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Inherent complexity of electric grid:

Provide energy from diverse resources to diverse loads
through a single large, interconnected infrastructure.

Components of infrastructure are

numerous
diverse in type, age, behavior, control options and vulnerabilities
under different ownership and jurisdictions

tightly coupled: interactions propagate far, wide, and quickly.

Complex system:
no individual can sensibly and fully account for it.

Yet the system requires control in real-time, with precise balance of
inputs and outputs, based on detailed understanding of its function.



Why the grid is structured as it is

Hierarchy of transmission and distribution
Alternating current, transformers

Scale and connectivity



Rendition of a power system from PG&E’s website



My electric service entrance
in Sebastopol, California




Transformer connection to
local distribution circuit







Power System Structure
with typical voltage levels
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Power System Structure
with typical voltage levels

21 kV 230 kV 60 kV E ‘ 12 kV

Generators Transmission Subtransmission T
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Power System Structure
with typical voltage levels

21kV 230 kV l 60 kV
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Three voltage levels:
Subtransmission (60-115kV)
Primary distribution (12-21kV)
Secondary distribution (120/240V)




Voltage:

How badly the
electrons would

D T T T EER PR, =

rather be at the + Current:
than the - end
How many
(Energy / Charge) electrons are
flowing
Power: The rate at which the battery (Charge / Time)

expends energy to move electrons, and
the electrons expend energy to squeeze
through the light bulb

Power = Voltage x Current (Energy/ Time)



+ Transmission Line

Generator @




Current

Power (heat)
dissipated

through
Voltage (potential difference) resistance
created by generator



Power dissipated by lines,
inadvertently

'?? Power dissipated

by load, purposely

Y ® X

Resistance of conductor increases with length,
decreases with cross-sectional area:

material & weight constraints for minimizing R, .




Voltage created
by generator

Voltage “seen”
by load
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Voltage drop along transmission line

Voltage = current x resistance
V=IR

Vdrop =1 R}, (onboth legs of circuit)



Power dissipated by lines,

inadvertently
‘?; Power dissipated

by load, purposely

M R =

P=1V Power = current x voltage

P=12R Power = current? x resistance

(these are equivalent because V = R)



Power dissipated by lines,

inadvertently bV
P= IZ RIine )
Power dissipated

by load, purposely

P=1V Power = current x voltage

where V means local voltage drop

P=12R Power = current? x resistance

by substituting | R.__ for V, __ which usually isn’t known

line drop

Current is the same throughout, but determined mostly by the
big resistance (load)



For the load, the same amount of power could be supplied
by using either combination of | V:

big current, small voltage

small current, blg VOItage



Power dissipated by lines,
inadvertently

v;v; p= |2 R P=1V
Power dissipated

by load, purposely

But line losses will be much greater with big current and small voltage.

Therefore, high transmission voltage is preferred to minimize line losses.

Problem: 100,000 volts aren’t safe (or practical) for end use.

Solution: Transformers.



Power System Structure
with typical voltage levels
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current flow

magnetic field

Electromagnetic induction:

the basic workings of
transformers and
generators

Moving electric charge
(current) produces a
magnetic field.

A changing magnetic field
In turn

moves electric charges
(induces current).



l-'ﬂeﬂ]/zef

o = i & -



magnetic field
inside coil

Transformer: a device to transmit electric power from one circuit to
another across a magnet.

This works only with alternating current,
because a constant magnetic field doesn’t move electric charge!



N

Magnetic field rotates

Induced
electromotive force
(emf)

causes alternating current to flow
if circuit is closed




Upward flux increasing

Induced current

Armature reaction

Magnetic field from induced current opposes the initial field




Rotor position

.‘_
Magnetic field / .._l ,.-f

Magnetic flux ¢ If\

through loop | U

Voltage: rate of
change of flux

(dd/at)




TORL: ' \ time (deg)
| I .
11240 1/120 . time (sec)

nil2 time (rad)

Alternating current with frequency 60 Hz




Primary side: Secondary side:

High voltage Low voltage

Low current High current

magnetic field
inside coil

The turns ratio determines the voltage on each side of the transformer

V,/Vi=n,/n
To satisfy energy conservation, P, = P,

thus 1V, =LV, (neglecting losses)



11 g

"

-

{—
- ] S —

TR St

g

Primary

WSidy,

=

1

Secondary




Primary

Secondary




Image: OSHA
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SF, circuit breaker
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Distribution Systems

Components: conductors
transformers
switchgear
protection
voltage regulation
loads

Topology: Radial, Loop and Network Designs



Typical Distribution System Layout
with radial topology & power flow

¢ from
Substation

Customer
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Radial Distribution System
with Distributed Generation

Potentially bi-directional
<—p power flow

o




Basic Radial System

X .

