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Questions about power systems in
general

Power distribution systems

Human factors and other complexities
associated with technological
innovation, especially human factors




Questions about power systems

How to visualize the grid?

Ny are grids large and interconnected?
ny transmit power at high voltages?

Ny use alternating current?

Ny use three phases?

nat is reactive power?

ow to predict power flow?

ow to balance supply and demand?
ow to assess performance?
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Pacific AC Intertie
(OregonWashington/Canada)

California’s electric
transmission system
by utility

Pacific DC Intertie
{Oregon/Washington)

Intermountain
DCTie

WWW.energy.ca.gov
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Path 15 (500 kV line): California’s Backbone
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Texas Interconnect

California within the synchronous a.c. grid of the
Western Systems Coordinating Council (WSCC)




AR

Pacific NW
2.6%

Canada
25%
W., k/m

In State Rockies - 10%
85% Southwest - 50%

US Southwest
12.8%

WWW.energy.ca.gov

CALIFORNIA'S ENERGY SOURCES




Rough Overview of California Energy Use

Electricity

Transportation

Natural Gas

CA Electricity Consumption: 288 billion kWh in 2005

Source: California Energy Commission
WwWw.energy.ca.gov




Questions about power systems

How to visualize the grid?

Ny are grids large and interconnected?
Ny transmit power at high voltages?

Ny use alternating current?

Ny use three phases?

nat is reactive power?

ow to predict power flow?

ow to balance supply and demand?
ow to assess performance?




Why are grids large and
interconnected?

e Economies of scale
 Load factor
e Pooled resources
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Load Poor load factor High load factor

peak-

average E

Load factor = average demand
peak demand




Load Duration Curve

18t ranking
load hour




Non-coincident

Coincident

D Load One

Coincident demand = combined demand that actually
occurs at a given time
Non-coincident demand = total connected demand that
doesn’t usually occur all at once
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(Casual) Definition of Terms

Voltage:

How badly the
electrons would
rather be atthe + | | « Current:
than the - end
: How many
(Energy / Charge) " electrons are
flowing

Power: The rate at which the battery (Charge / Tlme)
expends energy to move electrons, and
the electrons expend energy to squeeze
through the light bulb

Power = Voltage x Current (Energy/ Time)




.

Primary = Secondary Load
Generation ransmission Substation : 10 KW
1000 MW 230 kV 10 MW Distribution

Power Levels and Voltages
Order of Magnitude




Three voltage levels:
Subtransmission (60-115kV)
Primary distribution (12-21kV)

Secondary distribution
(120/240V)




I’R Losses

Line Drop V

Power supplied toload P ,,p =1V ogap  Where Vi oap = Vaen - 2Vprop

Power lost on each line P =°R= |V

LOSS DROP

(V is usually unknown, thus I°R is common formula)

DROP

Given P low V needs large current |, increasing P

LOAD? LOAD LOSS
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Basic Transformer

’
v

L magnetic field J

inside coil

The turns ratio determines the voltage: V,/V,=n,/n,
To satisfy energy conservation, current varies inversely with voltage:

P,=P, and P=1V, thus IV, =1LV, (neglecting losses)




The most basic generator

N

Magnetic field rotates

Induced
electromotive force
(emf)

causes alternating current to flow
if circuit is closed
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R

Phase A

Phase B

Phase C

Basic Generator

Armature (stator) windings

of phases A, B, C go into

and out of the plane of the
drawing

Stator




Three-phase, synchronous generator

. Stator (armature) windings AB C
Phase A extend perpendicular to
plane of drawing

Excitation current in
rotor windings produces

Phase B magnetic field

Force is exerted between
rotor and stator field

Alternating magnetic fields from stator windings sum up to produce
a rotating field (stator field) of constant strength




How one would imagine three circuits,
requiring six conductors

Generators




Staggered Three-Phase Current

A'A'A.A'

00

I(t) + I(t) + I(t) = 0 always




Three circuits with shared return flow

A

Neutral

I(t) + I(t) + I(t) = 0 always




Since the sum of currents in Phases A, B, C is zero
(if loads are balanced) the neutral conductor carries
no current and can be eliminated.

