STEADY STATES(LOAD FLOW) CALCULATIONS

IN POWER SYSTEMS - Current loads
Simple DC line(LV, MV)

Double-wire circuit. Assumption: constant cross-section and resistivity.

Single loads supplied from one side

Standard distribution lines.
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a) addition method
It adds voltage drops along the power line sections.
(Voltage drops are always in both conductors in the section.)

kih section

Uy —Ue =AUy = 2%(11( - l(k—l))' T (V5 Qm, m’, m, A)

Current in ki section

Lo = 2.1,
y=k

Maximum voltage drop

n

AU, = ZAU(k—l)k = 2% (lk _l(k—l))' Iy
k=1

k=1 y=k



b) superposition method
It adds voltage drops for individual discrete loads:

AU, =22 311,
S

LI ... current moments to the feeder

Relative voltage drop:

AU
=== (5V,V
0, )

n

Note. Losses must be calculated only by means of the addition method!

AP(k—l)k = 2%(11( — l(k—l)). I(zk—l)k (W, Qm, m2 , 1M, A)

€

n

AP — Z AP(k—l)k

k=1



Single loads supplied from both sides — the same feeders voltages

UA U :U‘

I

T T
L L

—
T,

W

—

e Ring grid, higher reliability of supply.

e Two one-feeder lines after a fault. More often also in standard
operation mode.

e Calculation of current distribution and voltage drops.



Consider Ig as a negative load:
AU, =U,-U,=0=22%"11, 2211,
S o S

Hence (moment theorem)

Z lka
IB — kzll
Analogous (current moments to other feeder)

n

Z(l_lk )Ik

k=1

I, =

Of course



Current distribution identifies the place with the biggest voltage drop = the
place with feeder division — split-up into two one-feeder lines.

I""\I/ k+1 n Iy

T

l k—]

l{k-ILk -

IIc,{k+l}

Single loads supplied from both sides — different feeders voltages

Two different sources, meshed grid.




Superposition:
1) Current distribution with the same voltages.
2) Different voltages and zero loads — balancing current

I :UA_UB

2Py
S A B
3) Sum of the solutions 1+2

Further calculation 1s the same.

Or directly:
U.—-U —2E§n:11 2Py
A B — k~k B
= S




AC - 3 phase power linesLV, MV

Series parameters are applied, for LV X—0.

3 phase power line MV, 1 load at the end

Symmetrical load — 1 phase diagram, operational parameters.

M M M M
=1 R X L=1
o——b— Y'Y YL & o

AN Y
Up Up =Up
8 8

Complex voltage drop
IND

Afjph — Z1i — (R T jX)(Ire + inm) CAP
AU, =RI_+XI_ +j(XI FRI_) D
ph re — im T J re im CAP

magnitude  phase



Phasor diagram (input Upn2, I, ¢2)
(angle v usually small, up to 3°)

Imagin. part neglecting and modifications X1
_R3U, . £X3U, L, RP+XQ

ph"re ph~im

30U, 3U,,

AU,

Percentage voltage drop
AU,  RP£XQ RPxXQ

E =
U, 30, U’

3 phase active power losses
AS=3AU, I'=3Z1-1"=321 =
=3(R + jX)I” =3RI* + j3XT°
AP =3RI’ =3R(IZ+I’.) (W;Q,A)

I Even the reactive current (power) causes active power losses!
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3 phase MV power line supplied from one side

Constant series impedance

N

Z, =R, +jX, (Q/km)

] 2 k-1 k k+l n

A —-———— = -
AR AR AR A

M ey A A M M

[l [2 II~:-] Ik ]k+] In
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Voltage drop at the end (needn’t be the highest one, it depends on load
character)

e addition phA — ~

After imaginary part neglecting (addition)

n n IND
U, =R Z( Ly ) erek 29 l(k_w).y:klimk CAP
) R Z( ) y; I X “ (lk _l(k—l))'y:ka IND
A‘[JphAn o
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Voltage drop up to the point X (not end)

X n

e superposition AUpax =2, kzz; Ll +2 L k:X+IIk
X n

e addition AUpax =2, ; (lk B l(k—l))' - Iy
n -

Ua f}H::i}A
1 .
A ; 1 2 k-1 k  k+l n I,
A A A% M M A W A
L L, I I 1
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Calculation as for DC line (feeder 1s a negative load, zero voltage drop).
AU .y =0=2 > 11 -2 11y
k=1

Moment theorems

n

Zlkik A (1_1k )ik . . n_
:k=1— :k=1 IA +IB: I

1 A 1 y=I

(In principle it 1s the current divider for each load.)

