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Introduction

 Topics
= Per Unit Basis
= Symmetrical Components
= Component Modelling
= Faults & Sequence Networks
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Per Unit Basis



Per Unit Conversion

o Per Unit Definition

A quantity a (voltage, current, power, impedance,
admittance, etc.) in per unit is defined as the ratio
of that quantity to a selected base quantity of the
same nature (i.e. voltage, current, power,
impedance, admittance, etc.)

[actual units] [units]

d[per unit| _ — Ll[pU] —

[actual units] [units]

b b
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Per Unit

- Example:

If V =120 [V] and we select V, = 80 [V], then

120 [V]
80 [V]

V[pu] —

= 1.5 [pu]
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B - |
Per Unit

» Percent Definition

If the per unit value is multiplied by 100, the
quantity is expressed in percent with respect to
the base quantity.

For the previous example, we say the voltage is
150% (1.5 x 100) of the base voltage of 8o [V].
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Per Unit

- Per unit conversion requires us to select a base
quantity
- How do we make the selection?

= Answer: Select two quantities as the base from the
following: voltage, current, power, impedance,
admittance

» Which do we choose?
= Answer: Generally choose voltage and power.
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Per Unit

- Why Voltage and Power?

= Voltage. For each voltage level in our system, we
know the rated voltage of equipment, and even if

A 1"\‘\1"\(\' ]"\ TTI\]'I'(\(\'/\ f] nnnnn Af\171n+f\ 'I‘f\f\

1~
J.UClLl1115 bllClllsCD, LllC vulldagc UUCS J.J.UL dacviatie 100 muci

from the rated value.

» Power. The range of power flowing in a section of the
system is quadratically related with the voltage. As
such, the range of expected power flow is known for an
area. Note, for transmission level analysis, it is
customary to select a base power of 100 MVA.

Note: The base power is usually selected to be the
same for the entire network.

h
11
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Conventions

- Unless specifically stated, the following
quantities are always complex numbers:
V,1,Z,Y, S, t
- All other quantities are real numbers, such as
R, X,G,B,L,C,PQ



Terminology

V  Voltage L Inductance

I Current C Capacitance

Z Impedance P Active Power

Y Admittance Q Reactive Power

S Complex Power |IS| Apparent Power

t Turn Ratio

R Resistance - Pet Peeve #1: There is no
X Reactance “real power" anywhere
G Conductance here

B Susceptance
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Per Unit

- Selecting Quantities

V, = Vq>—¢
_ ¢
“b Y30

= Voltage
+ Usually selected as the nominal phase-to-phase voltage at each
voltage level
= Power
» Usually selected in the range of 3-phase power flowing in the
network (i.e. whatever network is being analyzed)
 For transmission level analysis, it is customary to select a base
power of 100 MVA.
- The base power is usually selected to be the same for the entire
network.
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Per Unit Formulas

v \?
Z[Q] _ (‘éb—gb-b) [Siemens] 1
b GIVA] > Yb — 7[9]
3ched b
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Per Unit for Equipment

» Per unit quantities for equipment is defined at
the equipment level

o« Ex: 25 MVA, 110-33 kV transformer
Z = 8.3%

= EXx: 4 KV, 1500 hp, 0.88 PF, 93.5% eft

X4 = 0.155 pu
¢ _ ¢ _ 1500 (hp] x 0.746 [hp/kW]
motor ’ 0.88 PF x 0.935 eff

1360 [kVA]
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Per Unit Conversion

- Equipment ratings vary
- Selection of base quantities vary

o Analvsis requires use of a common bas

A[units] A[units]
. A[pu.new base]

[units] [units]

A‘D.old Ab.new

A[pu.old base] A‘[Eunits] _ A[pu.new base] Algunits]
.old

Jew

A[pu.old base]

[units]

[pu.new base] [pu.old base] Ab,old
A o A [units]
Ay e
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Per Unit Conversion

- Particularly for impedances

Remember:
2
o _ (1)
Z, = GIVA
b
[€2]
Z[pu.new base] _ Z[pu.old base] Z b.old
Z[Q]
b.new
2
[V] [VA]
_ lpuodbasc] | Voold | | Obaew
V[V] S[VA]
b.new b.old
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Advantages Of Per Unit

- Equipment Parameters. For a given type of equipment, and
disregarding the size and voltage, the parameters in per unit are
within a narrow, known range

- Eliminate Turn Ratio. For two adjacent networks of different
voltage levels, if the selected base power is the same throughout and
the selected base voltages match the turn ratio of the transformer
between the networks, then all quantities in per unit have the same
value regardless of which voltage level they are defined. In essence,
the transformer is eliminated.

- Eliminate Coefficients. For almost all equations with quantities
defined in per unit, the numerical coefficients are eliminated.

- Voltage. In per unit, the line-to-neutral voltage equals the phase-to-
phase voltage, and during normal operation both quantities are
close to unity.
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Syrmmetrical Components



History

 Charles LeGeyt Fortescue
= 1876 — Born in York Factory, Manitoba
: 1898 First engineer to graduate from Queens

______________ ~ =~ o~ -

UIllVGI blLy at l\lllgbLUIl in Ontar l()

= Joined Westinghouse after graduation and spent his
entire career there

= 1913 — Co-authored paper on measurement of high
voltage using sphere gap, a method still used to this
day (97 years later)

= Obtained 185 patents in his career in design
transformers, insulators, and DC and AC power
circuits
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History

» Charles LeGeyt Fortescue (cont’d)
» 1921 — Elected AIEE Fellow
= 1930 — Paper in Electric Journal that outlined

“direct stroke theory”, which is said to have
completely revolutionized the approach to the
lightning problem. Led to adoption of overhead
static lines.

= 1936 — Died in December at age 60
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History

 Charles LeGeyt Fortescue (cont’d)
= 1918 - Transactions of the American Institute of

Electrical Engineers (AIEE) included the classic paper
Method of Symmetrical Co-Ordinates Applied to the
Solution of Polyphase Networks
- 88 pages long
- 24 additional pages of discussion
* 303 numbered equations

- “bewildering exhibit of subscripts to be found in it is
something that will, well, make one pause”

» Vladimir Karapetoff suggested that the term
“symmetrical components” was a “more correct and
descriptive” expression
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Symmetrical “Co-Ordinates”

- What are Symmetrical Components?

