

m Stability limit on 0,
m 0;; toolarge :risk losing the negative feedback between generators

\/\ teady

A http://www.steadystate.co.uk
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8.3 Stability (8) ™

m Steady-State Stability

m Negative feedback as a function of power angle

Negative feedback

O M d t h ema t| Ca | Transmited / disappears completely

power P
m |f J;; increases beyond 90°
m Represent an unstable equilibrium \
m Power would actually decrease Stable operation up to

approximately here
m speed upthe generator

m |eads to a further increase in o1, Power angle 5,
m The slope of the sine curve Copyright John Wiley & Sons

m Increment in Js;
m only a smallincrement in P

m A reasonable limit on d;> is 40° to 50°

.
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8.3 Stability (9) ™

m Steady-State Stability

m Negative feedback as a function of power angle

m circulating currents
m Increasing the load of the generator that is ahead of the other (Unit 1)
m Reducing the load of the one that is behind (Unit 2)

m Difference voltage between generators

m Approximately 90° ahead of the main voltage from the perspective of the
ahead generator

m The circulating current

m Lags about 90° behind the difference voltage
m just about into phase with
m The main voltage output of the ahead generator

m The previously existing current

.
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8.3 Stability (10) e

m Steady-State Stability

m Negative feedback as a function of power angle

m circulating currents

m In Unit 1 is associated with an additional positive power output
m |n Unit 2

m Appears to be negative

180° out of phase with its regular voltage and current

Acts to diminish its power output

m |ts power is being supplied to the behind generator

.
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8.3 Stability (11)

m Steady-State Stability

m Negative feedback as a function of power angle

m circulating currents

m The difference in power angle 0;; is small

UNIVERSITAT
’7;}] PASSAU-

m Circulating current is almost exactly in phase with the generator voltage
thatis ahead (V1)

.

Copyright John Wiley & Sons
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8.3 Stability (12) e

m Steady-State Stability

m Negative feedback as a function of power angle

m circulating currents

m The difference in power angle o;; is larger
m The circulating current is shifted slightly out of phase with V;

W

—
La

rger dy;

Copyright John Wiley & Sons

.
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8.3 Stability (13) e

m Steady-State Stability

m Negative feedback as a function of power angle

m circulating currents

m The difference in power angle ds is very large

m The Phase shift of circulating current is more pronounced

.

-
Very large 8y,

—————— . —
————— —

_" )

Large circulating current Copyright John Wiley & Sons
lagging behind V/
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8.3 Stability (14) /%]HANS'SV/ESS'TAT

m Steady-State Stability

m Negative feedback as a function of power angle

m circulating currents

m The difference in power angle d;, is 45°
m The circulating current peaks at 22.5° behind V;

m The power transferred is sometimes positive and sometimes
negative

m Oscillation of power back and forth, rather than a continuous
transfer from one generator to the other

m The stabilizing effect is gradually lost as the difference in power
angles increases

Computer Networks -
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8.3 Stability (15) i

m Dynamic Stability
m Called transient stability

m The displacement of the power angle is generally due to a
temporary, transient disturbance

m How large a disturbance can the generator sustain and still
return to equilibrium?

m Will it return to equilibrium in a reasonable amount of time?

m In electric generators

m The mechanical torque from the turbine shaft equals the sum of two
powers:
m The electrical power that is pushed out the armature windings through
the magnetic field
m A certain amount of damping power that acts to slow down the rotor

.
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8.3 Stability (16) ™

m Dynamic Stability
m In electric generators

m Excess mechanical power supplied from the turbine, the rotor
speeds up

m The power supplied from the turbine is less than the electrical and
damping power drawn out, the rotor slows down
m The generator swing equation
m Differential equation
m Describes the behavior of the power angle ¢
= MO+DO+P;(0) = P]&

- : The mechanical power input from the turbine (constant
Py p p

m The superscript (0) : Indicates the value at equilibrium

.
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8.3 Stability (17) /%]HANS'SV/ESS””

m Dynamic Stability ]
m |n electric generators

m The generator swing equation Pt

B 7 (6): The electrical power output

m Varies as a function of the power angle o 4 . \Nw
m Over areasonable range of 9, as 0 increases, so does P, Comyright Yo Wiley & sors
m For extremely large 0, P; eventually becomes negative.

m o describes the position or timing of a generator relative to others
m Asthe restoring force

m Pushes back on the rotor through the magnetic field

m Farther we displaced 0, the harder the magnetic force pushes back

m At the equilibrium point 9,

IPGPOM

-~ N
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8.3 Stability (18) ™

m Dynamic Stability
m In electric generators

m The generator swing equation

m 5 :The rate of change of J with respect to time
m Positive :The rotor frequency is greater than the system frequency
m Negative : The rotor frequency is less than the system frequency

m Constant D : A measure of the damping force
m Resisting any changes in o

m DS :The power absorbed by friction

m S : Acceleration, or change of speed, of the rotor

m Constant M : A measure of the generator’s inertia
m Resisting changes in rotational speed

m M35 :The power that goes into speeding up or that comes out of
slowing down the generator rotor

.
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8.3 Stability (19) i

m Dynamic Stability

m What will happen if 0 is somehow displaced from equilibrium?
m Determining just how far 0 can be displaced before there is trouble

m The classic case for study
m A transmission link is momentarily interrupted and then quickly reconnected

m  The transmission link is a generator’s only connection to the grid

m  During the very short time period where the link is interrupted

Generator cannot send out electric power

The steam turbine output cannot be adjusted.
m  Constant mechanical power input P%,,

No power goes out in the form of electricity,
m All of P?,, goes into accelerating the rotor
m  Smallamount to overcome friction

