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Shorat Clrcmt (Fault) Analysis

® FAULT-PROOF SYSTEM

» mnot practical
> neither economical
> faults or failures occur in any power system

® In the various parts of the electrical network
under short circuit or unbalanced condition,
the determination of the magnitudes and phase
angles
» Currents
> Voltages
» Impedances
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Application of Fault Analysis

1. The determination of the required mechanical
strength of electrical equipment to withstand
the stresses brought about by the flow of high
short circuit currents

2. The selection of circuit breakers and switch
ratings

3. The selection of protective relay and fuse
ratings
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Application of Fault Analysis

4. The setting and coordination of protective
devices

5. The selection of surge arresters and insulation
ratings of electrical equipment

6. The determination of fault impedances for use
in stability studies

7. The calculation of voltage sags caused resulting
from short circuits
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Application of Fault Analysis

8. The sizing of series reactors to limit the short
circuit current to a desired value

9. To determine the short circuit capability of
series capacitors used in series compensation of
long transmission lines

10. To determine the size of grounding
transformers, resistances, or reactors
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Per Unit Calculations
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Three-phase Systems

~ (base voltage, kV, )’ x1000
base kVA,,

~ (base voltage, kV, ,)’
base MV A,

ZB

ZB
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Per Unit Quantities

o actual current
" Base Current (1)

Vo actual voltage (k')
" BaseVoltage (kV,)

actual impedance

/

" Base impedance (Z,,)
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Changing the Base of Per Unit
= Quantities

actual impedance, Z(L2)
(base KV o )2 x1000

base kVA .,

(base kV[OZa,])2 x1000
base kVA 4

p B (base kV[new])2 x 1000
Blnew] — base kVA[ A g

new|

Z(€2)
Zpu[new] — Z
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Changing the Base of Per
==Unit Quantities

actual impedance, Z ()
(base kV[Om,])2 x 1000
base kVA; ..

(base KV, o )2 x1000
base kVA; .,

(base KV e )2 x1000

7 _
] base kVA,

Z(£2)
pul[new] — Z

Zpu[old] —

Z(Q) _ Zpu[ola’]

new|

/

B[ new]|
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kYA Base for Motors

kVA/hp hp rating
1.00 Induction <100 hp
1.00 Synchronous 0.8 pf
0.95 Induction 100 < 999 hp
0.90 Induction > 1000 hp
0.80 Synchronous 1.0 pf .
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Ve V.,
\ / v
\ 4
Vs

Positive Sequence

VOZI/bO:I/cO

a

A

Zero Sequence
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Symmetrical Components of
Unbaladced Three-phase Phasor

I/a — VaO +Va1 +Va2
V=V "'anal +aVl,,

B )
V.=V,t+aV,+a’V,,
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Symmetrical Components of
Unbalafced Three-phase Phasor

In matrix form:

Va 1 1 VaO I/aO 1 1 1 1 Va
V, =1 a- a V., V., =§ 1 g gl gl
Vol |l a a* |Vl Vel |1 & alV.
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Power System Short Circuit
Calculations

Sequence Networks
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Fault Point

The fault point of a system is that point to
which the unbalanced connection is
attached to an otherwise balanced system.
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Definition of Sequence

%ff‘;ﬂ}

2 Networks

Positive-sequence Network

5 = Thevenin’s equivalent
voltage as seen at the fault i
point T

Z, = Thevenin’s equivalent

impedance as seen from
the fault point Z,

Ea1
Val — Eal — ]alzl é
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Defmltlon of Sequence

7

~=  Networks

'a

Negative-sequence Network

Loy = Thevenin’s equivalent
negative-sequence T a2
impedance as seen at |
the fault point

Vz :_Iazzz |

a
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Qeflnltlon of Sequence
' Networks

Zero-sequence Network

e Thevenin’s equivalent Loz
zero-sequence impedance T
as seen at the fault point | |
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Power System Short Circuit
Calculations

Sequence Network Models of
Power System Components .
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;ynchronous Machines

(Positive Sequence Network)
|a1
O —a,
Z
Z, = jx", V.,
) Ea1
.. -
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Synchronous Machines
(Negative Sequence Network)

—Zp
O
T +
(A A
x" +x"
ZZ > .] / V
2 2 a2
Where:
x~, = direct-axis sub-transient reactance
x = quadrature-axis sub-transient reactance

q
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Synchronous Machines
(Zéro Sequence Network)
Solidly-Grounded Neutral

