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ECL 4340

POWER SYSTEMS

LECTURE 12
POWER FLOWS, GAUSS-SEIDEL ITERATION

[EnY

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

® HW 6is posted. Due October 14, Friday, in
Canvas.

N

When analyzing power systems, we know neither
the complex bus voltages nor the complex current
injections

Rather, we know the complex power being

consumed by the load, and the power being
injected by the generators plus their voltage
magnitudes

Therefore, we can not directly use the Yy,
equations, but rather must use the power balance
equations
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From KCL we know at each bus & in an N bus system
the current injection, /, , must be equal to the current
that flows into the network
N
Iy = g —Ipr= Zlkn
n=l1
Since I =Y,V we also know
N
Iy = Tg—1Ip= ZYann
n=1

The network power injection is then S, =¥, I,
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N N
Sp = Ny = Vk[zyannj =V 2 YV,

n=1 n=1

This is an equation with complex numbers.
Sometimes we would like an equivalent set of real
power equations. These can be derived by defining

Yo = Gyt By = V| £y,

Vi & Wil =l

S = 6 =6,

Recall ¢/’ =coss + jsins 5

]

N N i
Sk = Pk +ij :szYann :z‘VkHVnHYkn‘ejw]m_gkn)

n=1 n=1

N
2Vl [Yen| £ 51 = B

n=l1

Resolving into the real and imaginary parts
N

B = 2 VilWVal Yiulc08(8 = O) = P = P
n=1

N
O = Z‘VkHVnHYkn‘Sin(é‘kn =) = Ocr — Opx
k=1

[e)]




N N .
= B +jO =V 2 Yoy = LVl €%(Gy, = jByy)

n=l1 n=1

Rz
[

N

2VillV, | (cos 8, + jsin 6y, (G, = jBi)
n=1

Resolving into the real and imaginary parts

N
P, = Y ViV, (G, co8 Sy, + By, sindy,) = Py — Py,

n=l1

N
O = 2 WlWl(Gy,sindy, — By, cos6,,) = O — Opy

k=1 7

~

In the power flow we assume we know S, and the
Y,,,- We would like to solve for the V"'s. The problem

is the below equation has no closed-form solution:

*

N N
Sp= Vil = Vk(ZYanknJ =szYann

n=1 n=l1

Rather, we must pursue an iterative approach.

(o)

There are a number of different iterative methods

we can use. We'll consider two: Gauss and Newton.

With the Gauss method we need to rewrite our
equation in an implicit form: x = A(x)

To iterate we first make an initial guess of x, x(o),

and then iteratively solve x*'™" = A(x") until we

find a "fixed point", £, such that * = A(%).
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Example: Solve x- Jx-1=0

Let v = 0 and arbitrarily guess x» =1 and solve

v ) v )

0 1 5 2.61185
1 2 6 2.61612
2 2.41421 7 2.61744
3 2.55538 8 2.61785
4 2.59805 9 2.61798
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A key problem to address is when to stop the

iteration. With the Guass iteration we stop when

‘Ax(v) <& with Ax(") 2 x(#D _ (0

If x is a scalar this is clear, but if x is a vector we

need to generalize the absolute value by using a norm

e

<eg
j

Two common norms are the Euclidean & infinity

n
axl, = A% A, = max;|Ax|
i=1
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We first need to put the equation in the correct form

*

N N
Sk = Vklk = Vk[ZYann] :VkZYann

n=1 n=1

N
Sp = Vil = szYann
n=l1

Sz N N
= DN, = W+ 2 LY,
| n=l sk

1(s, X
Vo= |- X

Ykk[Vk plmek
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A 100 MW, 50 Mvar load is connected to a generator
through a line with z =0.02 + j0.06 p.u. and line
charging of 5 Mvar on each end (100 MVA base).
Also, there is a 25 Mvar capacitor at bus 2. If the
generator voltage is 1.0 p.u., what is V,?

o

T &P\‘De}S‘

Sioa=1.0+j0.5 p.u.
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The unknown is the complex load voltage, V.
To determine V, we need to know the Y.
1 1
z 0.02+0.06
5-j1495 -5+ /15
=5+ j15 5-14.70

