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Series Fault Examples with Zbus

pu:=1 MVA = 1000kW
j-120deg b
a:=1¢ )
A012 =1 a a
I a 32
Single Phase Open Examples
Example 1:

e System one-line diagram:

Machine 1 @ T |@ @
Fy,F'

X
|

| T2 @ Machine 2
| 3
ind

Y

1?
S
o™

i)

Machines 1and2:  Spfaeh := 100MVA

XdMach" = 20%
XoMach = 4%
Transformers T1 and T2:

Transmission Line

SBase 1= 100MVA

Stran == 1000MVA

XLl =15%

Vmachine := 20kV
XMach = XdMach" XoMach = X1Mach
XnMach = 3%

Vpyv = 345kV Vv = 20kV

X1 = X1 X1 :=50%

XT = 8%
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VLv

VBLine := 345kV VB mach = VBLine (—j VB mach = 20-kV
Vhv

No change of base calculations are needed for this system.

Determine internal source voltages:

magSye = 8OMVA plpre := 0.85 lagging Opre = acos(pfpre) Opre = 31.79-deg

magSpre i*Opre
—.e

SBase

pre -=

Spre = (0.68 +0.42()pu  |Spre| = 0.8-pu

Assume bus 3 voltage is 1.0 puat and angle of 0 degrees.

V3 :=1.0

S
. pre
lioad := [V3 J ljoad = 0.68 — 0.42i |Tioad| = 0.8-pu arg(Tjoad) = —31.79-deg
Internal voltage on the motor (since we don't know steady-state synchronous reactance, use X1):
Ey =V3 - Iload'j(XT + XlMach) |E2| =09 Py = arg(Ez) ¢y = —12.18-deg

Generator internal voltage:

E; = V3 +Iload'(j'XLl+j'XT +j'XlMach) |E1| =122.pu by := arg(El) ®1 = 13.9-deg
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Prefault voltages at each bus:

Vi = V3 + lgaa-(j-Xe1 +j-X1)

V3 = V3 + loaa-(j-XL1)

V4 = V3~ lioag'(jX1)

= 1.11-pu arg(V1) = 8.11-deg
= 1.07-pu arg(Vz) = 5.48-deg
= 0.97-pu arg(V4) = —3.22-deg

Check result by calculating power transfer between sources and current:

Ptrans =

Lirans ==

_ [Ed]-[Bo| sin(o1 - ¢2)

2-X1Mach + 2- X1 + X1
E; - Ep

3(2-X1Mach + 2-X1 + XL1)

Ptrans — Re(spre) =0

Itrans - Iload =0

e Positive sequence equivalent circuit (with phase open point indicated).

j0.20pu

j0.08pu

F

Fl

j0.15pu

j0.20pu

j0.20pu

=

N1

Find total impedance counterclockwise around loop from F to F'
Zitotal = (X 1Mach + XT + XL1 + XT + X1Mach)
Zitotal = 0.711-pu

Z1FfF = Zitotal
Vequiv = E1 —E3
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e Negative sequence equivalent circuit:

j0.08pu F F' j0.15pu

j0.20pu

e Zerosequence equivalent:

j0.08pu F F'  j0.50pu
MM

j0.04pu

3*j0.05pu

j0.20pu . . .
: Y Find total impedance counterclockwise around loop from F to F'
g Zototal = J+(XaMach + XT + XL2 + XT + X2Mach)
j0.20pu
Zriotal = 0.711-pu
ZoFF' = Lototal
N2
j0.20pu
Find total impedance counterclockwise around loop from F to F'
j0.04pu .
Zototal = J'(z'XOMach +2- X1+ Xpo+ 2'?"XnMach)
3*0.05pu Zototal = 1.041-pu

Zorp = Zototal
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Now solve for the single phase open circuit currents and voltages:

FO FO'
NO

F1 F1'
N1

F2 F2'
N2

Labe :== Ag12-| I

Il =

Vequiv

1
ZiFp +
(ZzFF'

12 = _Il'[
I() = _Il'[

Ip

+

Zorp'