The power angle J increases, as does its rate of increase O

AThe generator thus acquires a certain amount of excess energy

Computer Networks =,
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8.3 Stability (20) %HA%'¥£SS'TAT

m Dynamic Stability

m The classic case for study

m The generator thus acquires a certain amount of excess energy
m  Manifests as kinetic energy of the rotor,
m The rotor is now spinning at a higher than normal frequency
m Up to acertain amount, it can be dissipated
m  More than a certain limit, the generator cannot return to equilibrium

m Transient stability analysis
m Determining the critical amount of excess energy
m The length of the time interval of generator disconnection

.
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8.3 Stability (21) /%]HANS'SV/ESS'TAT

m Dynamic Stability
m The classic case for study

m  When the generator is reconnected
m  Relieving itself of excess energy into the grid
m The initial displacement of ¢ is reasonable
m  P(0) excess Py,
m The rotor decelerates
m untild isless than do, and P(d) is less than P,
m The rotor begins to accelerate again
m  This movement would continue back and forth indefinitely

m  Damping force slows the motion of ¢ and causes the excursions to
gradually diminish until 0 settles at 0o

m  The initial displacement of ¢ is too far
m o will not settle at 0o
m  The nonlinear characteristic of P(0)

.
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8.3 Stability (21) i

m Dynamic Stability

m What physically happens to the energy during the generator’s
oscillation?

m A generator is disconnected and speeding up

m Other generator in the system is slowing down
m Supplying the extra load

m After the connection is reestablished
m The two generators now have a symmetric power imbalance
m The exchange of energy back and forth between these two generators
m By means of the circulating currents

m The generators alternately speed up and slow down until they again
share the load according to their set points.

.
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8.3 Stability (22) i

m Dynamic Stability

m A generator which is affected by the transient disturbance get
impacts on two types of energy:

m Kinetic energy
m The generator gains and loses rotational kinetic energy as its
rotational speed increases and decreases
m Maximum when the rotor is spinning fastest
m The rotational frequency (5 is maximum, while 0 increases and passes 0o
® Minimum when the rotor is spinning slowest
m On the way back 0 decreases and passes oo

m Does not care whether the speed relative to the nominal 60 cycles is
positive or negative

m Kinetic energy is again at a maximum as 6 passes 6o in the opposite
direction, when & is greatest in the negative direction
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8.3 Stability (23) i

m Dynamic Stability

m A generator which is affected by the transient disturbance gets
impacts on two types of energy:

m Potential energy
m Analogous to the gravitational potential energy
m As the accumulation of restoring power
m Equals zero when 0 = 0o
m The generator acquires as o is displaced, in either direction
m Maximum potential energy at the point of maximum and minimum o

m At maximum
m |t has the greatest capability of doing work on other generators

m Relieve their load by carrying extra power and thereby slowing
down, sacrificing its own “lead” in ¢

m At minimum : The situationis reversed
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8.3 Stability (24) I?Qﬂ%@'svﬁﬁw

m Dynamic Stability

m Restoring power
m The difference between the electrical power output and the

mechanical power input
m The portion of the Pg(6) curve that extends above the line

representing P?,
m K.E. Kinetic energy
m P.E. Potential energy | |

m Integral of the restoring power over &6 _ 5
m The area under the curve between \

0o and the given o c \ /

m W(3) : The curve of cumulative | [re!
potgn.a,kenergy as a function of 0 ot o ey &
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8.3 Stability (25) I?Qﬂ%@'svﬁﬁw

m Dynamic Stability
m The peak of the potential energy curve W, (on the right)
m Indicates the maximum amount of restoring work that can be done

on the generator to bring it “back in line”
m The maximum energy that the generator can dump into the grid by

running ahead of others o = Py

m The accumulated restoring power
from o to the upper limit d,, T 2

m The area between the Pg(6) curve and ]

0 _ ;

P . w(s)
Wipax F S———————~— 7.\4)

S, Angle &

Power

8min 80 5max

Copyright John Wiley & Sons

.
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8.3 Stability (26) 49]%&'&555””

m Dynamic Stability
m During the transient condition, the generator acquires both

m Potential energy : because 6 is displaced

m Kinetic energy :because 6 isin the process of changing

m The generator is transient stable

m If the total energy acquired during the transient period is no more
than the maximum amount of energy that can be gotten rid of,
Wmax

m Very general and assumes nothing about the peculiarities of the
transient disturbance.

.
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8.3 Stability (27) i

m Dynamic Stability

Power

Pc(3)

m Equal area criterion

m 0, . The maximum o for which there is still Decelratn
any restoring force at all

m Acceleration area

Acceleration
area

m Below PY,

m Between J,and the displaced o7 % or 8 \ Angle 3
at the end of the transient

Copyright John Wiley & Sons

m Represents the amount of excess energy
acquired by the generator during the
transient period

m Deceleration area
m The area between Pg(6) and PY;, up to their intersection point at J,,

.
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8.3 Stability (28) ™

m Dynamic Stability
m Equal area criterion

m Deceleration area
m The area between Pg(6) and PY;, up to their intersection point at 9,

m Represents the cumulative deceleration power

m The total amount of energy that the generator can dump into the grid,
minus the amount to which it is already committed due to its
displacement of 6

m The generator is transient stable if
m Acceleration area is no greater than deceleration area

m |n other words

m There must be enough deceleration power left to absorb the kinetic
energy that is left once the potential energy has been accounted for

.
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8.3 Stability (29) ™

m Voltage Stability
m The stability of the voltage magnitude

m The interactions between voltage and angle instability are so
complex

m System can become unstable with respect to only voltage
magnitude but not angle, or vice versa
m Voltage stability

m As load increases, power consumption also increases
m Voltage does not go down

m Voltage collapse: Voltage instability

m Voltage and power cannot be controlled

Computer Networks -
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8. System Performance

m Contents
1) Reliability
2) Security
3) Stability

4) Power Quality
5) Summary
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8.4 Power Quality (1) ’%JH%EVXSSW

m Power Quality
m Encompasses voltage, frequency, and waveform

m The voltage supplied by the utility at the customer’s service
entrance is steady and within the prescribed range

m The a.c. frequency

m Steady and very close to its nominal value
m The waveform

m Absence of harmonic distortion

m The compatibility between what comes out of an electric outlet
and the load that is plugged into it

