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Electricity
Consumption

by Sector

Electricity Consumption by Sector (2013):
Commercial, Industrial, and Residential
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https://www.epa.gov/energy/electricity-customers

A Sample of a Daily Load Profile

VCR
Television 2
Television 1
electric heater
Standard printer
Multifunction printer
u Clock radio
Hair dryer
m DVD player
¥ Washing machine
® Dishwasher
® Hi-fi
| Alarm system
m Microvawe oven
m Oven
W iron
M set-top box 2
B set-top box 1
M games console
W Internet connection
mPC
W Vacuum cleaner
® Lighting (living room)
W Lighting (kitchen)
W Lighting (bedrooms)
B Lighting (bathroom)
¥ Water heater
B Freezer
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Maggiore, Simone. (2013). Evaluation of the effects of a tariff change on the Italian residential customers subject to a mandatory time-of-use tariff.



Representative Weekly Load profile
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The Electric Utility Network

Source: Utilities Consumer Advocate (UCA)


https://ucahelps.alberta.ca/electricity-energy-market.aspx

GEMNERATION . I
Electricity is generated at .
variows kinds of power plants

by utilities and independent

power producers. ’

TRANSMISSION ‘
Electric transmission

is the vital link between

power production and

power usage, Transmission

lines carry electricity at high
voltages over long distances

from power plants to communities.

DISTRIBUTION

Electricity from transmission
lines is reduced to lower
valtages at substations, and
distribution companies then
bring the power to your home
and workplace.

http://www.incontext.indiana.edu/



http://www.incontext.indiana.edu/2010/july-aug/article3.asp

Different
Technologies
to Generate
Electricity
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Some of these
technologies are
environment-
friendly and some

of them are not
as they produce
greenhouse
gases, chiefly CO,

Life cycle CO,

equivalent
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The main technologies that are used to generate
electricity are Thermal Power Plants

Fossil-fuel power plant (coal, natural gas or oil)
Nuclear Power Plant

b i e

Fossil-Fuel Power Plant Nuclear Power Plant

17
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Utilities usually own a
fleet that consists of a
mix of different
generation
technologies

How does the utility decide which
units to dispatch to meet the demand
of electricity?




International Renewable Energy Agency

Electricity consumption In end-use sectors Electricity generation Total Installed power capacity
(TWh) (TWh/yr) (GW)
2016 2050 Reference Case
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How do nuclear
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How do solar
panels work?

sunlight

n-type semiconductor negative electrode

p-type semiconductor

to regulator

positive electrode

Cross section of a solar cell

electric current
https://solarmagazine.com/solar-panels/
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Reservoir

Intake
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Hydroelectric Dam

Powerhouse
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Long Distance
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The Power System Economic Problems

What is the cheapest way to meet the demand reliably?
Economic Dispatch (ED)
Unit Commitment (UC)
Optimal Power Flow (OPF)
’\"' ’ L .
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Economic Dispatch




Assumption: Single Bus System

600 - 1700 MW

Coal Plant
Extra High Voltage
265 to 275 kV
(mostly AC, some HVDC)

/

kli m Medium Sized
Industrial Power Plant | 300 mw E Power Plant
‘ 110kV and up

Distribution Grid
Low Voltage /
up to
=150 MW

City
Power Plant

Industrial
Bk

B ey 1/ 1
L&) ..

= 400 kW

h‘m @

=2 MW

Wind Farm

https://en.wikipedia.org/wiki/Electrical_grid

Generators Load

Ilgnore the limits of the network




Generators Load

Economic Dispatch:
Problem Definition

e Given: load and a set of units that are on-line
* Consider the limits of the generating units

* How much should each unit generate to meet this load at

minimum cost?

29




Balancing the Greed and the Fear




Economic * Objective:

e Minimum cost to meet the

Dispatch: demand
’roblem * Such that:
Def nition * The total load = total generation

* The output of each unit does
not exceed its upper and lower
limits.

Generators Load Profile

31



Fconomic * Objective: Minimize

. C=C(Py) +C(Pg)+ C(Pc)
Dispatch: Such that:
Mathematical Load/generation balance:
- - P +Py+P.=1L
-ormulatlon * Units constraints:

PN < P < P
Pé’nln S PB S szax
mimn max

Generators Load Profile

32
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What are types of
costs of generation?