I,

Active and reactive current sign change could be in different nodes —
maximum voltage drop should be checked in all grid points.
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X X
e addition AUphAX - Zh Z(Ik _1(k—1))' I(k—l)k = le Zl(k—l)k 'I<k—1>k

k=1 k=1
AUphBX — le (l(k+1) -1, ) I(k+1)k — le 1(k+1)k 'I(k+1)k
k=X k=X
A VAN AN
[JA, [JBzz-[JA
1 I 1 .
A 12 k1l "k Ykt on
AN VAN A A
L I Iy Ik Ik+1 Iy -Ip
¥ ‘ Lic-1)k | ‘
| < =1
I
]
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Meshed grids MV

Bus voltage method

Grid with nnodes. Set series branch parameters ka , load currents (bus

currents) Ik , min. 1 bus voltage Uphk (between the bus and the ground).

-15 -



Calculation with series admittances

A A 1
Ykm Z m .
R, +3)X
Node k
IL+>1 +1,=0
Mk
I, Upth

Branches k, m
Ikm — (Uphk B Uphm )Ykm
After modifications:

ik — _Z (ﬁphk fjphm )Ykm - fjphk




( )
I, = _Uphk Z Yim + Yo [+ Z UphmYk
m=1

\m:k ) m;k

Admittance matrix parameters definition:
Bus self-admittance (diagonal clement)

(k k) Z Ykm
m;tk

Between buses admittance (non-diagonal element)

Y = Yo = Yim fOrmz#k

(k,m)
(for non-connected buses Y(k,m) = O)

Hence
a¥ n a¥ VaN
= Z YiemU
m=1

-17 -



Matrix f(A)rm o
(i)= (X0,

Set voltages at buses 1 to k (x), currents at buses k+1 to n (y)

[E%; ]Z[&‘)z Eﬂ[ giiij

Hence

)= 0 )+ (2, 00,,)
1,)= (%, ) (0, )+ (%, 00,,)

Calculate (I (Uphy)

)
(O )= 00, )0, )-8, ) (2, ) (0,

- 18-



If some nodes are connected to the ground (through an admittance), then
the admittance matrix 1s regular — to set all nodal current 1s enough.

(0)= ()"0
Note 1: Stmilar for DC grid.

(1)=(G)U)

Note 2: For power engineering — powers are set, currents are calculated
from the powers.

I:[ﬁj

Results are not precise 1f nominal voltages are used — 1iteration methods.

-19-



Newton-Raphson method

- the most often method for non-linear equations

- it uses Taylor polynomial

- it converts non-linear equations solution to linear equations solution,
gradually higher precision of the estimation

Basic idea

f(x) = c

If x© is the initial estimation and Ax“ is the difference from the right
solution, then

fx” +AxP) =c

-20 -



Taylor series

(k)
( df (Xo )j
::ji dx (
Y= K
Expansion to the Taylor series
(0) 2-\©
f(x“”)+(£j AxY + : (d fj (Ax) +...=c
dx 21\ dx’
Higher orders neglecting (linearization)

0)
Ac® = (ﬁj Ax®

dx

f(x)

X-XOY

where
Ac? =c—f(x?)
1s called “defect”.

221 -



Adding Ax¥ to the initial estimation gives the second approximation
Ac¥

df (0)
a

(Note: impossible 1f the derivative equals zero)

O = 5O

The same relations in the next steps give the method algorithm:
Ac® =c—f(x©)

Ac®

df (k)
(dxj
x D — ) 4 A5 )

AC(k+1) —Cc— f(X(k+1))

