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Fault Analysis with Power Flow on the System

pu:=1 MVA = 1000kW
j-120d b
a:=1é" °5 )
A()12 =]1 a a
1 a a2
e Example with two sources:
BUS S BUS 1 BUS R
O I LINE 1 L51 LINE 2 I O Zg) :=]-0.03pu
- Zgy =7
j{ | Z 14 = 0.1 pu /85° I Z| 5 = 0.08 pu /85° I 527 #81
345 KV Z1 212111 21 22771 21 345Ky |2 Zg := 3Zs)
100Mv Zy 10 = 32y 11 Z| 20 = 3Z| 21 100MVA Zgr1 = j-0.06pu
VR =1.0pu at 0 de
Vg = 1.0pu @ 0 deg Per unit line impedances R P 9
_ calculated with SB=100MVA ZR1 =j0.06 pu 7Rr2 = 7R
Zs1=10.03 pu and VB=345kV LL Zro=ZR1
Z59=Zg1 S gy ZRo = 371
. _J-85deg .
ZLll = O-lpu e] ZL21 = 008pue] 83deg
Zr11 =0.01+0.1i Zr10=37Z111 Z121 = 0.01 +0.081 Zio0 = 3-Zpo1
Zr12 = ZLn Z110 = 0.03 +0.31 7122 = 72121

Z170 = 0.02 +0.241




ECE 523:
Symmetrical Components

Session 14; Page 2/16
Fall 2023

e For faults on Line 2:

1

1

Z12 1 thev(n) = [

1

+
Zg1 + 72111+ 21

(1 -n)-Z21 +Zgry

1

Z12 2 thev(n) =

1

+
| Zs2+Zpi2+nZpp

(1-n)-Zr+Zr2 |

1

Z13 0 thev(n) :

Impedance Matrix Approach

+
| Zso+Zr1o +1-Z120

(1 =1)-Zr20 + Zgo |

e Need positive, negative and zero sequence matrices

-1
m-Zy 3|

-1
(1-m)-Zr;
1 1

1 1 -1
_ —_— 0
Zs1  Zrn Z111
-1 1 1
—_— 0
Z111 Z111 mZpyg
Ypus1(m) = | |
0 +
(1-m)-Zy Zgg
-1 -1
0
i m-Zp 2] (1 -m)-Zo

+
m-Zppy (1 -m)-Zpy |
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-1
Zpys1 (m) := Ypys1(m)

1 1 -1
— — 0 0
Zs)  Zr12 Z112
-1 1 1 -1
— + 0
Z112 Z112 mZpp m-Zy 2
Ypus2(m) =
1 -1
0 + S —
(1-m)-Zio Zgro (1-m)-Zro
-1 -1 1 1
0 +
i m-Zp22 (1-m)-Zy2) m-Zyyy  (1-m)-Zpy |
~1
Zhus2(m) = Ypyug2(m)
1 1 -1 )
— — 0 0
Zso  Zrio Z110
-1 1 1 -1
+ 0
Z1.10 Z110 mZppg m-Zy 20
Ypuso(m) = | | |
0 0 + _
(1-m)-Zioo Zgro (1 -m)-Zp20
-1 -1 1 1
0 +
i m-Z120 (1 =m)-Zy20 m-Zryo (1 —-m)-Zpy |

-1
Zpuso(m) := Ypyso(m)
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Now add power flow based on phase angle differences

e Make Bus S the slack bus at 1.0pu
e Set Bus R magnitude and angle

Vg = 1.0pue 298 Viy == 1.02pue ) 10-074deg

e This case is simple enough that we don't need to do a normal power flow solution.