Fixed cost:
Capital cost.
Maintenance and
Operation (M&O)
Personal
Land

Variable Cost:
Fuel Cost
Start-up cost
Maintenance Cost
CO2 tax




What are the types of fEee Cgstit oat
. apital cos
costs to be considered Maintenance and

in the economic Operation (M&O)

Personal

dispatch problem? Land

Variable Cost:
Fuel Cost
Start-up cost
Maintenance Cost
CO2 tax J




Calculating
the
Running
Cost of
Thermal
Plant

Consider the running costs only
Input / Output curve

— Fuel vs. electric power
Fuel consumption measured by its energy content
Upper and lower limit on output of the generating unit

J/h
£
Fuel Electric Power
(Input) (Output) P| P
Thermal generating units m";)utput

» MW

© 2015 D. Kirschen and University of Washington
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* Multiply fuel input by fuel cost
* No-load cost

— Cost of keeping the unit running if it could produce zero MW

$/h

Cost Curve

Cost

No-load cost —

© 2015 D. Kirschen and University of Washington




Incremental
Cost Curve

Incremental cost curve

AFuelCost
A Povor vs Power

Derivative of the cost curve
In S/MWh
Cost of the next MWh

© 2015 D. Kirschen and University of Washington

+ Cost [$/h]

AF
AP

+ Incremental Cost

[$/MWh]

_/

MW
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Practical Economic Dispatch




P, = 120MW
P, = 90 MW

A=0.6

If P4 = 210 MW, and the il Gl
systems consists of two A&B min
generating units (A and B). =] 0.1
What is the optimal economic 0.3
dispatch, if the incremental or 05
marginal cost curves are as '
shown below? 0.6
Only consider the minimum and 0.7
maximum generation 0.8
constraints and Ignore the other
constraints.
dC , dC,
dP, 4 dP, 4
0.8
0.7
0.6
0.5
0.3
0.1
> - >
30 80 120 150 20 70 110 140

© 2015 D. Kirschen and University of Washington ‘
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Unit Commitment




Unit Commitment:
Problem Definition

Generators Load Profile

* Given: Load profile (e.g. values of the load for each hour of a day)
* Given: Set of available units
* Consider the limits of the generating units

* When should each unit be started, stopped and how much should it
generate to meet the load at minimum cost?

42



Cooling demand

Heating demand

Examples
of Daily

Load
Profile

12:00 16:00 20:00

en and University of Washington




Unit * Objective:

, * Minimum cost to meet the
Commitment: demand considering the load
Oroblem profile

o e Such that:
Def nition * The total load = total generation

e The unit's constraints are not
violated.

* The system’s constraints are not
violated.

Generators Load Profile

44
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What are types of
costs of generation?

Fixed cost:
Capital cost.
Maintenance and
Operation (M&O)
Personal
Land

Variable Cost:
Fuel Cost
Start-up cost
Maintenance Cost
CO, tax




What are the types of Fixed cost:

. . Capital cost
costs to be considered in Maintenance and

the unit commitment Operation (M&O)

Personal
problem? e

Variable Cost:
Fuel Cost
Start-up cost J
Maintenance Cost
CO2 tax \(




Calculating
Start-Up
Cost

Thermal generating units:
— Coal, gas, oil, biomass

These units must be “warmedup” before they can
be brought on-line

Warming up a unit requires fuel and therefore
costs money

Incurred only during the first period when the unit
is turned on

48



Calculating
Start-Up
Cost

e Start-up cost depends on
off:

the time the unit has been

~ If the unit has not been off for a long time, the
water will still be warm
- Hot start vs. cold start

p SC,t%"Fy=a, + B;(1—e

‘L',)

(0F

a; + B /——’A

© 2015 D. Kirschen and Univer

sity of Washington

49



II Notations

u(i,z): Status of unit i at period t
u(i,) =1: unitiis on during period t
u(i,t) = 0 unitiis off during period t

p(i, t): Power produced by unit i during period t




II Unit Constraints

* Maximum generating capacity
* Minimum stable generation

* Minimum “up time”