= 5-j15

Hence Y, = {

(Note By, = - j15 +/0.05+ j0.25)

v, =t [SZ i Y, V]
27y | ki
Y22 V2 n=l,n#k r
L [0S s s)1.020)
5— /1470~ ¥

£

Guess VZ(O) =1.0£0 (this is known as a flat start)

v v v v

0 1.000 + 0.000 3 0.9622 - j0.0556
1 0.9671- j0.0568 4 0.9622 - j0.0556
2 09624 j0.0553 ,
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V, = 0.9622 - ;j0.0556=0.9638£-3.3°

Once the voltages are known all other values can

be determined, such as the generator powers and the
line flows

Sy =V, (%W +Y,,5) =1.023 - j0.239

In actual units P, =102.3 MW, Q, =23.9 Mvar

The capacitor is supplying ‘Vz‘z 25=23.2 Mvar

[EnY
(e}

In previous example we specified S, and V, and then
solved for S, and V,.

We can not arbitrarily specify S at all buses because
total generation must equal total load + total losses

We also need an angle reference bus.

To solve these problems, we define one bus as the
"slack" bus. This bus has a fixed voltage magnitude
and angle, and a varying real/reactive power
injection.

Bus 2 Bus 1
n 30.2

This Yy, is actually singular!

So we cannot solve.

This means (as you might expect), we cannot
independently specify all the current injections I.
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With multiple bus systems we could calculate

new V, 's as follows:

(i+1) 1| S < (i)
Ve = 5 e Z YV,

P n=ln#i

= nOV0, 7D

But after we've determined Vk(”l) we have a better

estimate of its voltage, so it makes sense to use this
new value. This approach is known as the

Gauss-Seidel iteration.
19

Immediately use the new voltage estimates:
i = 1, 0 0, L)
D = VA 0, yAD)
VI =y, V8D D o |y

p i) (¥, Vz(m) V3(i+1) V4(i+1) Vlg))
n B ) B LRXT)
The Gauss-Seidel works better than the Gauss, and

is actually easier to implement. It is used instead
of Gauss. 20

+ There are three main types of power flow buses

= Load (PQ) at which P/Q are fixed; iteration solves for voltage
magnitude and angle.

= Slack at which the voltage magnitude and angle are fixed;
iteration solves for P/Q injections

= Generator (PV) at which P and |V| are fixed,; iteration solves
for voltage angle and Q injection

Special coding is needed to include PV buses in the
Gauss-Seidel iteration




10/11/2022

Previously in the Gauss-Seidel method we were

calculating each value x as
N NON

To accelerate convergence we can rewrite this as
XD = O gDy D

Now introduce acceleration parameter o
KD = O 4 (D)= xD)

With « =1 this is identical to standard Gauss-Seidel.

Larger values of @ may result in faster convergence.
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Consider the previous example: x - Jx-1=0

X =3 a1+ NEO. xM
Comparison of results with different values of
k a=1 a=12 a=15 a=2
0 1 1 1 1
1 2 2.20 2.5 3
2 2.4142 2.5399 2.6217 2.464
3 2.5554 2.6045 2.6179 2.675
4 2.5981 2.6157 2.6180 2.596
5 2.6118 2.6176 2.6180 2.626
3
23
Advantages
+  Each iteration is relatively fast (computational order is
proportional to number of branches + number of buses in the
system
Relatively easy to program
Disadvantages
Tends to converge relatively slowly, although this can be
improved with acceleration
Has tendency to miss solutions, particularly on large systems
Tends to diverge on cases with negative branch reactances
(common with compensated lines)
Need to program using complex numbers 2
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4. Laoer Flow Froblern
(/) Bus Types*

|

Ae pawoer- f/m /on//a. o to find 4/»!7‘»1% mﬂM
ano(/ﬁare an aT eack bus /n a Balencacl Ao phase
poer S/'/_rfem n )’f'eov/)/ sTale.

