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ECL 4340

POWER SYSTEMS

LECTURE 14
CONTROL OF POWER FLOWS, FAST POWER
FLOW, INTEGRATION OF RENEWABLES

[EnY

© Bereading Chapter 6, also Chapter 2.4
(Network Equations).

® HW 8is uploaded; Due date: October 28.

N

< A major issue with power system operation is the
limited capacity of the transmission system

~ lines/transformers have limits (usually thermal)

— o direct way of controlling flow down a transmission line
(e.g., there are no valves to close to limit flow)

~ open transmission system access associated with industry
restructuring is stressing the system in new ways
+ We need to indirectly control transmission line flow
by changing the generator outputs

- Similar control issues with voltage

w



What we would like to determine is how a change in
generation at bus k affects the power flow on a line
from bus i to bus j.

’ ,

. P(:k

- One way to determine the impact of a generator change
is to compare a before/after power flow.

- For example below is a three-bus case with an overload

200 MW
V' 100 MR

Increasing the generation at bus 3 by 95 MW (and hence decreasing
it at bus 1 by a corresponding amount), results in

* 30.3 MW drop on the line from bus 1 to 2, and

¢ 64.7 MW drop on the flow from 1 to 3.

10I I MW

Z for all lines = j0.1
Limit for all lines = 150 MVA
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Control of Paver : Dfinile Bus

% ’ Reactivefower Cantrols
Tt Exci tation contrl.
NS % comls £
= Ve
i Q= )—(;' ( % cos5- V)

A=Y, I siné

Inereaseld g

o %

,
A o
|

AN

Inerearas 6

> Jhoreases @
chile P vemain
copastant

2) Sud_Capacilor: Vakfspe Comtrill
soat )

i

L
L

Ex
2K

TIe JXuZe Swoofft 4= Er
EA Rk on: U > E4
Ve

Dnorease ~ Ny I

THes, by N’f’(i;{ 2 ca/p:cifa‘/ bank al & bus,
e bus Vollape U iz increased consikrally,
by NaTe, from K ikl vlfege (Ex).

5’/».;/47/}, Ha add; fion of SAunt yeaclor
coneponde Co K adelifion o /:o;/‘;‘«’U= reactie
Load, @‘14;?7 K cecrease jn ruo/ﬁy/i. This
o ;%_/iﬁc?‘fca /n )%/MVJ‘/ﬂ?m/Gr 4%
Valf/yz Lines wohen s Mozl 2o ver o
/W Jn .eu(m‘;g Aoy




D Tap- Changing Tranformers: Chegler3

Tapi/tucle- 7?%/4:‘,7 Cransformer:

Chanpe vﬂl@ge walwy:/‘u»é at albus

- well on yeactkve fmerjﬁmf

o~ Lires

PA m‘“’ﬁ’& ye;u/afiy Z(wa/mer:

Cxan}/@ Sus velta agfé e well

aa yeal povoer /‘/au_r on Ajnez.

10/18/2022

[EnY
w

Lok z‘&y;-a%my'yf and reguleting.
z"mn;/frmd are modeled by Az‘mnj/ﬁmer
40/ fK An 0/§(_ srominak tuyns ratio 7

I e h

- acy 2
< — °
14 01 - dYe (ef - ey V2

(d)  circuit representation for real ¢

i v =)
(Par—um( admittances are shown; Y., = z..,)

fw:r‘f/w/omymm cnya/ef A dayu

Kl

A cem’e//zw//f T changes /n e,

Yesultinp Jn CAorpls Jn pur vd/x}a
'map}g«i; anol m;;!eg mo(ém»d//aw,

The most difficult computational task is inverting the
Jacobian matrix

inverting a full matrix is an order N° operation, meaning the
amount of computation increases with the cube of the size
this amount of computation can be decreased substantially
by recognizing that since the Yy is a sparse matrix, the
Jacobian is also a sparse matrix
using sparse matrix methods results in a computational
order of about N'.
this is a substantial savings when solving systems with tens
of thousands of buses
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EXAMPLE 6.16 _Sparsity in a 37-bus system

To see a visualization of the sparsity of the power-flow Ybus and Jacobian
matrices in a 37-bus system, open PowerWorld Simulator case Example 6_13.

t
r Youst 37437 = /347 entries, m{; 100 monser—

16

Since most of the time in the Newton-Raphson

iteration is spend calculating the inverse of the

Jacobian, one way to speed up the iterations is to

only calculate/inverse the Jacobian occasionally
known as the “Dishonest” Newton-Raphson

