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Three Electric System Componen

A Generationg source of electric energy
I coal provides over half of the U.S. electric energy

A Loadc consumes electric energy

I consumers are in complete control of the switch;
utilities must supply enough power to meet load

A Transmission and Distributianthe wires that
carry the power from generation to load

I Operating at voltages up to 765 kV (kilovolt), with
500 kV, 345 kV and 230 kV common
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Major Power Grid Components
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Power and Energy

A Power is t
expressec

ne instantaneous transfer of energy,
in watts (W), kW, MW, GW

I US Insta

led generation capacity is about 1000 GV

A Energy is the integration of power over time;
expressed in units of joules (J = 1SAL), kWh
(3.6 x 18J), or btu (1055 J; 1 MBtu=0.292

MWh)

A U.S. electric energy consumption is about 360
nillion kWh (about 13,333 kWh per person; 1.t
KW continuous per person on average) T
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AC System Analysis

A The power grid is an ac system, operating at
close to 60 Hz in North America, 50 Hz in mar
other places

A Constant frequency ac systems are analyzed
using phasor analysis, which expresses a time
varying value, such as a voltage or current, as
magnitude and phase angle
I v(t) = V cospt+6)—>V 26,

I Phase angle Is always with respect to an arbitrary
reference angle T
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W The Advantage of Phasor Analy3|<

Device Time Analysis Phasor

Resistor Vv { )X RI{) V= RI

Inductor V()= delj(t) = Jow LI

Capacitor — _fi (ot+v (O) V =_1 |
C) JaC

Z = Impedance-R+ jX=|Z /¢

R = Resistance

X = Reactance

N
]

JRZ4 X2 4 :arctané )
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Instantaneous Electrical Power

Power
p(t) = vt i(t)
V() = V,,xCOSt+84, )
1I(t) = |,,0xCOSEt +6, )
COSx COY = ; [cost— 5 } coa(+ f3

p(t) = ; max ma)[COS(QV ‘9I )+

cos(t+&Q, +6, )]
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Average Electrical Power

AveragePower
p(t) = ;Vmaxl nalCOS@, — 6, )+ cos(vt+ 4, +6, )
1T
I:)avg = T Ip(t) dt
0
1
= éVmaxl +axCOS@, — 6, )

- V|1cosd, -6, )

Power FactorAngle = ¢ =4, -6,



Complex Power

GCEP

S = |V cos@, -0, }+ jsing, -0, )
= P+ ]Q
= VI
P = Real Power (W, kW, MW)
Q = Reactive Power (var, kvar, Mval
S = Complex power (VA, kVA, MVA
Power Factor (pf) = cas
f current leads voltage then pf is |&agl
f currentlags voltage then pf is laggin:




_ _ _GEEP
Power Consumption in Devices

Resistors only consume real power

2
I:)Resistor:‘ Resist&r R
Inductors only consume reactive power

2
anductor:‘I Inductoi XL
Capacitors only generate reactive power

2 1
QCapacitor: _‘I Capacit&r X ¢ Xc = E
|VCapa:itor‘2 : _
Qcapacitor=— ¥ (Note-some define X negativ

C
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A Many electric loads are reactive, which means
they consume reactive power .e., a Iagglng o
I Induction motors aref@Eie . 1538 7 S '
a very common
example
A Capacitors are
commonly used to
a O2 NNBEOU ¢ o
factor LR R
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Balanced 3 Phase)(Systems

A Bulk power systems are almost exclusively 3

A Single phase is used primarily only in low
voltage, low power settings, such as residentia
and some commercial

A A balanced 3 phase) system has

| three voltage sources with equal magnitude, but
with an angle shift of 120

I equal loads on each phase

I equal impedance on the lines connecting the
generators to the loads
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Advantages of Three Phase

A Can transmit more power for same amount
of wire (twice as much as single phase)

A Torque produced byd¢@machines is
constant

A Three phase machines use less material for
the same power rating

A Three phase machines start more easily
than single phase machines
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~ Three Phase Transmission Lines

. 1
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\ ”'The North American Electric Grid

A One of the largest and most complex
objects ever created

A Consists of four large 60 Hz ac synchronous
subsystems

| Eastern Interconnect, Western Interconnect
(WSCCQC), Texas (ERCOT), Quebec

A Small amounts of power can be transferred
between subsystems using AXGCAC ties
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‘North America Transmission Grid

United States
transmission grid
Source: FEMA
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Generation Summary

