A”

Aalto-yliopisto
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Exercise 7

Power systems




In the middle of the line there is a zero resistance three-phase short circuit.
What is the voltage at the fault location prior to the fault? Calculate

a) sub-transient
b) transient
c) steady state

. P =40 MW
short-circuit current.
1=50 km cos ¢ =084
x=0,2 Q/km
O—CD+———+@
I I
Uy=10,5kV  110/10,5kV U=110kV
Sy =250 MVA Sy = 250 MVA S, =S =5" =
xq = 180 % 7, =10 % 2500 MVA

X'd =40 %
)("d =25%



P =40 MW

1=50 km cos ¢ = 0,84
: x=0,2Q/km
Un=10,5kV  110/10,5kV U=110kV
Sn=250 MVA Sy=250 MVA S =Sy =S"x=

xg=180%  2z,=10% 2500 MVA
X'q=40%
X'3=25%

Let’s calculate the voltage Ut with the help of given information: P, U, power factor
and steady-state reactances:

I

v Generator
| U ¢ U
i 3 ‘\/§ E, Z, ) Hg

First, calculate the current flowing through each component:

* U * U *
N 23— =33 — 1 =/3U - |
P~ = 3 - J3 -

S= L Zarccos(0.8)

COS b ~ g
¢ positive(ind.)

%
I
w
c

*

=1 = ( ! P 436.9(’) = 1 40MW /—-36.9°=262.4A/—-36.9°
J3U cosg J3-110kv 0.8
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Next, the reactance values as seen from the line (110-kV level):

P =40 MW

1=50 km cos ¢ =0,84
: x=0,2Q/km
Un=10,5kV  110/10,5kV U=110kV
Sy=250 MVA Sy =250 MVA S =Sk=S"x=
xq =180 % 2, =10% 2500 MVA
X'g=40%
X'y3=25%
U
A/ 3

U2 (Uy ) (10.5kV)? (110
Xy =Xq-—+| =2+ | =1.80- ( ):87.120

Sy (Uys 250 MVA \10.5
2 2
X, = 2 N _o.10. (LL0KkV)" _ 4.84 Q)
Sy 250 MVA
X
ine _y 1 022 95km=50
2 2 km
X, = X, =xl'<'=U2 _ (110kvy =4.84Q

S, 2500 MVA

since S, =S, =S,



—' Xg Xt Xline/2 Xline/2 B?T{W —

EUf U

e Ne

The fault voltage is the grid voltage plus voltage over Xk and half of the line (Xline/2)

U,
+J(Xk+ XIlnej l

f NE

|C

:U+j\/§-(Xk+

~112.74kV £1.82°
U, =112.74kV

XIine

J-1=11o KV + jv/3-(4.84+5)Q-262.4 A/—36.9°




Xline /2

| 1 U s I lfz
3
The subtransient reactances are:
. X 0.25 ,,
ngx—xg:m8712Q:1210Q Xk:484Q
d
U
U 112.74kV 1 o006
- A E o
I, = = 2101 48475)% 297kA/-88.2° I, =2.9TKA
j(X;-FXt-i‘ |inej J AU+ 4,04+
Uye 112.74kV ) oro
1., = V3 - _‘E ~ 6.61kA/-88.2° I;,=6.61kA
_< j(x,me « j j(5+4.84)0 —
2




Question 1

b) Calculate transient currents (from the grid and from the generator)

3

The transient reactances are:
CX 0.4 .
X =-9.X =—".87.120=19.36 Q) X, =4.840
S oxg 0 1.80 k
U
T/i 112}1 KV 1890
gy = 3 TR .(19363 YTV 223kA/-88.2° I, =2.23kA
J'(X;]+Xt+ |inej J . + 4. +
U,
1, = E =1,,~661kA/=88.2° 1}, =6.61kA X, =X,
(Xline X j
J o +




Question 1

c¢) Calculate steady-state currents (from the grid and from the generator)

U
U L12.74KV | oo

L= V3 = .(871‘2@484 S~ OO7KALZ8BZ I =067kA
j(xg_i_xt_i_ |inej J . + 4. +

= 3 =1,,~6.61kA/-88.2° |, =6.61kA Xy = Ky




U
@ l C}D I X =7 Qz_.r
Generator Transformer

Py=880 MW  Sy=1000 MVA
Sy =980 MVA  410/20kV
Up=20kV 2, =0,15

Starting from the power-angle equations, define the maximum line reactance X
so that the power plant can feed its full active power P, without exceeding
the maximum apparent power Sy,. Voltage of the transmission network is
constant U,= 410 kV and it doesn’t consume any reactive power, that is Q, = 0.



