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= Review: Loadflow calculation
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ower systems
Power Balance eeh:;::

= Voltage Magnitude U,

= Voltage Angle 6,
= Net Active Power P (Sum of total generation and loads)
= Net Reactive Power  Q (Sum of total generation and loads)

5
Sk — Ek ‘ Ik = Ek '(kam ) Em)
m=1

E, =U, e

Ykm = ka + jBkm

. 5 .
S, =U, gl '(Z(ka — 1Bm)- U, T
T m=1
5
P, =real(S,)=U, -(ZUm (G, cos(8, —_)+B,_sin(g, —6,))
T m=1

Q = imag(i) =U, -(iUm (G, sin(6, —6,)—B,, cos(6, —6.))
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Bus Types eeh::

(P, Q,,1 0, 7))

s o
P ] ,U ) TRAFO-1-2
(R ) (rosz (P, 0, Uy, )
NV &
|
PV Node PV Node
3 s PQ Node
o= R
<
NODE4
110 kV
L
— o (PLQLUL)
"I—J PQ Node
Slack Node
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. ower systems
Loadflow formulation eeh,’;’,bo,atofy

Equations Unknown

P =PU;... Uy, 6,6y U,.6

PQ Node >
PV Node ——> | R=PU,...U,.0...6,) 0,
Slack Node :{> no equations needed none

= Wehave 2N, + N, unknowns and equations

!
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Solution of Loadflow equations

eeh

power systems
laboratory

P, -P(U,"
Ql - Q(U1V

Large scale, nonlinear, algebraic equation system

LU0

LU, 6)
U8,

LU0

Analytically not solvable

Solution with numerical methods

——>

f(x)=0

'ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich



Contents eeh::
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. . ower systems
One dimensional case eeh:::

F(x)

\4

ETH
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. . ower systems
One dimensional case eeh:::

gl(x) = f (Xo) + (X_ Xo) f '(Xo)

\4

f(X)

!
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e e h power systems
laboratory

One dimensional case

gl(x) = f (Xo) + (X_ Xo) f '(Xo)

9, (%) = (%) + (X%, — %) f'(%) =0
AX = (Xl - Xo)
f(x,)+Ax-f'(x,)=0

f'(XO)
()
X, = AX+ X,

AX =

\4

f(X)
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. . ower systems
One dimensional case eeh:::

gz(x) = f (Xl) + (X_ Xl) f ’(X1)

\4

f(X)

'
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One dimensional case

e e h power systems
laboratory

9,(%) = £ () +(x=x) F'(x)
g,(%,) = () +(x,—x) f'(x)=0
AX = (X, = %)
f(x)+Ax-f'(x)=0

e F00)
f (%)

f(X)

\4

X, = AX+ X

'
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. . ower systems
One dimensional case eeh:::

f(x)=0

\4

f(X)

ETH
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power systems

Newton Raphson Methode (one dimensional) eeh:::;

= Set k=0 , choose X, A

= _ while 1T (x)|>e

= Calculate Ax, with
F(x)- A%, == (x)

linear algebraic equation system

A-x=Db

f(x)=0

v

f(x)

= calculate X, =X +AX,

=  Set k=k+1
" set Xlésung = Xk
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. . . ower systems
Multi dimesional case eeh,’;’,bo,atofy

R oR R P, |
o6, T o6, oV, T oV,
[AG, P -PUS.LUK 050 ]
P, oP, P, P, || -
| o6 T a6, v, T vy |[AG,| | PR -PU/)...U,.6"....8,")
Q0 Q Q|| AV Q-QU, .Uy, 0, 6,5
00, 06, oV, EA
_AVN_ _QN _Q(Ulk ______ UNk’glk ...... gNk)_
aQN aQN aQN 8QN AXk f (Xk)
06, T 06, oV, = oV,
J(x*)

A-X _ b

= Efficient solution of A-Xx=Db
as it is solved at each iteration.

= Characteristics of A ?

!
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= Sparse Matrices
Characteristics
Storage Methods

eeh

power systems
laboratory
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Characteristics of A eeh::s

= Matrices with large dimensions
(e.g. 1000 x 1000)

= Not dense matrices, they are sparse
with only a few non-zero elements (NZ)

= Degree of sparsity 0.3 — 0.4 % ()

Number of NZ

(1) =

Number of rows x Number of columns
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. power systems
Storage of Sparse matrices eehlaboratory

= | et us assume we have an A-Matrix with dimension
(1000 x 1000) and degree of sparsity 0.4%

= With normal storage methods, we would need to store 1 000
000 elemets, although we have only 4000 non-zero
elements in our A matrix.