.
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8.4 Power Quality (2) /%WHANS'SV/ESS'W

m \oltage
m Voltage drop

m The difference between the voltage supplied at the generation end
and that received by a given load varies continuously with demand

m Systemwide and local

m Low voltage

m Power system’s resources are overtaxed by exceedingly high demand
m High voltage

m Damage appliances simply by overloading their circuits

m Temporary voltage increase

m Voltage impulse : Last on the order of microseconds ==
m Voltage swell : Alonger event ‘

Source: http://commons.wikimedia.org
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8.4 Power Quality (3) ’%]%Ts'svfﬁs A

m \oltage
m Sags(dmerican) or dips (British)
m Temporary decreases in voltage
m Cause electronic loads to shut off or otherwise behave strangely
m Noticeable as a occasional rebooting of a computer
m Much more often than swells

m Economic losses : S5 billion per year in the United States
m Spike protector

m To protect against increased current that may quickly overheat a
small component inside an appliance

m Mitigating sags i
r Mitigating swell

Source: http://commons.wikimedia.org
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8.4 Power Quality (4) e ({ HANs'sV/ESS'TAT

m Frequency
m Drifting frequency
m Cause : Generation and demand are not balanced

m A risk mainly for synchronous machines
m Generators and synchronous motors
m Some of their windings may become overloaded

m Synchronous generators are equipped with relays to disconnect them
from the grid in the event of over- or under frequency conditions

m The sensitivity of these relays is a matter of some discretion, but would
typically be on the order of 1%

.
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8.4 Power Quality (5) e ({ HANs'sV/ESS'TAT

m Frequency
m Drifting frequency

m A risk for the transmission and distribution system
m Sections of the T&D may be separated by over- and under frequency
relays
m |In USA as example 58 and 59 Hz for 60-Hz
m A significant departure from the nominal frequency would indicate a
very serious problem in the system
m Preventing cascading blackouts

m One portion of the grid that has lost its ability to maintain frequency
control pulls other sections down with it as generators become unable to
stabilize the frequency and eventually trip off-line

.
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8.4 Power Quality (6) %Hg'gfﬁs'TAT

m Frequency

® Maintaining a very exact frequency
m Electric clocks
m Go slower if the frequency is low and faster if it is high

m Keep track of cycles lost during periods of underfrequency over the
course of a week

m Make up those cycles on a certain evening or weekend, outside
regular business hours

m Any advanced technological application that requires
synchronization of components
m Rely not on the a.c. grid
m Rely on subatomic oscillators
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8.4 Power Quality (7) | HANs'sV/ESS'TAT

m Waveform
m The oscillation of voltage and current follow the mathematical
form of a sine or cosine function

m Geometry of the generator windings that produce voltage

m The sinusoidal waveform can be altered by
m Transient disturbances
m Imperfect behavior of either generators or loads

m Waveform distortions created by
m Voltage : Generators
m Current : Loads
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8.4 Power Quality (8) %HANSISV/ESSW

m \Waveform

m Harmonics

m The distortions of voltage or current occur in the form of
oscillations that are more rapid than 60 Hz

m Periodic : Steadily observable
m Exact multiples of the basic a.c. frequency

m Manifest as jagged or squiggly wave
m The sum of sinusoidal curves of different frequencies and magnitudes

Computer Networks
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8.4 Power Quality (9) e

m \Waveform

m Harmonics
m Total harmonic distortion (THD)

m A percentage indicating the amount of power carried by the harmonic
frequencies

m A common standard for power generation equipment
m To produce voltage THD below 5%

m Effect
m Resistive loads: No
m Motors and electronic equipment : vibration, buzzing
m Transformers : Losses and overheating

.
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8.4 Power Quality (10) e ({ HANs'sV/ESS'TAT

m \Waveform

m Harmonics

m Special behavior owing to symmetries 1

m Transformer with a delta connection on its primary side it wikipedia.org

m The third harmonic of the a.c. base frequency (60 Hz)

m A smalloscillation at 180 Hz

m The one of phase Ais indistinguishable from that of Phase B or C

m The waves are superimposed on each other

m The same is true for all multiples of the third harmonic (6th, 9th, etc.)

m Voltage component alternates at a multiple of 180 Hz on all three phases
m There is no phase-to-phase difference to be had
m No power to be transferred by the transformer

‘}./\/;\&/\/\./ )

A o Source: http://commons.wikimedia.org
TIME -
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8.4 Power Quality (11) ’771( HANS'SV/ESS'TAT

m \Waveform

m Harmonics

m Special behavior owing to symmetries

m Transformer with a delta connection on its primary side
http://it.wikipedia.org

m The third harmonic of the a.c. base frequency (60 Hz)

m One-third of all the integer multiples of the base frequency are also
multiples of three

m One-third of all the power contained in harmonic components of a
wave is blocked by any delta connection

m Keep cycling through conductors until it is consumed as waste heat
m If THD represents, 3% of the power carried by a wave
m 1% loss, which is not insignificant
i 2 K]

Source: http://commons.wikimedia.org
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8. System Performance a4 PASSAU
m Contents