= Any set of N unbalanced phasors — that is, any such
“polyphase signal — can be expressed as the sum of N

D)’ JJJJJICLJ. 1Cadl SE1S O1 Daiancea PllaDUlb

= Only a single frequency component is represented by
the phasors. This is overcome by using techniques
such as Fourier or LaPlace transforms.

= Absolutely general and rigorous and can be applied to
both steady state and transient problems.

= Tt is thoroughly established as preeminently the only
effective method of analyzing general polyphase
network problems
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Three-Phase Sequence Networks

» Three-Phase Systems

= Three sets of symmetrical components, where each set
is referred to as a sequence.

= First set of phasors, called the positive sequence, has
the same phase sequence as the system under study
(say ABC)

> The second set, the negative sequence, has the reverse
phase sequence (BAC)

» The third set, the zero sequence, phasors A, B and C
are in phase with each other.

= Method converts any set of three phasors into three
sets of symmetrical phasors, which makes asymmetric
analysis more tractable.
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Symmetrical Components

« Set of three phasors, say X,, X, and X, can be
represented as a sum of the three sequence sets

X — X 4L X 41X

“r*a T “ra0 VAR b AR a2
X, = Xy + X, + X,
Xc — XO —I_ Xcl —l_ XCZ

where
X X0, X, is the zero sequence set

X ., X,,, X is the positive sequence set
X ,,X,,,X , is the negative sequence set

a
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Symmetrical Components

a

a7 UNBHANCED

SET )
¢ b
G &
= 4 + % . /%J
7
42 bz lla ('O
b
Fos. SER. NEG, SEQ. o See.

—

POWER SYSTEM CALCULATIONS—PART I IEEE IAS 2010 - Copyright: IEEE



Symmetrical Components

Only three of the sequence values are unique,
Xﬂ’Xﬂl’XﬂZ
The others can be determined. First, we define a
complex operator a.
a = M = 1/120°
a = ™ = 1/240°
@ = P =1/360° = 1
l+a+a =0
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Symmetrical Components

Then, we relate phases within a sequence to the reference,
which is a-phase in this example

Xa() : X!)O 20 c0
2 _
Xal Xbl a X Xcl T dXdl

X, o X, = aX,, X, = deaz

|
P
P
|
<
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Symmetrical Components

Rearrange the equations

Xﬂ — XaO Xal _I_ XaZ
Xl’? — Xm’) deﬂi + ’élXaZ

X =X, +aX 6 + dedz

c

which in matrix form looks like this:

X | 1 1 1}X

4 a0
X, =11 & al|X,
_XC_ 1 a2 4 |X

42_
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Symmetrical Components

Using simple notation, we can convert from symmetrical
component reference to the phase reference as follows:

‘ X hase = X,
where
1 1 1]
T2l & a
1 a &

Of course, the following equation can convert from the
phase reference to the symmetrical component reference:

X =T'X

sy phase
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Symmetrical Components

The inverse of the transformation matrix is

1 1 1 1
T'=—-1 a 4
3 2
1 a° a
which in detail, results in the following equations:
X, ot orx,
X, |=-1 a a|X,
X 31 a  al|X
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Sym. Components - Example 1

Let
A 10.£0°
I =|/,| =|10£ — 120°
I 10£120°
Then o | |
I =TI
N L[ 1020 | [ 0
— —|1 a 4°||10£ —120° = [10£0°
S 2 4l 1021200 0
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Sym. Components - Example 2

If

10£20°
I = ({10 + 120°
102 — 120°
Then
0
I = 0
10£20°
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Sym. Components - Example 3

If
v . 8.020°

1/ _ i n /s aoNneo
Vb — .U — JU

V| |16.0143.1°

Then

V.| [ 2.02143.1°
V. |=| 9.8218.4°
V, _4.34 — 86.20_
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Symmetrical Components

-

Vg = BOJSO Vy = 5.0 /-80" Y, = 16.0 A3



Symmetrical Components

Vet
""'nl |
Vb2 .

Y2
NN N
Yoo Yo Veo

Yz "
Y1

Vg = 9.8 S18.4° Vaa =43 /-86.2 Vep = 2.0 /143y
Vps = 9.8 /-10L8" Vg =4.3 /338" Vpp = 2.0 f143.1"
Vey = 9.8 /138.4° Veg =43 /2082 Veg = 2.0 /1431
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Symmetrical Components
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One Way to Visualize

- Positive Sequence

= Can be thought of as a “source” that rotates a
machine in a particular direction

- Negative Sequence

= This “source” rotates a machine in a direction
opposite of that of the positive sequence

« Z€ero Sequence

= Causes no rotational force, but instead forms an
oscillating (not rotating) field in the machine
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Comments on Sym. Components

- The transformations apply only for linear systems,
that is, systems with constant parameters
(impedance, admittance) independent of voltages
and currents

- The quantities used for X can be phase-to-neutral or
phase-to-phase voltages, or line or line-to-line
currents.

- For some connections, the zero sequence component
is always zero
= Line currents for an ungrounded wye connection
= Line currents for a delta connection
= Line-to-line voltages for a delta connection
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More Comments

- Symmetrical components is a important tool for
analyzing unbalanced states
Three- phase unsymmetrical network and state is

PR - = veaa waa ~d ~ v’\-—n

collvcel Lt:U. to Llll cC bylllllltll.l lbdl networks auu states

Symmetrical networks can be solved using single
phase techniques

With symmetrical components we solve three
interconnected symmetrical networks using single
phase analysis, which is easy.

