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transformer is operating at rated voltage and no load when a three-phase fay
occurs on its high-voltage side. Calculate :

a. The short-circuit current

b. The short-circuit current supplied by each generator

¢. The voltage at bus A
D11.3 A 2000-kVA, 13.2-kV synchronous motor is connected through a gjg_
tribution feeder to a 2000-kVA, 13.2-kV synchronous generator. The subtrgy_
sient reactance of each machine is equal to 20% based on its own ratings, and
the feeder has a reactance of 8.5 Q. The motor is initially drawing 1500 ky
at 13 kV and 0.8 PF leading when a three-phase fault occurs at the moq,
terminals. Determine

a. The subtransient short-circuit current

b. The short-circuit current supplied by the generator

¢. The short-circuit current contribution of the motor

11.2.2  Symmetrical Components

The method of symmetrical components is used to solve power system prob-
lems involving unbalanced polyphase voltages and currents. It is analogous to
the Fourier analysis of nonsinusoidal wave shapes wherein a nonsine wave is
resolved into a number of sine waves of various frequencies. In symmetrical
components, the unbalanced set of polyphase phasors is resolved into a number
of balanced sets of phasors. After the unbalanced sets of voltage and current
phasors are resolved into their symmetrical components, the power system may
be solved using per-phase analysis.

A balanced, or symmetrical, set of phasors is defined as a set of phasors that
have equal magnitudes and are separated by equal angles. Thus, the phasors in
a three-phase balanced set are separated from each other by an angle of 120°.

In a three-phase system, an unbalanced set of phasors is resolved by using
‘three sets of balanced phasors, namely positive sequence, negative sequence,
and zero sequence. The positive (or abc) sequence consists of three phasors
of equal magnitude and separated from each other by an angle of 120°. The
negative (or cba) sequence also consists of three phasors of equal magnitude
and separated from each other by an angle of 120°. The zero sequence also
consists of three phasors of equal magnitude, but they are all in phase. These
sequence components are illustrated in Fig. 11.1.

The a phase is considered as the principal phase, and its sequence compo-
nents are used to represent the other phases. Thus, the sequence components
of phases b and c are given by Egs. 11.1, 11.2, and 11.3.
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FIGURE 11.1 Sequence components of voltages.

Vi1 = Vae/??

Ve = Valejlzoc (11.1)
Viz = Vael 2

Vo = Vel (11.2)
Vio = Vae/® = Vg

Vo = Vae3 = Vg (11.3)

By introducing the operator a = ¢/ = 1/120°, Egs. 11.1 and 11.2 may
be written as

Vo1 = a?Va
Vo = aVa (11.4)
Vi = aVa
Vo = a’Vp (11.5)

The phase voltages are resolved into their sequence components and are ex-
pressed in terms of the sequence components of the principal phase a as follows:

Va=Vyo+ Vi +Vy (11.6)
Vb = Vo + Vp1 + Vi

= Vao + a?Va + aVa (11.7)
Vc = VcO + Vcl + Vc2

= Vo + aVa + a?Vy (11.8)

In matrix form, Eqs. 11.6 to 11.8 may be expressed as

Va 1 1 1 V.o
Vo|=|1 a* a ||Va (11.9)
Ve 1 a a?||Va
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Adding Egs. 11.6, 11.7, and 11.8 yields

Vit Vp+ Ve =3Vo+(+a>+a)Va+(I+a+a’ Ve (1l

The quantity inside the parentheses on the right-hand side of Eq. 11.10 May
be shown to reduce to zero; that is,

l+a+a?=1+e/12 4 (/240
=1,/0°+1/120° 4+ 1 /240°
= 0.0+ 0.0

(1117

Therefore, the zero-sequence component of the voltage of the principal phage
a is found as

Voo = 5(Va+ Vp + Vo) (11.12)

Multiplying Egs. 11.7 and 11.8 by the operators a and a?, respectively, and
adding their products to Eq. 11.6 yields

Va+aVy+a®Ve=Q+a+a*)Vyo+3Va + (1 +a+a>)Vy (11.13)

By using Eq. 11.11, the positive-sequence component of the voltage is deter-
mined. :

Vai = 3(Va+ aVy + a?Vo) (11.14)

Similarly, Eqs. 11.7 and 11.8 may be multiplied by the operators a? and a,
respectively, and added to Eq. 11.6. Upon simplifying, the expression for the
negative-sequence component of the voltage is obtained.

Va2 = 1(Va+ a?Vy + aVo) (11.15)

Equations 11.13, 11.14, and 11.15 may be grouped together and written in
matrix form as follows:

Va0 1 1 1 1 V.
Val = § 1 a a2 Vb (1116)
Va 1 a2 a V.
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(XAMPLE 11.2

ind the sequence components of the unbalanced power system whose phase
joltages are given by

Vo = 100 /0° V
Vin = 80/=110° V
Ven = 90 /130° V

SOIuﬁon By using Egs. 11.12, 11.14, and 11.15, the sequence components
of the voltage are computed as follows:

Vi = 3(Van + Voo + Ven)

= %(100&°+ 80 /—110° + 90 /130°) = 5'35L22'i52 A"
Vai = $(Van + aVin + a?Vep)

= %(100&°+ 1/120° 80 /—110° + 1 /240° 90 /130°)

= 89.68 /6.3° V
Va = %(Vﬁn + a?Viy, + aVep)

= %(100[0_" +1,/240° 80 /—110° + 1 /120° 90 /130°)

9.771 y—52.6° V

Il

The transformation matrix in Eq. 11.9 relating the phase voltages to their

sequence components and the matrix used in Eq. 11.16 to obtain the sequence

components from the original unbalanced voltages equally apply to a system
of unbalanced three-phase currents. Thus, the phase currents are expressed in
lerms of their sequence components as follows:

I. 1 1 1 I.o
L [=|1 a* a ||Iy
I. 1 a a*||lp

Similarly, the sequence components of the current are obtained from the original
inbalanced phase currents by using the following equation:

I.o 1 1 1 1 I
L | = 3 1 a a*||L
Lo 1 a2 a ||L

(11.17)

(11.18)




392 CHAPTER 11 FAULTS, PROTECTION, AND STABILITY

EXAMPLE 11.3

The sequence components of the current in a portion of a power syster,

given as are
L; =2.5/-90° pu
I, = 1.65/90° pu
Lo = 0.85/90° pu

Obtain the three phase currents.

Solution By using Eq. 11.17, the phase currents are found from the sequenge
components as follows:

I, = L + I +1p = 0.85/90° +2.5/=90° + 1.65 /90° = 0

I, = Lo + a®I + alp
= 0.85,/90° + 1 /240° 2.5 /—90° + 1 /120° 1.65 /90°

= 3.81 #160.5° pu
I. = L, + aly; + a1,
= 0.85/90° + 1 /120° 2.5 /—90° + 1 /240° 1.65 /90°

= 3.81 /19.5° pu

DRILL PROBLEMS

D11.4 The phase current in a wye-connected, unbalanced load are

I, = 50 — j40 A
I, = 30 — j20 A
I = —40 + j30 A

Determine the sequence components of the currents.

D11.5 The line-to-line voltages across a three-phase, wye-connected Joad
consisting of Z = 100 /30° () in each phase are as follows:

Va =205,0°V
Vie = 250 /=125° V

1
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Ve = 214 /107° V

Determine the sequence components of the voltages.

L; =6/-15°pu
L, = 8 /225° pu
Lo =5/-165° pu

petermine the phase currents I, I, and I.

11.2.3  Unsymmetrical Fault Analysis

Consider the portion of the power system shown in Fig. 11.2. The system is
said to be symmetrical if it satisfies the following conditions:

1. Phase conductor impedances are equal, that is,
Zoa = Zpp = Zcc

2. Mutual impedances between phase conductors are equal, that is,
Zp = Zoc = Zca

3. Mutual impedances between phase conductors and the neutral wire are
equal, that is,

Zan = Zpn = Zen

I Zaa
—
a o [ - o a
ly  Zea Zpp } Zap
—-
b o o b
I [ Zee }Zbc ¢ Zan ( Zon
— '—|
c O O C
In Znn J }ch
g — )
n o I = O Nn

FIGURE 11.2 A portion of a three-phase power system.
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The voltages on the right terminals (marked a’, b’, and c) of the
the system shown in Fig. 11.2 are identified as Va, Vy, and V., and tho
the left terminals (marked a, b, and c) are denoted as E,, Ey, and E.. Thse_(’n
currents may be expressed in terms of their sequence components ag ir?llne
11.17. If the three currents are added, their sum is given by Eq‘

Ia+Ib+IC =3I = -1,

(1119

A Kirchhoff’s voltage equation may be written around each loo

S P Contajp;
one phase with the neutral as return. ning

E, =L.Z,, + LZy + 1.7, + I.Z,, +V,

—LZaw — IhZyy — 1.Z, — I.Zm (11.20)
Ey =IpZyy, + LiZyp, + L Zy + L Zpy + Vy

—LiZan — LpZpy — LZeon — 1nZyy (11_21)
E. =LZ. + LZ. + IhZy + InZen + Ve

- IaZan - Iben - Ichn - InZnn (11.22)

A'ssum'ing that the power system is a symmetrical network and using the
relation given in Eq. 11.19, Eqs. 11.20 to 11.22 may be expressed as

E, = LiZu+ @ + I)Zyp + Vo + 1,(2Z, — Zm) (11.23)
Eb = IbZaa F (Ia + Ic)Zab + Vb + In(zzan - Znn) (11.24)
E.=1Z,, + I, + L)Zy + Ve + 1,(2Z,, — Zm) (11.25)

The zero-sequence component of the voltage is found by adding Eqs. 11.23
to 11.25 and dividing the sum by 3. Thus, :
Eyp = %(Ea + Ep + Eo)

= 5[0y + Ty + L)(Zaa + 2Zab) + 1n(6Zan — 3Zun) + (V + Vi + V)]
Lo(Zaa + 2Z g, — 6Zan + 3Zun) + Vi (11.26)

The positive-sequence component of the voltage is obtained by multiplying
Eq.. 11.24 by the operator a, multiplying Eq. 11.25 by the operator a2, and
adding the two products to Eq. 11.23. The sum is divided by 3; hence,

E,; = %(Ea + aEy + azEC)

= %[(Ia + aly + azlc)(Zaa —Zyp)+ (Va+aVy, + azvc)]
L1 (Zaa — Zap) + Va

(11.27)

Si{r}ilflyl}f, then negative-sequence component is obtained by multiplying

POrtion of
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- 11.23, and dividing the sum by 3; thus,
Ep = %(Ea + aZEb + akE,)
= (I + a®Ly + alo)(Zaa — Zap) + (Va + a?Vy, + aVo)]
= I2(Zaa — Zap) + Va2 (11.28)

It is generally assumed that the voltages from the generators are of positive
equence only. Therefore, the zero-sequence voltage E,y and the negative-
quence voltage E,» on the source side are not present, and they can be set
,qual to zero in Eqs. 11.26 and 11.28, respectively. Thus, Eqs. 11.26 to 11.28
pay be rewritten as

Vi = —La0(Zaa + 2Zgp — 6Zan + 3Zn)

= —LoZo (11.29)
Va1 = —lLa1(Zaa — Zp) + Ear

= —1.1Z1 + En (11.30)
Va = —10n(Zaa — Za)

- 1,7, (11.31)

The expression for the zero-sequence component of the voltage as given
by Eq. 11.29 contains no positive- or negative-sequence terms. Also, the ex-
pression given by Eq. 11.30 contains only the positive-sequence components
md no negative- or zero-sequence terms. Similarly, Eq. 11.31 contains only
negative-sequence and no positive- or zero-sequence terms. In other words,
Egs. 11.29 to 11.31 are completely uncoupled.