1) Reliability

2) Security

3) Stability
4) Power Quality

5) Summary
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UNIVERSITAT
8.5 Summary //’;u'(/‘PASSAU

m System performance containsis a mixture of many properties
m Reliability
m The availability of sufficient generation resources to meet demand

m The ability of the transmission and distribution system to deliver
the power

m Security
m Sustain one or several contingencies
m Stability

m The ability of the of the system to bring back its operation to steady
state condition within minimum possible time after having
undergone some sort of transience or disturbance in the line

m Power quality : Voltage, frequency, and waveform
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9. System Operation, Managem/ejiqUNIVERS,TAT
“&4(|PASSAU
and New Technology
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9.1 Motivation //’;}] EAI%lg/ESSITAT

m Electricgrid

Computer Networks

Complex system
Consisting of interconnected or interwoven parts
No single entity can simultaneously monitor, control, and
troubleshoot every
m Generator
m Load
m Piece of conductor in between
m Possible external disturbance
Any one of which has the intrinsic ability to affect every other

system component almost instantaneously and sometimes
severely

& Communications
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9.2 Operation And Control On H"UNNERS.TAT
D 77
Different Time Scales (1) T

m Introduction

m Electricity must be generated in the exact moment that it is
consumed

m Moving electric power through a grid
m Obey the law of energy conservation

m Transmission line cannot store electricity
m Some grids include small storage facilities

m If there were exactly zero energy storage =2 would be
impossible to operate a grid

m Some physical energy storage is provided by the standard
components of a power system
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9.2 Operation And Control On W”‘UNNERSWAT
D 77
Different Time Scales (2) e

m Introduction

m Generation and load have to be exactly balanced

m Equalized within the time scale (a fraction of a second)

m Short time scale is permitted by the system’s capacity to
m Store and release energy
m Adapt to new operating conditions

m Intrinsic energy storage capacity in a conventional power
system resides within large rotating machinery (fraction of second)

m Generators provide stability to the system

m Absorbing and releasing kinetic energy in response to changes in the
electric load (in a fraction of a second)

m On the load side

m Power consumption is not precisely fixed
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9.2 Operation And Control On H"UNNERS.TAT
D 77
Different Time Scales (3) .

m [ntroduction
m If real power into the grid is less than real power out

m A.c. frequency will drop
m Poor power quality
m Stored kinetic energy from the generators is being used
m Some loads (motors) will also consume somewhat less power
m Ultimate damage is possible

m A low voltage level caused by reactive power deficit
m Affects power consumption by loads more than frequency
m Make lights dimmer “brownout”

m A buffer of last resort

m Prevents immediate system collapse during moderate, inadvertent
mismatches of generation and load.

.
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9.2 Operation And Control On ”/‘umvgmzw
D 77
Different Time Scales (4) el s

m Introduction

m The prime directive for power system designers and operators

m Balance generation and load at every instant with the time scale
permitted by the system’s capacity to buffer the discrepancies
m On multiple levels

m With control methods appropriate to each time scale

.
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9.2 Operation And Control On H"UNNERS.TAT
D 77
Different Time Scales (5) .

m The scale of a cycle

®m Frequency regulation occurs on the time scale of cycle
m One cycle at 60 Hz measures 1/60 of second or about 16 ms

m Two levels of frequency regulation (stability)

1) The passive negative feedback effect (intrinsic)
m The generator speeds up : the torque holding it back increases
m The generator slows down : the restraining torque decreases
m Requires no intervention on the part of any human or machine

2) The active negative feedback effect
m Involves an active intervention, though also automatic
m The negative feedback between
m Generator revolutions per minute (rpms)
m The rate at which power is delivered to the turbine

.
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9.2 Operation And Control On “/‘umvmsm
D 77
Different Time Scales (6) e

m The scale of a cycle

m Frequency regulation occurs on the time scale of cycle

m Two levels of frequency regulation (stability)
1) The passive negative feedback effect (intrinsic)

2) The active negative feedback effect
m The generator is spinning too fast, the governor closes the valve
m The generator is too slow, the governor opens the valve

m The actual physical response take place on the order of seconds
fractions of a second

m The system can follow loads
m Some generators are set to produce a fixed amount of power

m At least some unitsin a power system are operating on the
governor

.
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9.2 Operation And Control On H"UNNERS.TAT
D 77
Different Time Scales (7) T

m The scale of a cycle
m Circuit protection occurs on the time scale of cycles (max sec.)

m Current flow is interrupted automatically and as soon as possible

m In the event of a fault, or short circuit on any system component

m Prevent harm to people or equipment
m Distinguishing a fault current from an unusually high but tolerable
current

m Instantaneously and automatically without the need for
supervision or intelligent intervention.
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9.2 Operation And Control On W”‘UNNERSWAT
D 77
Different Time Scales (8) T

m The Scale of Real-Time Operation

m Real-time operation

m The time scale on which humans perceive and analyze
information, make decisions, and take action

m In order of minutes though some actions may be executed within
seconds.

m Human intervention in real-time

1) Individual generation units

m During start-up or shutdown and sometimes to implement changes in
output

m In emergency situations where a plant is supplying a power island or
part of a severely disrupted grid

m Manually match a generation unit’s output with load when the load
variations exceed the normal range of the governor system
P g g Yy
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9.2 Operation And Control On H"UNNERS.TAT
D 77
Different Time Scales (9) .

m The Scale of Real-Time Operation

m Human intervention in real-time
1) Individual generation units

2)  The system operator level or dispatcher
a  Arranging for the correct amount of real and reactive power
actually demanded by the system
m Hourly power schedules cannot be physically accurate
m Load variation
m Generator inaccuracies
m Lineloss
b) Necessary to define the boundary of the “system” to be balanced

m Geographic boundary with a finite number of transmission links crossing
into neighboring areas

.
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9.2 Operation And Control On H"UNNERS.TAT
D 77
Different Time Scales (10) e

m The Scale of Real-Time Operation

m Human intervention in real-time

2)  The system operator level

o Independent system operator (ISO)
m Responsible for a given region that typically spans several utilities’
territories

m The system operator’s jurisdiction or control area has a clearly defined
geographic boundary with a finite number of transmission links crossing

into neighboring areas

m Transmission links carry a certain amount of power between
jurisdictions according to Kirchhoff’s laws

m The system operator keeps track of these flows to and from each
adjacent one

.
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9.2 Operation And Control On “/‘umvmsm
D 77
Different Time Scales (11) e

m The Scale of Real-Time Operation

m Human intervention in real-time

2)  The system operator level

4 Area control error (ACE)
m Asingle number

m The real-time difference between actual and scheduled imports or
exports

m A positive ACE
m More generation than load within the territory
m The local generation can be reduced

m A negative ACE
m The local generation should be increased

m Based on it: Information about actual system needs is sent to selected
generators to respond