* Minimum “down time”

* Minimum ramp up rate

* Minimum ramp down rate

e .1;:{#-”% i




II Unit Constraints

* Minimum up time
— Once a unit is running it may not be shut down
immediately:
Ifu(i,t)=1and /¥ < "™ then u(i,t +1)=1

* Minimum down time

— Once a unit is shut down, it may not be started
immediately

Ifu(i, )= 0 and £ < £ then u(i,t +1)=0




I Unit Constraints

* Maximumramp rates

— To avoid damaging the turbine, the electrical output of a unit
cannot change by more than a certain amountover a period of
time:

Maximum ramp up rate constraint:
e p(i.r+1)-p(ir) sAPT™
Maximum ramp down rate constraint:

e p(i.r)- p(it+1)< AP
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e Constraints that affect more than one unit

Load/generation balance

System
Constraints

Reserve generation capacity

Emission constraints

Network constraints

54
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Total Generation=Total Demand

System N

" u(i,t)p(i,t) = L(t)
Constraints Z
Load/Generation Balance Constraint where:

N: set of available units

55
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* The total capacity of the available units is equal or larger than the sum of
the total load and the reserve

System )
Constraints > uli, OPM 2 L(®) + R(©)

Reserve Capacity Constraint i=1
where:

R(t): Reserve requirement at time t
56



* Unanticipated loss of a generating unit or an
interconnection causes unacceptable change in
frequency if not corrected

* Need to increase or lower production from other
units to keep frequency drop within acceptable
limits

Why Rese Ve e Rapid increase in production only possible if
iS N eed ed P, committed units are not all operating at their

maximum capacity

Bus A Bus B

G1

G2

Generators Loads
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http://visualoop.com/infographics/combined-cycle-technology

All Generators Must Run at the Same Electric
Frequency

MECHANICAL TORQUE

D

\ ELECTRICAL TORQUE
(N

d
)
ay
|
FORCE SPINS
Such as TURBINE

* moving water
* pressurised steam
» forceful wind

SPINS
SHAFT

SPINS
GENERATOR
magnets spinning
past copper wire coils
generate electricty

ELECTRICAL
OQUTPUT
travels through the
network system to...

YOUR

HOMES
Schools
and local
businesses
in your
community

Lines of o
Flux _““'-‘
R e

S BN (Gl

-

R
Rotating _'l',‘\: L
Shaft v

Induced
emf

Rotating - @
Magnetic Vo
Field _
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Upholding the delicate
balance between the
generation and the
consumption

Mechanical Power Electric Power

-

Mechanical Power Electric Power
g
Mechanical Power Electric Power

-

Why Reserve
s Needed?

Cause/effect/Required action

The Steady state condition
Frequency is not changing

No action is required

A fault in the lines that causes a
sudden drop in the demand of
electricity.

Increase in the frequency.

Negative reserve: decrease output
when generation > load

Loss of one of the generating
units.

Decrease in the frequency

Positive reserve Increase output
when generation < load



* Spinning reserve
* Primary
* Quick response for a short time

e Secondary
» Slower response for a longer time

* Tertiary reserve
* Replace primary and secondary reserve to

Type of
protect against another outage
Rese rve P * Provided by units that can start quickly

(e.g. gas turbines)
e Also called scheduled or off-line reserve

* Reserve must be spread around the
network

* Must be able to deploy reserve even if the
network is congested




* Protect the system against “credible
outages”

* Deterministic criteria:
e Capacity of largest unit or

_l OW tO interconnection
)ete ' | Nne * Percentage of peak load

e Probabilistic criteria:
th S N eed ed e Takes into account the number and size
Reserve?

of the committed units as well as their
outage rate



* Reserve has a cost even when it is not
called

* More units scheduled than required
* Units not operated at their maximum

efficiency
COSt Of * Extra start up costs
* Must build units capable of rapid
Reserve? response

e Cost of reserve proportionally larger in
small systems

* Important driver for the creation of
interconnections between systems
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System
Constraints

13

Network Constraint Cheap generators More expensive generator
May be “constrained off” May be “constrained on”

64



System * Transmission network may have an effect on the commitment of
: units
COnSt ral ntS * Some units must run to provide voltage support

* The output of some units may be limited because their output would exceed
the transmission capacity of the network

Network Constraint
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* Amount of pollutants that generating units can emit may be limited

e Pollutants:
* SOz, NO
System | x
e Various forms:
COnStra”']tS * Limit on each plant at each hour

e Limit on plant over a year

o _ * Limit on a group of plants over a year
Emission Constraint  FEtc...