X0
N Y YV IY LS
>
IO
ground
———————————————————— ) it
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Synchronous Machines
(Zéro Sequence Network)

Impedance-Grounded Neutral
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Synchronous Machines
(Zéro Sequence Network)

Ungrounded-Wye or Delta Connected

Generators
X,
N RN RT O,
>
lo
ground ey
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Two-Winding Transformers
(Pasitive Sequence Network)

- PS ,
96 e eIt
5 C ; 5
Standard ~ Equivalent
Positive-seq. Network
Symbol
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Three-Winding Transformers
(Positive Sequence Network)

ZS
Z S
S P
5 z T
T Zt
SStandbarId Equivalent Positive-Sequence
ymbo Network
1
Z ==(z_T7 B4l
Zps = Zp + 7, P9 \Tp pt (
— 1
Zpt Zp +Zt ZS:_(ZpS+Zst_Zpt)
7. =7 +7, f
/. =—\Z +7 -7
Short Circuit Calculations t o) ( 2 st ps )
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v, Transformers
(Negative Sequence Network)

The negative-sequence network of two-
winding and three-winding transformers
are modeled in the same way as the
positive-sequence network since the
positive-sequence and negative-sequence
impedances of transformers are equal.

Short Circuit Calculations
IIEE Presentation




Simplified Derivation of Transformer Zero-
i>eguence Circuit Modeling

(Thanks to Engr. Antonio C. Coronel, Retired VP, Meralco, and former mem ber, Board of Electrical Engineering)

Z
S 8828 0
S1 52
S3 o4
S S
Grounded wye S1=1and S3=0
or
S2=10orS4 =0
Delta S1=0and S3=1
or
S2=0and S4 =1 “ e
Ungrounded wye S1=0and S3=0
or
S2=0and $4 =0
Short Cirguit Calculations
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Simplified Derivation of Transformer
Zgro;Sequence Circuit Modeling

Grounded wye — Grounded wye

S1=1
S2=1
S3=0
L - S4=0
Z
m—
O O—0 O
P S1 g2 Q
°S3 s4° -
77 77
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Simplified Derivation of Transformer
Zero -Sequence Circuit Modeling

Grounded wye — Ungrounded wye

S1=1
S2=0
S3=0

i S4 =0

Z
P .. aasalll Q
51 52
53 54° - g
77 77
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Simplified Derivation of Transformer
Zerg=Sequence Circuit Modeling

Grounded wye — Delta

S1=1
S2 =0
S3=0
i S4=1

-3 4
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Simplified Derivation of Transformer
Zérg=Sequence Circuit Modeling

Delta — Delta
S1=0
S2=0
S3=0
S4=0
Z
- ooy Y
P . =1 = Q
|53 4| w
S Y4
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Transformers
io-Sequence Circuit Model)

Transformer Zero-Sequence
Connection Circuit Equivalent
. PD— m _'Q
P . Q "
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. Transformers
(Zero<Sequence Circuit Model)

Transformer Zero-Sequence
Connection Circuit Equivalent

P' \E ': Q Zeq
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. Transformers
(Zero<Sequence Circuit Model)

Transformer Zero-Sequence
Connection Circuit Equivalent

P [ :

R Ry
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. Transformers
(Zero<Sequence Circuit Model)

Transformer Zero-Sequence
Connection Circuit Equivalent
P‘_ ZP ZQ Q
P - Q
o P .
R Re §
- 7q
P Q
R Re
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Transm|55|on Lines
jve Sequence Network)
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-, Transmission Lines
(Négatlve Sequence Network)

The same model as the positive-sequence
network is used for transmission lines
inasmuch as the positive-sequence and
negative-sequence impedances of
transmission lines are the same
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p, Transmission Lines
(Zero Sequence Network)

The zero-sequence network model for a
transmission line is the same as that of the
positive- and negative-sequence networks.
The sequence impedance of the model is of
course the zero-sequence impedance of the
line. This is normally higher than the
positive- and negative-sequence impedances
because of the influence of the earth’s
resistivity and the ground wire/s.
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Power System Short Circuit
Calculations

Classification of Power System
Short Circuits |
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1, Shunt Faults

» Single line-to-ground faults

» Double line-to-ground faults
» Line-to-line faults

» Three-phase faults
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%, Series Faults

» One-line open faults
» Two-line open faults
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Comblnatlon of Shunt and

Series Faults

» Single line-to-ground and one-line open

» Double line-to-ground and one-line open faults
» Line-to-1i

» Three-p!