Once solved, we use transformation equations to
obtain phase quantities

]

(m]

]

(m]
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More Comments

- Equipment Parameters
= Symmetrical components has advantage that
parameters in system components are easier to
define
= Because each sequence is a symmetrical three-
phase case, the parameters can be defined using
typical three-phase tests.
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EEEEEEE———————
Complex Power with Symmetrical
Components L

Ta

f

For wye connections refertnee voltage

S=V, I+ VI, +V,I' +V, (I, + I, + 1)

V., + V) +(V,, +V, ) +(V, +V,)I
V.I! + V,I; + V. I!



.
Complex Power with Symmetrical
Components

For delta connections
S = ‘/aé];b + Véc[b*c ‘|‘Vm[;
=V, V), +(V, =V )L+ (V. =V.)L,
=V, ([ab - ]m>* +V, <]bc — ]ab)* + V. ([m - [bc>*
=V, I, +V, I, +V I
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Complex Power with Symmetrical
Components

In matrix form

_[d

el rT 7 Y 7 Y 7 -l b g - rT ok
O = vd vb Vc J jb T vphase1 phase
/

c

We have the following transforms
Vphase — TVsym
Iphase — TIsym

Then the complex power becomes

L T T kg =
S=VILT'TT,,
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Complex Power with Symmetrical

Components
The product
10 0
T'T = SIidentity =30 1 0
0 0 1
Then the complex power becomes |
S =3V_I

— S(Vaol;ko + VI, + ‘/42[:2>
If the voltages and current are defined in
per unit, the "3" disappears



Use of Symmetrical Components

» Consider the following wye connected load

[n:[a—|_[b_|_[c
) Vv =20 + Z1I
AR = (Z, + Z), + Z0, + Z,1,
v, = Z1 +(Z, + Z)I, + Z,I

V=21 +21 + (£, + 2 )]

‘/a ZY —|_ Zn Zn Zn [d
‘/b — Zn ZY —I_ Zn Zn [b
I/c Zn Zn ZY —I_ Zn ]c
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Use of Symmetrical Components

v.| |z +2z, Z Z, |,
il=1 4. & +Z 0 Z
: Z, Z, Zy + 2,4,
V = ZI o
=TV,
[ =TI,
Tv,, = ZTI
v, = T'ZII
Z +3Z, 0
T'ZI=| o0 Z




Use of Symmetrical Components

Vol [z, +32 0o o]
vi=| o Z, ol
V, 0 0 Zy||1,
Systems are decoupled -
Vi = £y +32,)1,
Vi = 41,




Break



Component Modelling



Generators

- Fault Behavior
= Sudden change in voltage and current, such as
those in faults, produces transients
= Armature current divided into two components

- Symmetrical AC component — whose associated
component in the field is a DC current

+ DC component — whose associated component in the
field is an AC current
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Generators

- Symmetrical Component Modelling
= Principle concern is with symmetrical component and its
associated constants
= DC component often eliminated from studies

vv‘.‘.; NS AANSAA W AA NSAAAAALAZAANRN G VA AA NJALAA N LA UALART

- Usually not necessary to apply or set protective relays

- If necessary (e.g. circuit breaker applications), various factors
are available from standards, manufacturers, or other sources

= For synchronous machines, symmetrical AC component can
be resolved into three distinct components
* Subtransient component — the double prime (*) values
+ Transient component — the single prime (‘) values
» The steady-state component
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Generators

 Subtransient Component
= Occurs during onset of fault
= Subtransient reactance (X,”) approaches armature

leakage reactance but is higher as a result of
damper windings, and so on.

= Subtransient time constant (T4”) is very low
(because damper windings have relatively high
resistance), typically around 0.01—0.05 seconds
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Generators

 Transient Component

= Armature current demagnetizes the field and decrease
flux linkages with the field winding

s Transient reactance (X,") includes effect of both
armature and field leakages and is higher than

armature leakage reactance, and thus higher than the
subtransient reactance

= Transient time constant (T’) varies typically from 0.35
to 3.3 seconds

- Steady-State Component
= Transient eventually decays

» For faults, eventually becomes unsaturated direct axis
reactance (X,)
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Generators

Time of Fault

(ig” - ig )_*
c
‘ .368("1 -Id') Steady State Value:id
b
~ Voltage from air gap line
— _at no load excitation VvV _oa
¥ oc X X4 T Xy 12
l‘i'= rated _ d
X, 2 --J
T "
d
ig = Vrated _ % -
y Xy’ + % & e
Time AXiS —p *
— V)‘.’

Figure 10.4 Component of the symmetrical ac current of a synchronous machine at no load where Vi ateq
= V' = V.i%, iy, and iy are rms values.
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Generators

« Negative Sequence

= Subtransient reactance can be measured by blocking
the rotor with the field winding shorted and applying

L]
e ha¥eol

single phase voltage across any two terminals

= As position of rotor is changed, measured reactance
varies considerably if machine has salient poles
without dampers (and very little damper winding
exists) or if the machine has a round rotor

= For negative sequence, similar phenomenon exists
except rotor is at 2f with relation to field set up by
applied voltage

= Good approximation: Xz — %(Xa/’/ T Xq”)
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Generators

« Z€ero Sequence
= Varies quite a lot
= Depends largely on pitch and breadth factors of
armature winding
= Generally, X, is much smaller than X, and X,

values Gen Bus
Z
u’»—é—*@ %
£ Z2 Zo

P g .
£A :': V' VQ_ 3 i,, V()
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Generators

Two-pole - Four-pole
Conventional Conductor Conventional Conductor
Turbine generators cooled cooled cooled cooled
X4 (unsat) 1.65/1.0-1.75 1.85/1.5-2.25 1.65/1.0-1.75 1.85/1.5-2.25
X, rated current l.61/0.96—l.71. 1.81/1.46-2.21 1.61/.96-1.71 1.81/1.46-2.21
X, rated voltage 0.17/0.12-0.25 0.28/0.20-0.35 0.25/0.2-0.3 0.35/0.25-0.45

Xy rated voltage
X, rated current
X, rated current‘”

X, Potier reactance
2 (2)

2

r:t3)

ra(3)