It is also seen from Eq. 11.29 that the zero-sequence voltage V,o depends
only on the zero-sequence current Io and the impedance (Z,, + 2Z,, — 6Z55 +
3Zm), which is designated as Zp and is referred to as the zero-sequence
impedance. Also, from Eq. 11.30, the positive-sequence voltage V,; depends
only on the positive-sequence current I,; and the impedance Z; = (Zy, — Zy),
which is called the positive-sequence impedance. Furthermore, the negative-
sequence voltage V,; depends only on the negative-sequence current I and
the negative-sequence impedance Z, = (Zaa — Zap).

In Egs. 11.29 to 11.31, it is assumed that the voltage of the source E,
and all the impedances are known; thus, there are six unknown variables to
determine. These are the sequence components of the current and the sequence
tomponents of the voltage. There are exactly three equations (11.29-11.31) re-
lating the current and voltage sequence components, and three more are needed
lor a unique solution. The additional three relationships are provided by the
iterconnection of the sequence networks for the various types of faults.

Sequence Networks and Sequence Impedances The three equations 11.29
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shown in Fig. 11.3. These networks are called the positive-sequernce, negatiy,._
sequence, and zero-sequence networks. They are constructed by using the
positive-sequence, negative-sequence, and zero-sequence impedances of the
various power system components.

The series impedance of a transmission line derived in Chapter 9 and alsg
used in Section 10.1.3 represents the positive-sequence and negative-sequencg
impedances. The zero-sequence impedance is not the same as the positiye.
or negative-sequence impedance. The zero-sequence impedance is affected
several factors, including the characteristics of the earth as a return path and the
type and number of ground wires used. A good discussion of the derivatjo,
of the zero-sequence impedance of a transmission line is given in Ref. §
Electrical Transmission and Distribution Reference Book. i

When the analysis involves calculation of the steady-state or sustained shogt.
circuit current, the direct-axis synchronous reactance X4 of the synchronoyg
machine is taken as the positive-sequence reactance. If subtransient or transien
currents are required, X} or X} is used instead, respectively.

The rotating magnetic field due to positive-sequence currents in a syp.
chronous machine rotates in the same direction as the rotor. However, the
negative-sequence currents produce a rotating magnetic field at synchronouyg
speed but in the opposite direction; thus, this negative-sequence field passes
over the poles, field winding, and damper windings at twice synchronous speed,
resulting in higher opposition and effectively lower reactance.

The zero-sequence currents, although in phase, are physically displaced 120°
from each other because of the distribution of the windings; thus, the sum
of the magnetic fields is equal to zero except for the effects of unbalances.
Therefore, the zero-sequence reactance due to the small flux produced by the
zero-sequence currents and slot and end connection leakage is still smaller than
the negative-sequence reactance. Typical values of reactances of synchronous
machines are given in Table 10 of Appendix A.

The impedance of a transformer to both positive- and negative-sequence
currents is the same, and the equivalent circuits are those given in Section
10.1.3. The phase shift, if there is any, has the same magnitude but opposite
direction. Phase shifts will be neglected in the following discussions.

The zero-sequence equivalent circuit of a three-phase transformer bank
depends on the type of connection and the method of grounding. In a delta-

z; 7z, |l s
—— —_— -3
T
+
Eal Val Va2 vaO
-6 = L - L -

(@) (b (©)
FIGURE 11.3 Representation of the sequence networks.
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connected winding, zero-sequence currents can flow, but because they are equal
i eac'h phase of the delta, they do not leave the terminals of the transformer;
{pus, it appears as an open circuit as viewed from the external circuit. If the
peutral of a wye-connected winding is not connected to ground, the three phase
currents add to zero and there is no zero-sequence current (i.e., Iy = 0); thus

jt appears as an open circuit to the external circuit. When the neutral of a wye:
connected winding is grounded, the sum of the three phase currents is equal
10 3L, flowing to or from ground. Since the zero-sequence network represents
only one phase with current I flowing, any ground impedance Z; is included
a5 3Zg to provide the proper neutral voltage. Some of the typical transformer
connections and their zero-sequence equivalent circuits are shown in Fig. 11.4.

gingle Line-to-Ground Fault A single line-to-ground (SLG) fault is the most
commonly occurring unsymmetrical fault. It may be caused by a vehicular ac-
cident causing one of the phase conductors to fall and come in contact with the
earth, or it may be caused by tree branches, or it could be caused by flashovers
acrosildsusty insulators during rainshowers. An SLG fault is illustrated in
Fig. 11.5.

Assuming that prefault currents are negligible, the SLG fault is described
by the following voltage and current relationships.

(11.32)
(11.33)

The sequence components of the short-circuit current are found by using Eq.
(11.18). Thus,

Lo 1 1 1 1 I 1 L
Li|=3|1 a d4?||0|==|1L (11.34)
I, 3 1 a2 a 0 3 I

Therefore, it is seen that the sequence components of the current are all equal
fo each other; that is,

(11.35)

The voltage of the principal phase a may be expressed in terms of its se-
quence components as '

Va=Vaoo+Va+Vy =0 (11.36)

fhe expressions for the sequence components of the voltage are given by Egs.
1.29 to 11.31. Substituting these expressions in Eq. 11.36 and rearranging
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Connection Diagrams

o

Equivalent Circuits

Zg= e
0—0 o—AMA—" YY" —5 o
e —o

Rg+ jX,

Ze=Rg + jX¢

O
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o——— AN~ Y0 0
= . B
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Re +jXe

Zg=Re +JXe
0—0 o——AA—Y YV 00
o- —0
e L —O
Oo— 1 . O
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FIGURE 11.5 A single line-to-ground fault.
the terms yield
Ea —La(Z1+2Z,+Zp) =0 (11.37)

The expression for I; is obtained from Eq. 11.37, and using Eq. 11.35
provides the expressions for I, and I,y as follows:

L, = _ Ea
Al 3%+ Zg
= Ia2
= I, (11.38)

The short-circuit current I, is found as the sum of its sequence components;
thus,

L =10+ Ial + Ia2
Eal

e (11.39)

Equations 11.35 and 11.36 indicate that the sequence networks are to be

interconnected in series for a single line-to-ground fault. This is illustrated in
Fig. 11.6.

EXAMPLE 11.4

A three-phase generator is rated 150 MVA, 13.8 kV and has positive-,
legative-, and zero-sequence reactances of 20%, 10%, and 5%, respectively.

The generator is connected to a transmission line having positive- and negative-

Ranence reactances nf 10% and a 7ern-cennence reactance of 30% The
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+
+ Z 1
1] Va1
la2
—
+
Zy
Va2
lao
—
+
Zo
VaO

FIGURE 11.6 Interconnection of sequence net-
works for a single line-to-ground fault.

ator is operating at rated voltage and no-load conditions when a single line-to-
ground short circuit occurs at the end of the line. Determine the phase currents
at the fault and the phase voltages at the terminals of the generator. A one-line
diagram of the power system is shown in Fig. 11.7.

Solution Assume that the fault is a phase-a-to-ground fault. The sequence
networks are interconnected as shown in Fig. 11.8.

Since the generator is initially operating at no load and rated voltage, the
generator voltage is taken as 1.0 per unit and used as reference. Thus,

E. = 1.0/0° pu

The sequence components of the current at the fault are computed as follows:

L, = (1.0,/0°/(j0.3 + j0.2 + j0.35) = (1.0 £0°/(j0.85)
= 1.176 /=90° pu = —j1.176 pu
=Ip = In
e
. Transmission line
X, =0.20 G —X Fault
X; =010 5307 | X; = X =0.10 pu a
Xp=0.05pu Xo= 0.30 pu

FIGURE 11.7 Power system for Example 11.4.
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FIGURE 11.8 Interconnection of sequence networks for
Example 11.4.

The phase currents are computed by using Eq. 11.17 as follows:

I, 1 1 1
L |=|1 a2 a
I. 1 a a2

The base current is computed as follows:

1.176 /—90°

1.176 /=90°

1.176 /=90° 3.528 /—90°
= 0.0 pu
0.0

_ 150,000

Inase =
1383

The per-unit short-circuit current is multiplied by the base current to give the
ictual current in amperes. Thus,

= 6276 A

I, = (3.528)(6276) = 22,140 A

The sequence components of the voltage at the terminals of the generator
e computed as follows: '

= —j0.05I;0 = —(j0.05)(~j1.176) = —0.0588 pu
Viar = Eq — j0.20Iy; = 1.0 /0° — (j0.20)(—j1.176) = 0.7648 pu
Viz = —j0.10L; = —(j0.10)(—j1.176) = —0.1176 pu
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The phase voltages at the generator terminals are computed by using Eq. 17 g

as follows:
Va 1 1 1 ][-0.0588 0-588&0
Vo |=|1 a% a 0.7648 | = | 0.855/=117° | pu
Vi 1 a a?]|—0.1176 0.855/ 117°

The line-to-line voltages at the generator terminals are found by rnultiplying
the per-unit values by the base voltage.

v 0.588 /0° 8.10 £0°
VZ = 10.855/—117° |(13.8 kV) = | 11.80 /=117° | kV
Vie 0.855/ 117° 11.80/ 117°

Line-to-Line Fault A line-to-line (L-L) fault involves a short circuit betweep
two phase conductors that are assumed to be phases b and c. The‘ref.ore, there
is symmetry with respect to the principal phase a. An L-L fault is illustrated
in Fig. 11.9. _

Asgsuming that prefault currents are negligible, the voltage and current rela-
tionships describing the line-to-line fault are given by

Vb

Ve (11.40)
' (11.41)

—0
Short
circuit
+
V=V
% 7

Reference

FIGURE 11.9 A line-to-line fault.
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The sequence components of the short-circuit current are found by using Eq.
- 11.18. Thus,

Lo |11 L 1 0 0
Li| = 3 1 a a||L | = 3 (@a—ad, | =| jdy/V3) (11.42)
| S 1 a® a ||L (a*> = a)ly —j@//3)
Therefore, it is seen that the negative-sequence component of the current is
equal to the negative of its positive-sequence component; that is,
Lo = Iy (11.43)

The voltages of the shorted phases, b and c, may be expressed in terms of
. the sequence components as follows:

Vi = Vo + a?Vy + aVy (11.44)
Ve = Voo + aVa + a?Vy, (11.45)
Subtracting Eq. 11.45 from 11.44 gives
Vb= Ve = (@ = @)V + (a — a*)Vy = 0 (11.46)
Because Vy, and V. are equal, Eq. 11.46 reduces to zero and yields
Va = Vyp (11.47)

Equations 11.43 and 11.47 indicate that the positive- and negative-sequence
networks are to be interconnected in parallel for a line-to-line fault. This is
illustrated in Fig. 11.10.