ntation

ine and one-line open faults

nase and one-line open faults
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Comblnatlon of Shunt and

Series Faults

» Single line-to-ground and two-line open faults

» Double line-to-ground and two-line open faults
» Line-to-li

» Three-p

ntation

ine and two-line open faults

nhase and two-line open faults




Balanced Faults

Symmetrical or
Three-Phase Faults
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Derivation of Sequence Network Interconnections

o A
. v B
A * l, C
A * I,
System A System B
B Bz | wZ
Va Vb Vc
Vi
= |

Boundary conditions:
I, +1,+1.=0 Eq’n (1)
V,=V,~1,Z,=V,~1,Z, =V,~1,Z, Eqn(2)
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Unbalanced Faults

Single Line-to-Ground Faults
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Derivation of Sequence Network Interconnections

\ ? ! -
Ia
— i i
System A ZfD ‘ T* : System B
V V V

Boundary conditions:
I,=1 =0
V,=1,Z,=0
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T_'i”_ P E
i o a0 — “al = ta2
ga Zy+tZ, +7Z,+3Z,
| If Z,=0
I i 7 — (AN
TI ERL W, 7 -
T M. 25
I---__-T:_L IaO :]al Y IaZ F Z +;,Z
Lo 0 1
T__F I, =1,=1,+1,+1,=31,=3],
[]Zo v, If Z,=0 and 7, =7,
vt g 3E
[,=1,=
Z % |
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Unbalanced Faults

Line-to-Line Faults
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Derivation of Sequence Network Interconnections

A
A w a B
i ? i) -
B
System A System B

Boundary conditions:

I =0
Ib :_[c

Vi—1,Z,=V;or V-V =12,

Short Circuit Calculations
IIEE Presentation




<_m<

I 2 The fault current

2 +Z,+Z, 2
]foanzna’leZ2 ! b ¢ )
=01 =-1,

] - Eal =2 al
al_zzl L, :(az_a)[al :_j\/glal
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thus, with Z, = Z,

22, +Z,
it Z,=0
‘] ‘:_j\/gEal = \/g Eal
! 27 b=
L
] — _—al
J[39] Z,
;o293

Short Circuit Calculations
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Unbalanced Faults

Double-to-line Ground Fault
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Derivation of Sequence Network Interconnections

. A
A vk B
| (T
A * ]
System A System B
Zf Zf
Va Vb Vc
J\/i Zg *(Ib+ Ic)

Boundary conditions:

[,=0 Eq’n BC-1
V,=1,Z, +(1,+1,)Z, Eq’n BC-2
V.=17,+(1,+1,)Z, Eq’n BC-3
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y Vv, Y
O l - v
i |
J
] = y Eal\, \
_— \Z,+Z \Z,+Z,+3Z,)
Z, +7Z +~——L182 S =
Y Z,+Z,+27,+32Z,

Short Circuit Calculations
IIEE Presentation




Negativie-sequence Component:

P— LotZ,+37,
N Z,+Z,+2Z,+32Z,

Zero-sequence Component:

I g Z,+7Z,
© A7, 2oz s

The fault current
I =1,+1 =T+, +al, )+, +al, +a’L ,)

I, =21, +(a2 +a)la1 +(cz+azz)[a2

]f =21, +(_1)]a1 +(_1)]a2 =21, _([al +Ia2)
butl,,+1,+1,=0; orl,,=~(I,+1,)
thus, 7, =31
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If Z,=7,=0 and Z =7,

P — (Z,+Z,)E,,
al o
7+ N0 7 7,
VAR
1
7 E
]a2 — _[al : — azlz
Zl +ZO Z + =Y
L Z+Z,
. ZOEal
7242727,
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If Z,=2,=0 and Z =2,

] - Eal :(ZI+ZO)Ea1
2 Zﬁ_aa 7' +27.7,
)
] =—] ZO — Eal ZO —
N Z+Z Z,Z, \7veg
1 0 Z + =0 1 0
e
il ZOEal
7 +27.7,
Zl Eal Zl
]aOZ_Ial — ZZ
Ly AF L 7 + L% \Z,+Z,
1
/.
— ZlEal — Eal
Z'+227Z, Z +2Z,

al

3E
1,=31,

Short Circuit Calculations Zl + 2Zo
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Voltage Rise Phenomenon

Single-to-line Ground Fault
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Unfaulted Phase B Voltage During Single
Line-to-Ground Faults