ZyFr + ZoFF

Zorp

ZyFr + ZoFF

—

|Tabe| =1 0.76 |-pu

Using the right have the sequence equivalent circuits:

Vinewt = B2 + 11§ (X1 Mach + XT)

Vinew2 = 0+ Ip:j+(Xomach + X1)

1

Zorp'

|
|

0

0.76

|V3new1| = 0.96-pu

|V3new2| = 0.08-pu

i

I; = (0.43 — 0.26i)-pu

|Il| = 0.5-pu arg(Il) = —31.79-deg

I, = (—0.25 + 0.16i)-pu

|| = 0.3-pu arg(Iy) = 148.21-deg

Ip = (=0.17 + 0.11i)-pu

|To| = 0.2-pu arg(Ip) = 148.21-deg

arg(Iabcl) = —145.57-deg
arg(Iabcz) = 82-deg

arg(V3neW1) = —4.25-deg

arg(Vsnewz) = —121.79-deg
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Vinewo = 0+ IO'J"(XOMaCh + X1+ 3'XnMach) |V3new0| = 0.05-pu arg(V3neW0) = —121.79-deg

V3newo 0.9 ~12.06
— >
V3newABC = A012:| V3newl |Vinewasc| =| 0.97 |-pu arg(Vanewanc) = | ~119.95 |-deg
Vinew2 1.01 118.58
1 I 0.22 5301
% .
AVapc = LO 32 ~ V3newABC |AVABC| =10.03 arg(AVABC) = | —121.79 |-deg
a 0.03 ~121.79

Solve using Zbus method. First get the Zbus matrices for the positive, negative and zero sequence networks:

1

-1

j'XlMach
-1

J- Xt
Yousi :=

Zius2 = Zpusl

- 0 0
- XT
1 1 -1
— t+t— . 0
Xt JXL1 1 XL1
-1 1 1 -1
. . + N <,
1 XL1 Xt X1 - XT
-1 1 1
0 — , + -
I Xt JX1Mach  J-XT

Zpys) = Ybusl_

1
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Ybuso :=

Zpuso = YbusO_

Reset origin for matrices and vectors:

Equivalent impedances looking into the network from the open segment. See section 12.6 in the book by Grainger and

Stevenson or 6.6.4 in the Tlies, 1st edition or 7.6.4 in Tleis 2nd edition.

_(J"XLI)Z

lep' =

Z +7Z -2-Z —i-X
buslz’2 busl33 bus12,3 J-ALL

>

Zipy = 0.71i-pu From above:

1 1 -1
: - + - - 0 0
3 XoMach + 3-J-XnMach  J-XT - X7
-1 1 1 -1
<, <, + <, . 0
J- Xt Xt JXLo 1-XLo
-1 1 1 -1
0 : — + - —
1-XLo Xt 1 XLo - X1
-1 1 1
0 0 — ; , + -
I Xt 7' XoMach + 3 XnMach  J-XT
1
ORIGIN =1

thotal = 0711pu

e Notice that: the demonator has the Thevenin impedance at the bus on either side of the open condition, and
subtracts the transfer impedance and the line impedance.

Zopp' = Zipp

~(j 'XLO)Z

ZOpp' =

Z +7Z -2-Z —i-X
bust’2 busO3’3 bus02,3 J"ALO

ZOpp' = 1.04i: pu

ZOtotal = 1.041- pu

Same as calculated above
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Find the sequence currents based on the prefault load current:
Zipp
| = lans'
laopen -= ‘trans | L\ |Ila0pen| = 0.5-pu arg(Ilaopen) = —31.79-deg
Zipp+| =— +——
(ZOpp' Zpr'j same as above. |Il| = 0.5-pu arg(Il) = —31.79-deg
Zopp
Iraopen = —laopen’| o———— |12a0pen| = 0.3-pu arg(I2aopen) = 148.21-deg
Zapp + Zopp
same as above. |Iz| = 0.3-pu arg(Iz) = 148.21-deg
Zapp
I =1 R ————
Oaopen taopen [Zpr' + ZOppJ |IOa0pen| = 0.2-pu arg(Ianpen) = 148.21-deg
same as above. |IO| =0.2:pu arg(Io) = 148.21-deg
lpaopen . 0 . —26.57
IABCﬁLineﬁAopen = Ap12° Ilaopen IABCﬁLineﬁAopen =10.7571 |-pu arg(IABciLineiAopen) = | —145.57 |-deg
Daopen 0.7571 82