66
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Notation

u(i, t):
u(i, t)=1
u(i, t)=0

p(i,t):

Status of unit i at period t
Unit j is on during period t
Unit i is off during period t

Power produced by unit j
during period t

68



Solving the
Unit

Commitment
Problem

e Decision variables:
 Status of each unit at each period:

u(i,t) 1{0,1} ™ iz
 Output of each unit at each period:
p(i,t) {O[B™ R ]} i

* Combination of integer and continuous
variables

69



How many
combinations

are there?

111

110

101

100

011

010

001

000

Examples
* 3 units: 8 possible states
* N units: 2N possible states

70



® o ¢ e e . Optimization over a
® O o ® O time horizon divided
How Mmany ® O into intervals
"  Asolutionis a path
solutions are o o o
linking one
th ere ® & ¢ ® o combination at each
5 ® o ©o ® O interval
d nyway ' ® o ©o ® @ ° Howmanysuch paths
® 0 © ® o are there?
T= 1 2 3 4 5 6

71



How many
solutions are

there
anyway?

43

N

> @ @

Optimization over a
time horizon divided
into intervals

A solution is a path
linking one
combination at each
interval

How many such path
are there?

Answer:

(")) (%)= (")

72



* Example: 5 units, 24 hours

The Curse of (ZN)T = (25)24 = 6.210% combinations

Dimensionality * Processing 10° combinations/second, this
would take 1.9 10*° years to solve

* There are 100’s of units in large power
systems...

* Many of these combinations do not satisfy the
constraints

73



sagmZegnguge; ‘anSnZeleZess
PR
ot =g smav et
“lrazeriet olrazaris
-mn_..l.lth-.n-n-.._u .uulu_luin-_n-n.-n
seminine;. P
gt HH isay e
relmazaels Silearasiel
seTalals
.-."i-l.l b
aeaeaeies- - =%
- Tlregazarl
o E
pSazaznze L
= lalelen n" a"s'
_,-nur_.._._l_...-.u.uu
*=faset
Caluie.
1 g s
Sets ..-.I“.l..ll.IlIli.li.r
S ka
e sy
Telels. agenretele.,
ey s el
L - -
gesss Tetegasett
avge; gL L AL
.-.-.l
_—
e, phsdetedels,
. e e
g et L avas
. .ultilil..lut..
L
- e e nu_._
- ._-.I-ll Cla il S
..Iu -
-
pie"a"ala. “a
sreetenm, e
& - -
__ Tali et “ta
fatatata"- "ul

74

...u-_.ntu-unun.

=
e
'w e

spafTesae,

lmageniet”

i,
=i

o

s, T ER AR

e =L memelataTat wEATeTTTa
Eamamanis e
taiagat
e . e
=le o Camsmlalelal, "t =
e T et AR e
taazasi- T

.mummﬂ-n.l.n-nv a Te=is uiu.n..uu-.n__-ﬂ_

sasTRratn.,

isaaielelsie

ol
- ."..._.-. e
£ ._-.l.ﬂ.ﬂh.ul_-.

Tati et Tata et
=




How Can
We Beat

the Curse?

Brute force approach won’t work!