= Storage of only nonzero elements.

10 0 0 0 -2 0
3 9 0 0 0 3
0 0 8 0 2 0
A=
3 0 0 7 5 0
0 1 0 0 9 13
0 0 6 0 0 -1

!
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Straight forward method

R1
R2
R3
R4
RS
R6

Cl C2
(10 0
3 9
0 O
3 0
0 1
0 O

C3 C4 C5 Co

O O O 0 O O

0

O O N O O

-2 0]
0 3
2 0
5 0
9 13
0 -1

*Total memory neede (3 x NNZ) =3 x 15 =45
*Disadvantage, finding a specific entry A(3,3)=?

eeh

power systems
laboratory
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Compressed Row Storage

R1
R2
R3
R4
RS
R6

Cl C2
(10 0
3 9
0 O
3 0
0 1
0 O

*Less memory needed ( 37)
*Advantages in finding specific element with RP -> z.B A(3,3)="

C3 C4 C5 Co

-2 0]
0 3
2 0
5 0
9 13
0 -1

eeh

power systems
laboratory

!
Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

21



power systems
Compressed Column Storage eeh:::

Cl C2 C3 C4 C5 C6

RL [10 0 0 0 -2 0]
R2 |3 9 0 0 0 3
R3 [0 0 8 0 2 0
R4 [3 0 0 7 5 0
RS [0 1 0 0 9 13
R6 |0 0 6 0 0 -1]

*Same as Compressed Row Storage
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= Solution of large scale linear Algebraic Equations
Gauss Method
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power systems

Solution of linear algebraic equation systems eeh:::

linear algebraic equation systems
A-x=Db

= Direct methods

calculation of the inverse of
A-x=Db
A'-A-x=A"-b 2(n+1)! multiplications needed
x=A"-b

Gauss method
A-Xx=b —=> R-x=0b' ——> back substitution

= |ndirect (iterativ) Methods
Relaxations Method
Conjugate Gradient Method

!
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ower systems
Gauss Elimination und Back Substitution eeh/;’,bo,atofy

X, +3X, +1%; =3
6X, +2X%;, =1
3%, +4X, +1x; =4

HEN

A OO W

[
D W
[ER

3
0 1] 5/6
0 5 2 |-5 1

13 1 3
0 6 2 1 |
0 0 -1/3 | -25/6 Triangular form

R x-br

[ 1
o =
o O W
AR
= N B
w
I —|
| |
w><m><;—?<
| I— |
I
1
|
N
g W
~
»
| I— |
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power systems

L DR Factorization and Back Substitution eeh:aboratory

R
D

L

A=L-D-R

A-x=b c—) L-(D-R-x)=b =) D-R-x=0 T—> R-x=v

0] | 24

A-x=b —> L-o=b —> Dwv=w oC—> R-x=v

!
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. . . power systems
LDR-Matrix factorisation eeh:::

8, 8,
A =la, a, a,|=L-D-R

a31 a32 a33
1 0 0)(d, O O0)(1 r, nr,

= 1|, 1 00 d, O[]0 1 r,
l,, I, 1){0 O dj;/\0 0 1
dll d11r12 d11r13

= |21d11 |21d11 r12 +d 22 |21d11r13 +d 22 r23
II:’ldll I31dllr;L2 + I32dZZ II>’1dllr13 +|32d22 r23 +d33

Run Matlab Example

!
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LDR-Matrix factorisation eeh:;: -

dll dllr;I.Z d11rZI.3
I21dllr12 +d22 I21dllril.3 +d22 r23

I31dllr12 +I32d22 |31d11n.3+|32d22 r23 +d33

1. Setk=1

2. choose a,

3. a (alt)a _(alt)
aij(neu) — aij (alt) "k kj

Y1, | i>k , >k _
2, @ S LI JFill ins“ (NNE)

5. (alt)

(neu) __ K 2
a; = o Vj >k
kk

6. set k=k+1 und go to step 2

!
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. power systems
Anzahl der gesamten Operationen eeh:::;

" LDR — factorisation o
= Back substitution Jo

(a, a, ag| (d, r, rg
A= Ay 8y Ay = I21 d22 I =Q

a?;l a32 a33 |31 |32 d33

o =
=1
S =NNE von Q

((NNE in Spalte i unter qii+l) x (NNE in Zeile i rects von qii))