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

Transformer

Primary Feeder




Air Switch




S&C Type XS Fuse Cutouts

,.fg Outdoor Distribution
(4.16 kV through 25 kV)



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







Sectionalizing a Loop System: Before

7T T T

Loads

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

R 2 s e

N.C.




Sectionalizing a Loop System: After

TN TN

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

N.C.

B v s e s

Isolated section
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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)

— |

7 3008™,
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3

SUBSTATION
TRANSFORMER




Five Devices Coordinated
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Power System Structure
with typical voltage levels

21kV 230 kV 60 kV (—D—J 12 kV
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Network structure at Radial structure at
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Historical changes in the electric power industry

Geographic expansion and
greater regional interconnectivity
to take advantage of:

Voltage
w— nit Size

e Economies of scale
e Load diversity
e Shared reserves
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Generators & three-phase transmission

Synchronous three-phase generators
Why three-phase?

Induction generators and inverters



I.I . .
Zimmerlin

Diablo Canyon Unit 1, Courtesy






N

Magnetic field rotates

Induced
electromotive force
(emf)

causes alternating current to flow
if circuit is closed







P

Armature (stator) windings

Phase A of phases A, B, C go into
and out of the plane of the
drawing
Phase B
Phase C BRE

Basic Generator



How one would imagine three circuits,
requiring six conductors

A Q& [ ]

B @ |

¢ & [ ]

Generators Loads




Current

Staggered Three-Phase Current

0000
o0

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



Three circuits with shared return flow

A

Neutral

Current

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.

I(t) + I(t) + 1{t) =0 always



High-voltage d.c. line
+ 500 kV

nsulators appropriate
for voltage level
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Phase Conductor

Voltage

120V pyfeacigecasanaaa m

S




Three-phase primary
distribution circuit and
single-phase lateral




Dual voltage by transformer taps

Phase A o
e Hot

240V
Neutral

1

S | LR
O B

Neutral

Dual voltage by multiphase service
Phase A

=

208V
Neutral

1

=

| LRREREE
(--mmmmanaaaan)

Single-phase 120/240
service is obtained by
tapping the same
transformer in different
places.

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




1.73 Va-Vg

time

Voltage

/X

Sqrt 3=1.73=208/120




Current

Staggered Three-Phase Current

0000
o0

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



P

Armature (stator) windings

Phase A of phases A, B, C go into
and out of the plane of the
drawing
Phase B
Phase C BRE

Basic Generator



Three-phase, synchronous generator

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

Phase A

Excitation current in
rotor windings produces

Phase B magnetic field

Force is exerted between

Phase C rotor and stator field

{

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



1l

The magnetic fields from
currents in each phase are
fixed in space but their
magnitude varies in time.

Their geometric combination
appears as the rotating stator
field of constant magnitude.



Types of generating equipment:

Synchronous generator

standard for large-scale utility applications
affords maximum control, stability

requires external “excitation” source

Induction generator

an electric induction motor run backwards

Inverter

produces a.c. from d.c. (PV, fuel cells)



Reactive Power

The “bad cholesterol” of power lines



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



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




Capacitor

X

B 94 384

/

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(t) 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) ©
determined by the ratio
of inductance and
resistance




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

Voltage
Current

y

X

Phase shift 0
determined by the ratio
of capacitance and
resistance

AEEIEELD




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

P

ave

time

V

rms rms

cost




Instantaneous and reactive power for an inductor

Negative portion of P(t) determines reactive power

Power

Energy stored in
magnetic field
oscillates between
load and source

‘ __




Complex Power

Imaginary

=

Reactance X
Reactive Power Q

Resistance R Real Power P Real

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

i2 = .
R = Zcosf P = S cos6 e

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 P and Q

Power Source can maintain V
only if it provides correct P and Q




200 MW 63 MW o 62 MW
100 MVAR 9 MVAR P 15 MVAR

100 MW
67 MVAR

143 MW
32 MVAR

62 MW
52 MVAR

406 MW
123 MVAR 100 MW
0 MVAR
100 MW
10 MVAR
BUS 5 100 MW
50 MVAR

Real power P measured in megawatts (MW)
Reactive power Q measured in megavolt-amperes reactive (MVAR)



Power generated = Power demanded

“THE LAW OF ENERGY CONSERVATION IS

STRICTLY ENFORCED."

Real power imbalance:
Loss of frequency control

Reactive power imbalance:
Loss of voltage control



How to balance supply & demand?