T4,
Ty
Ty
T,
H

0.12/0.08-0.18

0.07-0.17
0.025-0.04
0.004-0.011
0.001-0.007

3
0.6
0.035
0.13-0.45
2.5-3.5

0.22/0.15-0.28

= X,
0.2-0.45
0.025-0.04
0.001-0.008
0.001-0.005
3
0.75
0.035
0.2-0.55
2.5-3.5

0.16/0.12-0.20

"
- d

0.12-0.24
0.03-0.045
0.003-0.008
0.001-0.005
8
1.0
0.035
0.2-0.4
3-4

0.28/0.20-0.32

= X3
0.25-0.45
0.03-0.045
0.001-0.008
0.001-0.005
6
1.2
0.035
0.25-0.55
3-4

Salient Pole Generators and Motors:
With dampers—X,; = 0.37/0.25-0.5, X = 0.24/0.13-0.32, X, = X3 -
Without dampers—X; = 0.35/0.25-0.5, Xy = 0.32/0.20-0.5, X> = 0.4/0.3-0.45.

Synchronous condensers:

Xy = 0.40, X; = 0.25, X, = 0.24. .
Notes: (1) X, varies so critically with armature winding pitch that an average value can hardly be given. Variation is
from 0.1 to 0.7 of X7; (2) r, varies with damper resistance; (3) », and r, vary with machine rating.
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Generators & Network Equivalents

System
7 Y

:“ g Fa

N RVAVAVAVERS

(B) #ﬂ\lﬂvﬂuﬁ\/_ M

(C)

(D) o Induction Motor

POWER SYSTEM CALCULATIONS—PART I
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Utility systems

outside generating

station areas

Industrial plants
with utility tie

and no or small
local generation

Near generating
stations

s Industrial plants

with utility tie
and significant
local generation

At generating
stations

Industrial plants
with all local

generation, no
utility tie

» “Strong” Remote
Systems

= Assume X, = X,
= Calculate X, from 3-
phase fault duty

= Calculate X, from
SLG fault duty

IEEE IAS 2010 - Copyright: IEEE



Induction Machines

INPUT

a)

INPUT
(ZppZy)

b)

R + iXg R, +jX,
r
1-8
\
R, x
ﬁ _ For Positive
S Sequence
_—r _ For Negative
2-8 Sequence
Ry = 0.01 pu = Stator Resistance
Xg = Stator Leakage Reactance at Rated Frequency
R, = 0.01 pu = Rotor Resistance
jxr = Rotor Leakage Reactance at Rated Frequency

JX, = j3.0 pu = Shunt Exciting Reactance
JX = jXg + X, = jXg =j0.15 pu

Values shown are typical for an induction motor and are
per unit on the motor kVA and kV base

§ = Synchronous RPM - Rotor RPM _ 1.0 for stalled condition
Synchronous RPM 0+ for running conditions

- Positive Sequence

= Changes from stalled to
running

s ~0.15 pu stalled (X,”)
s 0.9—1.0 pu running

- Negative Sequence

» Remains effectively constant
s ~0.15 pu (Xy")

« Zero Sequence

= 0.0 if wye ungrounded or
delta connected



Transformers

» Modelling
= Usually modelled as a series impedance
= Shunt parameters can be calculated by review of

transformer tests.
= Shunt parameters don’t generally impact analysis

= Transformer winding configuration determines
sequence networks

s Three winding transformers have interesting
sequence networks, but close inspections shows
them to be intuitive
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ransformer Sequence Networks

G Transformer Positive and Zero
Transformer |Positive and Zero Bank Negative Seguence
— Bank. - Negative Sequence Connection Seguence Connection
Connection Seguence Connection Connection
Connection N
N, or N 0 &
No H M 1 2
H e Nlor N2 BZN
> BT g ZT -
e W . | H i L
(a) Open
H L N]. or N’2 NO " SFes
5 7 3z If Solid
> H T T N Grounded
z —_—vvr—— |H 4 L Zy=0 — v — M
(o7 N Open T
0i
H L Nl or N2 No
Z | :: | p— p\ — L
D > H HI,.,T,. L H L 1\
OPEN
(c) Lopen/
H L Nl or N2 No
Z Z If solid
.H—fv'n—“ H_fvll;w—l‘ Grounded M
z and/or 2,.=0
(d)= - NH NM
N
H L i B Bo 2
Z 32, %, 32 3 3z,
p N5 w e e e |
Z
(ef= NH =N T
H L l\l1 or N2 No H OPEN
,l\ i | 2, . If Solid # i
—t el | H . Grounded
—_M
(£] open / () Zy=0
H L Ny or N3 NS H
* D i z'[' L Z'I‘
— e | — j -
(g) \Open)
H L Nl or N, No
/I\ /'\ H S iy P L
—_—e— | H__ e ]
(h) Copent ()




3 Winding Transformer Impedance

» 3 Winding Transformer Impedance
= Usually given as a winding-to-winding (delta)
impedances in per cent

» Convert to equivalent wye impedances for sequence
network analysis

= Often times, the base power is different for various
impedances
» Ex: 100 MVA auto with 35 MVA tertiary
May show Z,,,, on 100 MVA base
May show Z,;, and Z,, on 35 MVA base

Must convert delta impedance to common base
before converting to equivalent wye network
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3 Winding Transformer Impedance

» Delta-Wye Conversion Formula

ZH — %(ZHM T ZHL — ZML)
ZM — %(ZHM T ZML — ZHL)
Z, = %(ZHL + Lo — ZHM)
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Z19-Zag Transformer

Power System

Zero Sequence

3R(optional)

Optional
Resistor
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Transmission Lines

» Positive and Negative Sequence Impedance
= Passive component
= Assume line transpositions

luO Dm
= [ = ] H/
h . 27 rlD [H/m]

K

X =wl = 27 fL
D

X, = X, = 47 x 10 In—= [Q/m]
D

)

R = R, = conductor AC resistance (tables)
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Transmission Lines
Fgu valent eivet and e?{aﬁms for overbead bies