\Wme

I(t) + I(t) + I(t) = 0 always
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Reactive Power




Inductor

stores energy in magnetic field

preferentially transmits current of
lower frequency or d.c.

resists changes in current

causes alternating current to lag
voltage

Magnetic field created
by current in coil




Capacitor

R

AN EEEEY

A"

Electric field across gap
between conducting plates

stores electric charge
stores energy in electric field

preferentially transmits alternating current
of higher frequency

resists changes in voltage

causes alternating current to lead voltage




Voltage
Current

Note that the
graph’s vertical
scale is arbitrary

A.C. voltage and current
for a resistor

360° = 1/60 sec

time




Instantaneous power for a resistor

Power
Voltage
Current

P(t) = V() x I(t)

Note that P(t) is always positive




Instantaneous and average power for a resistor

Power
Voltage
Current
P

ave




A.C. voltage and current for an inductor:
Current lags behind voltage

Voltage
Current

[\

/

Phase shift (time lag) 0
determined by the ratio
of inductance and
resistance




A.C. voltage and current for a capacitor:
Current leads voltage

Voltage
Current

7\

R

Phase shift 0
determined by the ratio
of capacitance and
resistance

A CEIEXL




Instantaneous power for an inductor

Power
Voltage
Current

time

P(t) = V(t) x I(t)

Note that P(t) becomes negative




Instantaneous and average power for an inductor

Power
Voltage
Current

P

Average power P_ = Real power

-

V

rms rms

cosf




Instantaneous and reactive power for an inductor

Negative portion of P(t) determines reactive power

Power
Voltage
Current

Energy stored in
magnetic field
oscillates between
load and source




Complex Power

Imaginary

o

Reactance X
Reactive Power Q

Resistance R Real Power P Real

7 = R+iX S = P+jQ J indicates the
J imaginary direction
i

R = Zcosf P = S cosH ="

0 is the time lag between
current & voltage,
determined by the load

cosf is the
Power Factor (p.f.)




Reactance X
Reactive Power Q

Resistance R Real Power P

R, X, Z, 0 are determined by physical S =1V determines magnitude
properties of load of power

Given a voltage V applied, 0 determines ratio of
V =1Z determines current Pand Q

Power Source can maintain V
only if it provides correct P and Q
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200 MW
100 MVAR

143 MW
32 MVAR

406 MW
123 MVAR

100 MW
10 MVAR

62 MW
15 MVAR

62 MW
52 MVAR

61 MW
47 MVAR

100 MW
50 MVAR

Power flow analysis for a 5-bus system

100 MW
67 MVAR




Line A 500 MW

Impedance of Lines
A=B=C

<
=
o
=)
a0

C 400 MW

Power Flow Example
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Power generated = Power demanded

“The Law of Energy Conservation is strictly
enforced.”




How to balance supply & demand?

Successive approximations on different
time scales:

1. Scheduling
2. Generator control

3. Stability




Baseload Plant

NN

Load-following Plant

Traditional Dispatch:
Filling the load duration
curve from the bottom up

Peaking Plant




Feedback: Generator frequency to steam valve

Steam Turbine Generator

\

Objective:

Maintain steady
rotational frequency

Adjust mechanical power
to meet electrical load

Generator control: operating “on the governor”




Generator Voltage Angle

Generators are spinning at the same frequency,
but Gen 1 leads Gen 2 by a voltage angle 6

Rotation
A~ Armature
Reaction  Reference

O \//5:0

Turbine
Push

Generator 1 Generator 2

The voltage angle 6 is related to the amount of real
power injected into the system by each generator




Generator stability:
Absorbing a sudden change in load

E
=
@O 5
m:
c =
(U(D
o E
(@]
D E
= Q0
OD
> =
Q.
()]
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\/
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Power System Performance
Measures