Successive approximations on different
time scales:

1. Scheduling (day ahead, hour ahead)
2. Generator control
3. Inherent stability



Load Duration Curve

1% ranking
load hour




MW

Baseload Plant Jime

- - M

Load-following Plant

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

Peaking Plant



Feedback: Generator frequency to steam valve

M + ) 60 Hz

Steam Turbine Generator

Valve T
T Objective:

Maintain steady
l rotational frequency

Adjust mechanical power

to meet electrical load
Boiler

Generator control: operating “on the governor”



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

Rotation
—_~— Armature
Reaction  Reference

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
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Power System Performance Measures

Power quality:

Reliability:

Security:

voltage
a.c. frequency
waveform

outage frequency & duration
probabilistic measures

width of operating envelope



Typical Feeder Voltage Profile

First Transformer

Last Transformer

First Customer

Last Customer

Substation Distance along Feeder

Virop 1S @ function of current (load), line resistance, and
settings on voltage control equipment

(transformers, voltage regulators, capacitors)



Voltage regulator

(on right)




Feeder Voltage Profile with
Voltage Regulator

@ Supplementary

Voltage Regulator

Feeder profile with
regulator

Profile without regulator

Substation Distance along Feeder




Feeder Voltage Profile with
Shunt Capacitor

— (Capacitor

Profile with
capacitor

Profile without
capacitor

Substation Distance along Feeder
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Telecommunications in Power Systems

Telephone

— AN NNANNALST G
Power Line Carrier




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

Voltage or
current




Measures of reliability:

Outage frequency

Outage duration

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



What is reliability worth?

Historical standards:
Obligation to serve
One-day-in-ten-years criterion

Economic approaches:
Value of Service
Interruptible tarriffs

Bottom line: widespread outages (still) unacceptable;
Demand for power at system level is very inelastic



Security:
The width of the operating envelope

Contingency Analysis
N-1 Criterion



A “contingency”



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

Gen

Security
and the

N-1 Criterion
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.




Power Flow Analysis

Numerical simulation of grid
Required due to mathematical complexity of system

Way cool



Line A 500 MW

Impedance of Lines
A=B=C

100 MW

B

Load
Bus 3 900 MW

C 400 MW

Power Flow Example

Not obvious:
how a change at one generator or load will affect line flows



100MW 200 MW
20MVAR 9 MVAR

K 2 : 100 MW
100 MW 20 MVAR
20 MVAR o2 T
() 237 Mw
' —" 34 MVAR
BUS 1 P

0.00°

1.02 p.u.

©

o
(]
=
-

89 MW ) d ; = e > B
35 MVAR 2 Pl BUS 6
: -3.47
1.00 p.u.

100 MW
10 MVAR

50 MVAR
(:_\_J_;}

100 MW 84 MW
20 MVAR 67 MVAR

Power flow problem:

Given MW and MVAR injected (or consumed) at each bus,
find voltage angle and magnitude at each bus,

which will determine line flows



Voltage
magnitude

Voltage phase angle
(timing) in degrees

*




100 MW
20 MVAR

100 MW
20 MVAR

50 MVAR

200 MW

9 MVAR VOItage magnitUde ”per unit”
Bus2 related primarily to reactive power

injected here

BUS 4

3
o1 M 1.03°

100 MW
20 MVAR

L2 B, 100 MW
20 MVAR

237 MW
34 MVAR

100 MW
10 MVAR

84 MW
67 MVAR




100 MW
20 MVAR

100 MW
20 MVAR

50 MVAR

200 MW
9 MVAR

Voltage angle (timing) at this bus
related primarily to real power
injected here

5 BUS 4
8.7 My 1.03°

1.03 p.u. 100 MW
20 MVAR

237 MW
34 MVAR

100 MW
10 MVAR

100 MW 84 MW
20 MVAR 67 MVAR




Power flow equations:

n

Pi =Y VillVillgicos(8; — 0x) + bisin(0; — 0,)]
K==

n

Qi = Y [VillVillgusin(6; — ;) — bycos(6; — 0,)]
joe=]



You can’t solve these explicitly for voltage magnitudes & angles
given P, and O,

Real power Voltage magnitudes Voltage angles

k=1
0)- Y ViVilfeayine,— 0D Bupoke, — o)
je==]

Reactive power Conductance Susceptance

i label for the bus in question
k label for all the other buses



100 MW 200 MW
20 MVAR 9 MVAR BUS 2
2.77°

1.04p.u. Real and reactive line losses

100 MW
—— 20 MVAR
20 MVAR
237 MW
Cus 34 MVAR
0.00°
1.02 p.u.
89 MW
BUS 6
35 MVAR -3.47°
1.00 p.u.
BUS 5
-2.02°

100 MW
10 MVAR

50 MVAR

100 MW 84 MW
20 MVAR 67 MVAR



100 MW 200 MW
20MVAR  9MVAR BUS2
ot 2.77°
(V) 104pu

38.0

100 MW

100 MW 20 MVAR

20 MVAR
N
BUS 1 34 MVAR
0.00°
1.02 p.u.

Q

89 MW
35 MVAR

100 MW

10 MVAR
100 MW

50 MVAR

100 MW 84 MW
20 MVAR 67 MVAR

Stability means that variations of voltage magnitude and angle at
each bus are dampened by appropriate changes in real and reactive
power which tend to counteract the variations (negative feedback).