.
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9.2 Operation And Control On “/‘umvmsm
D 77
Different Time Scales (12) .

m The scale of real-time operation

m Human intervention in real-time

2)  The system operator level

¢ The information transfer occurs
m Automatically
m Through human negotiation
s  Automatic generation control (AGC)
m Some units are equipped with
m Receive a signal directly from the system operator to their governor

m This signal overrides or preempts the response of the governor to its
own measurement of generator rpms

.
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9.2 Operation And Control On H"UNNERS.TAT
D 77
Different Time Scales (13) e

m The scale of real-time operation

m Human intervention in real-time

2)  The system operator level
g |If generation is insufficient
m Shedding load (hours): triggered at distribution level
m Selectively disconnecting large customers
m Remunerating customers with interruptible loads
m Rotating outage blocks

m By using groups of customers

3  Transmission and distribution switching in real-time

m Reconfiguring the system for
m Maintenance and restoration purposes
m Preempting local problems such as overloading a particular circuit

O By opening and closing specific switches or circuit breakers carefully
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9.2 Operation And Control On W”‘UNNERSWAT
D 77
Different Time Scales (14) e

m The scale of scheduling

m Emphasizing optimization around economic criteria

m Which generation units to operate when and at what power level
so as to minimize overall cost

m The responsibility for the key economic decisions is assigned in the
restructured environment to separate organizational entity known
as a scheduling coordinator

m Unit commitment
m Scheduling generation units to match the forecast load
m On a daily and hourly basis

m Economic dispatch algorithm (in the “old world”)

m Which generator contributes how much and when

m Central scheduling process

.
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9.2 Operation And Control On “/‘umvmsm
D 77
Different Time Scales (15) [

m The scale of scheduling

m Fconomic dispatch algorithm

m Using load duration curve (LDC) as a reference

m “Filling in” the area under the curve with various types of generation
m Minimize overall cost while meeting all operating constraints
m The optimization algorithm takes into account

m The marginal cost of each unit’s output of fuel and operational
expense per additional megawatt hour

m The approximate line losses associated with supplying power from
each location (penalty factor)

.
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9.2 Operation And Control On “/‘umvmsm
D 77
Different Time Scales (16) e

m The scale of scheduling

m Fconomic dispatch algorithm

m Using load duration curve (LDC) as a reference

m Three general categories of generation

o  Base load generation unit
m The cheapest energy and are best operated on a continuous basis
m Coal or nuclear plants

b  Load-following unit
m Respond to changes in demand
m Hydroelectric and selected steam generation units

o Peaking units
m Expensive to operate and are used to meet demand peaks
m Kept in reserve for the extreme days or hours.

m Gas turbines, diesel generators

.
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9.2 Operation And Control On /%WUNNERSWAT

Different Time Scales (17)

m The scale of scheduling

m Fconomic dispatch algorithm

( PASSAU

m Using load duration curve (LDC) as an reference

m Obviously somewhat idealized

m Generation units have specific constraints on their operation

m Scheduled outages for maintenance

m Unscheduled outages

m Limitations on the (ramp rates) : safely increase and decrease their

output power

m A continually changing menu of generation capacity

Mw

I

Load-following plants

Peaklng plants

MW MW

Baseload plant

Time

Time 1st 8760t
Ranking hour
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9.2 Operation And Control On W”‘UNNERSWAT
D 77
Different Time Scales (18) T

m The scale of scheduling

m In the competitive “new world” of electricity (restructured markets)
m Optimal allocation is better achieved through market transactions

m Some entity serves as a scheduling coordinator
m May be more than one in the same geographical area
m Keeping track of megawatts to be bought and sold
m Calling upon the lowest bidders to generate during each hour
0

The auction could include day-ahead and hour-ahead markets

m Proposed generation schedule
m Does not violate any technical operating constraints

m Such as transmission line loading

.
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9.2 Operation And Control On H"UNNERS.TAT
D 77
Different Time Scales (19) e

m The scale of scheduling

B Spinning reserve
m Or automatic generation control

m Generating units are remunerated not for the megawatt-hours of
energy they provide but for being “on call” to respond
instantaneously to the grid’s needs

m Ancillary services provided by generators to the grid
m Provision of reactive power

m Schedule reactive contributions from specific generators ahead of
time in order to achieve an optimization

m Similar to the way real power is allocated
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9.2 Operation And Control On H"UNNERS.TAT
D 77
Different Time Scales (20) e

m The planningscale

m Hourly and daily generation scheduling as well as the real-time
operation of power systems take place within a set of boundary
conditions

a)  Generation capacity
b)  Transmission capacity
o  Distribution capacity
¢  Loads

m These boundary conditions are addressed in the realm of
planning

m On a time scale of years
m Demand projections for ten or twenty years

Computer Networks
& Communications
Prof. Hermann de Meer I I 397




9.2 Operation And Control On W”‘UNNERSWAT
D 77
Different Time Scales (21) T

m The planningscale

®m Driven almost entirely by load forecasts

m Purely technical parameter determined by population growth and
consumption levels as independent variables

m Estimating load growth in megawatts, locally and systemwide
m Accommodating this growth with appropriate upgrades

a  Transmission and distribution hardware

b New construction of generation units

o  Securing of electricity imports

¢  Oversized transmission and distribution (T&D) capacity
m Market ought to provide incentives

m Not onIy short-term production, but long-term investment
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9.3 New Technology (1) ’77« HANSISV/ESS'TAT

m Storage

m Energy storage
m Economic reasons

m Guarantee sufficient supply
m During times of peak demand

m Resources are unavailable
1)  On the subutility scale
m Synonymous with batteries
m Banks of lead —acid batteries

m Storing intermittently generated energy from renewable sources
m Providing a reliable backup in case of a generator failure
m Designed to be more tolerant of repeated deep discharge