U

@ |3® X=2

Generator
Py = 880 MW Sy = 1000 MVA
Sy=980 MVA  410/20kV

UN=20 kV

P,Q ———)P’QZ
> Xt LIX -

hat NP —2 /0°

V3 V3

Resistances are neglected: = P, =P, =P =Py
Uz 410 kV Y

X, =12, -—%=0.15 ( ) ~252Q

Sy 1000 MVA

Transformer

Zy = 0,15



U

@ | X=7? Qz_._ !
Generator Transformer
b0 Py =880 MW Sy = 1000 MVA
P,Q s — =2 Sy =980 MVA  410/20kV
G(mm , UPL=20 kv z, =015
=25.2
U, U
—=Z0 Q —2 /0°
VE] J3
S, =P?+Q% =5,
( uUuU, . (
p=_—1-2 SIn o = Py sin5:PN(xt+x)
Xi+ X U,U,
2 2
U -UU,coss - Ur-U; (2 o2
1Q === =S\ - Ry T Ixax CVERR
t
U
U,U, coss U3 c0s5 = —2
Q, =—1 2X 2-0 < U,cosé6=U, U,
+ X (

~



Question 2

Define maximum line reactance

sin® & +¢co0s° 6 =1

Py (X +X) /
5 N t
sin U, ";X)2+U22 i
UJ.Z_UZZ _ / 2 U1U2 Ul
X, +X N
_U2 \ 2. E
cosd = - o uz- B (xt2+x) U2
L U2
P,&-(Xt+X)2 2 2
) ) 5 +U5 [-U; ,
Ul —U2 _ UZ :PN-(Xt+X): Sl%l—PI\ZI
X, + X X, + X U?
= xzﬁ. SZ P2 -X, = (410 kv) /(980 MVAY — (880 MW)? 2520
p2 YN N TN (80 MW Y

Maximum reactance: | X = 68.4Q




! S = 1000 MVA
Sn=200MVA Sy =200 MVA

Uy=20kV  115/20kV
x4 = 100 % 2, =10 %

A synchronous generator is synchronized through a transformer to a bus.
At the bus, the short circuit power is 1000 MVA and the voltage is 115 kV.
After synchronizing, the generator’s power is increased to 100 MW without changing the excitation.
Calculate the generator’s terminal voltage U, and reactive power Q.

When synchronizing, the voltages of the generator are first tuned to same frequency,
amplitude and phase order as in power system. Then connecting switch is then closed.
At this moment the generator internal emf, terminal voltage and system bus V are same.



@‘I’Jg—@[) Q  fu=1msK

| S.=1000 MVA
Sn=200MVA Sy =200 MVA
Un=20kV  115/20kV

X4= 100 % Zy = 10 %

Selecting base values: Sb =200 MVA | Ub =115 kV

Weget: |p=P 10 45
S, 200
Xy =1.00

2
Ul [1s?10°
X oo Sk 1000-10°
Xgrld — grld — > = > 5 :O.ZO
2y Up 1157107
S, 200-10°

| D




5

When connecting to the grid: €35 =Ug =Ugrig = €qyrig = 1

If magnetizing is not changed after the synchronization, the generator emf stays the same:

€, =1
__ g Cgrid sins 0.5= 11 .sind = sind=0.5-1.30
X 4+ X 4 X 1.00+0.10+0.20
g t grid
= 0 =40.54°
€orid =€ _i(jxtt)
gri g 0 . s
- .
% 2
40.54°
1 1 = =20.27°
o ll

cosg; =0.938,,




Question 3

generator’s terminal voltage U, and
reactive power Q.

m !7 p’q N
Xg Xt £
=1.0 . =0.1 :
gg igg i ngid
v v
— o __ o
€qria = €gria /0°=1/0

1_(8 i /q)ij - 05 90,070 0533/20.27°pu

1-c0s20.27°



i = 0.533/20.27°pu
i,p.g

>

| D

Generator terminal voltage is:

!g - ggrid + J(Xt + Xgrid )!

=1/0°+(0.10+0.20)/90°-0.533/ 20.27°

— o Y Q =
= 0.056/9.02°pu O~-D—2— {1
20 Sy=200MVA Sy=200 MVA
20-kV level: Uy =115-= =20kV e nlioe

Uy =Ugy Uy =0.956-20kV = 19.1kV




Voltage at the station is:  Ugig = Egrig T Xgrid 1

=1/0°+0.20/90°-0.533/20.27°

=0.968.£5.93°pu

Reactive power flowing to the grid: § = Ugjq - I -sin
= 0.968-0.533-sin (5.93° - 20.27°)
=-0.128pu

g

¢ugrid BRA

L 0

Q=0q-S, =-0.128-200 = -25.6 Mvar

J




Sy = 400 MVA
Un =20 kV
Xd =200 %

C-+CD+H—+CDA -

Sy =420 MVA Sy=400 MVA U=115kV
415/20 kV 410/120kV P =300 MW
Zk=15% Zk=12% COS(D:O'gSiIId

For the transmission system shown in the picture, calculate generator’s
load current and terminal voltage

a) by reducing the network to generator’s voltage level

b) by using per-unit values



Sy = 400 MVA
Uy =20KkV
Xd =200 %

20 415kVXj -300
GNigp LG oY -

Sy=420MVA  Sy=400MVA U=115kV
415/20 kV 410/120kVv P =300 MW
Zp = 15 % zZ =12 %o cos @ = 0'95ind

Question 4

a) at generator voltage level

X L% L X

—grid

@

System reactances seen from the generator:

2 2 4n6
Transformer 1: Xy =7, Uy _ 0_15.M Q= 01430

S 420-10°

insecondary Z, = %

N

— | U,
I]