Sequence voltages across the open circuit (based on the sequence connection for 1 phase open):

ZaoppZopp
V1Aopen = laopen’
Zapp' + Zopp

|V1A0pen| = 0.21-pu

Since the positive, negative and zero sequence voltages are equal for the phase A open case:

V2A0pen = V1Aopen Voaopen = V1Aopen

arg(Vlepen) = 58.21-deg
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Calculate change in voltage at each bus due to the open

0
A%
.IAOpen e Positive injection for sending Vi
J-XL1 end of line with series fault AV
A_Open busl v e Negative injection for receiving V1A Open = +AVIA Open
— " 1Aopen end of line with series fault B V3 -
X
J-ALL \2
0
1.15 10.4
Vl—) 1.12 (Vl ; 8.88 q
A O = ‘pu arg A O = -deg
=P 0.96 =P 405
0.94 —6.41
0
V2A0pen 0.06 58.21
J-X12 N .
. 0.08 ? 58.21
V2A Open = ZbusZ' _ . _ .
- ~V2Aopen V2a open| =1 oo | P we(V2a open) =| ) 79 | %8
- X12 0.06 ~-121.79
0
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0
vOAopen 0.04
J-XLo
VOAﬁOpen = Zbuso- VoA o > _ 0.05 ou
_VOAopen _pen 0.05
J-Xro 0.04
0
Calculate Trasformer T1 Current:
VlA_Open1 - VlA_Open2
ITl Aopen = |IT1 Aopen| = 0.5'pu
N - XT -
V2A_Open1 - V2A_Open2
IT2 Aopen = |IT2 Aopen| = 0.3'pu
N - XT -
VOA_Openl - VOA_Openz
ITo Aopen = - |IT07A0pen| = 0.2:pu
- XT
ITo Aopen 0
IABC T1 Aopen = Ap12-| IT1 Aopen IABC T1 Aopen| = 0.7571 |-pu
IT27 Aopen 0.7571

e Approach can be used on any branch except the one with the series fault.

58.21

4 58.21
arg(VOAiOpen) = 12179 -deg

-121.79

arg(ITliAopen) = -31.79- deg

arg( ITZonpen) = 148.21- deg

arg( ITOiAopen) = 148.21- deg

97.99

arg(IABCiTliAopen) = | —145.57 |-deg

82

Same as above
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VOAiOpen3 3 0%
= Agio| V1 > | 3 '
V3ABC_Aopen = Agi2:| ¥ AOpens V3ABC_Aopen| = | 0.97 |-pu arg(V3ABC Aopen) = | —119.95 |-deg
V2A_Open, 1.01 118.58
Alternate approach to get just the change in voltage at Bus 3:
Zpysi — Zpusi
3,2 3.3
AV3 aopen = X “V1Aopen |AV3ilaopen| = 0.0835-pu arg(AV371a0pen) = —121.79-deg
"ALL
Zous2, ., ~ Zbus2
3,2 3.3
AV3 2a0pen = X “Vaaopen  |AV3 2a0pen| = 0.0835-pu arg( AV3 2q0pen) = —121.79-deg
"AL2
Zbuso, , = Zbuso, .
AV370aopen = i] X : VoAopen |AV370aopen| = 0.055-pu arg(AV370a0pen) = —121.79-deg
"ALO
AV
3 0Oaopen 022 —-121.79
= .
AV3apc = Ag12:| AV3_Tlaopen |AV3aBc| = 0.03 |-py arg(AV3apc) = | 5821 |-deg
AV372a0pen 0.03 58.21
1
-12.06
— 2 ;
V3ABC aopen := 1.0-| 3° | + AV3apcC V3ABC aopen| = arg(V3ABC7a0pen) =|—119.95 |-deg
a 118.58
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From above: 0.9 ~12.06
— >
V3newABC 0.97 |-pu arg(V3neWABc) =|—119.95 |-deg
1.01 118.58
Now solve the two phase open circuit below for the sequence currents:
F1 F1'
V .
- I = cquiv I; = (0.2 0.12i)-pu
Z1FF' + ZoFF + ZoFF
|Il| = 0.23-pu arg(Il) = —31.79-deg
F2 F2
i L =1 I =1
Iy 0.69 -31.79
FO Fo' — >
Libc == Ao12:| It |Iabc| =| 0 |pu arg(Iabc) =| 81.87 |-deg
= I, 0 81.87