Ax® =

-2



The system of n equations with n unknowns

f,(X,,X,,5ee0, X, ) =C,

£,(X,,X,,...,X, ) =C,

f (X,X5,..,X,)=C_

Expansion to the Taylor series

0) 0)
() + [gf j Ax +(_8f1 j AxY +...+( of, j AxY =c,
|

X 0X,

©) ©) ©
(f,)® +(§ij Ax;” +(ai] Ax} ++(aij Axy =c,

X, 0x,
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of

oX,

(f,)" +[

Matrix expression

C _(fl(O)) \
C, — (fz(O))

e, —(f,")

in short

of

P
(=] |
5 |
=

(0
|
(0

of of

ox,

(AC(O)): (J«)) ) (AX(O))

n

X5

o,
0X,
of,

o,

n

0X,

J(O)
j(O)

j(o)

-4 -

of

X

n

(0)
j AxY +...+[
0

n

0)
j AX

[ Ax §0) \

(0)
| Ax,

L AX (0)

O _ &

n



Hence
(AX(O) ) _ (J(m )—1 , (AC(O))

The method algorithm:

/CI —(f1(k)) )

(Ac(k) ): C, —~ (fz(k))

L, —(£,"))
(AX(k) ) _ (J(k> )—1 , ( AC“‘))

(X(k“) ) _ (X(k) ) n ( AX® )

_25-



/Cl _(fl(kﬂ)) \ fofk)\
s D (a2
where '
(e = ("), (A%,
(ot \® (of, \* Cof |
L9x, 4 k L9X, k (0%,
(J(k)): /%\() (ai\() o, \®
L 0X, L 0X, ) | 0X,
[af; ]ao [af; jao (af; jao
L9x, 0x, ax, ) )

(J®) — Jakobi matrix, regularity assumption
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L. oad Flow solution

U-I equations system can be extended to voltage-power dependence

_27 -



\Sn/

0

0
0

oowcﬁoo

- powers defined — nonlinearity

Aim: to calculate P, Q, U, 0 in buses and branches
Note: Assumption of symmetrical system and its loading — single phase

models.

_28 -
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Bus types

Bus power Bus voltage phasor components
defined | to be calculated | defined to be calculated
- P,Q U, o -~
P, Q - - U,d
P Q U o
Q P %) U

slack (swing bus) — ,,balance bus*, balance P, Q for losses, as a huge

system, large generation

PQ — loads
PU — generators, controlled voltage

Quantities
- fixed — requirements (P, Q for loads; P for generators)

- state — independent variables (U, o for loads; o for generators)
- control — here no changes (U for slack and generators), they change in

optimization procedures
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Calculations 1n relative values

Denominated values
S=30,I"=V30I" U,=21 (=437

Base values
Sb = \/gfjbi;

b ~ A * Ak
V3l NE| = >
V30,
Relative values
§-S, =4/3-0-U,-1"-1; 0-U,=+3-2-2Z,-1-1,
$=1-1' i=2-i

-30 -



Bus current (single phase)

4 \
I, = Uphk Z Yim + Yy [~ Z UphmYkm
m=1 m=1
\mik / m#zk
A n n
i = U Z Yij ~ Z Vil
j=0 =1
J#1 J#1
Bus power
. A I — pl _Jql
P t1q; =U;-4 : ﬁ;k
hence

=
=

p; ;?‘J% =4, ZO Vi — Z Yl

1
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Newton-Raphson Power Flow Solution

S;=U; 2 UjY; = (u) Z (u)

=1 J=1
J#1

Exponential form

A _ . A . _]61 A Je(l,)
S =P +1Q Ui=Uge Yy = Yape
S =U, el ZU '<5j+9(i,j>)
(1, J)
j=1
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Power separated into the real and imaginary part

P. = Z:UUJ (lj)cos(Si—Sj—O(i,j))

Q; Z UiUi Y, sin(8, - 0; = 9<i,j))
— 2 equatlons for each PQ bus, 1 equation for each PU bus

The power changes are expressed (linearization)

Aﬁi—Z 95, A8, + 95, AU,
9%, U,

oP
AP =S| 2 S 08+ AU

AQ, ZEBQIAS anAUj

ouU

-33-



/APz(k) )

AP
AQYY

(k)
\AQ,"

[ ai(k)
25,

9p
25,

E)() (k)
2
38,

aQ: (k)

05,

Complete equation description

op,
2
0

n

op,
08

E)() (k)
2
00

n

-34 -

3P2 (k)

0Q," |

( AS A

AS™
AUY?