TAheye are frwy arichles Jn eack burt

\/,g , e Fas Q&

Froer Injecton-
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THere are Mvee lyper of buses:
/. Swing bus ( slack bus) o (infinife bus): Referente bud .

wirk VLo, Tpielly r.0/0°
Weeds 1o /4‘»( Foond &
. Load bus (PQbw). P and R are S/ecf/“«
Weade € fird Uy and S
5. Viliege contrlled bus ( PVbws) o (Genertorbns).
[z and UV are )7:(7/5"«(
Nete 4o fod Ry ad Ig

6(dr7p/ef Ff PV bust

Gererator , vt ched rhunt capa cifos,
slafic vay J)/Jﬁw;,

UUpper m-(/ﬂ/ Lower fimils o @ jre
armall Yoen !
a5 Qs,,,w«

IF Htaae limill are reacked, rten

K veackve power ot of e unit
a Al ot Ae //‘M«%/ and K puws &
moslled as PR bur (Lol bus).
ﬁ/-cAnn /1'7 z‘mn)faymer: Nleeka %
m)wfe AKe ?ftf J‘n‘/‘/‘yg,

Gomin
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B Nelwok C:ZM”‘S‘

I = 7244: |74
” Z Yo Yo = Yo J[ Vi
I _| G T Yow 23
v Yo To ™ Yol Vg
cunrend jnjection info esck bus'
=

V4
Te = 2= Vu Vo

N
[0}

(D) fader Eguetion:
Fower fn/‘nﬁm 2l eack bus io Ren,

* P
Se=hti@ =4I, Iﬁ.‘,,%rb\'/n
A %
]

~ ) S
TR AR

R LA V2SR A DA A

Herfre,

V4
Pu= Wil Z 1Yo vl eor (4-02-82)

Q= vl :Z; I Wl $in (Sa=da Gan)

&=l,2, 7, N
We oy e 24/ equctions for 4/ 4/,,,~¢//e+

N
o

Alternative Fom: 7;" ) rec/'asza/arﬁm)

Ten= Ga, I Ben

Zen

ir"wm £ 1l [ Gy (52 5.) By, 5 )

W -
Qi = |\/.,|[c7,ms;n(¢;,—:h\)- By, o (9% )

w3

TAese ore I’ﬂyu»//near“.a;mmamr o 2alve.

10



32

@) Nelwok QMM;-

Z = Vo V

- z Yo Yo - Y J[ Vi
[Ir. |t e Yow || Vo
Il L Yoo Yl Vi

&G Lover -Floy Solution by Gauss-Seidel?
% LR bus?

Use #e etk epuntiom,
v

I/ﬁ.*
whik <2 rverulting /m% power njection,

- *
Sp=let) Q= Vo Ty
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@ Ze= & Yo Vo = G Ve 2 YVt T M
Wik 7 cawerd /"n/“ecz‘,‘m & bus K,
&) If,= MA

<

10/11/2022

(3)

. - A= P
) - (1)
lfuv L[ AT T3y %)

A
A nﬂ V‘A(('} P T -n=k~u"""‘J
ews by o~
> olol Serdl Gauss
This canhe 7e/e4f;4 ‘wice Aurivng each /‘/&mjf:{n
ffr;f' it YT e vaplacing itwik V] (@
2 ccelerafion Io/w/ﬁmu{ ‘o gpeed vop #6 coderp

/.

( (, @
V*m)=(l_o() Vk‘) +o“/47:)
7acc [l:)

=Vk

P A 2

7th;§ﬁ/
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Pr= Vel é. 1Yl 1Vl o (5-02-24,)

PR NOES)

A=/, 2,

LW

b PV bust  For a aolblage conlrlled bus
]\/*I e s n‘/iev{, :
/. We fir calculate e corresponeling reacthe.
power WK e power zZumliﬂ\:
&
Qe = 1l £ 10,1 1) 5 (56-5,- )

tufere IV,J) n=l, 2,0 N, are s Lafest
~alues available from #a PR buses.

24
Ra= -1V Te}
- *
Se=Pati@ = Vady
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2 e fRen check for 4 Limil of 4 reack
/0&)(’/ sources

R = Q*Q,, @ <Cq =&

where Q‘A 2 K Locak Hoad commected ot
bus %, ond Qq‘»«l % reactive power go
of #e ndar source ( Gererater, SVC, efe.).