- an extreme example is to only calculate the Jacobian for
the first iteration

Honest: XU =xO gy e x™)
Dishonest: x*" =x™ - J(x©)'f(x™)
Both require Hf x™)

‘ < ¢ for a solution

17

17

Use the Dishonest Newton-Raphson to solve

f(x) = x2-2=0
A = | ) o
ol el INACOR!

a = L e

o) _ |1 N2

18
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oy _ |1 (N2

Guess x¥ =1. Iteratively solving we get

v x"(honest)  x")(dishonest)

0 1 1

1 1.5 1.5

2 1.41667 1.375

3 1.41422 1.429

4 1.41422 1.408 19
19

The completely Dishonest Newton-Raphson is not
used for power flow analysis. However, several
approximations of the Jacobian matrix are used.

One common method is the Decoupled Power Flow.
In this approach approximations are used to
decouple the real and reactive power equations.

General form of the power flow problem

™ ap
0 oVl [ A0 | [apx™
o { }:[ * =)

@(V) Q(V) A‘V‘(V) AQ(X(V))
o0 oV
where

Pz(x(v)) +Fpy— g
APx™) = :

P,(x")+ Py, — Py,

21
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v) v)
P Q
oV o0
are small. Therefore we approximate them as zero:

ap®)
w T ] Tarat))
— = =1(X
0 a&(") A ‘V‘(V) AQ(X(V))
oV
Then the problem can be decoupled

-1 -1
v 6P(V) v v a 1\ v
Ae”:{ae } AP(x™) AV“:{GS AQ(x"™)
22

Usually the off-diagonal matrices,

Justification for Jacobian approximations:

1. Usuallyr < x, therefore <

Gy

2. Usually 6, is small so sin6; ~0

B

Therefore
J
a : .
ﬁQl = —Vi|7,|(G;cos; + Bysing;) ~ 0

J

By continuing with our Jacobian approximations we
can actually obtain a reasonable approximation that is
independent of the voltage magnitudes/angles.

The Jacobian need only be built/inverted once.

This approach is known as the fast decoupled power
flow (FDPF)

FDPF uses the same mismatch equations as standard
power flow so it should have same solution

The FDPF is widely used, particularly when we only
need an approximate solution such as in contingency
analysis 2




The FDPF makes the following approximations:

L |Gyl=0

2l =1
3. sing;=0 cosf, =1
Then

™) »)
AV =B! AP(x'™) A‘V‘(v) -B! AQ(x'")
v®» v»
Where B is just the imaginary part of the Y, ,, =G + /B,

except the slack bus row/column are omitted

Use the FDPF to solve the following three bus system

Line Z = j0.07
One — Two
n
200 MW
100 MVR
Line Z = j0.05 Line Z = j0.1)
Three 1.000 pu -343 143 20

\T/mmw Y, =j| 143 —243 10
100 MVR 20 10 =30

10/18/2022

343 143 20
Y, =j| 143 243 10 | 5B =
20 10 -30
gl [00477 —0.0159}
1 -0.0159 —0.0389

Iteratively solve, starting with an initial voltage guess

0,
0

0,
0

:|(0)
}(1)

3

Hil

-1

—0.0477
-0.0159

—-0.0159
-0.0389

]
H

-243 10
10 =30

[-0.1272
~1-0.1091




v, 1" L[F00477 ~0.015971] _[[0.9364
Wi, L1 [-0.0159 -0.0389][1] |0.9455
AR(x ) _

n P, —P-
=Y V,|(Gy cos 0y + By, sin 0 ) + LGt
v, Zi‘ (G cos Oy + By sin ) + Vi

6,17 _[-01272] [-0.0477 -0.0159770.151]_[-0.1361
6, |-0.1091] | -0.0159 —0.0389]|0.107| | -0.1156
v, 1?  [0.924
P, 0936

Actual solution: 0 = [

~0.1384 [0.9224
—0.1171 109338

28

28

+ The “DC” power flow makes the most severe
approximations:

- completely ignore reactive power, assume all the voltages
are always 1.0 per unit, ignore line conductance
- This makes the power flow a linear set of equations,
which can be solved directly

0=B'P

- The advantage is it is fast, and it has a guaranteed
solution. The disadvantage is the degree of
approximation. However, it is used sometimes.