Vinewt = B2 + 11§ (X1 Mach + XT)

Vinew2 = 0+ Ip:j+(Xamach + X1)

Vinewo := 0+ IO'J"(XOMaCh + X7+ 3'XnMach)

Vinewl = (0.92 — 0.141)-pu
Vinew2 = (0.03 + 0.051)-pu
Vinewo = (0.03 + 0.051)-pu
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Vinewo 0.98 -1.6
e = >

V3newABC = A012:| V3newl VinewaBc| =| 0.9 |-pu arg(VanewABc) = | ~132.16 |-deg
Vinew? 0.9 107.93
1 N 0.03 5801

% :
AV e = 1.0 3% | = V3newaBC |AVABc| =[0.22 |-py arg(AV apc) = | ~61.27 |-deg
a D2z 177.7
Using Zbus approach

¢ Finding the current:

YATS
Iibeopen = Itrans'( PP J |Ilbc0pen| = 0.23-pu arg(Ilbcopen) = —31.79-deg
Zipp + Zopp' + Zopp
Dbcopen = libcopen Iobcopen = Iibcopen
Iobeopen 0.69 -31.79
e >
IABC beopen = Ao12°| Libeopen |IABC7bc0pen =1 0 arg(IABCibcopen) =] 78.69 |-deg
I2bcopen 0 78.69

¢ Finding the voltage across the open circuit (from the sequence network connections):

VIbcopen = Ilbcopen'(Zzpp' + Z()pp') |V1bc0pen| = 0.4-pu arg(VleOpen) = 58.21-deg
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Vabeopen = IZbcopen'(_Zzpp') |V2bc0pen| = 0.16-pu arg(V2bcopen) = —121.79-deg
Vobcopen ‘= IObcopen'(_ZOpp') |V0bc0pen| = 0.24-pu arg(VObcopen) = —121.79-deg

e Alternate way for finding the voltage across the open circuit (from the sequence network connections):

Zypp\ Zapp' + Zopp'
VibcopenA = lirans ( ) |Vlbc0penA| = 0.4-pu arg(VlbcopenA) = 58.21-deg
Zipp' + Zapp + Zopyp
~Z1pp"Z2pp
VobeopenA = lirans' |V2bc0penA| = 0.16-pu arg(V2bcopenA) = —121.79-deg
Zipp' + Zapp + Zopyp
~Z1pp" Zopp
VobeopenA = lirans' |V0bc0penA| = 0.24-pu arg(VObcopenA) = —121.79-deg
Zipp' + Zapp + Zopyp
Calculate change in voltage at each bus due to the two phase open
0
vlbcopen Vi
AV1 z S V2
BC_Open ‘= Zbusl® —
_Vlbcopen VIBC,OPGU : Vs + AVIBCiOpt::n
Tx
J AL V4
0
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1.18

— 1.17
Vi BC Open| =

V2BC70pen ‘= Zpus2’

VOBCﬁOpen ‘= Zbus0’

