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Power Systems Protection and Relaying

Fall 2018

Unbalanced Fault Analysis Examples in a Radial System

Define units: ~ MVA := MW MVAR := MW pu:=1
Define transformation 111
g = 1'ej-120deg Aoss = | 1 a2 .
1l a a2

e Simple radial fault example

Compare the per unit phase currents seen on the HV side of the transformer below with those seen by at the fault location for three
phase, SLG and LL faults the left side feeder. Assume wye connected CT's.

MVAg = 300MVA

13.8kV
Use transformer ratings as the per unit base.
A somva Vhi = 13.8kV Vio := 2400V
ﬁ x=8% Xxfmr_pu := 0.08pu
= MVArated := 50MVA _
2400V Sg := 50MVA
MVA := 300MVA
% _ (1.Opu)2
src_pu = MVA Xsrc_pu = 0.167-pu
Fault
Location S

Vsrc = 10pU
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Sequence Impedances for Faults:

Xl = Xsrc_pu + Xxfmr_pu Xl = 02467pu
Xy = X1
XO = Xxfmr_pu XO = 008pu

Sequence Networks:

jo.l7pu  +30deg o8 pu

Positive Sequence — Yo MYy

Xsre_pu IXxfmr_pu

Vsrc

j0.17 -30 de j0.08
Ju.Ll7pu 9 pu

Negatve Sequence YYN o YY) X

jxsrc_pu jxxfmr_pu —
j0.17pu j0.08 pu
Zero sequence [YYY)
jxsrc_pu jxxfmr_pu

j0.25 pu

VS rc

j0.25 pu

j0.08 pu
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e Zbus matrices

11 _1.¢l30deg
v JXsre_pu I Xxfmr pu I Xxfmr_pu . Vi 1 . 0.1667i —0.0833 + 0.1443i
B1 = . B1:= YB1 Bl = _ . ‘pu
_1_e—J'30deg 1 0.0833 + 0.1443i 0.2467i
] 'Xxfmr_pu J Xxfmr_pu
11 _1.¢"1+300eg
JXsre pu I Xxfmr pu I Xxfmr_pu ] 0.1667i 0.0833 + 0.1443i
Yp2 = . Zpy = YB2 B2 = . . .
_q.¢l"30deg 1 —0.0833 + 0.1443i 0.2467i
] 'Xxfmr_pu ] 'Xxfmr_pu
1
R — 0
y J-Xsre_pu . v -1 . 0.1667i 0
BO = BO = YBO BO = . |"Pu
0 1 0 0.08i P
j'Xxfmr_pu
SLG fault on 2400V side of transformer:
VSI’C

lo sLGf = lo sLef = —1.7442i-pu

I X1+ - X2 + - Xo




ECE 525

Power Systems Protection and Relaying

Session 16; Page 4/16
Fall 2018

l1 sLGf == lo_sLaf I2 sLGf == lo_sLGf
lo_sef 5.2326
% '
labe_sLGf = Ao12:| l1_sLat labe sief| =| O |pu
12 sLGf 0
-90
_
arg(labc_SLGf) = 18.4349 |-deg
18.4349

Now move the currents from the low side to the high side:

j-30de
I1 sLGH = |1_SLGf‘9J . lo sLGH = Opu

—j-30de
I2 sLGH = 2 sLGf-€ : J

lo_ sLGH 3.021
labc_sLGh = Ao12:| l1_sLGH llabe_sioh| =| 0 |-pu
I2_sLGH 3.021
-90
—
Currents are lower on the high side arg(labc_seh) = | 90 | deg

and appear as a L-L fault not SLG 90
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\oltage at the fault point:

Visie = Vse —J-Xr-listet  |Vi_sig| = 0.5698-pu arg(V1 sg) = 0-deg

Vo siG = 0—]-Xo-l2_sLcf |V2_sLa| = 0.4302-pu arg(V2 sLg) = 180-deg
Vo _ste = 0—-j-Xolo_sLcf |Vo_siLg| = 0.1395-pu arg(Vo_sLg) = 180-deg
Vo sLG 0
e
V2 siG 0.891