Vsi — Vri
Igr] = ———m8888 |ISR1| = 0.99-pu arg(ISRl) = 6.37-deg
7111+ 2121

VB1 = Vs1 —Isr1*Z111 |VB1| = 1.01-pu arg(VBl) = —5.65-deg

e But for fault analysis we need the voltages behind the source impedances

Vire s = Vsi +Isr1-Zs1 |Vsrcis| = 0.997 arg(Vsrcis) = 1.7-deg
Vsre R = VR1 — IsR1°ZR] |Vsrc7R| = 1.038 arg(VsrciR) = —13.22-deg
vsrc S vsrc R
IsiNor(m) = = Ir1Nor(m) = =
T Zs1 +Zy11 + mZyg e Zp1+ (1 —-m)-Zyy

IliNor(m) = IsiNor(m) + IrNor(m)

V1 Thev(m) = I} Nor(M)-ZL2 | thev(m) Vi Thev(0.5)] = 1.01-pu arg(V) They(0.5)) = —7.87-deg
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SLG Fault

\Y ev(m)
Lp(m) = 1Th Iy (m) := Ip(m)

Z15 1 thev(M) +Z12 2 they(M) +Z12 0 they(m) 10(0.5)| = 3.22-pu

I (m) := Iy(m)

arg(I(0.5)) = —95.09-deg

e Fault Currents at Relay I:

Ita1(m) = If1(m)-[( Zri+(1-m)-Zyp }

Zgi +ZLi1 +mZioy) +[ Zry + (1 - m)-Zpo) |

|1A1(0.5)] = 1.19 arg(Ifa1(0.5)) = —93.76-deg

However, the positive sequence current seen by the relay will include the load current
Lrelaya1(m) := Iga1(m) + IsRg
Irelaya1(0.5) = 0.91 — 1.08i |Trelaya1(-5)| = 141
arg(Irelaya1(0.5)) = —49.96-deg

Negative sequence and zero sequence currents don't see load current..

(1 —=m)Zry+Zro }

Irelaya2(m) := I (m)-
g (Zsz +ZL12+m'ZL22) +[Zro+ (1 - m)-Zp22 |

|Trelaya2(0.5)| = 1.19 arg(Irelaya2(0.5)) = —93.76-deg
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[(1—m)-Zy20 + Zro]
I m) = Ig(m)-
relayao(m) = Ifo(m) {ZSO +Zp10+m-Zpo + | (1 - m)-Z120 + Zgo]|
|Trelaya0(0.5)] = 1.19 arg(Trelaya0(0.5)) = —93.76-deg
Vielaya1(m) == Vg s — IrelayAl(m)'(ZSI + ZLll) |VrelayAl(0~5)| = 0.85-pu

arg( Vrelaya1(0.5)) = —5.29-deg
VielayA2(m) = _IrelayAZ(m)'(ZSZ + ZL12) |VrelayA2(0~5)| = 0.15-pu

arg(Vrelaya2(0.5)) = 172.4-deg

Vielayao(m) = _IrelayAO(m)'(ZSO + ZLIO) |VrelayAO(0~5)| = 0.46-pu

arg(Vrelayao(0.5)) = 172.4-deg

Lrelayao(m) Vielayao(m)
IaBC RA(M) = Ag12:| Irelaya1(m) VaBc RA(M) = Ag12:| Vielaya1(m)
Lrelaya2(m) Vielaya2(m)
N (7175
|1aBC RA(05)] = 0.99 |-py arg(IABQRA(o.S)j = | ~113.63 |-deg
o) 126.37
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. 0.23 . 0.82
Vasc Ra(0.5)] =| 118 |-pu arg(VaBc ra(0.5)) = | —138.99 |-deg
1.2 127
Without load flow:
I = 3.83pu-¢ "8>88dce Va = 024pu-d 058%8
Ig:=0 Vg = 1.18pu-e_j'13'2'89deg
Now repeat using Zbus:
I (m) V1 Thev(m)
m) = —
O-SLE Zus1 (M) + Zpus2 (M), + Zouso(m), I _stg(m) :=Io_sLG(m)
b sta(m) = lo_spG(m) [l 516(0.5)] =322 arg(ly s16(0.5)) = ~95.09-deg
lo_sr(m) 9.66 ~95.09
IaBC sLG(m) = Agio-| I1_sLg(m) IaBC sLG(05) =| 0 |-pu arg(Iapc sG(0.5)) = | 19.98 |-deg

b_sLa(m) 0 19.98
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e Now find the voltages:

0 Vsi
0 VBI
AV1(m) := Zpys1 (m)- Vi(m) = + AV1(m
0 VRi1
—I1_sLg(m) V1 Thev(m)
0 0
0 0
AV2(m) := Zpysp (m)- 0 V2(m) = 0 + AV2(m)
-l s g(m) 0
0 0
0 0
AVO(m) := Zpyso(m)- . VO(m) = ol AVO0(m)
—Ip sLg(m) 0
e Relay 1 voltage:
VO(m); 0.23 0.82

AN N
7 7

Vagc B1(m) := Agpp:| V1(m)) |VABC7B1(0~5) = | 1.18 |-pu afg(VABC7B1(0-5)) = | —138.99 |-deg
V2(m); 1.2 127
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Same as above....
e Relay I current:
V1(m); - V1(m)3
Igi F 1(m) = 1s1 F 1(0.5)] = 1.41 arg(Ig) ¢ 1(0.5)) = —49.96-deg
m-Zyo]
V2(m); - V2(m)3
Ig1 F 2(m) = 181 F 2(0.5)] = 1.19 arg(Ig] F 2(0.5)) = —93.76-deg
m-Zy 27
VO(m); — VO(m)3
Ig1 F o(m) := 181 F 0(0.5)] = 1.19 arg(Ig] F 0(0.5)) = —93.76-deg
m-Zp 0
Ig1 F o(m) 3.54 -77.75
IaBc rR1(M) = Agq2| IB1_F 1(m) |IABQR1(0.5) =10.99 |-pu arg(IABC7R1(0~5)) = | -113.63 |-deg
Ig1 F 2(m) 0.99 126.37

Same as above....




ECE 523: Session 14; Page 10/16
Symmetrical Components Fall 2023

Now add shunt Constant Impedance Load load at Bus 1

Now add a load of 200M VA at unity power factor at Bus 1

- S
-Odeg load
Stoad = 200MVA.¢’ S =—
load loadpu 100MVA
1.0pu . .. .
Zload = Zload = 0.5:pu Treat same 1n positive, negative sequence

loadpu Powerworld leaves open in zero sequence
Not always a realistic assumption

Addload as an admittance at bus 1

e Need positive negative and zero sequence matrices m:=0.5
1 1 -1 i
— — 0 0
Zs1  Zrn ZL11
-1 1 1 1 -1
+ + 0
v 111 Zrin mZiar Zjoad m-Zyog
busl =
* 1 1 -1
0 0 + _
(1 -m)Zrp1 Zry (1 -m)-Zpy
-1 -1 1 1
0 S — +
i m-Zp 2] (1 -m)-Zi2 m-Zyp; (1 -m)-Zpoy |
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0.87 —43.31
—-0.87 + 9.961

Ybusl =

Ly = Ybusl_

Zbusl =

0
0

1

6.67x 10

—0.87 + 9.961 0 0
5.05 -34.871 0 -2.184+24.91

2.18-41.571 -2.18 +24.91

-2.18+24.91 -2.18+24.91 4.36 —49.811

+0.031

0+ 0.021

4.88x 10"

+0.011

0+0.011

0+0.02i 488x10 *+001i 0+0.0li
0.01 + 0.07i 0+ 0.03i 0.01 + 0.05i

0+ 0.03i 0+ 0.05i 0+ 0.04i
0.01 + 0.05i 0+ 0.04i 0.01 + 0.06i

e Addthe load at Bus 1 in the negative sequence matrix as well.