FINAL REPORT - SYSTEM DISTURBANCE ON 4 NOVEMBER 2006

20

Phase Angle (°)

Fig. D1a: Voltage phase angle differences in the UCTE system at 22:00 /ELES/




100 MW 200 MW
20 MVAR  9MVAR BUS2
2.77°
1.04 p.u.

38.0

100 MW

100 MW 20 MVAR

20 MVAR g L
& A )237 MW

BUS 1 34 MVAR

0.00°
1.02 p.u.

OF

89 MW
35 MVAR

100 MW

10 MVAR
100 MW

50 MVAR

84 MW
20 MVAR 67 MVAR

General Problem:
Line flows are subject to laws of physics, not politics or economics.



Historical changes in the electric power industry

Geographic expansion and greater regional interconnectivity:
“Bigger is better”
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More recent historical changes

e Restructured market:

Redefined economic objectives
Increased transaction volume
Need for inter-organizational negotiation
e Demand no longer purely independent variable
e Size vs. smarts: Incentive for more refined control

Relative
Cost Information Hardware

mid-1900s




Opportunities for refined control:

e Monitor the operating state at many nodes
throughout T&D system

e Control real and reactive output of many small
generators based on real-time grid conditions
and availability of intermittent resources

e Control demand based on grid conditions
(demand response)

Flexible AC Transmission Systems (FACTS):
Change effective transmission link impedance
in real-time, using solid state devices



EErENEE | WEEEEE - b

i"m
y- EERTIITEL

-

Some seasoned components of
our $102 infrastructure

www.entech.ch
= Rl






Challenges for control operators in the
“New World”:

e Lower reserve margins, T&D capacity
e Competing pressures and objectives
e Information and transaction volume

e Cooperation, trust

S | e High stakes




Human Factors

Engineers and Operators
Different responsibilities, different cultures






Regional Distribution Operator Desk & Wall Map
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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 “correct” functional adaptations to work context.



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 Il

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.

MeasurementB 100+ 1%

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

OF 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 ideal range.

Scenario (ii)

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

Which is preferable?






Slides | thought | might use during Q&A



California’s Electricity Mix 2007

in percent

Imported

m |n-State

NatlGas Lg Hydro Coal Nuclear Geoth Biomass Sm Hydro  Wind Solar




Figure 5. CO, Emissions fuel combustion in California by fuel
and sector in 2000, Mt CO,

Electric Sector
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Distributed and intermittent resources



Radial Distribution System
with Distributed Generation

Potentially bi-directional
<—p power flow

o




System benefits of distributed generation

Reduced line losses
Local voltage/VAR control

Avoided or deferred T&D capacity upgrades

Islanding options



Integration of distributed and intermittent resources:
a coordination challenge

Protection coordination:
bi-directional power flow in radial distribution systems

Temporal coordination:
seasonal, hourly and instantaneous dispatch
possible inclusion of energy storage (electrical, thermal)

Geographic coordination:
transmission resources, rights of way, system stability






s CALIFORNIA I50 Calitomia Independent

System Operator

Wind Generation And System Load Have Different Daily Patterns

January &, 2005 California Wind Generation
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Managing an All Renewable System

11.3% Dispatchable Hydro and Storage
30% Baseline Generation - Hydro, Biomass

0 20 40 60 80 100
Percent of the Year

Pacific Gas & Electric, 1989
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Kramer Junction, CA circa 1990



Vestas 1.8 MW 260’ height, 135’ radius



Doubly-fed induction generator
drive DFIG
Transformer Grid
. Connection

Generator Side  Grid Side Point
Converter Converter '

e DC Filter

Control Control
Generator Conv. Grid Conv,

Generator Control

Grid
Power Contral [ - Speed Control oL — - — Operator
= Control

Wind Turbine Control

Advanced wind generator control system

Institute of Energy Technology, Aalborg University, Denmark




Appendix B — Continued

August - Wind Energy Production at Load Peak Time
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Figure 5. 1-minute average power and wind speed

SW Minnesota wind data, National Renewable Resource Laboratory:

Wind Power Plant Behaviors: Analyses of Long-Term Wind Power Data (2004)
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Figure 5. 1-minute average power and wind speed

Short-term variability of power output, NREL study case:

Installed capacity = 100 MW, typical output = 50 MW

1-second variations maximally 320 kW, but typically closer to 100 kW
— variations around 1-2% of output (not too dramatic)

Short-term variability smoothed by aggregation over large wind farm



