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ECL 4340

POWER SYSTEMS

LECTURE 21
OPTIMAL POWER FLOW, LINEAR
PROGRAMMING
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© Be reading Chapter 6, sections 6.12 & 6.13.

® HW 11 is uploaded, due November 30.

® Finalis on Monday, December 12, 9:00 - 11:00 a.m.
in Room 204
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Next we’ll consider OPF and SCOPF

- OPF functionally combines the power flow with
economic dispatch

- SCOPF adds in contingency analysis

+  In both minimize a cost function, such as operating
cost, taking into account realistic equality and
inequality constraints

- Equality constraints
bus real and reactive power balance
generator voltage setpoints

- area MW interchange
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- Inequality constraints

«  transmission line/transformer/interface flow limits

- generator MW limits
+  generator reactive power capability curves

«  bus voltage magnitudes (not yet implemented in
Simulator OPF)

- Available Controls
- generator MW outputs

« transformer taps and phase angles

« reactive power controls

IS

- Non-linear approach using Newton’s method

« handles marginal losses well, but is relatively slow and
has problems determining binding constraints

+ Generation costs (and other costs) represented by
quadratic or cubic functions

- Linear Programming

- fast and efficient in determining binding constraints, but
can have difficulty with marginal losses.

« used in PowerWorld Simulator

« Generation costs (and other costs) represented by
piecewise linear functions

]

- Solution iterates between

- solving a full ac power flow solution

enforces real/reactive power balance at each bus

enforces generator reactive limits

system controls are assumed fixed
takes into account non-linearities

- solving a primal LP

changes system controls to enforce linearized
constraints while minimizing cost

[e)]
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Total Hourly Cost : 8459 $/hr
Area Lambda : 13.01

13.01 $/Mwh  Bus B
300. OEMV\

300. OffMw
197. oﬁm 403. Offmw
AGC ON

Total Hourly Cost : 9513 $/hr
Area Lambda : 13.26

Bus A 13.08 $/MWh

300.. OffMw
260. offvw 419. 1|uu
AGC ON

- Consider a three bus case (bus 1 is system slack),
with all buses connected through 0.1 pu reactance
lines, each with a 100 MVA limit

- Let the generator marginal costs be
« Bus1: 10 $/ MWhr; Range = 0 to 400 MW
« Bus2:12 $/MWhr; Range = 0 to 400 MW
« Bus 3:20 $/MWhr; Range = 0 to 400 MW

+ Assume a single 180 MW load at bus 2
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60 MW

Total Cost6
1800 $/hr
Bus

10.00 $/MWh

Bus 2 Bus 1
‘ 10.00 $/MWh
60.0 MW|12.00 $/MWh @

120.0 MW

80 MW

Total Costs
1920 $/hr
Bu:

14.00 $/

81 MW

Total Costa
1934 $/hr
Bus

14.00 $/

12
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- All lines have equal impedance. Power flow in a
simple network distributes inversely to impedance
of path.

« Forbus 1 to supply 1 MW to bus 3, 2/3 MW would take
direct path from 1 to 3, while 1/3 MW would “loop
around” from 1 to 2 to 3.

Likewise, for bus 2 to supply 1 MW to bus 3, 2/3MW
would go from 2 to 3, while 1/3 MW would go from 2
to 1to 3.

[EnY
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- With the line from 1 to 3 limited, no additional
power flows are allowed on it.

- To supply 1 more MW to bus 3 we need
Pgl +Pg2=1MW
«  2/3Pgl +1/3 Pg2=0; (no more flow on 1-3)
+ Solving requires we up Pg2 by 2 MW and drop
Pgl by 1 MW -- a net increase of $14.

Total Cost
2280 $/hr 0 ™
B

us 3

15
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LP is probably the most widely used mathematical
programming technique

It is used to solve linear, constrained minimization
(or maximization) problems in which the objective
function and the constraints can be written as linear
functions
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Assume that you operate a lumber mill which makes
both construction-grade and finish-grade boards from
the logs it receives.

Suppose it takes 2 hours to rough-saw and 3 hours to
plane each 1000 board feet of construction-grade
boards. Finish-grade boards take 2 hours to rough-saw
and 5 hours to plane for each 1000 board feet.

Assume that the saw is available 8 hours per day, while
the plane is available 15 hours per day. If the profit per
1000 board feet is $100 for construction-grade and
$120 for finish-grade, how many board feet of each
should you make per day to maximize your profit?
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Let x,=amount of cg, X, = amount of fg

Maximize 100x; +120x,
s.t. 2x;+2x, <8
3x; +5x, <15

X,X%, 20




A nutritionist is planning a meal with 2 foods:
A and B.

Each ounce of A costs $ 0.20, and has 2 units
of fat, 1 of carbohydrate, and 4 of protein.
Each ounce of B costs $0.25, and has 3 units
of fat, 3 of carbohydrate, and 3 of protein.
Provide the least cost meal which has no
more than 20 units of fat, but with at least 12
units of carbohydrates and 24 units of
protein.