— =
Z 0
Va2

FIGURE 11.10 Interconnection of sequence networks for a line-to-line fault.
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EXAMPLE 11.5

Repeat Example 11.4 assuming a phase-b-to-phase-c fault occurs at the end of
the line in the given sample power system.

Solution The sequence networks are interconnected as shown in Fig. 11.17
The generator voltage is taken as reference phasor. Thus,

Ea = 1-0&0. pu
The sequence components of the current at the fault are computed as follows:
L, = (1.00°/(j0.3 +j0.2) = 2.0/-90° pu = —j2.0 pu

Iy, = =T = 2.0/90° pu = j2.0 pu
Lo=0

The phase currents are computed by using Eq. 11.17 as follows:

0
1 1 1 0 0
}a =1 a* a —j2|=|-3.46 | pu = -21.74 | kKA
12 1 a a? j2 3.46 21.74
The sequence components of the voltage at the terminals of the generator
are computed as follows:

Vio =0 . .
Vi1 = Ea — j(0.20)Iy; = 1.0 /0° — (j0.20)(—j2.0) = 0.6 /0° pu

Ve = —j0.10I = —(j0.10)(j2.0) = 0.2 /0° pu

! jo.1 jo.1 —
|
| ‘ + +
Via2 Va2

—0 O—

FIGURE 11.11 Interconnection of sequence networks
far Fxamnle 11.5.
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- The phase voltages at the generator terminals are computed by using Eq. 11.9

as follows:

Ve 1 1 1 ][00 0.80 £0° 11.0 £0°
Vi |[=|1 a® a ||0.6]=]0.53/=139°| pu = |7.3/=13% | kv
Vie 1 a a%]]0.2 0.53/ 139° 7.3/ 139°

pouble Line-to-Ground Fault A double line-to-ground (2LG) fault involves
a short circuit between two phase conductors b and ¢ and ground. As with the
line-to-line fault, there is symmetry with respect to the principal phase a. A
LG fault is illustrated in Fig. 11.12.

For a 2LG fault with prefault currents assumed negligible, the voltage and
current relationships are given by the following:

Vo=Ve=10 (11.48)
L,=0 (11.49)

The sequence components of the voltage at the fault location are found by
using Eq. 11.16. Thus,

Va(] 1 1 1 1 Va 1 Va
Va | = 3 1 a 4%l 0 |= 3 V, (11.50)
Va a? 0 V.

Therefore, it is seen that the sequence components of the voltage at the fault
are all equal; that is,

Va = Va = Vi (11.51)

Reference
FIGURE 11.12 A double line-to-ground fault.
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Neglecting prefault load currents, the current in phase a may be expresseq o

jo.2 o1t

L =Io+Li+I,=0 (1152)

Equations 11.51 and 11.52 indicate that the three sequence networks age
be interconnected in parallel for a double line-to-ground fault. This is iHUStrated
in Fig. 11.13.

EXAMPLE 11.6

Repeat Example 11.4 assuming a double line-to-ground fault occurs at the end
of the line in the given sample power system.

Solution The sequence networks are interconnected in parallel as shown j,
Fig. 11.14.
The generator voltage is taken as reference phasor. Thus,

E, = 1.0 £0° pu

FIGURE 11.14  Interconnection of sequence networks for Example 11.6.

The sequence components of the current at the fault are computed as follows: L, — — j0.35 .
2 = 77021 j0.35 234 4=90% = 1.49,/90° = j1.49 pu
L = DAY _ j0.20
a1 = 0.3 + (j0.2)(j0.35)/(j0.2 + j0.35) _ j0.427 Lo = T702 + j0.35 2344£=90% = 0.85/90° = j0.85 pu

2.34 /—90° = —j2.34 pu

. The phase currents are computed by using Eq. 11.17 as follows:
— =

I e
. 7 Ll [1 1 1 j0.85 0
. V., I =1 a® a ||-j234|=3.55/15% | py
- | I |1 a a? j1.49 3.55/21°
lao ‘ [- 0
| — = - = [22.28 /159° | kA
I_lZZ _ 122.28 / 21°
VaZ
) |
- The sequence components of the voltage at the terminals of the generator
” e computed as follows:
I >
| — + 7 .
= ) Vo = —j0.05L, = —(70.05)(0.85 /90°) = 0.043 pu
a0 1
: } Viar = Ea1 — j0.20I,; = 1.0 £0° — (j0.20)(2.34 /=90° = 0.532 pu
—Oo— Vta2

FIGURE 11.13 Interconnection of sequence networks for a double line-to-ground fault. = —Jj0.10I; = —(j0.10)(1 49 /90°) = 0.149 pu
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The phase voltages are computed by using Eq. 11.9; that is,

Via 1 1 17[0.043 0-7244_%
Vo |=|1 a® a“0.532 =|0.446 /—132° | pu
Vie 1 a a%][0.149 0.446 / 132°
0.0/ 0°
= | 6.1/=132° | kV
6.1/ 132°

Three-Phase Fault A three-phase fault, although_ it is a symmetrlc(z:ﬂ fa‘ult,
may also be analyzed using the method of symmetncgl compone?ts 1 \ onsidey
the three-phase fault illustrated in Fig. 11.?5. Assumlng 'th'e pr;:1 .auf ci}[mems
are negligible, the voltage and current relationships describing this fault are

Va=Vb=VC
Ia+Ib+IC=3Ia0=O

(11.53)
(11.54)

i - current for a three-

Equation 11.54 confirms that there is no zero-sequence Ct :
phasg fault; that is, I o is identically equal to zero. Thp positive- and negative-
sequence components of the voltage at the fault location are found as follows;
(11.55)

(11.56)

ld+a+a*)Va=0
L1 +a?+d)Va =0

1(Va+ aVy + a®Vo) =
1(Va+ a®Vy +aVo) =

Va =
Va =

Since the positive- and negative-sequence components of the voltage a; ttge
location of the fault are both equal to zero, the sequence components of the

Short
circuit

Reference
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la1
3
+ Zl
Eay Va1
FIGURE 11.16  Sequence network for a three-phase fault.
current are obtained from Eqgs. 11.30 and 11.31 as follows:
Eal
L, = =2
al Z1
I, =0 (11.57)

It has been found that no zero- and negative-sequence currents are flow-
ing during a three-phase fault. Therefore, the analysis of a three-phase fault
involves only the positive-sequence network, which is shown in Fig. 11.16.

EXAMPLE 11.7

Repeat Example 11.4 assuming a three-phase fault occurs at the end of the line
in the given sample power system.

Solution
11.17.

At no load, the generator voltage is 1.0 per unit and is taken as reference.
Thus,

Only the positive-sequence network is used, and it is shown in Fig.

E, = 1.0/£0° pu
The sequence components of the current at the fault are computed as follows:

L1 = (1.0 £0%/(j0.3) = 3.33 /=90° pu = —;3.33 pu

I, =0
Ia() = 0
p P Ial
jo.2 jo.1 =5
—fYY'Y\_O_fWY\_O_‘
+ +
+
Eal() Vta1 Va1

FIGURE 11.17 Sequence network for Example 11.7.
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The phase currents are computed by using Eq. 11.17 as follows:

I 1 1 1 0.0 3.33 /—90° 20.9 /=90°
Ll=11 a% a ~j3.33 | = | 3.33/150° | pu = | 20.9 /150°
1‘2 1 a a 0.0 3.33/ 30° 20.9/ 30°

The sequence components of the voltage at the terminals of the generatg,
are computed as follows:

Vi =0 . . 5
Vi = Eq — j0.20L; = 1.0 £/0° — (j0.20)(—j3.33) = 0.333 pu
Vta2 =0

The phase voltages at the generator terminals are computed by using Eq. 119
as follows:

Vel [t 1 17 0 03880
Vo |=|1 a* a |[0.333|=0.333/=120° | pu
Vie 1 a a%*|| O 0.333 /120°
[ 4.6,0°
= | 4.6 /=120° | kV
4.6 /120° |
DRILL PROBLEMS

D11.7 A three-phase, 100-MVA, 12-kV, wye-connected synchronous gener-
ator has the following reactances: X" = X, = 20% and X, = 8%. Thfe gen;
erator is connected to a 100-MVA, 12/115-kV, A/Y, three-phase trans or.mg-
with a reactance of 10%. The neutrals of the generator and trans.formeli \;Vl:n )
ings are solidly grounded. The terminal volta'ge of the generator is 12 kV, o
the transformer is at open circuit. A single line-to-ground fault occurs on

high-voltage side of the transformer.

a. Find the short-circuit current at the fault.
b. Find the short-circuit current supplied by the generator.

D11.8 Repeat Problem D11.7 if the fault is a line-to-line fault.

.7 if the fault is a double line-to-ground fault.
D11.9 Repeat Problem D11.7 if the -
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11.3 POWER SYSTEM PROTECTION

The operation of a power system is affected by disturbances that could be due to
natural occurrences such as lightning, wind, trees, animals, and human errors
or accidents. These disturbances could lead to abnormal system conditions such
as short circuits, overloads, and open circuits.