Power quality: voltage
a.c. frequency
waveform

Reliability: outage frequency & duration
probabilistic measures

Security: contingency analysis




The a.c. sine wave and power quality:
voltage magnitude, frequency, and waveform

www.niagaramohawk.com




Measures of reliability:

Outage frequency

Outage duration

Loss-of-load probability (LOLP)
Loss-of-load expectation (LOLE)
Expected unserved energy (EUE)




Security:
The width of the operating
envelope

Contingency Analysis and the
N-1 Criterion




A “contingency”




Power Flow Limits for Lines A& B: 100 MW normal
120 MW emergency

Gen

100 MW

Secure Not Secure

If either line fails If one line fails, the other

(N-1 Contingency) faces an overload
the other can carry its load.

Security
and the

N-1 Criterion




What is reliability worth?

Key concepts:

Obligation to serve
One-day-in-ten-years criterion
“Gold-plating”

Value of Service (VOS)




Human Factors

Distribution Engineers and Operators:

Different responsibilities,
different cultures







Different Responsibilities

Sample engineering tasks:
Planning, equipment selection & sizing, innovation.
Engineers’ responsibility:

Make system perform optimally under design
conditions.

Sample operation tasks:
Switching, maintenance, service restoration.
Operators’ responsibility:

Make system perform safely and minimize harm
under any conceivable condition; avert calamity.




Different Cultures:
Cognitive representations of distribution
systems

Engineering representation: Operator representation:
Abstract Physical
Analytical Holistic

Formal Empirical
Deterministic Fuzzy

Both are functional adaptations to work context;
both are “correct”.




Desirable system properties...

for Engineers: for Operators:

Efficiency Safety

Speed Robustness
Information Transparency
Precision Veracity
Control Stability




Example: Efficiency vs. Robustness

How best to prevent an overload?

Approach |

Shift loads to utilize equipment capacity
evenly.

Approach |l

Have ample spare capacity to
accommodate load peaks.




Example: Information vs. Transparency

Which is more useful?

Option 1
Real-time data from 100 sensor points

Option 2
Data from 5 key points with changes highlighted




Example: Precision vs. Veracity

Measurement A 100 £ 10%
Absolutely reliable source; if it failed, you'd know.

Measurement B 100 = 1%

Very small chance the measurement has nothing to
do with reality and you’d have no idea.

Q: Which is better information?
A. Depends on what you want to use it for.

(If the information is wrong, will it kill anyone?)




Example: Control vs. Stability

Scenario (i)

Operators are able to measure and influence a
parameter so as to keep it within a narrow range.

Scenario (ii)

The parameter tends to stay within a safe range by
itself. Nobody expects operators to intervene
constantly.

Which is preferable?




Distribution Systems




My PG&E
service

entrance




My meter & circuit
breaker panel

(Note general

a0 | T funkiness.)
- BEETEEEE ' WETEEE =

v 11 "\




The familiar 120V a.c. outlet

Phase Conductor

Voltage

120 V [ £=--2 --//\
N/

L Ground




Dual voltage by transformer taps

Phase A i oo
“Hot

Single-phase
240V 120/240 service is
1 obtained by

tapping the same
transformer in

different places.

Neutral

e | L Bt
S s

Dual voltage by multiphase service
Phase A

ok 120/208 service is
obtained with a
phase-to-ground
and a phase-to-

phase connection.

e

Neutral

&

€----=-)|€-----)
CETTTI EETRTT




Two configurations for connecting
single phase loads to a three phase system

Phase A

optional:
grounded
J_ neutral




Types of Loads

Purely resistive loads

Incandescent lamps
Heaters: range, toaster, iron, space heater...

Motors (inductive loads)

Pumps: air conditioner, refrigerator, well
Power tools
Household appliances: washer/dryer, mixer...