(k)
AU



More compact equations form

(0P  oP
AP _ 30 JU A0
AQ) |9Q dQ | AU
L 90 JU )/
(0P  OP)
(1)=| 98 U |_ URIRS:

d0Q dQ | (J, 7,
L35 oU

Equations number for n buses, S slacks, mPU buses, p PQ buses (n=s + m

+p):
AP x (n-s), AQ x (n-s-m)
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P. = Z‘ UU Y, cos(?Si — 5j -0, )
pu

oP. & .
%. = JZ:; U.U. Y, s1n(— 0, + Sj + O(i,j))
J#1

dP. .

o5 =U,U. Y, s1n(f3i —Bj —O(i’j)) P#i
J

oP, ( .

U 2U;Y ;5 coslO; )+ Z U Y, cos(Si — Sj -0, )
i =1

ji

oP,

U =UYq COS(Si —0;— e(i,p) j#£i
J
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Q=) U,

U.Y, sm(f)i -9, —O(i,j))

j L))

0Q.
3. = JZZI:UIUJY(1 : cos(8 -5,-6, J))
J#1
aQ,
asj _UIUJY(l J) 008(81 o Sj _ e(i,j)) J + 1
0
88. _2U1Y(1 1) Sm( (1 1) )+ ZUJ (1,]) s1n(Si o Sj o e(i,j))
J;tl
Q
U =U.Y,; sm(?Si —0;— e(i’j)) i
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Iterative solution 1dea

()
ol
2o
(L1

-38 -



HV lines

No load points.

Open-circuit

[,=0
ﬁpth = ﬁphz cosh ¥l

. u., . .
Ilozzp sinh 41

\%

For ideal line

U 1o = Uy, €08 Bl

N

-[Jph2
Z

A%

Lo=1]

sin [31

It is valid Ypmio = U — Ferranti effect
Line character is like capacity.
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Short-circuit
U,,=0
U, =Z,1,sinhql
I, =1, cosh#l

For 1deal line

N

U, = iZ 1, sin Pl

I, =1, cosPl
Voltage decreases from the beginning to the end.
Line character 1s like inductance.

- 40 -



Example:
line 1 x 400 kV with two ground wires
phase conductor: 3xACSR 450/52, ground wire: ACSR 185/31, 1= 300 km

R, =0,021Q/km; X, =0,293 Q/km; G, =2-10" S/km; B, =3,9-10° S/km

R K R K R R A S YK SRR

_4] -



Voltage level (U2 =400 kV)

U1(kV)
600 1

550+
— cos @2 = 0,8 ind
500+ )
— cos @2 =09 ind
— cos 2 =1

450 ¢
cos @2 = 0,9 kap

400+

P2(MW)

200 400 600 800 1000

Ui < Ux: Ferranti effect
Ui ~ Uy for S, area and cos ¢ = 1
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Transmission power factor

COsS P, = —

cos @1(-)

1.0

0.8

0.6

04

increase CAP, decrease IND

— |

T ——

\

cos ¢2 = 0,8 ind
cos @2 =0,9ind
cos @2 =1

cos @2 = 0,9 kap

200 400 600 800 1000

P2(MW)

open-circuit — line 1s like capacitive load

higher power — line ,,self-compensation®
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Line reactive power

Qved(MVAr)

400! — cos @2 = 0,8 ind

— cos @2 =09 ind
— cos @2 =1

200+
cos @2 = 0,9 kap

P2(MW)

—200F
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Line losses
= open-circuit ~ U? + load ~ I°

AP(MW)

60

50}

40+ — cos @2 = 0,8 ind
— cos @2 =09 ind

30}
— cos 2 =1

20} cos ¢2 = 0,9 kap

10+

: : : : —  P2(MW)
200 400 600 800 1000
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AP(MW)

144

12+

10 |

08 r

06 f

04 r

02+

cos @2 =0,8ind
cos @2 = 0,9 ind
s @2 =1

cos @2 = 0,9 kap

- 46 -
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Transmission efficiency

0.98

— cos @2 =08 ind
0.96
— cos @2 =0,9ind
0.94 — cos @2 =1

cos @2 = 0,9 kap

0.92

| - - - - —  P2(MW)
0 200 400 600 800 1000

maximum for low powers
for higher powers a flat curve
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