Short circuits, which are also referred to as faults, are of the greatest concern
because they could lead to damage to equipment or system elements and other
operating problems including voltage drops, decrease in frequency, loss of
synchronism, and complete system collapse. There is, therefore, a need for a
device or a group of devices that is capable of recognizing a disturbance and
acting automatically to alleviate any ill effects on the system element or on the
operator. Such capability is provided by the protection system.

The protection system is designed to disconnect the faulted system element
automatically when the short circuit currents are high enough to present a direct
danger to the element or to the system as a whole. When the fault results in
overloads or short-circuit currents that do not present any immediate danger, the
protection system will initiate an alarm so that measures can be implemented
to remedy the situation.

11.3.1 Components of Protection Systems

There are three principal components of a protection system:

1. Transducer
2. Protective relay
3. Circuit breaker

These components are described briefly in the following paragraphs.

Transducers The transducer serves as a sensor to detect abnormal system
conditions and to transform the high values of short-circuit current and voltage
0 lower levels. The main sensors used are the current transformer (CT) and
the potential transformer (PT).

The current transformer is designed to provide a standard continuous sec-
ondary current of 5 A. Standard CT ratios available include 50/5, 100/5,
150/5, 200/5, 250/5, 300/5, 400/5, 500/5, 600/5, 800/5, 900/5, 1000/5, 1200/5,
1500/5, and 2000/5. During fault conditions, the short-circuit currents could
®ach over 10 times normal for short periods of time without damaging the CT
Windings.

The current transformer has a primary winding that usually consists of one
lirn and a secondary winding of several turns. It is, therefore, unsafe to open-
trcuit the secondary of a CT whose primarv is energized.
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The potential transformer is designed to operate at a constant standard ggq_
ondary voltage of 120 V. For low-voltage applications, the PT is just like any
other two-winding voltage transformer. For primary voltages in the HV apg
EHV levels, a capacitor voltage-divider circuit is used together with the pp
The primary voltage is impressed across the series-connected capacitors. Thé
PT is used to measure the voltage of a few kilovolts across the capacitor of the
smaller capacitance value.

Protective Relays A protective relay is a device that processes the signalg
provided by the transducers, which may be in the form of a current, a voltage, op
2 combination of current and voltage. These signals arise as a result of a faulteq
condition such as a short circuit, defective equipment or lines, lightning strikeg
or surges. The protective relay can initiate or permit the opening of Variou;
interrupting devices or sound an alarm. There are two main classifications of
protective relays based on their construction: electromechanical and solid stae,

The electromechanical relay develops an electromagnetic force or torque
from the signal provided by the transducer; this force or torque is used to
physically open, or close, a set of contacts to permit or initiate the tripping of
circuit breakers or actuate an alarm.

The solid-state, or static, relay is energized by the same signals as in ap
electromechanical relay. However, there is no physical opening, or closing, of
the relay contacts. Instead, the switching of the relay contacts is simulated
by causing a solid-state device to change its status from conducting (closed
position) to nonconducting (open position).

Electromechanical relays predate the solid-state relays. A majority of power
system installations still use electromechanical relays. The improved reliability,
versatility, and faster response (as low as one-quarter cycle) of solid-state relays
have made them more attractive. Some electromechanical relays have been
replaced by solid-state relays, and in newer installations a mixture of both
types would usually be found.

Circuit Breakers A circuit breaker is a mechanical device used to energize
and interrupt an electric circuit. It should be able to open and close quickly
‘maybe in the order of a few milliseconds. It should be able to carry the rated
current continuously at the nominal voltage, and it must be able to withstand
the large short-circuit current (called its momentary rating) that flows during
the first cycle after a fault occurs. The circuit breaker must be able to interrupt
a large short-circuit current called its interrupting rating. The momentary rating
is about 1.6 times the interrupting rating because the former includes the effedt
of the DC component of the transient short-circuit current. The actual value®
current interrupted by the circuit breaker depends on its speed, which could b
1/2, 3, 5, or 8 cycles.

When the current-carrying contacts of the circuit breaker are opened, 4
e A 14 e mrwon tha eantacte that ionizes the medium between them:
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a i i
:lr?lﬂi tg iI:tiilsgSisstﬁthhédt between the contacts. The circuit breaker must be
» Or mterrupt, this arc as quickl i
? y as possible. T :
mi‘ri:niof:aal:f an elongated path, cooled, and finally extinguished Whelrllettfl rCAIS
i, he 1ng tl}e arc passes through its zero value. Sometimes, th oA
extinguished in air, oil, sulfur hexachloride (SFg), or a vacuum , the arc is

11.3.2  Types of Protection Systems

o funda NI o
pT(})lwer Systglrznits:opzr;nmplgl in designing protection systems is to divide the
nes that can be provided with the i
' : . appropriate protecti
gln: :fe;relclzz Iclilts}cl:;n;g:tctefdtﬁr isolated as quickly as possible in ofder tolini;eifrtllicz)g
ol the power system. Each zone of ion i
: ' . . rotecti i
with two types of protection: primary and backup protecfion i At

Snary or Mai . . :
:);-d reliible It\rflialr} Pro;ectlon‘ Ppmary protection is provided to ensure fast
g ?pmg of the circuit breakers to clear faults occurring within
ry of its own zone of protection. I i
. zone of . In general, primary protection i
pr9v1ded for each transmission line segment, major piece of Yoroment. and
vt of equipment, and
] ,:L ;;I;la?itep ‘zonf of protectiop is established around each system element
- circliit bllﬂ.eﬁégheflfﬁ is Q}Ierlapping of adjacent zones of protection
s. Thus, if a fault occurs within th i
! : e overla
g(l)lrg gizarlﬁaprs :rfe trlltp;;ed than is actually necessary. On the other han(f f? %Illzilé
, a Tault that occurs in the region bet ’
B oo, o foult that oc g etween two zones of protection
, and no prote i ircui
| protective relay will operate and no circuit
Althou jor pi i
g \,%}llt ;acl} major piece of equipment and transmission line segment is
primary protection and the primary zones of protection are made

Low-voltage Hi
. gh-voltage High-
swn’ichgear switchgear slv%irlcvl?”eaage
protection protection protec%ionr
_____ N _—
TR I Ny T
1] i '
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to overlap, it is still possible for the protection to fail. Hence, there is a peg d
for backup protection.

Backup Protection Backup protection is provided in case the primary pr,
tection fails to operate or is under repair or maintenance: The protective relayg
used for backup protection have longer time delays_; that is, they are slower oy
ing than the relays used for primary protection to give the latter the OppOrtunigy
to perform their function. ‘ _

The backup protection should be designed in such a way that thg cauge
of failure of the primary protection is not going to cause the same failure j,
the backup protection. Therefore, the backup protection should be located at 5
different station from the primary protection. ‘

Consider a fault on line segment 3—4 of the power system shown in Fig,
11.19. If circuit breaker 3 fails to trip for some reason, the' backup relay
would trip circuit breaker 1; or, if the circuit breaker 4 fa}ls to trip, th.e baCkup
relays would trip circuit breakers 7 and 8. Because circuit breaker 1 is locateq
differently from 3 and circuit breakers 7 and 8 are located differently from 4, the
cause of failure of the primary protection would probably not cause fa11ur'e of
the backup protection, which might happen if backup protection were provided
at 2 or 5 and 6 instead. .

If a fault occurred at station C, primary protection would be provided by
circuit breakers at 4, 5, and 6. Backup protection would be located at 3, 7,

and 8.

11.3.3  Requirements of Protection Systems

In order to perform its functions properly, the protection system'rpu.st have the
following characteristics: speed, selectivity, reliability, and sensitivity.

Speed The speed of the protection system refers to the operating times of
the protective relays. The potential damage to the faulted element depends on
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the length of time the short-circuit currents are allowed to flow, The speed of
clearing, or isolating, the faulted system component also affects the stability
of the whole system.

Protective relays may be characterized as instantaneous with an operating
time of about 0.10 s, or as high speed with an operating time of less than 0.05
5. Solid-state, or static, relays can have operating times as low as one quarter
of a cycle.

Selectivity Selectivity is the ability of the protection system to detect a fault,
jdentify the point at which the fault occurred, and isolate the faulted circuit
element by tripping the minimum number of circuit breakers. Selectivity of the
protection system is obtained by proper coordination of the operating currents
and time delays of the protective relays.

Reliability ~The reliability of the protection system is its ability to operate
upon the occurrence of any fault for which it was designed to protect. In other
words, the protection system should operate when it is supposed to and not
operate when it is not supposed to.

Sensitivity ~ Sensitivity refers to the characteristic of a protective relay that
it operates reliably, when required, in response to a fault that produces the
minimum short-circuit current flowing through the relay.

11.3.4  Types of Protective Relays

The protective relay is the device that responds to signals from the transducers
by quickly initiating or allowing a control action to be implemented in order
to prevent damage to the faulted equipment and to restore service as soon as
possible. The operating characteristics of the more commonly used protective
relays are described in this section.

A relay is said to pick up when it operates to open its normally closed (NC)
contact or to close its normally open (NO) contact in response to a disturbance
to produce a desired control action. The smallest value of the actuating quantity
for the relay to operate is called its pickup value.

A relay is said to reser when it operates to close an open contact that is
normally closed (NC) or to open a closed contact that is normally open (NO).

The largest value of the actuating quantity for this to happen is called the reset
value.

Overcurrent Relays The actuating quantity of an overcurrent relay is a cur-
fent. The relay is designed to operate when the actuating quantity equals, or
fxceeds, its pickup value. An overcurrent relay can be either of two types:
Instantaneous or time-delay type. Both relay types are frequently provided in

0ne relav cace and are artnatad hu tha cama ~nreants harrasas o, RN SIS T
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pickup values can be adjusted separately. The pickup values may be adjusteq
by varying the tap settings in the input. . '

The instantaneous relay element has no intentional time delay, and it operateg
quickly from 1/2 to 3 cycles depending on the Yalue of the f.ault current, A
typical operating characteristic of this relay type is show_n in Fig. 11.20.

The time-delay relay element is characterized by having an operating timg
that varies inversely as the fault current flowing through the relay. A typicy]
inverse time characteristic is shown in Fig. 11.20. The time-delay characteristje
may be shifted up or down by adjusting the time-dial setting so that the relay
operates with a different time delay for the same value of fal'llt current.

The difficulty in using overcurrent relays is that they are inherently nonse.
lective. They detect overcurrents (faults) not only in thelr. own zones of pro.
tection but also in adjacent zones. The selectivity can be improved by proper
coordination of the relay pickup values and time-delay settings. As' the elec.
tric load grows and the power system configuration changes, qperatmg condj-
tions and magnitudes of short-circuit currents will vary. The pickup values of
the overcurrent relays have to be readjusted continually in response to these
changes. o

Overcurrent relays are popular especially on low-voltage circuits because
of their low cost. They are also used in specific applications on high-voltage
systems.