.
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9.3 New Technology (2) %HANS'SV/ESS'TAT

m Storage
1)  On the subutility scale

m Banks of lead —acid batteries
Very expensive
Their cost is compared to the cost of generating the energy itself

m
|

m Toxic, corrosive, potentially explosive, and bulky

m Their performance is sensitive to proper treatment and maintenance
|

Batteries intrinsically work with direct current (d.c.), so that their use
for a.c. systems always requires an inverter

2)  On the scale of utility power systems
a A “pumped hydro” storage unit

B The most common and practical form of storage

.
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9.3 New Technology (3) %HANS'SV/ESS'TAT

m Storage

2)  On the scale of utility power systems

2 A “pumped hydro” storage unit
m Requires
m Areversible turbine—generator
m Reservoirs uphill and downhill for water to be stored
m Pumping at night and generating during the day
m Examples

m Goldisthal pumped storage station in the Thiiringen mountains at the
upper run of the river Schwarz

m Switzerland serves as a storage bank of electric energy for the western
European grid (Alpine elevations)

m In the United States there are only few pumped hydro units

m The efficiencies of pumping and generating each in the neighborhood
P88 90%, a round-trip efficiency of 75% is readily attained

Computer Networks
& Communications
Prof. Hermann de Meer I I 402




9.3 New Technology (4) //’i’\ﬂgANSQ//ESSITAT

m Storage

2)  On the scale of utility power systems

»  Compressed-air energy storage (CAES)

m Electric energy is used to operate pump motors that fill a confined
space such as an underground cavern with air at high pressure

m The pumps are operated in reverse as generators
o  Flywheels

m Energy is stored in the form of rotational kinetic energy of a spinning
disk or wheel

g9  Superconducting magnetic energy storage (SMES)

m “High-temperature” superconducting materials
m Requiring cooling by liquid nitrogen

m Affording the option to correct power quality

.
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9.3 New Technology (5) ’%JE/QSV/ESSITAT

m Storage

2)  On the scale of utility power systems

ey  Superconducting magnetic energy storage (SMES)

m Electric power can be injected to the grid at generator buses and
withdrawn at load buses on time scale of cycle

m To correct power quality and to store bulk energy
7 Capacitors
m Extremely short-term energy storage (duration of each a.c. cycle)

m Used in uninterruptible power supply systems

m To bridge the very brief gap during switching From one power source to
another

m Widely used in power systems for reactive power compensation

m Not practical for bulk-storage applications
m Because of the ability to rapidly absorb and release power.

.
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9.3 New Technology (6) —“7( HANS'SV/ESS'TAT

m Storage
2)  On the scale of utility power systems

g)  Electrolyzing water into hydrogen and oxygen
m Hydrogen gas becomes clean chemical fuel that is converted back to
electricity by means of fuel cells

m The key advantages of hydrogen
m Suitability for mobile and stationary applications
m Ease of extending the storage time without local constraints

m The efficiency of each item ranges in the sixties and seventies of
percent, making for a low round-trip efficiency

.
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9.3 New Technology (7) —zaa( PR ERSITAT

Lot ; ) ' :
Fakulear fiir Informatik und Mathematik

m Storage

m Capacities of various current storage

Kapazitaten verschiedener Stromspeicher

Speichertyp/Einsatz | Entladezeit | Speicherart Maximale Speicherkapazitat typischer Anlagen und Technologien
Kurzzzeitspeicher: | kleiner als | Spulen SMES y
I‘: Eokundo ] I 30
- Minuten 52 kWh

Kondensatoren/
Super Caps

s N, e el
y y
Qroi! ) ‘R NnIcntm "Kin !

O A &1 O : ! 1 | |
'Druckluftspeicherkraftwerk Huntorf 1 kWh 10 100 1.000' MWh 10 100 1.000/GWh 10
‘Pumpspeicherkraftwerk Goldisthal (o 0}
‘Batterie fur Elektrofahrzeug Quelle: IfEV, TAB, Saver; Stand: 11/09 WAW UrerdUh el energie de ﬁj
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9.3 New Technology (8) /%Wg:ggvgsm

m Storage

m Efficiency of various current storage

Wirkungsgrade verschiedener Stromspeicher

Wirkungsgrad in Prozent  Kurzzeitspeicher | Langzeitspeicher Elektro-Chemische Speicher Wasserstoff
Spulen Konden-  Schwung- Druck- Pump- Lithium-  Blei-Saure- Redox-
SMES satoren/ masse- luft- speicher lonen- Akkus Flow-
Super Caps  speicher speicher Akkus Batterien
100 95 95 95 95

90
3 $ I T 3 »
80 ' I I
60 55
40
20
20
0

M min. Wirkungsgrad (Verhaltnis von aufgenommener zu abgegebener Energie] % Spanne min. - max. Wirkungsgrad

Quelle: IfEU.TAB Sauer; Stand: 11/09 www.unendlich-viel-energie.de%
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9.3 New Technology (9) =i 1™

m Storage
m Electricity production costs of various current storage
Stromgestehungskosten verschiedener Stromspeicher
in ct/kWh
Langzeitspeicher Elektro-chemische Speicher Wasserstoff
Pump- Druckluft- Adiabater Redox- Blei- Lithium-
speicher- speicher Druckluft- Flow- Saure- lonen-
kraftwerk [CAES) speicher Batterien Akkus Akkus
(AA-CAES)*
140
120
100
80
60
40
20 x
0 L : —I - :
Stromgestehungskosten [ct/kWh) B davon: Preis des Ladestroms [ct/kWh]
Angenommen werden eine Speicherkapazitat von é h [Wasserstoff: 200 h) und durchschnittliche
Wirkungsgrade im Jahr 2009 (*Prognose 2020).
Quelle: DLR/Fraunhofer IWES/IfNE 2010, Stand: 12/2011 www.unendlich-viel-energie.de@
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9.3 New Technology (10) ”%] HA“JS'SV/ESS'TAT

m Storage mechanismsin Europe (March 2013)