0.93
0.92

v2bcopen
J-XL2

_V2bcopen

1 X12

vObcopen
J-XLo

_VObcopen

1-XL0

AN
7

V2BC70pen =

VOBCﬁOpen =

0.05
0.06
0.06
0.05

0.04
0.06
0.06
0.04

.pu

‘pu arg(V 1 BCiOpen) =

12.34

11.69 q
-de

-8.41 s

-9.47

-121.79
> -121.79
arg(VchiOpen) = 5201 -deg
58.21
-121.79
> -121.79
arg(VOBciOpen) = 5201 -deg
58.21
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Calculate Trasformer T1 Current:
VlBC_Openl - VlBC_Open2
IT1 BCopen = X |IT17BC0pen| = 0.23-pu arg(ITliBCopen) = —31.79-deg
‘AT
V2BC_Open1 - V2BC_Open2
IT2 BCopen = X |IT27BC0pen| = 0.23-pu arg(IT27BCopen) = —31.79-deg
‘AT
VOBC_Openl - vOBC_Open2
ITo BCopen = X ITo BCopen| = 0.23-pu arg(IToiBCopen) = —31.79-deg
‘AT
IT0_BCopen . (0.6927 -31.79
IABC T1 BCopen := Ao12°| IT1 BCopen IABC T1 BCopen| =| 0  |[-pu arg(IABCiTliBCOpen) = | 104.09 |-deg
IT27BCopti:n 0 —11.93
Same as above
e Approach can be used on any branch except the one with the series fault.
VOBCfOan:;
0.98 -1.6
— | V1 ? 2
V3ABC_BCopen = Ao12 BC_Openy V3ABC BCopen| =| 0.9 |-pu arg(V3ABC7BCopen) = | —132.16 |-deg
V2BC_Open, 0.9 107.93
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e Another approach to find change bus 3 votlage:
Zbusl3 > _Zbus13 3
AV371bcopen = ,J X : “Vbcopen |AV371bcopen| = 0.1593:-pu arg(AV371bcopen) = —121.79-deg
"ALL
Zbus2, , = Zbus2, 4
AV372bcopen = ,J X : “V2beopen |AV372bcopen| = 0.0647-pu arg(AV372bcopen) = 58.21-deg
"AL2

Zbus0, , ~ Zbuso
) 3,2
AV370bcopen =

1-X1o

AV370bcopen
AV3ABC7bcopen = Ao12 AV371bcopen
AV372bcopen

Then the voltage at bus 3 would be:

1

V3ABC beopen = 1.0- a2 + AV3ABC7bcopen

a

3,3
\J 'VObcopen

Note the plus sign instead of the minus
sign as in the circuit based case above.

V3ABC7bcopen =

0.9 |-pu
0.9

|AV3 gbcopen| = 0.0623-pu arg( AV3 gpcopen) = 58.21-deg
. 0.03 . -121.79
AV3ABC7bc0pen =10.22 |-pu arg(AVElABCibcopen) =| 118.73 |-deg
0.22 -2.3
0.98 -1.6

arg(V3ABC7bcopen) = | —132.16 |-deg
107.93
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As a check:

V1 Bus3 == 1.0+ AV3 1pcopen
V3 Buss = 0+ AV3 spcopen

Vo Bus3 = 0+ AV3 gpcopen

N Vo Bus3 — 0
0_right - I:j-(XT + XoMach + 3'XnMaCh)]

S VQ_BUS3 -0
2_right - [j-(XT + XzMach)]

V1 Bus3 — E2
I right '= =7— ] ,
_rig [J'(XT N XzMach)] |Ilir1ght| = 0.23-pu
Io right 0.69
IABC right == Ao12°| I _right |IABC7right| =] 0

I27ri ght 0

[1o_righe| = 0.23-pu

|12 righi| =0.23-pu

arg(Ioiright) = —31.79-deg

arg(Iziright) = —31.79-deg

arg(Iliright) = —31.79-deg

-31.79

AN
7

arg( IABCﬁright) =| 5425 |-deg

-115.98