I ™MZ

= Number of Non-zero elemnts play a significant role in te
total number of needed operations

!
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. @ . . . power systems
Effect of node ordering on “Fill Ins eeh:::;

Does the node ordering play a role in the number of new non-zero elements

1 2 3 4 5 Degree 3
1 4
2 1
3 1
4 1 4 5
1
5 1
(alt) 5 (alt)
aij(neu) — aij(alt) _% Vi, | i>k , j>k
a
kk 2
Degree = Number of connected nodes
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. ower systems
Node ordering eeh:::

Does the node ordering play a role in the number of new non-zero elements

1 2 3 4 5 Degree

. 4

2 1

; 1

4 1

: 1

@alt), (alt)
aij<“eU):aij(a">_% Viij isk . j>k
kk

(alt)
& &
(neu) __ (alt) 21 3
Ay =ay -

Degree = Number of connected nodes

ETH
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. ower systems
Node ordering eeh:::

Does the node ordering play a role in the number of new non-zero elements

1 2 3 4 5 Degree

3
1
1
1
1 4 - o1
4 )
Vi,j ik , j>k
a (alt) (alt) 2
a23(neu) — a‘23(:;1It) P a|13
alt
a11( )
Degree = Number of connected nodes
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Optimal node ordering

e e h power systems
laboratory

1 2 3 4 5 6 7 8 9 10 Degree
3

© 00 N o 0o b~ W N P

[N
o

Wk [wo|IN|O|M~[OTW

W e

Tinney Schema 0

Calculate the degree of each node

Choose the node with the minimum degree.

If draw, choose the one with the lower node ID
Go to step 2

P [6]t]2[8JW0]4[S[5]7

+ Easy to implement

- New constellation not considered

Matlab Example

!
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Step -1

v

eeh

ID Degree
9 1
6 2
1 3
2 3
8 3
10 3
4 4
3 5
5 5
7 6

power systems
laboratory

ETH
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Step - 2 eeh::s

3
4 ID Degree

10 6 2

1 3

2 3

8 3

10 3

4 4

1 3 5
5 5

7 5

2

ETH
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Step - 3

7

w

10

eeh

ID Degree
1 3

2 3

8 3
10 3

4 4

5 4

7 4

3 5

MR NN ENN.

power systems
laboratory

ETH
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Step - 4 eeh::s

ID Degree

10 3

wloo|~N|a|s [
SIES ENEYENEN

MR

ETH
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Step - 5 eeh::s

ID Degree

WIN [0 |IN]|O1
(621 ) [ I - SN N

MR

ETH
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Optimal node ordering

e e h power systems
laboratory

1 2 3 4 5 6 7 8 9 10 Degree
3

© 00 N o 0o b~ W N P

[N
o

Wk [wo|IN|O|M~[OTW

hwnhPE

o1

Tinney Schema 1

Calculate the degree of each node
Choose the node with the minimum degree,
If draw, choose the one with the lower node ID

Remove it and Calculate the degree of each
node.

Goto Step 1

o6 104 ]2]3[5]7]8

+ Also easy tomimplemet

- Considers new constellation, but not the number of ,Fill ins”

Matlab Example
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power systems

Optimale Knotenordnung eeh:aboratory

1 2 3 4 5 6 7 8 9 10 Degree

Tinney Schema 2

1 3

2 3 1. Calculate for each node the number of ,Fill ins”,

s 5 if the node is removed

4

c : 2. Choose the node with the minimum number of

5 > , Fill ins®

7 6 3.  If draw, take the one with the lowest degree

2 i 4.  If again draw, take the one with the lowest node ID

10 3 . Place it into the new node ordering and update matrix

with new ,Fill ins“
6. GotoStepl

|64 ]8]2]t]3]5]7]10

Matlab Example

!
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power systems

Comparison of the node ordering algorithms eeh:::

NNZ NNZ(LDR) | ,Fill-Ins® a ﬂ a _|_ﬂ
Org 44 68 24 134 68 202
Tinney O 44 60 16 110 60 170
Tinney 1 44 56 12 92 56 148
Tinney 2 44 54 10 84 54 138
me Technische Hochschule Ziirich 41
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Summary eeh::

= |Loadflow Calculation — Power balance
P =PU,...U,6....0,)

Q =0QU,...U,.6....6,)
= Solution of nonlinear algebraic equtaion system
Newton Raphson Method
= Solution of large scale sparse linear equation system.
Sparse Matrices
Solution methods for Ax=b

= LDR Factorisation and Back substitution
Node ordering methods
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