1 1 -1 0
Zs)  Zr12 Z112
-1 1 1 1
+ 0
Z112 Z112 mZryy  Zioad
Ypus2 == | |
0 0 +
(1-m)-Zry Zgro
-1 -1
() -
i m-Zy22 (1 -m)-Zy

-1
m-Zy 2

-1
(1-m)-Zy2
1 1

+
m-Zyy  (1-m)Zpo |
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-1
Zhus2 = Ybus2

! 1 -1
_+— _

Zso  Zrio Z110

-1 1 1
+
Z110 Zyjo mZppo

Ypuso =
0

-1
m-Z1 70

0.29 - 14.431 -0.29+3.321
-0.29 +3.321 1.02-11.621
0 0

YbusO =

0 —0.73 + 8.31

Ziyso = YbusO_

But the load is not in the zero sequence matrix

1 1

+
(1-m)-Zryy Zgro

-1 1

-1
m-Zp 20

-1

(1 =m)-Zpoo

1

+
(1 -=m)-Zroo m-Z120

0 0

0 —0.73 + 8.31
0.73 — 13.861 —0.73 + 8.31
—0.73 +8.31 1.45-16.61

(1 -m)-Zry |
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582x 10744008 —388x107%+0.05  —0+0.02 ~776x 10”4+ 0.03i
23.88x 10”4+ 0.05i 0.01 + 0.2i 776x10°4+0.090  0.01+0.14i
ZbusO = _4
~0+0.02i 776 % 10~ %+ 0.09i 0+ 0.14i 0+0.11i
2776x10°4+0.03i  0.01+0.14i 0+0.11i 0.01 + 0.19i
e Powerflow simulation needed to find the bus voltages
- Set generator 2 at 100MW
100 MW
BUS S
o7 MW BUS 1 BUSR 10 Mvar
8 Mvar
>l B
0.99 pu
1.00 pu é 1.00 pu
-5.57 Deg
0.00 Deg 195MW  -0.98 Deg
0 Mvar

¢ Bus Voltages from powerflow results (add the fault point so the powerflow results include it):

/Z(mag,ang) := mag-cos(ang-deg) + j-mag-sin(ang-deg)

BUSS: Vg :=(1.0pu) £ 0.0
BUSI:  V; :=(0.9885) £ -5.57
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BUSR: Vg :=(1.0) Z-0.98

BUSF: Vit = (0.9934) £ -3.26

Ii siG =1lo sLG

I vfaultpt
0 SLG =
- Zbus13,3 + Zbus23,3 + Zbus03,3
I siG = lo_sLG 1o stg| =3.17
Ip sLG 9.516
—) '
IaBC sLG = Ao12:| 11_sLG Iagc sigl =| 0 |pu
I siG 0
e Now find the voltages:
0 Vs
0 Vi
AV1 = Zyys1- V1 = + AV1
0 VR
-Ii_sLG V faultpt

arg(IoisLG) = —88.83-deg

—88.83

B ——

arg(IABcisLG) =| 27.81 -deg
27.81
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0 0
0 0
AV2 = Zpuso- V2 = + AV2

0 0
I sLG 0

0 0

0 0

AVO0 = Zpuso- VO = + AVO0
0 0
—Ip sLG 0

e Relay 1 voltage:

VO, 0.2328 —9.52
— —
VABC BI = Ag12- V1 |VABC7B1| = 1.2038 |-pu arg(VABciBl) =| —137.28 |-deg
V2 1.1417 128.99

e Relay I current:

V11 -Vlj3

m-Zg o1 |51 5 1| =135 arg(Ig) f 1) = —126.61-deg

Ig1 F 1=
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V21 -V23
IBl_F_2 =— |IB1_F_2| =1.21 arg(IBl_F_z) = —80.81-deg
m-Zy 2
V01 -VO03
IBI_F_O = |IB1_F_O| =1.17 arg(IBl_F_o) = —87.5-deg
m-Zy 20
Is1 F o 3.5 80.78
IABC R1 = Ag12| IBI_F 1 [TaBc ri| = 0.95 |-pu arg(~Iac r1) = | ~118.61 |-deg
Ig1 F 2 0.94 106.15
Without load flow we would see: _9922
g
Ip = 3.83pu-e_J'85'88(1eg Va = 0.24pu-eJ'0'88deg arg(IABC_Rl) =| 61.39 |-deg
 132.89d —73.85
Ig =0 Vp = L1gpue 7778

Ic:=0 Ve = 118pu-e 132:99dee