Directional Relays A directional relay is able to distinguish bet.weep current
flowing in one direction and current flowing in the opposite .dlrectlon. The
relay responds to the phase angle difference between the actuating current and
a reference current (or voltage) called the polarizing quantity.

Directional relaying is typically used in conjunction with'some other relay,
usually the overcurrent relay to improve its selectivity.

Differential Relays The operation of a differential relay is ba§§d on the vec-
tor difference of two or more similar electrical actuating quantities. The most

Very inverse

Inverse

Operating time

\ Instantaneous
~ -

Multiples of pickup current
FIGURE 11.20 Time characteristics of overcurrent relays.
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common application is current differential relaying, in which the current enter-
ing and the current leaving the protected element are compared. If the difference
exceeds the pickup value of the relay, it operates to trip the breakers to isolate
the element.

Typical differential relaying employing an overcurrent relay is shown in Fig.
11.21. Identical current transformers are placed at both ends of the protected
element, and the CT secondaries are connected in parallel with an overcurrent
relay. The directions of current flows shown in Fig. 11.21 are those correspond-
ing to normal load conditions or to a fault external to the protected element.
Thus, it is seen that the CT secondary currents merely circulate between the
CTs, and no current flows in the overcurrent relay.

Suppose a fault occurs on the protected element as shown in Fig. 11.22.
The short-circuit currents flow into the fault, and the CT secondary currents no
longer circulate. The vectorial sum of the CT secondary currents flows through
the overcurrent relay and causes the relay to disconnect the element from the
system.

Even though the current transformers used for the differential relay are iden-
tical, the secondary currents may not be identical because of CT transformation
inaccuracies. Thus, the secondary currents will no longer merely circulate for
normal load conditions or for external faults. The differential current that will
flow through the overcurrent relay may be sufficient for the relay to pick up
and cause false tripping of the circuit breakers.

Percentage-Differential Relays The difficulty encountered in differential re-
laying due to CT errors is eased by the use of a percentage-differential relay.
This type of relay has an operating coil and two restraining coils. The operating
current is proportional to (I, — Ig) and must exceed a certain percentage of the

restraining current, which is proportional to %(1 A t I), before the relay will
operate.

Distance Relays In a distance relay, a voltage and a current are balanced
against each other and the relay responds to the ratio of the voltage to the
current, which is the impedance of the transmission line from the relay location

Load or

Protected external fault
element

Iz

Overcurrent

Up-1g)=0 T relay

FIGURE 11.21 Differential relaying.
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A Protected OO,
—=1 element L
IIA _—l'_ I’B

Interna-l fault

Overcurrent
relay

FIGURE 11.22 Fault currents in a differential relay.

to the point of interest. The impedance may be used to measure distance along
a transmission line, hence the name distance relay.

This distance relay is useful because it is able to differentiate between 5
fault and normal operating conditions and to differentiate between faults in 5
specific area and a fault in a different part of the system. The operation of the
distance relay is limited to a certain range of pickup values of impedance. The
distance relay picks up whenever the measured impedance is less than or equg]
to the selected pickup value of impedance.

There are several types of distance relays, including impedance, reactance,
and mho relays. The mho relay has an inherent directional characteristic; tha
is, it responds to or “sees” faults in only one direction. On the other hand,
the impedance and the reactance relays see faults in all directions. Thus, a
directional relay is commonly used together with the impedance relay, and a
mho relay is used as a starting unit for the reactance relay.

Pilot Relays Pilot relaying is a means of communicating information from
the end of a protected line to the protective relays at both line terminals. The
relays determine whether a fault is internal or external to the protected line. The
communication channel, or pilot, is used to transmit this information between
line terminals. If the fault is internal to the protected line, all the circuit breakers
at the terminals of the line are tripped in high speed. If the fault is external to
the protected line, the tripping of the circuit breakers is prevented, or blocked.

Three types of pilots are commonly used for protective relaying: wire, power
line carrier, and microwave pilot.

A wire pilot consists of a twisted pair of copper wires of the telephone line
type. It may be leased from the telephone company, or it may be owned by the
electric utility.

The power line carrier is the most commonly used pilot for protective re-
laying. In this type of pilot, a low-voltage, high-frequency current (30 to 300
kHz) is transmitted along one phase of the high-voltage power line to a receiver
at the other end of the protected line. Line traps, located at both line terminals,
serve to contain a carrier signal inside the zone of the protected line.

The microwave pilot is an ultra-high-frequency radio system operating abové
900 MHz. In this pilot, transmitters and receivers operate the same way as in
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potvver line carrier pilot; however, line traps are replaced by a line-of-sight
antenna.

11.3.5  Applications of Protection Systems

Th? applications of the different types of protection systems for the protection of
various types of equipment and transmission lines are described in this section.

These discussions are confined to protection for the high-voltage, bulk-power
gystem components.

Generator Protection The protection system provided to the synchronous
gex.xerator must be able to detect any abnormal condition immediately and act
quickly to prevent damage to the generator and minimize the effect on the
power system. Synchronous generators are provided with protection against
various disturbances, including short circuits in the stator windings, loss of field
excitation, stator and rotor overheating, and overspeed. Short-circuit protection
of the stator windings is of primary concern and is discussed in this section.
When a short circuit occurs between stator windings of a synchronous gen-
erator, or between a stator winding and ground, the protection system should
quickly trip the main circuit breaker to disconnect the machine from the rest of
the system and at the same time disconnect the field winding from the exciter.
The best stator winding short-circuit protection is provided by a percentage-
differential relay, which is shown in Fig. 11.23. It may be noted that the

Circuit
Generator breaker
windings ]
o' a'aY NWYYY‘\__ LN,
— L B
Distribution FI
transformer
fatataal Y'Y Y Y Y\ fatatatal
L — L o la—
‘. PNVV-N
Nl
pu]
Overvoltage
relay
YY Y |

Percentage - differential relays
FIGURE 11.23 Generator protection."
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relaying protects against a three-phase fault, or line-to-line fault, in the statg,

S. _
Wui?(\ifll?egn the synchronous generator neutral is grounded through a high resjg.
tance, the short-circuit current for a single line-to-ground faul.t is much legg
than the short-circuit currents for faults involving the 'phase Wmdmgs_. Thug,
the ground fault current may not be detected by the dlffereptlal re.laymg pro-
tection. An overvoltage relay connected across the grounfilng resistor woulg
be able to detect the increased voltage across the resistor in the presence of g
ground fault, and the overvoltage relay will operate.

Transformer Protection The protection system provide<_i for a power trang.
former depends primarily on its capacity and its voltage rating. Thus, for sma
transformers with capacities up to about 2 MVA, .p'(_)wer fuses are deemed tq
be adequate. For larger transformers, Witl} capac1t.1es greater than 10 MVA
percentage-differential relays with harmonic 1jest.ra1nt are recommepded. The
one-line diagram of the protection of a three—wmdln_g tra_lnsformer using a three-
winding percentage-differential relay is illustra'Fed in Fig. 1‘1.24. '
The differential relaying protection must satisfy two basic requirements:

1. The protection must not operate for normal load conditions and faults
external to the transformer.

2. The relays must operate to trip the circuit breakers for an internal fault
that is severe enough to cause direct damage to the transformer.

Three-phase transformers with Y-A-connected windings require further con-
sideration. The primary and secondary currents of such transformers normally

A A

Restraining
coils

Percentage - differential relay

FIGURE 11.24 Three-winding transformer protection.
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differ not only in magnitude but also in phase angles because of the inherent
phase shifts in Y-A or A-Y connections. The current transformers must, there-
fore, be connected in such a manner that the CT secondary line currents as
seen by the protective relays are equal under normal operating conditions or for
external faults. The correct magnitude relationship is obtained by the proper
choice of CT ratios and, if necessary, the use of an autotransformer in the CT
secondary circuit. The correct phase-angle relationship is obtained by connect-
ing the CTs on the wye-connected side of the transformer in delta and the CTs
on the delta-connected side in wye. In this way, the CT connections are able to
compensate for the phase shift introduced by the Y-A or A-Y connection. The
design of the protection for a Y-A transformer using percentage-differential
relays is illustrated in Fig. 11.25 and the following example.

EXAMPLE 11.8

Design the protection of a three-phase, 50-MVA, 230/34.5-kV power trans-
former using available standard CT ratios. The high-voltage side is Y connected

I
= } Eﬂ e
| j é;_

: ESTE -

Percentage - differential relays

FIGURE 11.25 Y-A transformer protection.
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and the low-voltage side is A connected. Specify t'h.e CT ratiosj and show the
three-phase wiring diagram indicating the CT polarities. Determine the currents
in the transformer and the CTs. Specify the rating of an autotransformer, if one
is needed.

Solution When the transformer is carrying rated load, the line currents op
the high-voltage side and low-voltage side are

50,000
IHV = = 125.5 A

J3(230)
50,000

v = " R@4s)

The CTs on the low-voltage side are connected in wye, and the CT ratio
selected for this side is 900/5. The current in the leads flowing to the percentage-
differential relay on this side is equal to the CT secondary current and is given
by

= 836.7 A

5
ILV lead = 836.7 <90—0> =4.65 A

i low-voltage side must be
The current in the leads to the relay from the
balanced by an equal current in the leads connected to the A-connected CTs on
the high-voltage side. This requires a CT secondary current equal to

IcT sec = \/g

To obtain a CT secondary current of 2.68 A, the CT ratio of the high-voltage
CTs is chosen as

125.5
io = —— =46.8
CT ratio 763

The nearest available standard CT ratio is 250/5. If this CT ratio is selected,
the CT secondary currents will actually be

5

ICT sec — 1255<55_6> = 2.51 A

Therefore, the currents in the leads to the A-connected CTs from the percentage-
differential relays will be
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1255 A — — 836.7 A
— —
Fatata one
] | — [
~— ——
251 A 4.65A
o a'aY Va a'a
—= ; é S [ R —
fatataY ] fa¥a¥al

o | 1 — Lo
CT: 250/5 — o CT: 900/5
} 435 . é ? % 465A1
SYYYYY YV Y ]
____rvnyfYW\_' Percentage - differential relays
Autotransformer
1.07:1

FIGURE 11.26 Y-A transformer protection of Example 11.8.