No storage mechanisms or
discussion at an early stage

Storage mechanisms in the
legislative process or in planning

implemented full or partial
storage mechanisms

Implemented storage reserve

Source: Agora Energiewende
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9.3 New Technology (11) IRGL( HANSISV/ESS'TAT

m No storage (missing money problem)
1)  Negative prices
m Power generators are willing to pay the consumer to buy energy

m Due to a combination of
m High production from renewable energy sources (RES)
m Very low or zero marginal generation costs and low demand

m Occur on very sunny and/or windy, low-demand, non-working

days, such as Summer Sundays or Christmas

Frice Can Be >een As
Positive Or Negative

-— -_—
/N é;.
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9.3 New Technology (12) %Hg'gfﬁs'TAT

m No storage (missing money problem)
1)  Negative prices

m Reducing the reward for RES generators

m Take the incentive minus the market price at least in the countries
where RES are subsidized through the green certificate or feed-in
schema

m Green producer give back to energy consumers at least a portion of
the extra money they have been taken because of generous subsidies

e
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9.3 New Technology (13) ’%]gxslsvfssm

m No storage (missing money problem)
1)  Negative prices
2) payments for non-generation

m Customers could store grid electricity on their batteries and then
sell it back to the grid at higher price

= Storage

Capacitors cluster

~—— expensiv/

Production and distribution company
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9.3 New Technology (14) %ﬂg@gggsm

m Distributed generation (DG)
m Definition

m Geographically distributed or spread out across the grid

m Smaller in scale than traditional power plants

m Located closer to the load, often on customers’ property

m DG is associated with interesting questions about

a)
b)
c)
d)

e)

Computer Networks
& Communic

The overall design of the grid
Operating strategies
Economics

Environmental impact of electricity production
Energy politics

.
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9.3 New Technology (15) ,i;ﬂg@g/ggswm

m Distributed generation (DG)
1) Classical electric generation technologies (synchronous generator)

a)  Hydroelectric turbines
m Convert the downhill movement of water into rotation of a generator
b  Steam generation plants

m Burn fossil fuels to boil water and push a turbine—generator with the
force of hot steam

m Nuclear reactors added uranium to the industry’s repertoire of fuels
m Solar thermal power plants (collectors)
m Biomass (anything organic that burns) and geothermal power
m Geothermal power
o  Tidal power
m Technically just a variation on conventional hydroelectric power

.
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9.3 New Technology (16) '%J%A%'SVEBS'W

m Distributed generation (DG)

2)  New type of electric generation technologies

m Differ from conventional resources in
m The electrical properties of the generator component
m The patterns of resource availability
m Their scale
m The range of suitable locations for their deployment

a)  Early wind turbines
m |nexpensive induction generators

m Cannot be considered a fully controllable generation resource
m |s not capable of controlling bus voltage or reactive power output

m |s not capable of controlling a.c. frequency or starting up without an a.c.
signal already present at the bus

/]\Always consumes VARs while injecting watts to the grid
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9.3 New Technology (17) ’7;}]5@5&5“”

m Distributed generation (DG)

2)  New type of electric generation technologies

2 Wind turbines
m Recently, built with an a.c. to d.c. and back to a.c. Inversion step,
hence:
m complete control over reactive power, output voltage, and frequency

m Wind rotor to operate at variable rotational speeds as a function of wind
speed

commons.wikimedia.org

.
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9.3 New Technology (18) ,i;ﬂg@g/ggswm

m Distributed generation (DG)

2)  New type of electric generation technologies

b) Microturbines

m Operate at very high rotational speeds
m a.c. output therefore must be adapted to the grid frequency

m Powered by natural gas “methane CH,» (higher emission)
m Smaller than steam turbines or even gas turbines
m Combined heat and power (CHP) option (higher efficiency)
m Simultaneously make use of electricity and waste heat
o  Solar photovoltaic (PV) and fuel cells
m No rotating parts
m Produce d.c., not a.c. ; Behaves to grid as batteries

m Require inverters as an interface with the grid

.
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9.3 New Technology (19) '%J%A%'SVEBS'W

m Distributed generation (DG)

2)  New type of electric generation technologies

o  Solar photovoltaic (PV) and fuel cells

m PV cells : treated semiconductor material (usually silicon) that
produces an electric potential when exposed to light
m A fuel cell
m A chemical reaction forces electrons to one side

m The reactants (hydrogen and oxygen) are continually supplied from an
external source

m The supplied voltage is determined by the electrochemical properties
of the materials (one volt per cell)

m PV modules or fuel cell stacks

m Multipleindividual cells are connected together in series
m PV system can be built at just about any scale

.
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9.3 New Technology (20) ’%] EA[%'¥/ESSITAT

.....
..............

m Distributed generation (DG)
2)  New type of electric generation technologies

o Solar photovoltaic (PV)
m PV adoption History

e N e N
Photovolaik-Installation 2013 Photovoltaik-Installation 2013

Leistung in Kilowatt Peak Leistung in Megawatt Peak
pro 1000 Einwohnerer

Mecklenburg- Schleswig-
Vorp 1 Holstein
Holste] . 87 Mecklenburg-
31 Bremen o V. =)
Hambur 4 '4 9 o
Brem 222
lBrandenburg
Niedersach: 85

6 B°! in

€TOc Ul uolje||eisul MaN

Installierte Leistung: energlehel d Tergieheld

- Statista G www eeeeeeeee .de Quelle: Bundesnetzagentur (15.01.2014). www.energieheld.de
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9.3 New Technology (21) ’77« HArélgfﬁs'TAT

m Distributed generation (DG)
2)  New type of electric generation technologies

o Solar photovoltaic (PV)
m PV adoption History

000 R R T T T T .1.7,.554. e

Nennleistung in MWp

BOOQ «rrrrrrrrrreerneene et 2:056 2;899 ... .
114 176 296 435 1,105 source : BMWi:

0

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012  2013*
Installed capacity (cumulatively) of photovoltaic systems in Germany in
~§he years 2000 to 2013 (in Megawattpeak)
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9.3 New Technology (22) ’7;}]5@5&5“”

m Distributed generation (DG)

m Economies of scale

a)  Steam generation

m The optimal unit size in terms of cost per output is typically in the
hundreds of megawatts

»w PV technology
m One large plant is not cheaper than 10 small ones
m Can be used in location- and load-specific applications that tend to be
of smaller size
m Zero emissions
m No noise
m Minimal aesthetic impact,

Options to integrate power installations with buildings

8- :Aq ojoyd

m The maintenance requirements are also minimal | r
I

.
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9.3 New Technology (23) ’%JH%EVXSS'W

m Distributed generation (DG)

m Economies of scale
by PV technology

N
o
o
o
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Price history for a fully installed solar system in Germany in the

~—~ycars 2006-2013 (in Euro per Kilowatt peak)
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9.3 New Technology (24) ’%]gxslsvfssm

m Distributed generation (DG)

m Economies of scale

o  Fuel cells
m Optimal size ranges between kilowatts and a few megawatts
m A somewhat lower cost per unit output for the larger machine
m Their waste products are heat and water, require more supervision,

m [nstallations in spaces such as office basements
m The higher power density

¢  Wind turbines
m Optimal size ranges between kilowatts and a few megawatts

m A somewhat lower cost per unit output for the larger machine

m More constrained with respect to sitting

8- :Aq ojoyd

m Resource availability
~~mntrinsic hazard of moving rotor blades " rl f
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9.3 New Technology (25) ’7;}]5@5&5“”

m Distributed generation (DG)

m Economies of scale

e)  Microturbines
m Similar to fuel cells

m The emissions from combustion include undesirable components

m Absence of pronounced economies of scale
m One key characteristic of distributed generation

m To be suitable for applications very near loads

m Generation must also be environmentally compatible
m The easiest technology to site is PV (properties in slide 48)
m Fuel cells require somewhat more supervision

m Benign waste products (heat and water)

m Not too hazardous to operate in occupied buildings

.
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9.3 New Technology (26) ’%JEANS'SV/ESSITAT

m Distributed generation (DG)

m Economies of scale

m Absence of pronounced economies of scale
m Fuel cells require somewhat more supervision
m Standard for office basements
m Higher power density for compact
m Micro turbines have the same siting considerations as fuel cells

m Except that the emissions from combustion include undesirable
components

m Wind power is more constrained with respect to siting because of
m Resource availability (easier to find a sunny than a windy spot)
m The intrinsic hazard of moving rotor blades

.
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9.3 New Technology (27) ’7;}]5@5&5“”

m Distributed Generation (DG)

m Significant technical implications for the grid
a  Thermal line losses throughout the grid to be reduced

m Generation occurs next to a load of comparable size

m Lowering current flow in the transmission and distribution lines that
connect this load to major generation sources in the grid

m Thermal energy losses are then reduced in proportion to the square of
the current and the resistance of all the affected lines

»  Can offer voltage or reactive power (VAR) support
m Offsetting the need for other devices such as capacitors and voltage
regulators

.
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9.3 New Technology (28) ,i;ﬂg@g/ggswm

m Distributed Generation (DG)

m Significant technical implications for the grid

o  Distributed generation coincides with load

m Reduce the demand on transmission and distribution capacity such
as conductors and transformers (designed for peak load)
¢  Generation in the distribution system impacts protection needs
and coordination
m Distributed generation introduces the radically new possibility of
power flowing (from load to substation)

m Any section of line or piece of equipment therefore being energized
from the load side without existing fuse or circuit breaker

m An electrocution risk for utility line workers

.
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9.3 New Technology (29) ’%JEANS'SV/ESSITAT

m Distributed Generation (DG)

m Significant technical implications for the grid

e) The problem of control and availability

m DG is generally nondispatchable

m Power system operators cannot call on it to provide power on demand
or at specified times

m Utility or system operator has no control over operating schedules
m Lack of completely automated
m The lack of control is not necessarily problematic
m DG can often be expected to coincide fairly well with local load
m Solar power in areas of summer-peaking demand
m Customers use DG to meet their own demand
m Customers use DG to receive credit on net metering arrangements

.
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9.3 New Technology (30) %EANSEV/ESSW

m Distributed Generation (DG)

m Significant technical implications for the grid

e) The problem of control and availability

m The lack of control is not necessarily problematic
m System operators would tend to consider DG as “negative load”

m Combiningits statistical uncertainty with that of the demand,
which as a whole is also beyond operators’ direct control

7 Reducing the grid’s vulnerability to sabotage

m Any one smaller individual facility has less impact on the stability of
the power system as a whole

m DG implies less reliance overall on long-distance transmission links

m DG introduces the possibility of local self-sufficiency in power
generation

m May dramatically reduce the social impact of grid failures

.
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9.3 New Technology (31) ’7;“115/@&55””

m Distributed Generation (DG)

m Institutional implications for power systems at large

m Generation is distributed geographically
m Power distribution, as opposed to transmission

m Dealing with generation is a fundamentally new responsibility for
distribution engineers and operators

m It entails new demands, complexities, and failure possibilities.

m There are important social and political dimensions of ownership
of resources and generation assets

.
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9.3 New Technology (32) ’%]gfglsvfggsm

m Distributed generation (DG)

m Social and political aspects

a  Islanding
m Operating parts of the system while disconnected from others
m Extracting the full benefit from distributed generation resources

m [nterconnected system
m Could routinely operate with local or regional power islands
m Controversial aspects including safety, liability, accounting, and control

b  Economic cost—benefit analysis of distributed generation in
relation to trans