* Need to be smart
* Try only a small subset of all combinations
* Can't guarantee optimality of the solution

* Try to get as close as possible within a
reasonable amount of time

75



e Continuous variables

* Can follow the gradients or use Linear Programming
(LP)
* Any value within the feasible set is OK

Optimization
with Integer

Variables * Discrete variables

* There is no gradient

e Can only take a finite number of values

* Problem is not convex

* Must try combinations of discrete values

76




e Characteristics of a good technique

.  Solution close to the optimum
M diin * Reasonable computing time

SO‘ Ut|O N * Ability to model constraints
Techni ques * Priority list / heuristic approach

* Dynamic programming
* Lagrangian relaxation <mmm state of the art
* Mixed Integer Programming

77




Le't's try' to solve a simple example

78



A Sim
Exam

Unit 1:
* Pyin=250 MW, P,,..,= 600 MW
* C,=510.0+7.9P,+0.00172 P2 S/h

Unit 2:

* Pyin =200 MW, P,,.., =400 MW

* C,=310.0+7.85P, +0.00194 P,2S/h
Unit 3:

* Pyin =150 MW, P,,., =500 MW

* C;=78.0+9.56 P, +0.00694 P,2S/h

What combination of units 1, 2 and 3 will produce
550 MW at minimum cost?

How much should each unit in that combination
generate?

79



Cost of the
Various
Combinations

Off Off Off O 0 Infeasible
Off Off On | 150 500 Infeasible
Off On | Off 200 400 Infeasible
Off  On On 350|900 O 400 150 5418
On | Off Off 250 600 550 O 0 [3753
On | Off On | 400 1100 400 O 150 |5613
On | On | Off 450 1000 295 255 0O |5471
On | On | On | 600 1500 Infeasible 5617

80



Observations

ont
examp

ALS

e.

e Far too few units committed:
- Can't meet the demand

* Not enough units committed:
- Some units operate above optimum

* Too many units committed:
- Some units below optimum

* Far too many units committed:
Minimum generation exceeds demand

e

* No-load cost affects choice of optimal
combination



Optimal generation schedule for a load profile

Another Example

f Load Decompose the profile into a set of period
oa

1000 L

I 7

Time, For each time period, which units should be
committed to generate at minimum cost during
that period?

82



Optima
Combinatior
for Each Hour

Load
1100
1000

800
700

 Unit1l | Unit2 | Unit3
On On On

On
On
On
On
On
On

On
On
On
On
Off
Off

Off
Off
Off
Off
Off
Off
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Matching the
Combinations
to the Load

4 Load

12

18

24

Time
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Matching the
Combinations
to the Load

4 Load

12

18

24

Time
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* Power output can be adjusted
(within limits)

e Examples:
* Coal-fired .
. Oil-fired Flexible Plants

. > Thermal units

* Open cycle gas turbines
 Combined cycle gas turbines)
* Hydro plants with storage

e Status and power output can be
optimized




* Power output cannot be adjusted for
technical or commercial reasons
* Examples:
* Nuclear
 Run-of-the-river hydro | nﬂ eX| b | e P I 3 ntS
* Renewables (wind, solar,...)

 Combined heat and power (CHP,
cogeneration)

e QOutput treated as given when optimizing




Typical daily variation in power demand

WINTER SUMMER

base load

Time of day Time of day

https://www.e-education.psu.edu/eme807/node/667
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Load Duration Curve

Load Duration Curve

>
o
‘S
1+
Q
1]
o
S
=

Intermediate

The load duration curve is defined as the curve between the load and time in which the
ordinates representing the load, plotted in the order of decreasing magnitude, i.e., with
the greatest load at the left, lesser loads towards the rights and the lowest loads at the

time extreme right. (Source: circuitglobe.com)
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Issues

Must consider all Unit constraints
constraints System constraints

Some constraints create a link between the
periods

Starting up a generating unit costs money in
addition to the running cost considered in
economic dispatch

Curse of dimensionality

90



The Impact of
Network Limitation

transformers-magazine.com


https://transformers-magazine.com/tm-news/delmarva-power-upgrades-major-transmission-line/

Economic Dispatch

v

L

* Objective: minimize the cost of generation

* Constraints
— Equality constraint: load generation balance

— Inequality constraints: upper and lower limits on
generating units output



Limitation of Economic Dispatch

* Generating units and loads are not all
connected to the same bus

* The economic dispatch may result in
unacceptable flows or voltages in the network
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Example of network limitation

o | ‘ ®
Ly }Le

Maximum flow on each line: 100MW

CA F 3 CB F 3

50 $/MWh 100$/MWh
_Pa Pg

MAX MAX
Pa Ps




Unacceptable ED Solution

500 MW M O
> B
L, =100 MW Lz = 400MW

The solution of the economic dispatch is:
P, =500 MW
P, =0MW

The resulting flows exceed their limit
The economic dispatch solution is not acceptable