It is seen that the currents in the leads on both sides of the percentage-
differential relay are not balanced. This condition cannot just be ignored be-
cause it could lead to improper tripping of the circuit breaker for an external
fault. This problem can be solved by using an autotransformer as shown in
Fig. 11.26. The autotransformer should have a turns ratio of

4.65 _

235 - 1.07

N, autotransformer —

In the design of the transformer protection of Example 11.8, the magne-
tizing current of the transformer has been assumed to be negligible. This is a
reasonable assumption during normal operating conditions because the magne-
lizing current is a small percentage of the rated load current. However, when a
transformer is being energized, it may draw a large magnetizing inrush current

. . 3
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in the primary, causing an unbalance in current, anc.l the dit_”fere'ntial relay wij
interpret this an internal fault and will pick up to trip tht'l 01.rcu1t breakers.

To prevent the protection system from operating apd tripping the tr'ansformer
during its energization, percentage-differential relaying W1tl_1 1'1arrr.10n1c restraing
is recommended. This is based on the fact that the magne@zmg 1n@sh Currepg
has high harmonic content, whereas the fault currenF consists mamly .of fun.
damental frequency sinusoid. Thus, the current supplied to the restra1n1ng coil
consists of the fundamental and harmonic components of the normal r§stra1ning
current of (I4 + Is)/2, plus another signal proportional to the harmonic contept
of the differential current (I, — Ig)/2. Only the fundamental frequency of the
differential current is supplied to the operating coil of the relay.

Bus Protection The sum of the currents flowing through the lines connecteq
to the same bus is equal to zero for normal operating conditions or for a fault
external to the bus. Hence, differential relaying using overcurrent relays can_be
used to provide protection against bus faults. This is illustrated in the one-line
diagram shown in Fig. 11.27. .

All of the current transformers are connected in parallel and an overcurrent
relay is connected across their output. When there is no fault on the bus, the
line currents are indicated by the solid arrows, and the current through the

overcurrent relay is given by

1

=— (1 +1b—-13—-1;) =0
CTratio(I1 & 3 4

Ir

Therefore, no current flows through the relay. On the other hand, when there
is a fault at the bus, currents /3 and I4 reverse directions as shown by the broken

n I3, F s
o
= OO, OO,
| Iﬂ —1 e
' A :
i 1 ’ ' t Y )
. Ig,F 4
""2’ onn == OO\ . i
— - - B
b T
~— -~
é A QOvercurrent ¥
IR relay
— —

FIGURE 11.27 Bus protection using an overcurrent relay.
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arrows; thus, the current through the relay is now given by

Ir (I1+]2+I3+I4)>0

~ CT ratio
Hence, the overcurrent relay picks up to trip all circuit breakers.

Transmission Line Protection Transmission lines provide the means for
bringing the electric energy from the generating plants to the major substa-
tions, from these substations to the load center substations, and ultimately to
the individual consumers. Transmission lines travel over wide-open spaces, as
well as thickly populated metropolitan areas. Because of these long distances
and extensive exposure to nature and human accidents, most of the short cir-
cuits that occur in power systems are on overhead transmission and distribution
lines.

For the low-voltage distribution circuits, the protection system usually pro-
vided consists of circuit reclosers and power fuses that act as relays and circuit
breakers combined. For the protection of medium-voltage and high-voltage
transmission lines, separate relays and circuit breakers are employed. Since
HV and EHV transmission lines are the major means of bulk-power transmis-
sion, the protection of these transmission lines is designed to be more reliable
and more selective, and it is also more expensive.

Transmission Line Protection by Overcurrent Relays Consider that the
portion of the power system to be protected is radial as shown in Fig. 11.28.
The generator connected to bus 1 represents the rest of the power system, and it
supplies loads at buses 1, 2, 3, 4, and 5 through four transmission lines. Since
the short-circuit current comes from the left side of each line, it is sufficient
to provide only one circuit breaker at the sending end for each line. So that
service disruption is minimized, for a fault on line 4-5, only circuit breaker
CB4 should be tripped; for a fault on the line 34, only breaker CB3 should be
opened; for a fault on the line 2-3, only CB, should be tripped; and so on.

The short-circuit current due to a fault on any of the lines depends on the
fault location and the type of fault. Since the total impedance increases with
the distance from the generator to the fault, the short-circuit current is inversely
proportional to this distance.

Overcurrent relays are used mainly to provide protection for subtrans-
mission and distribution lines. Two forms of overcurrent protection are

2|l 3]+ sl

O
Lcs, Lics, Il_—icas Il_—i/ca4 | l/

FIGURE 11.28 A radial power system.
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provided: primary protection for the line itself gnd backup p1‘"otection for ap
adjacent line. Two types of overcurrent relay units are used: time overcurrep;
nd instantaneous relay. -

rela’II}‘,h:: time overcurrent relays at each of the four buses 1,‘ 2,3, and 4 Pro-
vide primary protection for their own line segment and proylde remote backy
protection to adjacent line downstream from the relay location. ThlIIS, the relay
at bus 1 provides primary protection for line .1—2 ar'ld also provu.ieS back'up
protection for line 2-3; the relay at bus 2 provides primary protection for ling
2-3 and backup protection for line 3—4; and so fort_h. ' .

When the relay at bus 1 provides backup protection for line 2-3, it must be
adjusted to be selective with the primary rel.aymg at bus 2. The relay at byg
2 is expected to operate first for a fault on line 2—.3 before the relay at busll
operates. The operating times of the relays at the dlfferenF buses are §hown in
Fig. 11.29. Thus, for the fault shown, the relay at bus 4 picks up to trip circuit
breaker CB4. If CB4 fails to open for any reasgn, the faul'f current persists,
and after a certain time delay the relay at bus 3 plcl_cs up to trip CB3. The re?lay
at bus 2 is selective with the relay at bus 3; thus, 1.f both CB3 and CB4 fa}led
to open, the relay at bus 2 would pick up and trip CB, after a longer time
- i ivi between the ti

For setting the pickup values and the selectivity clearanges_ etween tl %me
overcurrent relays for backup protection, there are four criteria to consider:

1. The relay must be able to pick up for the minimum short-circuit currents
for which the relay is designed to protect.

2. The relay should not pick up for normal load condltlf)ns. A common
practice is to set the minimum pickup value equal to twice the peak load
current in order to carry emergency peak loads and pick up cold load.

3. The relay nearer the source providing backup p_roFection for the down-
stream relay must pick up for one third of the minimum current seen by
the latter.

Operating
time

1 _D, 2l M 3 4 2 Fault
@ Lcs cB CB,
H CBI w 2 W 3

FIGURE 11.29 Overcurrent protection of a radial power system.
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4. The relay nearer the source providing backup protection for the down-
stream relay should pick up for the maximum current seen by the latter
but no sooner than (a selectivity clearance of) at least 0.3 s.

The instantaneous overcurrent relay unit provides primary protection for its
own protected line segment to supplement the time-delay overcurrent relay unit.
The instantaneous unit operates quickly with no intentional time delay, so it
should be adjusted such that it does not operate for a fault on neighboring lines.
The pickup value is usually adjusted so that the instantaneous relay is able to
detect a fault occurring at a distance of up to 80% of the line segment. The
operating times of the instantaneous relay and the time-delay units are shown
in Fig. 11.30.

The complete protection system for a line consists of three overcurrent relays
for phase fault protection and one overcurrent relay for ground fault protection.
This protection system is shown in Fig. 11.31.

Transmission Line Protection by Distance Relays To improve reliability,
the generating plants, transmission lines, and substations of a high-voltage
power system are interconnected to form a network. Overcurrent relay protec-

tion can no longer be used because coordinating the relays becomes a difficult,
if not impossible, task.

Operatring time

Time-delay
units

pmm——————

Instantaneous relay

Multiples of pickup current
FIGURE 11.30 Tvpical time characterictice af an avarcireant wala
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Operating
time

] ]
1lFr——— ’2 ————— “3lpr——"""4 ’EJ
C DCB1 s, cB, cha4 I l

FIGURE 11.31 Complete overcurrent protection of a radial system.

Protection of transmission lines connected as a network can be provided by
distance relays. These distance relays provide phase fault protection for the
line, while an overcurrent relay provides ground fault protection.

Distance relays provide primary protection for a line section and backup pro.
tection for an adjacent line. The value of impedance at the farthest fault locatiop
for which a distance relay picks up is called its “reach.” One distance relay
contains three distance relay units responding to three independently adjustable
pickup impedance values (or zones of protection) with three independently
adjustable time delays. ‘

The primary impedance corresponding to a particular fault location, or relay
unit reach, is converted to a secondary value that is used to adjust the phase
or ground distance relay. This secondary impedance value is given by

CT ratio
Zuee = Zpri (PT ratio)

The first-zone, or high-speed zone, unit of the distance relay has a reach
of up to 80% to 90% of the length of the transmission line. This relay unit
operates with no time delay.

The second-zone unit of the distance relay provides protection for the rest
of the line beyond the reach of the first-zone unit. This second-zone unit has
a reach of at least 20% of the adjoining line section. Because this unit “sees”
faults in the adjoining line, it must be selective with the first-zone unit of the
adjacent line. Therefore, this second-zone unit is provided with a time delay
of about 0.2 s to 0.5 s.

The third-zone unit of the distance relay provides backup protection for the
rest of the adjoining line section. This unit is adjusted to reach beyond the end
of the adjoining line to ensure that backup protection is provided for the full
line section. The time delay provided for this unit is usually about 0.4sto
1.0 s. The protection of a portion of a power system by using distance relays

44 AA
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Operating
time
As l Bs I C3 |
A | B, | c | D,
Ay | B; I . Cy I . Dy l
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FIGURE 11.32 Line protection by distance relays.

*11.4  TRANSIENT STABILITY

Power system stability refers to the ability of the various synchronous machines
in the system to remain in synchronism, or stay in step, with each other fol-
Jowing a disturbance. Stability may be classified as steady-state, dynamic, or
transient stability.

Steady-state stability refers to the ability of the various machines to regain
and maintain synchronism after a small and slow disturbance, such as a gradual
change in load. Transient stability is stability after a sudden large disturbance
such as a fault, loss of a generator, a switching operation, and a sudden load
change. Dynamic stability is the case between steady-state and transient sta-
bility, and the period of study is much longer so that the effects of regulators
and governors may be included.

Consider the two-machine power system shown in Fig. 11.33. Each machine
may be represented as a constant emf in series with a synchronous reactance and
negligible resistance. Assume that the machine on the left acts as a generator
and the other machine acts as a motor. The emfs may be expressed in polar
form as follows:

E, = E; /b
Ey = Ey /0° (11.58)
The current flowing in the circuit is given by

_ Eg_Em _ Eg@_Emﬁ
JXt JXt

(11.59)

where X1 = Xg + Xe + Xpp.