A Total U.S. Generation consists of more than

10,000 different units with a total capacity
of about 800,000 MW

it - NHSad ISYSNIOGAZ2Y aLX |
(WA) with 7,000 MW of hydro
I next largest are Polo Verde (AZ) with 3,700

MW of nuclear, W.A Parish with 3,600 MW of

coal (TX), and Scherer with 3,400 MW of coal in
(GA).
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Electric Load

A The aggregate electric load on the power
grid varies continuously, with the customer
having almost complete control

I with daily, weekly and seasonal patterns

A Total peak US electric demand is about
710,000 MW, but different areas achieve
their peak values at different times



Example Yearly Variation in Load
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Daily Load Variation: Very Individuzg

Commercial

[[I] Air conditioning

7] Interior lighting

[[] Other
[l Ventilation

[l Refrigeration

B Residual ("other” area)
B Remainder of buildings sector
B 'ndustrial sector

[@ Agriculture & other sector

- - = To =
MNirmme of day (hour ending) Svpea“

srteTv

Residential
[C] Air conditioning
B Miscellaneous
B Refrigerator
[[] Cooking
B Clothes dryer
B Domestic hot water
B Television
B Freezer
B Dishwasher
B Washer

ol
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[ 21 Ra |

Current (A)

A Constant impedance loads are the easiest on
the grid; but many loads inject harmonics

SwitchedMode Power Supply Current
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Transmission and Distribution

A Goal is to move electric power from generatior
to load with low losses.

A Less losses at high voltages (S=VI* &Rd |
losses), but more difficult to insulate.

A Typical high voltage transmission voltages are
765, 500, 345, 230, 161, 138 and 69 kV.

A Lower voltage lines are used for distribution
(12.4 or 13.8 kV).

A Typical losses are about 3 to 5% in transmissit
and 10 to 15% in the distribution system. = K
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Transmission & Distribution

A Transmission A Distribution
I networked I radial connections
connections i power moves in one
I power can be supplied direction only
from multiple sources i typically lower voltages,
I typically higher below 100 kV
VOltageS, above 100 kV I the source of most
I mostly overhead, with blackouts, but these are
some underground In local
urban areas i Most new construction is
I Often source of large underground, especially
scale blackouts In suburban and urban

locations
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Transmission Lines and the Elemer

Ike in Beaumont, Tx
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Transmission Lines and Trees

A We like trees, and they grow; but when trees
get close to lines bad things can occur.
Bef or e ﬁTrimmﬁhgér ﬁTrimmin
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Power Transfer In Transmission Lin

A Below is the full (and more complicated) powe
flow derivation for a short transmission line

l, — —

+ Transmissio 1 +
V, S, Line with — S, V,
_ Impedance -
. VARVAY
512 = Vvl = Vl( 1Z 2)
V \VAIY;
SLZ é LQZ 1 24924_(912

Z .
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Approximate Power Transfer

A For high voltage lines, the reactance (X term)
dominates so Z has an angle of close t® 90

Vl 90 — V1V2
Z Z

Since -cos(90+6,, = sif, , we get
M Vs

Bo+ ]Qp Z90 + 6,

Power Transfer is primarily due to

Fo= a phase angle difference!

Siné,,
Hence the maxinm power transfer is

PMax _ Vl V2
X

28 ]
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Transformers

A Transformers provide an easily means for
changing ac voltage levels

I Power flow through transformers is-fdirectional
A Heating is a major concern that can quickly

lead to loss of transformer life (and
occasionally explosions!)

A High voltage transformers (say 230 kV and up
are large, heavy, and difficult to replace
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A 230/115 kV Transformer

230 kV surge 115 kV surge
arrestors . - . gatresthnr

Oil Cooler ' °«.~ ;J A 1
| Radlatorr ﬂ‘“‘ "
W /Fans
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Residential Distribution Transformel

A Residential single phase electric service uses
center tapped transformer to provide 240/120
volt service; a separate ground Is used for safe
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Power System Time Frames

Lightning Propagation

Switching Surges

Stator Transients and

Subsynchronous Resonance

Transient Stability

Governor and Load
Frequency Control

Boiler and LongTerm
Dynamics; power flow

107

10°

103 0.1

10 10°

Time (Seconds)

100

32
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Power System Operations

A The next several slides use a power system
simulation package, PowerWorld Simulator, to
demonstrate the operation of the electric grid

over a time period of minutes to hours (quasi
steady state)
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Oneline Diagram

A Most power systems are balanced three
phase systems.

A A balanced three phase system can be

modeled as a

single (or one) line.

A Onelines show the major power system
components, such as generators, loads,

transmission

A Components |

Ines.
oin together at a bus.
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