N Charach] /e h ranqe ' * :
e~ i mil X L E"gﬂ?’ (n) Epuahons
short - P < / { V’f"’ Vg’), +ZIr
Unes 80/50 s
medl.m' 80/50 ‘ ne(d _!-! - 2
fenj#a << { { ph=( *22 }_n,m- I
lines 81{0/{5'0 Is:V(J-}"T’Z R’h .,.(4*_;2_1 f&
Veph = (4+ Z—_'Z' Y >'T
:"’fogw an‘lv-!_)‘ 2["‘“.?_!4) 2 ) rph+Z Ip
' = Vzy 2y sinh\Zy 1 gl
lo:n‘j z \zy sinhVz) %Y (14 %Z)_Vn N
bnes N _""_'Z') -
*) 2 /%
2‘!9”5’0 o -
A I I e Vsph(u-g!)w,u_zb
- - ‘ -‘2-’_“. ‘.'...- f!.‘ﬂl )
320/200 ; Is:Y (u;; )u,wg, L2412
Comment.” ZsKe.Z ; Y'= KyY ; %) Pachoular fengthvange frv long bines.
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Transmission Lines

- Zero Sequence Impedance
= More involved
= Assumptions

- Zero sequence current divides equally between
conductors

 Conductors are parallel to ground

- Earth is a solid with a plane surface, infinite in
extent, and of uniform conductivity

= None of the assumptions are true
= We get acceptable error with these assumptions
= Line design affects calculation techniques
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Transmission Line Zero Seguence

Table 11.3 Summary for Zero-Sequence Impedance Calculations

Values are in ohms/mile at 60 Hz. For kilometers, multiply mile values by 0.62137. For other frequencies, multiply the r., X,,
Xd, X., X, values by f/60, where f is the desired frequency in hertz.

Sections/
Type General equations Eq. no. Equations for use with tables Eq. no.
1
;ngglle circuit D, (11.37)
L] —_ + = ] - .
0. gronna Zy =r, + 0.286 + j0.8382 log ——— GMR, o Zo=r, +r.+jX,+ X. — 2Xy) (11.38)
wire (11.50)
11.9.3, 11.9.4* , ; GMDy; 3 10 gr 1 o . (11.47
Single Cil'cui[, Zﬂa =r, + J0'8382 lo.g GMREr % (11'45) Z()a =r, t+ J(Xa + 3Xd(ag) - 2Xd) }
one ground
wire Z, = 3r, + j0.8382 log SoDer 2 o er 1 (11.46) | Zb = 3ry + jOX, + 3Xatup) (RS
GMRg; of
D. _ —_— (11.49)
Zom = 0.286 + j0.8382 log ————"—— (11.44) | Zom = re + j(Xe = 3Xap)
GMDgr Jtwegrl 11.43
Total Z, See notes (11.43) Total Z, See notes (L3}
11.9.5,11.9.6° | _, GMDg 3 10 4r 2 : - - _
Single circuit, | 20« = Ta +Jj0.8382 log GMR x5 (11.53) | Zbo = ra + j(Xu + 3Xa@gy — 2Xu)
two ground
s 3r . GMDr3to r 2 1 _3!’2 : 3 1 )
1 _ g IV er3 wgr2 | (11.54 Iy = ==+ jl =X, + 3Xguey — = X
wires Zyy, = 5 + j0.8382 log GMR,, o » ( ) Og 2 1(2 ¢ dagh ~ 5 Adh
- D. (11.55) | Zomw = re + j(Xe = 3Xutagh)
Zom = 0.286 + j0.8382 log ———t - om = re + j(Xe d(agh
0 4 : GMDgr 3togr2
Total Z, See notes (11.43) Total Z, See notes (11.43)
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Transmission Line Zero Seguence

Note 1
b GMRgr of 3 = VGMRiong D24D3. D2y = VGMRconsGMRZ, of 3 (11.50)
where GMDU of 3 [Xd) = @/ DabDbaD;-a (l 1]6)
Note 2
‘e } G?’ler = GMRgnd wire . zﬂﬂ‘l Total Z of circuit
200 A 1
GMDgr Jtoagrl {(Xd'(ag)} = eDnuszgch AAA m - = Zl!la + M “ 143]
-1 . J ZJ)R + Zom
b
i ‘q} GMRy 3 = same as Section 11.9.1 (11.50)
where
Zba is leakage Z of conductors = Zg, —
Zﬂm
Zie is leakage Z of ground wire(s) = Zo, —
Zom
Zom is mutual Z between conductors and
ground wire(s)
Zoa is self Z of conductors
Zog is self Z of ground wire(s)
Note 3
——
4| [© GMDg 2 (Xaen)
11.52
T *22 L GMRg 2 = VGMR;od wire Dylgz ( ) .
1 Total Z, of circuit
GMDgr 3 10 gr 2 (Xdiagh) = VDug1Dig1 Dt DugaDpgaDeg2 - (11.51) = Zh, + - Fégzom_ (11.43)
i l ; ZOg + Zom
. (,] GMRg, 3 = same as Section 11.9.1 (11.50)
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Transmission Line Zero Seguence

Table 11.3 (Continued)