- 2
V,=Vo+taV,+aV,

V,=- Eu Z,+a’|E - Ea Z |-a Ea Z,
2Z,+ Z, 27, + Z, 2Z,+Z,

. Loy
L,— 2 Z | Z
V,=E, az_[ 0 1)}:&11 a2—£ 1 1Z
] 27, +Z, Z) 5, %
s 1 —

2o
I/b:Eal az_ 1Z
2+—=2
Z,

neglecting resistances, R, and R ;

X

Z0_1
X
I/b - Eal a2 - 1 X
Short Circuit Calculations 2+—2
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Unfaulted Phase B Voltage During
Smgle Line-to-Ground Faults

Neglecting resistances R0 & R1

50

45

40

w
o
\

Phase B Voltage (p.u.)
N N
o ()]
\
—

o
\
—

-
F

Ef
A
|
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Fault MVA

MVA, =1.xMV4,

where, for E _ =1.0p.u.;
al

ase

for three — phase faultin p.u. :

1
/ F(3¢) — ?
1

for singe line - to - ground faultin p.u.:

3
Lrisia) = 7 +27
0 1
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Fault MVA

Three — phase fault MVA :
MVAF(3¢) = ]F(3¢)(p1/l) X MVAb
1
Z, =—— pu.
Lr39)
Single line—to— ground fault MVA:

MVAF(SLG) = [F(SLG)(p°u°) xMV4,

ase

ase

2/, + 7, = A pu.
]F(SLG)
-3 o
]F(SLG)
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Assumptions Made to Simplify
w2 Fault Calculations

1. Pre-fault load currents are neglected.

2. Pre-fault voltages are assumed equal to 1.0
per unit.

3. Resistances are neglected (only for 115kV &
up).

4. Mutual impedances, when not appreciable are
neglected.

5. Off-nominal transtformer taps are equal to 1.0
per unit.

6. Positive- and negative-sequence impedances
are equal.
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Outline of Procedures for
Shete Circuit Calculations

1 Setup the network impedances expressed in per
unit on a common MVA base in the form of a
single-line diagram

2 Determine the single equivalent (Thevenin’s)
impedance of each sequence network.

3 Determine the distribution factor giving the
current in the individual branches for unit total
sequence current.

Short Circuit Calculations
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Outline of Pro

cedures for

Sheft Circuit Calculations

4 Interconnect the three seg
type of fault under consic

uence networks for the
erations and calculate

L

the sequence currents at tl
5 Determine the sequence c

ne fault point.
urrent distribution by

the application of the distribution factors to the
sequence currents at the fault point

6 Synthesize the phase currents from the sequence

currents.
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Outline of Procedures for
Sheft Circuit Calculations

7 Determine the sequence voltages throughout the
networks from the sequence current distribution
and branch impedances

8 Synthesize the phase voltages from the sequence
voltage components

9 Convert the pre unit currents and voltages to
actual physical units
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2CUIT BREAKING SIZING

Jmetrical Rating Factors)

® Momentary Rating
"Multiplying Factor =1.6

® Interrupting Rating

"Multiplying Factor
»8cycles =1.0
»bcycles =1.1
»3cycles =1.2
»1 % cycles =1.5

Short Circuit Calculations
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"EXAMPLE PROBLEM

S =T EM
B3k
JF =500 MWA,
SLG =1000 kWA,

In the power system

shown, determine the o

momentary and ¥l = 3.5pu @100 MWA
. . i ¥l = 5pu @ 100 MWA, 51
Interrupting ratings for I WA,

. T1 ¥=01pu
primary and secondary el i1 g
circuit breakers of AP o
transformer T2. 138 kv

7.9 WA

PeTE=Te . W > Bl <|
¥ =0.06pu FﬂﬂA\ Pﬂﬂ)&

Short Circuit Calculations % =0.15pu
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Solution:;

Equivalent 69kV system@ 100MVA :

800
]F(3¢) = I:m:| = 8p1/l

[F(SLG) = [ } =10 pu

X, =1—3O—2><O.125 =0.05pu

Short Circuit Calculations
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T1:

X = 0.08[@} =0.2667 pu
30

Gl:

x"=0.10 100 = 0.40 pu
2%
100

x, =0.06| — [=0.24 pu

0 { 25 } p
T25 18538

X = 0.06[@} =0.80pu
75

M1, M2: kVAs =0.9x5000=4500
or MVABs =4.5

x=0.15 199 =3.3333pu
4.5




Solution:;

Positive sequence network:

13 BIV CB\‘ 4 16kV CB
M 0.80 [:1, 1EkY B
: W=
- I = 080 13.3333
38917 I ;NW\_Q
O i0.40 j0.80 33233 -
“IEEIE“-J ~/% )
Bus kAl S
13.8KkV CB \‘ 416k CB
Mﬁ | 139 | j% U St '/4 16k B
~ e —~ i0.80 33333
i3.8917 -
jo4n | 080 | j3.3333
13 ARy v

. ¥ Y
%} Eus 41333
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Solution;

Zero sequence network:

13.8kV CB \ 4.16kV CB
j0.05 i5.0 i0.2667 j0.80 V/
trwm I mmﬁ\_I_Jr\ﬁm /l ] JfWY\_D_l.q._']EkV Bus
e j0.80 j??7?

5.3167 mm_|_mm
10.24 j0.80 ‘ 777

13.8kV/
Bus

Short Circuit Calculations
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uence Network Models

Impro?,gr Seq

Transformer, T-PC3
0.0533 ohms pu

; POWER CENTER 3

Cable, C1
0.0209 ohms pu
31DPAOL
Cable, C3 Cable, C7 Cable, C8
0,0016 0,1518 0,0030
chms pu ohms pu ohms pu
. - Cable, C5 Cable, C6 Group Motar,
%?Ubllgiicz Transformer, % 0,0200 0,0850 ;‘1_606158 ECB-01 Transformer, T-11
ohms pu T-01 ohms pu ohms pu i .
04613 ohms pu 1,.0333 ohms pu
ohms pu Srggp Motor,
Cable, C4 Shme g Cable, C9
able, ohms pu able
@ 31PPAOL 0,005 @ 31LPAO1L 05591'1
ohms pu — ohms pu
Motor, M-02 31PPAQ3
31PPAOZ ECB-02
1-hl444 Cable, C11
ohms pu ﬁrggp Motor, Greup Mator, Cable, C10 gh?"ﬁg%u ﬁrglgp Mater,
5,5556 ?:;;?5402 ; 0,0032 13,8889
ohms pu ohms pu ohms pu ohms pu

Short Circuit Calculations
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® 31LPAO2

Transformer, T-02
1.0333 ohms pu

Cable, C12
0.0101 ohms pu

31PPAD4

Group Motor, M-07
13.8889 ohms pu




Improper Sequence Network Models

Case 1 Power System Diagram

\ 4
UTILITY
SCA=112.5MVA
X/R = 10.00
13.8kV
: ~BUS-1
pey JEIY
k 1125kVA, Pf=0.8 1250kVA, Pf=0.8
X"d=0.1835pu T:=1000kVA 3T2=1000kVA X"d=0.195pu
% Z2=5.87 % Z=5.87
Cs=4.6m, C.=24.4m, C;=24.4m, Cs=4.6m,
375mm-, 6/ph 375mm-, 6/ph 375mm-, 6/ph 250mm-, 5/ph
: ' ‘. BUS-2
208V BUS-3 TIE CB ? 208V
', Cs=7.6m F
375mm-, 4/ph
208V
.; —BUS-4
F, | Cs=61m, C,=61m, Cs=15.24
250mm?<, 2/ph 125mm?°, 4/ph 100mm?*, 1/ph
Ay ALY ALY
M;=40HP M.=75HP Mz:=10HP
X"'d=28% X"d=28% X"d=28%
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Improper Sequence Network Models

Case 1 - Impedance Diagram

—-_._...-"'
7 Zyy 7 Zu> ‘I Zms 3 Zay 1 'ZZGZ
'|' BUS-1
~ - L | L I
- = 2
'\I Zcs “I Ly 7 Zcs h Zcs ‘ﬁ/ETl ‘ﬁETz 7 Zca
3 Za '“‘I/éc:
|

1/
é \\ LEU5'3 \5 = BUS-2
F- F

; - BUS-4

F3
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Incorrect Seq

. r

FOR GENERATOR

ONE LINE DIAGRAM

G1=G2=G5

P=1000 KW 1250 KVA

V=480 volts
Pi=048

G3 G4 G5

G1 G2

¥ Fault

ATS GROUP 1

w group of small motors

Short Circuit Calculat motors (hundreds HP)

IIEE Presentation

uence Network Models

E Z, =0.063%

G3=G4
P=1250 KW / 1562 KVA
V=480 volts
Pf=08
{n IMPEDANCE DIAGRAM
Zw=00015 F
T i
/
/
[
Z, =0042 E /
| Leg
/
/
/
/
ATS GROUP 2




QUESTIONS?




b’
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