JXg JXe Xm
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The real power delivered by the generator to the motor is found as folloy,
P = Re[E,I']

[ Eg /8 — En/0°\
= Re|(E, 45)<__r
L

2

_ Re|E2 soo0 - EEm s 4 000
XT XT

= EgEnm sin & (11.60)
T

Thus, it is seen that the power supplied by the generator to the motor varieg
with the sine of the phase angle difference of the two emfs, which is also the
displacement angle between the two rotors.

The maximum power Ppqy that can be transmitted at steady state from the
generator to the motor with the total reactance Xt is found from Eq. 11.60 for
the case &6 = 90°. That is,

E.E
Prax = ;Tm

(11.61)

Poax is called the steady-state stability limit. Its value can be raised only by
increasing either of the two internal voltages by adjusting their respective exci-
tations or by decreasing the series reactance of the transmission line connecting
the two machines.

The plot of the transmitted power versus the displacement angle is called
the power-angle curve, and it is illustrated in Fig. 11.34. The graph indicates
that the system is stable over the operating region —90° < & < 90°, where

Pmax

-180° -90° 0 90° 180° )

FIGURE 11.34 Power-angle curve.
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the derivative of P with respect to 8 is positive, that is, dP/dé > 0; this
condition implies that an increase in displacement angle results in an increase
in transmitted power.

Consider the two-machine system operating at steady state at the point A on
the power-angle curve of Fig. 11.35. Assume that the generator is delivering
electrical power P, at an angle §, to the motor, which is driving a mechanical
load connected to its shaft.

Case 1. Suppose that a small increment of shaft load is added to the motor.
This net torque tends to retard the motor and its speed decreases, causing an
increase in 6. The input power increases correspondingly until equilibrium is
obtained at a new operating point B, higher than A.

Case 2. Suppose that motor load is increased gradually until point C of maxi-
mum power is reached. If additional load is applied to the motor, 6 increases
as before and goes beyond 90°. This time, however, instead of an increase
in the input power, the input power decreases, which further increases the net
retarding torque. This torque retards the motor even faster until it pulls out of
step.

Case 3. Suppose a large increment of load is suddenly applied to the motor.
The deficiency in input will be supplied temporarily by the decrease in kinetic
energy. The motor will slow down, increasing 8 and the power input. Assuming
that the new load is less than Ppax, 0 will increase to a new value such that
the motor input equals the motor load. When this is reached, the motor is
still running slow, thus increasing 6 beyond its proper value and producing an
accelerating torque that increases the motor speed. However, when the motor
regains normal speed, 6 may have gone beyond point D so that the motor input
is less than the load. This leads to motor pull-out.

Case 4. Assume for this case that the sudden incremental load is not too
great. The motor will regain its normal speed before 6 becomes too large.
The motor speed will continue to increase because of the net accelerating torque

P
C
Prigy [—— = |
Pol-——Sf~——1——\0
B |
P - I |
Iv4
Pt ] :
||
| | |
[ |
0 6,01 o2 90° 180° 4]

FIGURE 11.35 Two machine system operating states.
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and will become greater than normal. When this happe.:ns, ) Wil'l decrease ang
again approach its proper value. These oscillations will later dle' out beC:dl_me
of damping torques, and the motor will come to a stable operating condition
at point E. .

The upper limit to the sudden increment in load.t.hat 'the' rotor can ¢
without pulling out of step is called the transient stability limit. This is 9}1Ways
lower than the steady-state limit and can have different values depending op
the nature and magnitude of the disturbance.

*11.41  Swing Equation

The motion of a synchronous machine is governed by Newton’s law of rota-
tion, which states that the product of the moment of inertia tirpes the a.ngular
acceleration is equal to the net accelerating torque. Mathematically, this may
be expressed as follows:

(11.62)
| Equation 11.62 may also be written in terms of the angular position as follows:

d*6m

(11.63)
dt?

\ ‘ J =T, =Tn— T

b | where

J = moment of inertia of the rotor

T, = net accelerating torque or algebraic sum of all torques acting on the
e machine o
| T, = shaft torque corrected for the rotational losses including friction and
windage and core losses

T. = electromagnetic torque

By convention, the values of Ty and T, are taken as positive for generator
action and negative for motor action. '

For stability studies, it is necessary to find an expression for the angu-
lar position of the machine rotor as a function of time t.'Howeve.r, l?ecause
the displacement angle and relative speed are of greater 1ptere§t, it is more
convenient to measure angular position and angular velocity with respect t0
a synchronously rotating reference frame with a synch?onous speed of ®sm-
Thus, the rotor position may be described by the following:

0y = Wsmt + Om (11.64)
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The derivatives of 0, may be expressed as

dOn dém

a2 Yt (11.65)
d?0, d*6n
arz . dez (11.66)

Substituting Eq. 11.66 into Eq. 11.63 yields

d?s
/ dﬂm =TL=Tn—T

(11.67)

Multiplying Eq. 11.67 by the angular velocity of the rotor transforms the torque
equation into a power equation. Thus,

d?s

meﬁ

= mea = mem - mee

(11.68)

Replacing wnT by P and Jwy by M, the so-called swing equation is ob-
tained. The swing equation describes how the machine rotor moves, or swings,
with respect to the synchronously rotating reference frame in the presence of a
disturbance, that is, when the net accelerating power is not zero.

d?s
dﬂm =Py = Pn— P

(11.69)

M = Jw = inertia constant

P, = P, — P. = net accelerating power

Pn = T, = shaft power input corrected for the rotational losses

P. = wT. = electrical power output corrected for the electrical losses

It may be noted that the inertia constant was taken equal to the product of the
moment of inertia J and the angular velocity wy,, which actually varies during
a disturbance. Provided the machine does not lose synchronism, however, the
variation in wp, is quite small. Thus, M is usually treated as a constant.

Another constant, which is often used because its range of values for par-
ticular types of rotating machines is quite narrow, is the so-called normalized
inertia constant H. It is related to M as follows:

l Mwsm
N rated

H:

MJ/MVA (11.70)
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Solving for M from Eq. 11:70 and substituting into 11.69 yields the SWing
equation expressed in per unit. Thus,

Wsm dt? Srated

Pm - Pe
= (117
Srated 1)

It may be noted that the angle &y, and angu?ar Velogity om in Eq. 11.71 gy
expressed in mechanical radians and mechanical radians per second, respec.
tively. For a synchronous generator with p poles,. the electr1(.:al power angle
and radian frequency are related to the corresponding mechanical variables a4

follows:

5(t) = g—ﬁm(t)

o) = Lont)

11.
5 (11.72)

Similarly, the synchronous electrical radian frequency is related to synchronoug
angular velocity as follows:

gwm (11.73)

wg =

Therefore, the per-unit swing equation of Eq. 11.71 may be expressed in elec-
trical units and takes the form of Eq. 11.74.

(11.74)

Depending on the unit of the angle 6, Eq. 11.74 takes the form of either Eq.
11.75 or Eq. 11.76. Thus, the per-unit swing equation takes the form

2
if %t—f =P, = Pn— P (11.75)
T
when & is in electrical radians, or
2
%%zﬂzﬂn“l’e (11.76)

when § is in electrical degrees. ‘ . )
When a disturbance occurs, an unbalance in the power 1'nput and po\f/
output ensues, producing a net accelerating torque. The solution of the swing

1’
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equation in the form of the differential equation of (11.75) or (11.76) is ap-
propriately called the swing curve 8(¢).

*11.4.2  Single Machine-to-Infinite Bus

Consider the system shown in Fig. 11.36, which consists of a single machine
connected to an infinite bus through an external reactance. The synchronous
machine is driven by a constant-speed prime mover.

The electrical power output of the synchronous generator may be found in
the same manner as in Eq. 11.60 and may be expressed as follows:

P, = P, sind (11.77)
Substituting the expression for the electrical power output of the generator and
rearranging the terms in the swing equation yield the following:

2H d?6
oo Ei— + Ppax 8indéd = Py
s

(11.78)
It is seen that the resulting differential equation is nonlinear. Except for a few
cases, it may not be possible to solve the equation analytically to obtain a
closed form of the solution &(¢). It is, therefore, usually necessary to use a
numerical technique to solve the differential equation (11.75) or (11.76).

EXAMPLE 11.9

A 500-MVA, 20-kV, 60-Hz, four-pole synchronous generator is connected to
an infinite bus through a purely reactive network. The generator has an inertia
constant H = 6.0 MJ/MVA and is delivering power of 1.0 per unit to the
infinite bus at steady state. The maximum power that can be delivered is 2.5
per unit. A fault occurs that reduces the generator output power to zero.

a. Find the angular acceleration.

b. Find the speed in rev/min at the end of 15 cycles.

c. Find the change in the angle & at the end of 15 cycles.

@/L ! ,Wy\Xe I Intf)iSSite

FIGURE 11.36 Single machine-to-infinite bus system.
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Solution

a. Because the generator is initially operating at steady s'tate, the mechanicy)
input power is equal to the electrical power output prior to the fault. Thy

is,

P, =P.=10pu
Therefore, the accelerating torque is found by using Eq. 11.76.

d?s _ 180f

Eﬁ‘ = T(Prn_Pe)

a =

= %)—)(()ﬁ)l(l.o —0.0) = 1800 elec. degrees/s2

For a four-pole machine,

6 180f (180)(60)

d2
dt

1800 elec. degrees/s2

(3)1300 = 900 mech. degrees/s2
p

60 s/min
=an (360° /rev

) = 150 rpm/s
b. A 15-cycle interval is equivalent to a time interval of
t = (15)(1/60) = 0.25 s
The synchronous speed of the machine is found as follows:

oy = 120f/ p = (120)(60)/4 = 1800 rpm

Integrating the angular acceleration a expressed in rpm/s starting from
¢t = 0 up to a final time ¢ = 0.25 s yields

wn = Wsn + at = 1800 + (150)(0.25) = 1837.5 rpm

¢. The machine is initially operating at the angle 8o, which is found from
the following expression:

v
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Therefore, the initial angle is
8o = sin"'(Py/Pmax) = sin~1(1.0/2.5) = 23.58°
Integrating the angular acceleration expressed in electrical degrees/s? twice
from ¢ = O up to the final time of ¢+ = 0.25 s gives the value of the angle.
That is,

6= 6o+ %atz = 23.58° + %(1800)(0.25)2 = 79.83°

DRILL PROBLEMS

D11.10 A three-phase, 350-MVA, 13.8-kV, 60-Hz, four-pole, synchronous
generator has an inertia constant of H = 6 MJ/MVA. The machine is connected
to an infinite bus and is operating at steady state. Determine the kinetic energy
stored in the rotor at synchronous speed.