Acceptable ED Solution

100 MW 0 MW
300 MW — — O
—> B
| — '
L, = 100 MW 100 MW Lg = 200MW

The solution of this (trivial) economic dispatch is:
P =300 MW
P, =0MW

The flows on the lines are below the limit
The economic dispatch solution is acceptable



Modified ED Solution

100 MW
) —> < ®
| — '

L, =100 MW 100 MW L, = 400MW

In this simple case, the solution of the economic dispatch
can be modified easily to produce acceptable flows.

This could be done mathematically by adding the following
inequality constraint: P, — L < 200MW

However, adding inequality constraints for each problem
IS not practical in more complex situations
We need a more general approach



Optimal Power Flow Problem




Optimal Power Flow- Overview

* Optimization problem
* Full ac model
* Classical objective function
— Minimize the cost of generation
— Many other possibilities
* Equality constraints
— Power balance at each node - power flow equations

* Inequality constraints
— Network operating limits (line flows, voltages)
— Limits on control variables


https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

Mathematical Formulation of the OPF (1)

* Decision variables (control variables)
— Active power output of the generating units
— Voltage at the generating units
— Position of the transformer taps
— Position of the phase shifter (quad booster) taps
— Status of the switched capacitors and reactors
— Control of power electronics (HVDC, FACTS)
— Amount of load disconnected

 Vector of control variables: U,


https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

Mathematical Formulation of the OPF (2)

e State variables

— Describe the response of the system to changes in
the control variables

— Magnitude of voltage at each bus
* Except generator busses, which are control variables

— Angle of voltage at each bus
* Except slack bus

— Vector of state variables:'fL’


https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

Mathematical formulation of the OPF (3)

* Parameters
— Known characteristics of the system

— Assumed constant
* Network topology
* Network parameters (R, X, B, flow and voltage limits)
* Generator cost functions
* Generator limits

— Vector of parameters: Y


https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

Mathematical Formulation of the OPF (4)

* Classical objective function: N,
— Minimize total generating cost: 11111120

1=1

 Many other objective functions are possible:

NU

. . . . — : - O
— Minimize changes in controls: mlllzci | u —u, |
u
1=1

— Minimize system losses


https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

Mathematical Formulation of the OPF (5)

* Equality constraints:

— Power balance at each node - power flow
equations

N
P —P'=)V V[G_cos(6 —6)+B_sin(0 —6)]
1=1
' N
Q°-Q'=)V V|G _sin6 —6)-B_cos(0, —0,)
1=1

— Compact expression:
G(z,u,y)=0


https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

Mathematical Formulation of the OPF (6)

* Inequality constraints:
— Limits on the control variables: u < u < u

— Operating limits on flows: ‘Fm‘ <F

]

— Operating limits on voltages vV <V < ;
J J J

* Compact expression: H(z,u,y)=0


https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

Compact Form of the OPF problem

min f(u)
Subject to: G(x,u,y) =0
H(z,u,y) =0


https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

107



* Planning
— Lots of models & features
* Operation

— Speed
OPF — Robust

Applications — Modeling accuracy
— Should produce implementable solutions

* Markets
— Even more robust
— Support changes in market rules



https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

OPF

GENEIIES

Size of the problem
— 1000’ s of lines, hundreds of controls
— Which inequality constraints are binding?