29

29

DC POWER FLOW EXAMPLE

Exanple: 6.7

FIGURE 6.2 . 2
[ 4 800 MVA
345/16 kv
3

Single-line diagram for &
Example 69 ()} %
400 MVA AYy

15KV

520 MW

i A 800 MVA
= o O 15KV
400 MVA
15/345 kv

30

30
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DC POWER FLOW EXAMPLE

3.73 - j49.72 73 + 149.72
2.68 - 2846 -0.89 +9.92 -1.79 +119.84
7.46 -199.44 |-7.46 + j99.44
Four ) -0.89 +9.92 |-7.46 +j99.44 [11.92 - 147.96/-3.57 + j39.68 | |
Five -3.73 +§49.72 |-1.79 + j19.84 -3.57 +j39.68 [9.00 - j108.58 | |

olawin|e
=
g
g
g

_searh Now. O

31
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DC POWER FLOW EXAMPLE

EXAMPLE 6.17

Determine the de power-flow solution for the five bus system from Example 6.9.

SOLUTION With bus 1 as the system slack, the B matrix and P vector for
this system are

=30 0 10 20 -8.0
0 -100 100 0 44
B=l1o w00 -150 40 | P=| o
20 0 40 110 0
~0.3263 ~18.70
0.0091 05214
=-B'P= ians =
0=—-B"'P —0.0349 radians —2.000 degrees
~0.0720 —4.125

To view this example in PowerWorld Simulator open case Example 6_17
which has this example solved using the DC power flow (see Figure 6.14). To
view the DC power flow options select Options, Simulator Options to show
the PowerWorld Simulator Options dialog. Then select the Power Flow
Solution category, and the DC Options page. 32

32

POWER FLOW 5 BuUS EXAMPLE

one @B Five Four @) Three
520 MW
.)|)§ o
1.000 pu 1.000 pu pu 80 MW
0.000Deg  -4.125 Deg 1.997 Deg 0 Mvar
1.000 pu
0524 Deg

1.000 pu
-18.695 Deg

Two

800 MW
0 Mvar

33

33
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/1. Infesrafion of Renewable Enersy

Rereweble Energy Sourcea:

Wind energy
Solar energs
Georkermal eneryy

Alyebo eneryz—
/3io energg-

7;//,24/ Wind Torbine Generatr ( W76G)
/n3 M,  BeoV

Voltagel St wpp To 34.S RV, Hon To over/RRV
. j/;( ;’vf;n[' ofl‘n?‘e;mnecﬁ‘m (POID:

FIGURE 6.15 POl or
2. Connection
Wind power plant -,
llector system 0t &% Collector System
Station

<o
topology [14) (Figure 1
from W] ind
Generation Modeling
Group, “WECC Wind
Power Plant Power Flow
Model Guide,” WECC,
May 2008, p. 2)

Interconnection
Transmission Line

Individual WTGs.

Feeders and Laterals
(overhead and/or underground)

36
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Wind Vane|

" Based on characteristics of grid interface
» Type 1 - conventional induction generator

» Type 2 —wound rotor induction generator with
variable rotor resistance

+ Type 3 — doubly-fed induction generator

» Type 4 — full converter interface

Type 1 Type 2 Type 3 Type 4

Plant
Feeders

= | .
i
enerator ¥
= .- e F -
0 . [ —
X capaiors E = cpaciors

asheatlos . «—

pirial pover

genemtor [
L] senemor |

full power

38

i Equivalent feeder impedance
e " an shunt admittence Equivalent machine (generic model) with

appropriate VAR range, depending on dispatch,

/ assuming fixed wind speed

Equivalent low-voltage

\f shunt compensation, if any

7

POL

Equivalent pad-
mounted fransformer

‘\ Explicit plant-level shunt

compensation, if any

A single-machine equivalent model should System
be good for general-purpose studies of

regional and local interest. oI

A

A multiple-machine equivalent model may
be needed for detailed studies of local

interest. I

39
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- Simplification of aerodynamic characteristics

< The mechanical power (Pmech) applied to the generator is a function
of the performance factor (Cp)

Pmech = " x (air density) x (swept area) x Cp x (wind speed)®

< Cpis a function of blade pitch and tip-speed ratio (or just rotor
speed, if wind speed is assumed constant)

< During a typical dynamic simulation, blade pitch and tip speed ratio
vary, thus Cp and Pmech will also vary

< Cpis modeled using a look-up table or Cp matrix specific to each
WTG provided by the manufacturer usually on a confidentiality basis

< Example

< Typical Cp curve (left) for a fixed-speed WTG (Type 1). The dashed
magenta line shows operating points that correspond to the
steady-state power curve (right)

< Can a simplified model that captures the important performance
characteristics of this type of WTG?

Pitch AngleTrajectory for
Increasing Wind Speed

o s 10 15 Y 2
Pich Ancle () Steady Wind Speed (m/s)
i-Speed Rato 1)

41
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