2 U, N2
. 20 in primary Z, = = ;"2 = i\—‘ -Z,
Line: X;=30 (mj Q= 0.070 Q/ ;% (\J

2 6 2
410--10 _[20) o

= 0117 Q

Transformer 2: X, =0.12
400-10° \ 415



Sy =400 MVA
Un=20kV

Question 4 ng{%ff’ll%:m: QD=

=420 MVA =400 MVA |U=115kV
a) current and voltage at generator iyt D120R |P=300 MW
Zk=15% Zk=12% CQS(p:O,gsind
Un =20kV

= grid
V3
Let’s choose: U ;4 =U giq£0°  Jump over transf.2 and tranfs.1
Current at grid: Z /
Currentat r— —pg — —F o — —.
. P : )
Generator: 1 :l grid [— arccosO.95|-%-£ § zggl — P }
'V3-U 4 -COSQ 1410 20 J3~  cosg
6 x
= 300 1(; 120 415 /—arccos0.95 A 1= > ~
J/3:115-10°-0.95 410 J3u

= 0628/-18.19°A =~ 9.6/-18.2°kA




Sy = 400 MVA

UN =20kV
=200 %
@4@& S0
=420 MVA Sy=400MVA U=115kV
415/20 kV 410/120 kV P =300 MW
2 = 15 % Zy = 12 % COs @ = 0'95i.nd

Xt1=
0.1430 0.07%) 0.117Q

- Llgrid
628 /-18.19° KA 3
: 410 20
Grid voltage seen from the generator: U ;4 =115 190 415 kV =18.936 kV

Generator terminal voltage:

Yo _Sorid 1 (X + X+ X

NI

=18.936/0° kV ++/3-9.628/-18.19°-(0.143+0.070 +0.117)/90° kV

|C

=(20.655+ j5.228) KV = 21.306/14.20° kV

~ 21.3/14.2° kV




Sy = 400 MVA

Un =20 kV
X4 =200 %
X;=30Q I
Sy=420MVA  Sy=400MVA U=115kV
415/20kV 410/120 kV P =300 MW
Zy = 15 % Zy = 12 % cos @ = 0'95ind

@—CD——CD—s

Let’s choose base power: Sb = 400 MVA
and base voltage level at line between the transformers: U, =400kV

The transformer ratios determine the other base voltages.

+ 20-kVlevel: U, =400kV - 42—f5 =19.277kV

* 110-kVlevel: U, =400kV - % =117.073kV



Sy = 400 MVA

Uy=20KkV
s =200 %
QllESthIl 4 Xd: 2| Oﬁ4i5k|\§<,- -30Q A
. i >
b) per unit approach Sn=420MVA  Sy=400MVA U=115kV
415/20 kV 410/120kV P =300 MW
2, =15% 2, =12 % C°S¢=0'95ind

20-kV level 400-kV level 110-kV level

@—CD——CD—s

20-kV level: has only generator Xd. Not needed because we are calculating

: : : Generator:'
generator terminal voltage which already includes voltage drop caused by Xd.
S, =400 MVA, U, =400--20. —19.277kV CE Z ) U,
415 - |
4007
400-kV level: S, =400 MVA, U, =400kV = Z, = 200 - 400Q
U 2
Za g 015 415
X, = N _ 420 _ 0.154pu
Z, 400 X 20
j
b
U 2
Zogt 012 410
Xy = ——N .= 400 _ 0.126pu



Sy =400 MVA
Un=20kV

Question 4

xd=2002;/3%415k\§(j=309 |
. i >
b) per unit approach

Sy=420MVA  Sy=400MVA U=115kV
415/20 kV 410/120 kV P =300 MW
Zk=15% Zk=12% cos @ =095,
20-kV level 400-kV level 110-kV level ind

@—D——CD—:

2
110-kV level: S, =400 MVA, U, = 400% =117.073kV (Zb = 117.073 = 34.265!2}
I:)grid 300
pgrid _-— = —_— = 075
S, 400
U rid 115 o
Ugrid = Ug: = 7073 0.982 ;choose U4 =Ugig /0
] ' A
i Poid ; orec0s0.95=— 2"/ arccos0.95 — 0.804/—-18.19°
" Ugig -COSQ 0.982-0.95

6
b — 0.804/-18.19°. 20910 - A~06/-18.2°
J3U, — \/3.19.277-10




Sy = 400 MVA

Uy=20KkV
° =200 %
QlleSthIl 4 Xd: 2| Oﬁ4tl5k|\§<,- -30Q A
. i >
b) per unit approach Sn=420MVA  Sy=400MVA U=115kV
415/20 kV 410/120kV P =300 MW
2, =15% 2, =12 % C°S¢=0'95ind

Xt1=
0.154

— 0.982./0°
Ug 0.804 /—1819° .

—grid

!g :_grid +!' J(th_l_xj +Xt2)

=0.982/0°+0.804/-18.19°- j(0.154 +0.075+0.126)

=1.105/14.21°

U, =Ug Upygey =1.105/14.21°-19.277 KV = 21.3/14.2°kV

U, ~21.3kV