Sections/
Type General equations Eq. no. Equations for use with tables
11.9.7, 11.9.84 . D,
Doiible cifcuit, Zo =ra +0.286 +j0.8382 log GMR, (11.37) Zo=r, + r. + j(X, + X — 2X,)
no ground D (11.50)
wire m = 0.286 + j0.8382log ———— Zom = e + j(Xe — 3Xus
Z, 286 + j0.8382log GMD, 3 urs (11.56) 0 J( d(s))
' 1 ra
ZO(pumIl:l] = %(ZQ + Zl')m) = %‘ + 0.286 (11'58) zﬂlp&rall:ll = 5 (ZO + Zl}m) = E + Te
. De i if". - —_ g’»
+ j0.8382 logm + J'( 2 + X = Xu 2 Xd(a'l)
11'9‘95 1 ra . GMDsr 6 to gr | 1 Ty . Xa 3
Double circuit, Zy, = 5 + j0.8382 log __GMRgr e (11.59) | Zou = 5 + J’(—z" + 3Xuaryy — Xu — EX‘M')
one ground GMD
wire Zb, = 3r, + j0.8382 log — S otegr! (11.60) | Zbe = 3r, + jBX, + 3Xuarp)
GMRgr of 1
D :
Zom = 0. 0. - (11.61) | Zom = re + j(X. — 3Xuug)
om = 0.286 + j0.8382 log GMDy ¢ oo 0 J( dalg)
Total Z, See notes (11.43) Total Z, See notes or (11.43)
11.9.10, Fa ; GMDy; ¢ o gr ra (X, 3
11.9.11° Zs, = 5 +j0.8382 log ————GM‘R: - . (11.62) |.Z0, =5 + J(-2~ + Mgty — KXo — EX“’“') |
Double circuit
’ 3r, ) GMD,; 6 o gr 3r {3 3
xfefround Z = 7‘ + j0.8382 log ﬁ (11.63) | zb, = —2£ + J(i X, + 33Xty — Edeu)
. ) De .
Zom = 0.286 + j0.8382 logm (11.64) | Zom = re + j(Xe — 3Xurgn)
Total Z, See notes (11.43) Total Z, See notes or (11.43)
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Transmission Line Zero Seguence

Note 4
S i e
= equwalent——-____‘_‘\\ )
GMRgr of 3 b] . » bz GMRgr of 3 -&
(11.50) S8 & i (11.50) GMR,, 6 = \/GMRg,3 GMDygr 3 10 gr 3 (11.57)
- A —
(11.56)
GMDy; 3 10 gr 3 (Xas) = VDara2Darv2Darc2Dora2Doisz Dpic2DerazDers2Derc
Note 5

. g} GMRsr of | = GMRsnd wire { ‘g

i
GMDgr 6 to gr | [Xd{alg)} = VDalngIgDclgDﬂlngZRDt‘IR

GMRgr of 3 al+ »c2 GMR,, of 3 ,-l
8 bl « « p2 (11 ;0} {
5 A

(11.50) el s ~a2 ~< Total Z, of circuit
-—\—= GMR (11.57) 1
GMDBr Jtogrl (same as e = Z(l)a + M (11.43)
Sections 11.9.7 and 11.9.8) Zoa + Zom

Note 6
© g g2} GMRgor2 (11.52) {':T}— GMRg or2 (11.52)
T
0 'l'l
GMDy: 6 10 gr 2 (Xatatgh) = VDaig1Dpig1DergiDazgi Doagi Dezgi DaigzDoig2Deig2Dazg2 DoagaDerga
! h
al » 2
GMRgr or 3 {bl i s bz} G??f%rﬂo}f 3 [',-“' Total Z; of circuit
(11.50) D - {3
f.:_ _-:2 \""""‘\GMRgrs -zl + ZbeZom (11.43)
h (11.57) Zbe + Zom

' GMDyg; 310 gr 3 = same as
' Sections 11.9.7 and 11.9.8
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Transmission Line Zero Sequence

The various values are summarized as follows:

r or r, = ac resistance of the phase
conductors

r, = ac resistance of the ground
wire(s)

r. = 0.286 Q/mile at 60 Hz

1
X, or X, = 0.2794 log , ohms/mile
at 60 Hz GMR
X, = 0.2794 log GMD, ohms/mile
at 60 Hz _
X, = 0.8382 log D., ohms/mile at
60 Hz

GMR = GMR, = GMR.,n4. = conductor geometric mean
radius, feet

GMR, = GMR,,4 wire = ground wire geometric
mean radius, feet

Otherwise, the GMR values are specified for various groups

GMD = geometric mean distance between groups
as specified

D, = equivalent depth of earth return

D.s, D,,, etc. = distances between respective conductors
or ground wires, feet
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What We Won’t Cover

- What We Won'’t Cover
= Capacitive Reactance of Transmission Lines
» Mutual Impedance of Transmission Lines
= Cable Modelling (look up in table or contact
manufacturer)

« So What’s the General Idea?

= Produce a positive, negative, and zero sequence model
for your components.

= Simple model for equipment is a series impedance
= Connect the models according to system topology
= Analyze imbalances by connecting systems
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Faults & Sequence Networks



Faults

» Definition
= A fault is any condition in a system considered
abnormal
= Basic Types
» Short-Circuit Faults
» Open-Circuit Faults
+ Combined Faults

« Shunt Faults
= Three-Phase (3Ph)
= Phase-To-Phase (LL)
o Phase-To-Phase-To-Ground (LLG)
s Single-Line-To-Ground (SLG)
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Faults

- Series Faults
= Open phase
= Open neutral
= Two open phases
= Impedance in a phase
- Combination Faults
= See connection diagrams
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Sequence Connections - Shunt

Faults

POWER SYSTEM CALCULATIONS—PART I

(b) (@ ()

Figure 5.3 Box sequence connections for shunt balanced and unbal-
anced conditions: (a) balanced load or three-phase-to-ground fault with
impedances; (b) three-phase-to-ground fault; (c) three-phase fault; (d)
shunt circuit open; (e) phase-to-ground fault through an impedance; (f)
phase-to-ground fault; (g) phase-to-phase fault through impedance; (h)
phase-to-phase fault; (i) two-phase-to-ground fault through impedance;

IEEE IAS 2010 - Copyright: IEEE



Sequence Connections - Shunt

Faults

POWER SYSTEM CALCULATIONS—PART I

ao
xleg 32
noe

P n
x
EZ

N n
x
(8] on
xo

(&)
;e

x| 2

ne
P n
x
N n
x4
o on
xo

(n)

(j) two-phase-to-ground fault; (k) three-phase-to-ground fault with
impedance in phase a; (I) unbalanced load or three-phase-to-ground
fault with impedance. (From E. L. Harder, Sequence Network Con-
nections for Unbalanced Load and Fault Conditions, The Electrical

P n
xg
Zy
N n
xg
L
Zy
o n
xg i
INC: Zb+3zn

P n
x
N n
x
[6] o
x

i)

Journal, December 1937.)