Let x,=ounces of A, x,= ounces of B
Minimize 0.20x; +0.25x,
s.t. 2x; +3x, <20

X +3x, 215

4x; +3x, 224

For the earlier three bus system given the initial
condition of an overloaded transmission line,
minimize the cost of generation (DPg;, DPg,, DP;)
such that the oo 0 m

Bus 2 Bus 1
10.00 $/MWh

change in generation
is zero, and the flow 0.0 w |10.00 s/mm
on the line between
buses 1 and 3 is not o0

Total Costy .

violating its limit EIEEN. Y

21

21
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Let x,= APg, x,= APg,, x3= APg3

Minimize 10x; +12x, +20x;

st nein=-20  [Eineiiow consiaint
3 3

enforcing limits on x;, x,, x3

X +xy+x3=0

The standard form of the LP problem is

Minimize ¢x

s.t. Ax=b
x>0
where x = n-dimensional column vector

¢ = n-dimensional row vector

b = m-dimensional column vector

A = mxn matrix
For the LP problem usually n > m
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The LP standard form does not allow inequality
constraints

Inequality constraints can be replaced with equality
constraints through the introduction of slack
variables, each of which must be greater than or
equal to zero

L<b—>...+y =b withy, >0
2b ...~y =b withy; >0
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Let the slack variables be x; and x,, so

Minimize ~(100x, +120x,) | Minimize the negative |

s.t. 2x;+2x, +x3=8

3x; +5x, +x4 =15

X|,Xp,X3,%, 20

A vector x is said to be basic if
1. Ax=b

2. At most m components of X are non-zero

if there as less than m non-zeros the x is called

degenerate

Xp

Define x = { } (with xp basic)and A=[A; Ay]

XN

With [Ag AN]{:B}:b 50 Xg=Ag '(b—Ayxy)
N
26

A vector x is said to be feasible if
1. Ax=b
2.x20

A basic solution is not necessarily feasible, and a

feasible solution is not necessarily basic.
We'll also assume A is full rank, so Ax =b
always has a solution

_27
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- Given an LP in standard form with A of rank
m then

If there is a feasible solution, there is a basic
feasible solution

If there is an optimal, feasible solution, then there
is an optimal, basic feasible solution

- Note, there could be a LARGE number of
basic, feasible solutions

+  Simplex algorithm determines the optimal,
basic feasible solution

28

N
[0}

- The key is to move intelligently from one basic
feasible solution to another, with the goal of
continually decreasing the cost function

+ The algorithm does this by determining the
“best” variable to bring into the basis; this
requires that another variable exit the basis,
while retaining a basic, feasible solution

29
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- At the solution we have m non-zero elements of x,
Xg, and n-m zero elements of X, Xy

- Wealsohave Xp= A; (b—Ayxy)

- And we define A= cBAl;1

+ The elements of A tell the incremental cost of
enforcing each constraint (just like in economic
dispatch)

10



Minimize -(100x; +120x,)

s.t. 2x+2x, +x3 =8

An initial basic feasible solution
isx; =0,x, =0,x;=8x, =15

3x; +5x, +x4 =15
X1, Xp,%3,X4 20

The solution is x; =2.5,x, =1.5,x; =0,x, =0

2 27" [35
Then & =[100 120] =
35 10
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Total Hourly Cost: 5724.32 $/h Load Scalar: 1.008
Total Area Load: 392.0 MW
Marginal Cost (§/MWh): 14.52 $/MWh

33

33
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In an OPF solution, the bus LMPs tell the marginal
cost of supplying electricity to that bus

- The term “congestion” is used to indicate when there
are elements (such as transmission lines or
transformers) that are at their limits; that is, the
constraint is binding

- Without losses and without congestion, all the LMPs
would be the same

- Congestion or losses causes unequal LMPs

- LMPs are often shown using color contours; a
challenge is to select the right color range! 34

[ T S——)

Total Hourly Cost: 10308.49 $/h Load Scalar: 1.72f
Total Area Load: 674.2 W
Marginal Cost ($/MWh) : 19.46 $/MWh

+ LP Sensitivity Matrix (A Matrix)

15 05 Dl - Cse e 2w St e St 20

e | ot | e o]
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- This situation is infeasible, at least with available
controls. There is a solution because the OPF is
allowing one of the constraints to violate (at high cost)

L 1 | comol | comvol | comwl | | o
S T Conan Tec T T T =3
Tto Sat1  Sasecae 5 aozs a1 1000
i sati Bmecme 3 aces a0

Total Rourly Cost:  11297.98 /b Load Scaler: 1.628
Tota Area Toad: 30w
Marginal Cost (5/m):  235.47 §/sm 37
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