@) ZIF e Lpml 4o nst vislated,
Hen tren (3)

|

|

s

Zo mvyufé
Ve = (4] L3 .
/(ecf ‘”’b %, and Zt/‘nx \QQ(WL})‘%

(W 2P 7% Limil 42 wiolated, Aen
reat aa PR bus, witk #a @y el ©
_Aomil aiolaTed, ie, Qé-_é-_ QQ

Min o max

() fuihg dus? \4/ 5, are S]Ieci](r:eaz_

i
After all PR art PY bus powverflor
calewlafions are converped, _ce |
compule B ond B, at M Lot |
M/ih; A /m)e/.zzmw/fax. ‘

TAere /6/4 )

V%
Fo= il Z 1%l Vil e (Sa-9=4)

PR AN OEESES,

A=l,2, ", N

2 PQ us:

]

400 MVA
15 kV.

/. Swing bust Bus L Heon

Bus 2, 4,5
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Dvput Data

TABLE 6.1 v P6 Q P Q  Qomx Qome
- er s per per per per  per  per
Bus put ‘;]“:asfg; Bus  Type  unit degrees unit unit unit unit  unit  unit
1 Swing 10 o | - - o 9 _ _
2 Load — — 0 0 80 28] — —
3 Comsamt 105 — 52— 08 o4 40 -2
voltage
T Load = = o T 0 o — —
5 Load — — 0 o 0 o — —
* Stase = 100 MVA, Vouse = 15 kV at buses 1, 3, and 345 kV at buses 2, 4, 5
TABLE 6.2 Maximum
e iapat dora R X! <] B MVA
ine ‘“é’:;m;: o5 BustoBus . per unic per unit per unit per unit per unit
24 0,009 0.100 0 172 120
25 0.0045 0.050 0 088 120
4 0.00225 0.025 0 0.44 120

Dvput Datlz

TABLE 6.3 Maximum
B R X Ge B Maximum AP
Transformmr input data per per per per MVA Setting
or Example 6.9 s 15.8us unit wie  unie  unie per unit per unit
1-5 000150 0.02 0 0 60 -
34 0.00075 001 0 0 100 —
TABLE 6.4 Bus Input Data Unknowns
Input data and P, Q
unknowns for Example V2, 02
6.9
3 Q3,03
4 0,Qq Vi, 04
5 Ps=0,Q5=0 . Vs, ds
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R’ X! G’ B’
Bus-to-Bus . per unit per unit per unit per unit

Line 3
345 kV

24 | 0.0000 0,100 ] o 172
2-5 [ \0.0045 0050 | 0.8
4-5 Yoo22s [ 0.025 0 ;

The elements of Yy are
not directly connected to bus 2|

-1 -1 ] :
== = —0.89276 + j9.91964 per unit
Yot = Ry, 3 X0, 0009 + j0.1

_ot v =l g8 1983932 it
- = =-1 J19. per uni
Y5 = T jXG;  0.0045 + j0.05
— 10.9/65/95.143°  per unit
1 1 By Bis
e+ 4
R ) S A, R A
) 172 088
— (0.89276 — j9.91964) + (178552 — J19.83932) + j=5 =+ /=5

— 267828 — j28.4590 = 28.5847/—84.624° per unit

39
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1) = g { B (i) 1 Vo) Y0+ T o

V;(0)

_ 1 - j(=28)
T 28.5847/-84.624° 1.0/0°

— [(~1.78552+/19.83932)(1.0) + (~0.89276+ j9.91964)(1,o)1}

_ (=8+,2.8) — (~2.67828 + j29.7589)
= 28,5847/ -84.624°

=096132/=16.543° per unit
in (6.5.2) to recalculate F3(1):

Next, the above value is

1
= 28.5847/ —84.624°

-8+ /28

¥a() 0.96132/16.543°

— [-2.67828 + j29.75829]}

—4.4698 = j24.9T3 o, i
= ST o = O-$1460/=15615"  per un

Computations are next performed at buses 3, 4, and 5 to complete the first
Gauss—Seidel iteration.

To see the complete convergence of this case, open PowerWorld
Simulator case Example 6_10. By default, PowerWorld Simulator uses the
Newton—Raphson method described in the next section. However, the case
can be solved with the Gauss—Seidel approach by selecting Simulation, Gauss—
Seidel Power Flow. To avoid getting stuck in an infinite loop if a case does
not converge, PowerWorld Simulator places a limit on the maximum number
of iterations. Usually for a Gauss—Seidel procedure this number is quite high,
perhaps equal to 100 iterations. However, in this example to demonstrate the
convergence characteristics of the Gauss-Seidel method it has been set to a
single iteration, allowing the voltages to be viewed after each iteration. To
step through the solution one iteration at a time, just repeatedly select Simu-
lation, Gauss—Seidel Power Flow.

| e v i s

o5 s [ e |1isz-jiTss |57+
e | [SeTeraa s
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