Z,
a ’
B
c
n
P n
x
N n
x
0] n
X
odZ.3
(k)
zl
7 il
a
=
n
zl’l
P Z n
X0
N Zy, n
Ko
zb'l'}Zn
o n
o]

(1)

el Z, = Zp

3

IEEE IAS 2010 - Copyright: IEEE



Sequence Connections - Series

Faults

POWER SYSTEM CALCULATIONS—PART I

Figure 7.1 Box sequence connections for series unbalanced condi-
tions: (a) equal impedances in three phases; (b) normal balanced con-
ditions; (c) neutral circuit open; (d) any three or four phases open; (e)
phases b and ¢ open and impedances in phase a and neutral; (f) phases
b and ¢ open; (g) phases a and neutral open and impedances in phases

b and c; (h) phase a and neutral open; (i) phase a open and impedances

z, Z,
a a A0 oa Y P—y ae Zy, oa
x|b bly x|be——b |y oe ebly x| be—n—seb
e —AW—a c |* __| e ¥——-ug Ce n ec c c
ne— Aw—e pe——"—an Ne—AtrA—e 0 ne Zy, en
z,
P z en P en P a P on
Kl-—dcvw—-y X O Y x y x y
Zy
Nl:
N z en N en N on ': N on
x ~ y L —— 4 x ¥ ]'N. x y
B T Zy
(e} en [+] ofl 0 en [s] en
x Y xe oy x y xo oy
h+ zﬂ
(a) (c) (e (&)
;-—a: 8 G, : a a ae od
Meo——e|r  x|e——c|” p—eY xle——ep
ne———an ne————onqn No——  an ne en
xo ey xq y x y
N ol N on N en
x® .y xg ¥y x y
o] on [¢] en o en
xe .y x y Xo ay
(b) (d) n h)
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Sequence Connections - Series

zZ, Z, Z,
F a I S ;o Zyega EO—«I&—OE 2%’ a0—ahn—o3a
u t e =3 =T ==k
ne—vwa—aopq ne————op n n nH}\?—en
Z. £ Zn
P en P on 7 on P on
xg Py 3 O oy X OVAA p—C Y X Oom— o Y
to=
oA N o . o O o
xXp 3 4 X ot — Y X O —c Y L — L}‘
Lz
[¢] on o] on 0 z,|on 03z |on
x X o - xovd o X OV bo y
Z, 132, I CYE L 2% Z./30 3
(i) (k) (m) 3 (o)
z.n ;b Z,
:0—-—/——oa g%g go—mlw—og
x| bo———b}y 5 ¥ x| be—ww—ob|y
f——n he iy —on Re—NSh
Z

n Zy

lp on I P z, en I lp Z on
x =0 ¥ X 0y -t X O = ¥

N en 7 ,N Z, on I [ﬁ z, on :I
X O — X o p—o ¥ x -l

f—'z.—zb
on
(n)

oy

OV
WAy
[5) on [5]
A oNA s ¥ xo
Zﬁ-}z,’.& Z,-Zy
(i) (n 3 n

in phases b, ¢, and neutral; (j) phase a open; (k) impedance in phase
a; (1) equal impedances in phases b and ¢, impedance in neutral; (m)
equal impedances in phases b and c; (n) equal impedances in phases
b and c, neutral open; (o) impedances in phase a and neutral. (From
E. L. Harder, Sequence Network Connections for Unbalanced Load
and Fault Conditions, The Electrical Journal, December 1937.)
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Sequence Connections -
Combination Faults

POWER SYSTEM CALCULATIONS—PART I

'1"13!
i

P o
x g% ¥
1:a?
N =]
X gz y

g

E 3
ki 4
.

n

U‘AN
A

= -

m —Due Star Delta
Due
mmetry

with b Phase

Figure 7.5 Box sequence connections for simultaneous unbalanced
conditions: (a) phase a open and phase-a-to-ground fault on the x side;
(b) phase a open and phase-b-to-ground fault; (c) phase a open and
phase-c-to-ground fault; (d) phase-a-to-ground fault at x and phase-b-
to-ground fault at y; (e) phase-b-to-c¢ fault at x and phase b open z to
v: (f) phase-a-to-neutral fault at x, phase-b-to-neutral fault on the other
side of a wye—delta transformer bank at y, with x taken as the reference
point. (From E. H. Harder, Sequence Network Connections for Un-
balanced Load and Fault Conditions, The Electrical Journal, Decem-
ber 1937.)
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Example 1 - System Parameters

Ns=4.% kY
SYSTEM Jo MVA é-Z% Z SYbﬂEM
O 'g & 3¢ cpu Tz 19 kA K =15
A ! SLG FALT i 23 kA | Kk = 8.2
K
5 YSTEM /'4 OBEL Bﬂsz GHANTITIES
Zs /. Ctrose 5& =/6 MVA
2s U é\:—” 2. Croose =115 kV
25,
] I = 3. = /0,000 kVA ~ 5‘aZ[A]
Zez /3 (//S’kt/)
Nea. l 4. Croose Yy = 4/e kV
© ,zz_,,/ﬂ,mpk/# = 1357904
== T3 (416 KV) ]

o [

O
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Example 1 - System Parameters

B-THase Fauet VourAGE FeF=0°
i S 8.2 > fan (15)
= = o -5b-2° 4]
27 200 L2262 . = 527¢ Y‘-me
= - 50.2 LH]
T, = 5677.6 /153.§ pu
N.,_In
2 j& = 5—?7é 5’33-8 Pu
on I
- 2 = 5772.¢ [-5¢.
A T =7 5??6[’52- 577 é(zf&
P Vo _:ln 57726 /=238
SER: Lor—? L

Zsz Zs - _‘{é_ =
Uw = T 577.6 k_-Z
Q' o,
2 = p.00/73 @’LZ[ /a«,]

1Eek° l Vo T.7¢ Z52— = Zg
y@. -
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Example 1 - System Parameters

x EBZ SLG Apuer
ZS; (_brfl.
Pes V. t _VS {_-Z—IZSI'fIZ ZSZ "'—2; ZSo +3Io Z_‘r =0
P n seR. ° Vi
x . _‘l’— VS': 11(2:1 +Z$'.L"'Z$°+3'Z;)