Electronics with transformers (inductive loads)

Power supply for computer
Battery chargers, adaptor plugs
Microwave oven

Fluorescent ballast




Distribution system
design & components

Distribution transformers

Primary & secondary distribution
lines

Radial, loop & network systems
Protection
Voltage regulation




My neighbor’s
transformer

Upper lines: Primary
distribution (12 kV)

Going out & underground:
Secondary distribution
(120/240V)

Lower lines: cable, phone




Phase
Transformer

i

1_ ﬂax .»
:::

_54_______

/22
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Three-phase distribution

circuit from substation,
going underground







Basic Radial System

X >

Normally Closed Fuse To Loads
(N.C.) Switch

Transformer

Primary Feeder




Loop System

Primary Feeders
#1 # 2

Each load can be served from
either feeder

| X

Normally Open
(N.O.) Switch




Primary Selective System

Load can switch to either feeder
without affecting other loads




Spot Network

Loads always have
redundant supply

Protected Transformer




"o e




Sectionalizing a Loop System: Before

Feeder 1

N.C. = Normally Closed Switch
N.O. = Normally Open Switch

Feeder 2




Sectionalizing a Loop System: After

Y TRLLER:

N.C. = Normally Closed Switch
N.O. = Normally Open Switch

N.C.
Feeder 2 : //

dhdd 4

Isolated section
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Air Switch




ScadaMate Switch (S&C)
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ECTRIC COMPANY

S&C Omni-Rupter® Switches
Outdoor Distdbution




-
o)
P
O
O
)
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CAUTION
CASE GROUNDED




Underground
Switch










S&C Type XS Fuse Cutouts

isf Outdoor Distribution
- (4.16 kV through 25 kV)




Symmetrical Interrupting Ratings at Various X/R Ratios

16000 —
14000
= 120004
| 2 1
O ] }_ 14.4-kV, 110-kV BIL, 100-ampere U.H.D.
=w 10000
E= ]
é E ] | 25-kV, 125- and 150-kV BIL, 100-ampere
% UU)) 8000—_-\ —] == _}/U.H.D.; and 14.4-kV, 110-kV BIL, 200-ampere
E= - e
5% £000- S =t I\ 14.4-kV, 110-kV BIL, 100-ampere E.H.D.; and
& 8 ] e m—— 25-kV, 125- and 150-kV BIL, 200-ampere UH.D.
L o 3 \
E § 4000 : 25-kV, 125- and 150-kV BIL, 100-ampere E.H.D.
< 1
2000-
] S&C Type XS Fuse Cutouts
O LI LI LI LI LI 1 1 LIL

0o 2 4 6 8 10 12 14 16
X/R RATIO
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Sample Circuit for Coordination Study
of Various Overcurrent Protective Devices

60 KV 21 KV MAX ASYMMETRICAL CURRENT (AMPS)
CIRCUIT CIRCUIT

/ MAX SYMMETRICAL CURRENT (AMPS)

/73009

3t

SUBSTATION
TRANSFORMER




Iman = 400A '
OPERATING SEQUENCE

2A2E :
RECLOSING INTERVAL :

TIMES

(IN SEC)

o O .5

RECLOSER PROTECTION ZONE




N~~~

§ i

RELAY 2 PROTECTION ZONE

O -

RESET TIMER = 12 SEC
TIME LEVER = 2.0




Five Devices Coordinated

IACS53
Imin = 125A '
TIME LEVER=3.0

RELAY 1 PROTECTION ZONE




Vprop 1S @ function of current (load),
line resistance, and

voltage control equipment settings
(transformers, capacitors)




Typical Feeder Voltage Profile

First Transformer

Last Transformer

First Customer

Last Customer

Substation Distance along Feeder




Feeder Voltage Profile with
Voltage Regulator

@ Supplementary

Voltage Regulator
Rise produced
by regulator

Reference

Feeder profile with
regulator

Profile without regulator

Substation Distance along Feeder







Feeder Voltage Profile with
Shunt Capacitor

— (Capacitor

Rise produced by
capacitor

Reference

Profile with
capacitor

Profile without
capacitor

Substation Distance along Feeder
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Telecommunications in Power Systems

Radio / Microwave

Telephone

Power Line Carrier




Distribution Operator (DO) Desk
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