Problem is non-linear
Problem is non-convex

Some of the variables are discrete
— Position of transformer and phase shifter taps
— Status of switched capacitors or reactors



https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

DC Power Flow Problem
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Linearization is more accurate for active
power than reactive power
Active power only OPF
Advantages — Minimization of active power generation
of DC Power — Active power balance constraints

— Line flow inequality constraints
Not suitable for system operation

Suitable for electricity markets
— Clearing market
— Calculating locational marginal prices

Flow



https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

* Active power controls * Reactive power controls
— Generator P injections — Generator V set-points
— Phase shifters — Transformer taps
— HVDC links — Capacitor banks
— Demand response — Reactor banks
— Load shedding

1 1

Expensive

Active/Reactive

Decoupling




Power Flow
Equations

N
P! =YV, V[G,, cos(8, —8,) + B,;sin(6, —6,)] =0
=1

N
i=1
Set of non-linear simultaneous equations

Occasionally need a simple linear relation for
fast and intuitive analysis

dc power flow provides such a relation but
requires a number of approximations


https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

N
P =2 Vi ViIGy; cos(6, —6,) + By;sin(6, —6,)] =0
i=1

Neglect
Resistance of

the Branches

N
=1



https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

N
Pl =2V, ViBysin(6, —6,) =0

1=l

Assume All
Voltage
Magnitudes =

1.0 p.u.

N
P =) By;sin@, —6,) =0

1=l



https://uwnetid-my.sharepoint.com/personal/maimouni_uw_edu/Documents/Budget%20for%20FAb%20Lab.docx?web=1

N
=1

If oris small: sino = ¢ (o in radians)
Assume All

Angles are Small 1

N N —0.

i=1 i=1 M




Interpretation

X113




* Reactance plays the role of resistance in dc
.. circuit
Why is it called
» Voltage angle plays the role of dc voltage

DC power flow?
* Power plays the role of dc current

p, =% >

Xki




An lllustrative Example




Example of Linear Programming OPF (LPOPF)

* Solving the full non-linear OPF problem by
hand is too difficult, even for small systems

 We will solve linearized 3-bus examples by
hand



10 $/MWh

Pa

P, MAX=390MW

3
CB
450 MW
Economic dispatch:
PA = PAmax =300 MW 20%/MWh
:PB
P, =60 MW PgVAX= 150 MW
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Flows Resulting from the Economic Dispatch

390MW ===>> G=60MW
A B

Fmax = 200MW

Assume that all the lines have the same reactance
Do these injection result in acceptable flows?

123



Calculating the Flows using Superposition

Because we assume a linear model, superposition is

applicable
390 MW ' — W
4‘1\\ //
3
450 MW l
390 MW
—_— + 4_vv




Calculating the Flows Using Superposition (1)

390 MW 1

F,= 2 x F5 because the path 1-2-3 has twice the reactance
of the path 1-3

Fo+ Fg = 390 MW

F\= 260 MW
Fy =130 MW
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Calculating the Flows Using Superposition (2)

60 MW

N

N 7

60 MW 1 ’

Fc =2 x F because the path 2-1-3 has twice the reactance
of the path 2-3

Fo+ Fp = 60 MW

Fo= 40 MW
Fy =20 MW

126



Calculating the Flows Using Superposition (3)




Correcting Unacceptable Flows

390 MW 60 MW

—
1 \QMW
/'
Must reduce flow F, ; by 20 MW 3

450 MW l

M

* Must use a combination of reducing the injection at bus 1 and
increasing the injection at bus 2 to keep the load/generation balance

* Decreasing the injection at 1 by 3 MW reduces F, ; by 2 MW
* Increasing the injection at 2 by 3 MW increases F, ; by 1 MW

* A combination of a 3 MW decrease at 1 and 3 MW increase at 2
decreases F, ; by 1 MW

* To achieve a 20 MW reduction in F, ; we need to shift 60 MW of
injection from bus 1 to bus 2

128



Check the Solution Using Superposition

—_— 120 MW
70 MW
W 190




Comments (1)

* The OPF solution is more expensive than the
ED solution

— Cep=10x 390 + 20 x 60 = 55,100
— Copr = 10X 330 + 20 x 120 = $5,700
* The difference is the cost of security
- Csecurity = Copr - Cep = $600
* The constraint on the line flow is satisfied
exactly

— Reducing the flow below the limit would cost
more
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Comments (2)

e We have used an “ad hoc” method to solve
this problem

* |n practice, there are systematic techniques
for calculating the sensitivities of line flows to
Injections

* These techniques are used to generate

constraint equations that are added to the
optimization problem
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