Z f—
S Me&l iq Aosute 2620 { 2, 2s
SEQ, V
= z 3% Vs
= — = Fsot2
5 = Zso r—> To L > ZSI
x g Zﬁta + _ '/S
—3Z | seq. Vo £so = T 2%s,
—_— ' o

= 0.00310 [22.9° [,u]
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Example 2 - Delta Wye Transformer
3-Ph Fault

B - JHE LT

']I, Base  Quantoes
Sy =/0 mvy
Vy = iskv ¢ 4./6 kV
for 5@;4@?&,

A =

co——-——

ne

W'MSArmzr Totyedance

T,

Zs)
25z Z
‘_ ( Zr =2 = Zr0 :jﬁ,&’?z/gu
Zse

Zr)

1—
v,

T2
f-
Vz

- i Calculatrins

+
3K Vo

T, =I -0
(9] on 1! = |/5 = I& P‘L

® v
A g
@

xo ZSJ + ZTJ 0.00/?3@ -+
H L Nl or N2 NO
Z
D H Zep L i E 32y
7 Yy H 1 L
(o= N Open
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Example 2 - Delta Wye Transformer
3-Ph Fault

C;t/c'u/d,}éfrﬂs
Lo=Ip~0
"_Z_’, = U-" - / [3‘
Zs) + Z-r, 0.00/73 i_z + 0.072 AE
z / éf:. é’”ﬁé&f

5Ao 3- fwse A«/?l
0.072 [7°° ) 4 /:/i;%w/zf Franst. Z

= )3.87/-%0" &oaj < /33’?/475
fatzd cwrrort

/13.47 [-70°
Teh = T |13. HL_ 13.87 (150 [pu]
13.87 (39"



Example 3 - Delta Wye Transformer

SLG Fault
"EBZ z/ 2z,

P n
x5 )71'2
N ln

; I
(9] dn -
x§ | D
Y

P—




Example 3 - Delta Wye Transformer

SLG Fault

& dﬁaﬂﬁiﬂs

Vs +2,2, +7,0372,) + 1, (BRt2)+1,2,,= 0

-I;:IZ-:IG
Zﬂ 2 £1’z = Zn - Z‘?"
V=3t =pas)

o

I = 21, (2,+ R+ 2,)
Hssume B=Zp=0
7 (3072 L227)
= 5/-“3&”_' [/'au]

Ye3 /% 13.§7/-7°
Lot =] 46552/ [ ‘/P“/
463 /-9
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Frimary S ide (wrims

£L8f of

shift T, by +30°
A~ Franstormer

%tﬂ Iz é}’ —30°

‘ Eozz;fi
Toh= T z/eaéao.
463 [-12¢° ?.OZLZPL
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Example 4 - Delta Wye Transformer
LL Fault

ao LL FAULT
x|b Z -
g:—.—_; Z:/1° Zri B,
® T
Vs. Vl
5 _ 1_ -
x [ bop” fZn Tz
2 +
N Sn V2 Zf
x O Q
ZSO 'Z‘ro —=T,

— O[T




Example 4 - Delta Wye Transformer

LL Fault
[é/cadqﬁ}z?s ﬁ"/,m/y Sile Currente N

1% o 7 0
—V "'-f!(%"zﬂ)"rz.%"z-m)*r;ﬁﬂ:o Lph = 7—‘7‘/4—0] p fﬁé @’“]

é 74
VS :-II (ZTI +z-rz_) - 'ZT: ZT':Z‘TZ é—‘ E—

T= _V - | /o~

ey 2(0.072 /%)
T = - [9° [ya]
Tp= ¢- 79[.?;[,0«]

éﬂ,;
9 ~ 2

Toh=T]e ﬁz;?_ﬂ 12.0% 1&] (]
6.94 /% /2.0% [o°

ﬁﬂ-dm-
73,99
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Delta-Wye Summary

(a)

« 3-Phase Fault T o577
«577
= Behaves as expected, same e
3 B mm— -
current both sides Ts77
® LL FaU.lt o — 1.0
Mt A~ A 11 €T
= viust COOlI (,llIl.cll.ti 1ull l.clU.lL (b) :
current on primary with P —— T
0.866 factor on se.condarf/
(i.e. coordination interval) = Z
« SLG Fault e
= For solidly grounded ¢ ——==
system, shift damage curve  «
by 0.577 to protect against T g
full fault current on 517
secondary : 0o 0
o 577

POWER SYSTEM CALCULATIONS—PART I IEEE IAS 2010 - Copyright: IEEE



Example 5 - Resistor Effect

&5/57?/: w Te:ﬂvswg,e /{/5,,2% .L = Us
Li: Zeo b Resis7oe 3(zr 2+ Zﬂ)
2400 V = s
=>zZ-= .-Z-;-‘—:f- = z(=2] 3(673*;0072)
4 = ({/_/é ,lﬂ/)z: /. %‘2] .—z; = 0. 06/(? éﬁ.é'. &,J
/o MVA
et Tn= 8T = 0.194 S04 ]
P Tasima o8] Calaiads ., ol 7)
B => - é_/qféﬂ_-é 7 /3097 LiH
Vs + 7, %, ‘/',.Z@Zf) t .7, @ﬁf-gﬁ) t 1y 2= O o :(ZOO _ﬂé.ﬁ:T
Lo 1 =T, pa =

Zfézﬂ :ng:Zjb
s = 3% (2, +2+2)
Z =0

Z; =(0.072[pu |
£ =675 Lul < Duttiant rmn
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Example 6 - Open Phase Fault

bo—— ob

O 0

X| co————oc|¥
no- °n
P on
X y
N on
X y
(@) on
X Y
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Example 6 - Open Phase Fault

I =-T,

ik
— Vs — T, (& Z)-1, (s + 27 *IJ(E,,_ ZI)‘J}(Z&% Zu)
~ (2 %) - I, (f_s‘é)z,, -0




Questions?
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