arg(VabC_ngl) = ~103.5868-deg

arg(VabC_SLGZ) = 103.5868-deg

e Now find the voltages on high side of transformer

j-30deg

V1 Hv = Vgrc€ —J-Xsrc_pul1_sLGH |V1_Hv| = 0.7093-pu afg(Vl_Hv) = 30-deg

V2 Hv = 0—]-Xsre_pul2_sLGH
V2 hv| = 0.2907-pu arg(V2_nv) = 150-deg

Vo Hv =0
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Vv
0_HV 0.6176 54.0562
V = Apr2| V
ABC_HV = o121 FLAV Vaschv| =| 1 |pu  arg(Vasc_Hv) =| -90 |-deg
Va_Hv 0.6176 125.9438
e Repeat using Zbus
VSfC
lo sLG = > ~7Z 7 ||0_5|_(5| = 1.7442 arg(lo_SLG) = —90-deg
BL, , + B2 ; + 2B, ,
I1 sLG = lo sLG 12 sLG == lo sLG
|
0SLe 5.2326 (-9
I = Aop12-| |
ABC_SLG = 70127 11SLG laBc sLe| =| 0 |-pu arg(lapc_sLc) = | 18.4349 |-deg
l2_sLG 0 18.4349

e Angles meaningless when magnitude is 0

e Now find voltages (again, in each sequence component)

0
S U B vovr i s A eror i G PR
~l1sie lavi 0.4302 UAVE) = _1gg )00
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e Now when we find V1 we need to include the transformer phase shift in the prefault voltages

1.0el-30deg —>  (0.7093 —> (30
V1 = +AVl |1 = arg(V1) = -deg
1.0 0.5698 0
0 — 0.2907
o _ —> (150 _
AV2 = Zpy [—'2 SLG) |avel - (0_4302) arg(AV2) = (180)-deg Note the -30 degree shift...
0
V2 .= (O] + AV?2 e No prefault voltage, so enter 0.
0 0 0 .
AVO := Zpgo: AV0 = V0 = + AV0 Again, no prefault voltage
~lo_ste ~0.1395 0
e ABC Voltages at 2.4kV Bus
V01 0
Vv = Ap1p| V1
ABC_2400 012 1 VaBc 2400 =| 0.891 |-pu arg(VAB(;_24001) = —103.5868-deg
V2 0.891
arg(VABC_24002) = 103.5868-deg
e ABC Voltages at 13.8kV bus
VO
0 (06176 54.0562
Vv = Ap1o:| V1
ABC_13.8kv = 0127 770 Vagc1zskv| =| 1 |pu arg(Vasc_izskv) =| —90 |-deg

V2o 0.6176 125.9438
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e Branch currents

e HVside of transformer (note the phase shifts in the voltages):

Vig—Vip-el30de

I v = _ 11_hv| = 1.7442
J'Xxfmr_pu
V2 - v2p.g 11309
2 v = _ |12 hv| = 1.7442
J‘Xxfmr_pu
lo Hv =0
lo_nv 3.021
- .
laBC_Hv = Ao12| l1_Hv lagc_Hv| =| O
12 Hv 3.021

e LVside of transformer (note the phase shifts in the voltages):

Vige 1730089 _ /1,

l1 Lv = - ||1_LV| = 1.7442

J- Xxfmr_pu
V2q-¢l 30089 _\/p,

2 Lv = - ||2_LV| = 1.7442
J- Xxfmr_pu

| 0-VO0q

0LV =75 _

- (J'Xxfmr_pu) |IO_LV| = 1.7442

arg(l1_nv)

arg(l2_nv)

arg(lasc_nv) =

arg(l1_Lv)

arg(12_Lv)

arg(lo_Lv)
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IaBc LV = Ao12:| l1_Lv

Line to Line fault:

lo_LLf == Opu
| VSI’C
1 LLf = - :
- 1 X1 +J- X3
I Lif=—lg LLf

lo LLf
labe_LLf == Ao12-| l1_LLf

12 LLf

lo Lv
—
llaBc Lv]| =
2 Lv
Iy s = —2.027i-pu
0

—

|labe_LLf| = 3.5109 |-pu

3.5109

arg(labc_LLfl) = 180-deg

arg( |abc_LLf2) = 0-deg

arg(|ABc_|_\/) = | =51.5793 |-deg
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Now move the currents from the low side to the high side (note, you must transform the sequence currents):

j-30de
I LLH = |1_LLf-eJ g lo_LLH = Opu
— j-30de
I2 LLH =12 Lisee . d
lo_LLH 2.027
% ’
labc_LLh = Ao12-| l1_LLH ||abc LLh| = | 4.0541 |-pu
12 LLH 2.027
0
—

arg(labc_LLh) = | 180 |-deg

0

Phase B per unit current is larger on the high side of the transformer than on the low side, use caution with coordination

\/oltage at the fault point:

Vi 1L = Ve —J- X1l LLs |V1_|_|_| = 0.5-pu
Vo L =0-]-Xolp L1f V2 1| = 05pu
Vo L =0-]-Xo-lo_LLf Vo L] = 0-pu
Vo LL 1
Vabe_LL = Aoz V1_LL m _ |05 |-pu

Vo 1L 05

arg(Vl_LL) = 0-deg

arg(Vz_LL) = 0-deg
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0
_
arg(VabC_LL) =180 |-deg
180

Double Line to Ground fault:

Vsre .
l1 pLGf = 1 l1 pLGf = —3.2565i-pu
. 1 1
JXi+ | ——+——
X2 1 Xo
| L -Xo
2 DLGF -= ~T1_DLGf j-Xo +j-Xo I2 pLas = 0.7975i-pu
| L X2
0_DLGF -= ~11_DLGf j-Xo +j-Xo lo pLGf = 2.459i-pu
lo pLGf 0
labc_DLGF = Ao12+| 11_DLGf _
_ — labc DLGF| = | 5.0923 |-pu
I2_DLGf 5.0923

\ —90
arg(lanc_pLef) = | 1335868 |-deg
46.4132
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Now move the currents from the low side to the high side:

j-30de
l1 pLGH = |1_DLGf-eJ J lo pLGH := Opu
—j-30de
I2 pLGH = 12 DLGF € : g
lo_bLeH 2.9401
% )
labc_DLGh = Ao12+| l1_DLGH libe LG = | 4.0541 |-pu
12 DLGH 2.9401
. -46.4132
arg(lapc pLen) =| 180  |-deg
46.4132
\/oltage at the fault point:
V1 pLe = Vs —J-X1-l1 pLef  |VipLe| = 0.1967-pu arg(V1 pLg) = O-deg
V2 biLg = 0-]-X2I2_pLGf |V2 bLg| = 0.1967-pu arg(Va_pLg) = O-deg
Vo_pLG = 0—-j-Xo-lo_pLcf |Vo_pLe| = 0.1967-pu arg(Vo pLg) = O-deg
VooLe 0.5902
Vabe_DLG = Ao12'| V1 DLG Vae pLel =1 0 |-pu

V2 bLG 0
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0
arg(Vabe_pLG) = | —165.9638 |-deg
123.6901

Add fault resistance - both Rf and Rg

l1_bLe(Rf.Ryg) = l; pLe(0,0) = —3.2565i-pu

—1
. 1 1
(R +]j-X1) {(Rf % + RI3R; +j.xo)}

I2 pLc(0,0) = 0.7975i-pu

Rf + 3Ry +j-X
IZ—DLG(Rf’Rg) = _Il_DLG(Rf,Rg).|:( f +3Rg +1]-Xo }

Ry +-X2) + (Rf +3-Rg +j-Xo)

Re + - X2
_ : } lo_bLa(0,0) = 2.459i-pu

IO_DLG(Rf’Rg) = _Il_DLG(Rf’Rg)'{(Rf +j.X2) + (Rf + 3Ry +j.X0)

Now move the currents from the low side to the high side:

l1 bLeh ( Rt, Rg) = Il_DLG(Rf , Rg) .¢)30deg

I2_oLen(Rr-Rg) = I2_pLa(Rt Flg)-e_j'30deg

lo pLGh = Opu
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Voltage at the fault point:
VipLe(Rs.Rg) = Vsic —j-X1-11_pLg(Rf.Rg)
VapLe(Rt.Rg) = 0—j-Xz:I2_pL(Rf.Rg)
VobLa(Rt.Rg) = 0—j-Xo-lo_pLg(Rf.Rg)

R¢ :=0,0.05..05 Rg :=0,0.05..0.5

4 T T T T

11 bLe(Re.0)|3

l12_pLG(Re,0)|

[lo_bLc(Re.0)|

1
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4

T
LDLG(O,RQN 3\ 1

| 0,R
[12.0L6(0.Rg)| P

||O_DLG(0, Rg)| l/ .

|

0.5 T I

[VipL(0. Rg)| 04

|VapLa(0.Rg)| [ |

2

[VopLa(0.Rg)| °
0.1 .
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e Fault program results-- using Powerworld for example

BUS4
BUS1 BUS2
-\
0 MW
— ' = BUS3
0 Mvar B
1

Notes:

Slack bus angle set to +30 degree so BUS2 is at 0 degrees prefault
System MVA base set to 50MVA instead of 100MVA

No load on the system

Place the faults at 0% of the way on the line from BUS2 to BUS 3
Powerworld is set up to display phase currents, not the sequence currents

AN