D11.11 The prime mover of the generator of Problem D11.10 is supplying an
input power (net of the rotational losses) of 500,000 hp. The electrical power
developed suddenly decreases to 280 MW.

a. Determine the angular acceleration.

b. If the acceleration computed in part (a) remains constant for a period of
20 cycles, find the change in the rotor angle & in electrical degrees and
the speed in rpm at the end of 20 cycles.

D11.12 The generator of Problem D11.10 is initially operating at steady state
and is delivering rated MVA at 0.8 power factor lagging. An external fault
suddenly occurs that reduces the generator power output by 60%. Neglect the
machine losses, and assume that the power input to the shaft remains constant.
Find the accelerating torque in newton-meters when the fault occurs.

D11.13 For the generator of Problem D11.10, the mechanical power input
P, is initially 0.8 pu and is assumed to remain constant. The maximum power
Pax that the generator can develop is 2.25 pu. An external fault suddenly
occurs that reduces the generator output power to zero. Find the change in
angle & at the end of 30 cycles.

*11.4.3  Multimachine Systems

Consider two finite synchronous machines swinging with respect to each other.
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d?s

My —— = Py = Puy = Pey (11.79)
d?s

My — = P = Pmy — Pa (11.80)

Subscripts 1 and 2 pertain to machines 1 and 2, respectively. Pm; and P,
are the mechanical power inputs from the respective prime movers of the twyg
machines. Pe; and P, are the electrical power outputs of the two machineg,
which may be expressed in terms of the power flow equations of Section 10,
as follows:

Pel
Pe2

(11.81)
(11.82)

ViWaY13co8(81 — 62 — 012) + V%Yu cos 011
VaViYa1 cos(8y — 81 — 021) + V3Yay cos b

It is seen, therefore, that the swing equations are nonlinear differential equa-
tions that are coupled through the electrical power that each synchronous ma-
chine delivers. The nonlinearities involve trigonometric functions, and the cou-
pling is dependent on the electrical network connecting the two machines.

In a multimachine system, the electrical outputs of the synchronous machines
are functions of the angular positions and, possibly, the angular velocities of
all of the synchronous machines in the system. For example, if there were four
machines in the system, the swing equations are given by the following:

2
M] ddtazl = I'm1 _Pel(61, 62,63, 84,(1)1,(02,(1)3',(04) (1183)
i 11.84
Mz 7 = Pm2 = Pea(81, 82, 85, 84, 01, 02, 03, 04) (11.84)
i 11.85
M3 a2 =z Pm3 _Pe3(61,62,63, 64,(1)1,(1)2’(1)3,(04) ( i )
T 11.86
M4 dt2 = Pm4 - Pe4(61, 52, 53, 54, w1, Wy, W3, w4) ( . )

Equations 11.83 to 11.86 constitute a system of nonlinear differential equations
whose solution requires any of the known numerical integration techniques such
as the Runge—Kutta method and various predictor-corrector methods.

*11.4.4 Computer Solutions

Earlier stability studies analyzed the behavior of a single machine—infinite bus
system that involved the simulation of a few ordinary differential equations.
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Subsequent studies included a simple representation of the prime mover in
which a constant torque is assumed to be applied to the generator shaft. The
exciter, the speed governor, and saturation effects were not modeled.

Present transient stability programs allow representation of some of the syn-
chronous machines in greater detail. In the vicinity of the fault, it is a common
practice to use a two-axis generator model and to include the excitation and
speed-governing systems. These models provide an accurate description of the
postfault conditions for a longer time span. Where the simple models may be
adequate for “first swing” calculations of about 1.0 s, the more detailed models
may be valid for as long as 5.0 s.

Model Formulation The interactions among the various models that are usu-
ally included in a modern transient stability program are depicted in Fig. 11.37.

The electrical network assigns the exciter a voltage magnitude that it tries to
maintain. The exciter supplies the voltage V; to the generator field winding. A
supplementary signal V; may be included as part of the input to the exciter to
provide positive damping. This input signal may be derived from the angular
frequency deviation w and other auxiliary signals.

The generator is coupled to the electrical network through its bus phasor
voltage V and stator phasor current I. The dynamic motion of the machine rotor
is given in terms of the swing angle 8, the angular frequency deviation w, the
mechanical input power Pr,, and the electrical output power P. Mathematically,
this is expressed as follows:

dé
a _ (11.87)
dt
dw 1
= Py = B Bl 11.88
5 = 37Fm — P — Do) (11.58)
where
M = Jw = inertia constant
J = generator inertia
D = damping coefficient
Turbine Pm g Generator 2 Electrical
and Inertia flux network
governor [ Pe linkage v
Vi I 1%
Supplementary !
excitation V. Exciter 1% Load
S

FIGURE 11.37 System models in modern stabilitv studies.
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The electrical power delivered by the generator to the external network jg
given by

P. = Re[VI'] (11.89)
where V and I are the generator terminal voltage and current phasors, respec.

tively. _ o
The stator current is decomposed into components _allo_ng the direct apg
quadrature axes, Iy and I, respectively. The direct_ axis 1s takep along the
centerline of the machine pole and the quadrature axis 18 perpendicular to the
direct axis. Thus, the stator current may be expressed as
I = Id+Iq (1190)

The excitation voltage of the synchronous generator at steady state is foung
as follows:

E, = V+ jXIq + JXaly (11.91)
=Eq+jXaq— Xy
where
E,=V+ JjXJl (11.92)

During transient conditions, the d-axis trapsient reactanc/e X é is used instead
of the synchronous reactance X4. The g-axis reactance Xg is the same as Xg
because the field is on the direct axis only. Although Xq is normally. greater tpan
Xgq, Xq is also normally larger than Xj. The phasor diagram during transient
conditions is shown in Fig. 11.38 with Eq as re-ference.' 9

From the phasor diagram, the voltage E behind transient reactance 1s given

by

E| = Eq + j(X§ ~ X9l (11.93)

g~ Xgg

v iXq' kg

— i m A AR A 1 in mmammsnbaw foamoiant

’
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Eq is the voltage proportional to the resultant field flux linkages due to the
interaction between the field and armature magnetic fields. Since the field flux
linkages cannot change instantaneously after a disturbance, E; also does not
change instantaneously. If X'y is assumed to be equal to X4, then E; reduces
to Eq and can be calculated as follows:

E, = V+ X1 (11.94)
The synchronous generator is thus modeled as a constant-voltage source in
series with its transient reactance.

In a typical transient stability program, the exciters of the synchronous ma-
chines being studied may be represented in varying complexities. The block
diagram of what has come to be known as the IEEE type 1 excitation control
system is shown in Fig. 11.39.

The input to the exciter control system is the generator terminal voltage V;.
The first transfer function represents the regulator input filtering; since its time
constant 7R is very small, it may be neglected. At the first summing point, the
terminal voltage is compared with the reference voltage V¢, and to this error
are added the supplementary signals V;. The error voltage serves as the input
to the voltage regulator, which is represented by a transfer function with a gain
Ka and a time constant 74. Maximum and minimum limits are imposed on
the regulator output.

The exciter is modeled as a transfer function 1/(Kg + sTg). The saturation
function S(E¢), representing the increase in field excitation requirements, may
be modeled if it is desired to include the effects of saturation. The transfer
function Krs/(1 + sTg) in the feedback circuit from the exciter output to the
second summing point provides the major loop damping.

The network equations of power flow are used to describe the performance
of the electrical network for transient stability studies. The expression for the

phasor voltage at bus k was derived in Section 10.2 and is repeated here as
Eq. 11.95.

Saturation
function =<
S(E¢)
VRmax
L — Kn 5 + N 1 E¢
LT 1 +sTp Kg+ sTg
VRmin
sKg
1 +sT¢
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Vk—i Py —jQr _ s

= : iV
Ykk V}: m#k km T m

(11.95

Power system loads are represented as either static impedance (static admj.
tance) to ground, or constant power (constant current) at fixed power factor, or
a combination of these types. Values of static-impedance and constant-currep,
models are obtained from the scheduled bus loads and the bus voltages foupg
in a base case power flow solution.

Summarizing, the mathematical expressions describing the power systep,
may be divided into two categories:

1. Differential equations involving the vector of state variables X represeng.
ing machine rotor angles and angular velocities, vector of bus voltageg
V, and vector of bus currents I.

FX, X, V,I) =0 (11.96)
2. Algebraic power flow equations.
GX,V,) =0 (11.97)

Runge—Kutta Integration Method The usual procedure for solving transient
stability problems is to integrate the differential equations (11.96) for time step
n using the voltage and current values from time step (7 — 1). The Runge—Kutta
method is commonly used for the numerical integration of nonlinear differential
equations. Once the integration step is done, the new values of the voltages are
used in the solution of the algebraic equations (11.97) to compute the values
of the bus voltages and currents for time step 7. The process of alternating
integration and network solution is repeated as time progresses to step (n + 1).
A fixed time increment of 0.01 s is frequently used in the integration.

In this Runge-Kutta computational method, the generators are effectively
treated independently of each other during the integration step and are merely
coupled to each other during the solution of the algebraic network equations.
The solution of Eq. 11.96 involves the solution of a set of at least two and up to
several differential equations for each generator. These are typically solved as
a block; that is, integration of the machine equations proceeds for one machine
at a time. It may be noted that there is a time skew between the integration step
and the network solution step; that is, integration is performed using values of
the other parameters one time step behind. For small integration steps, this can
still give acceptable results.

Predictor-Corrector Integration Method The time skew problem that i
characteristic of the Runge—Kutta integration method may be minimized by
solving the differential and algebraic equations simultaneously. Such a simul-
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simultaneous solution is performed using predictor-corrector methods. Larger
integration steps are allowed, and integration step sizes are easily varied. When
the power system is quiescent, long step sizes are used; and when it is rapidly
changing, much shorter step sizes are automatically chosen. This results in a
minimum number of time steps.
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PROBLEMS

11.1 A three-phase synchronous generator is connected to a step-up three-phase trapg_
former T;, which is connected to a 60-km-long transmission line. At the far enq of the
line, a step-down transformer bank T is connected. The seconda.ry of T, supplies two
motor loads M; and M,. The ratings of the various types of equipment are

Generator: 10 MVA; 12 kV; X = 20%; wye
T;: 5 MVA; 12/69 kV; X = 10%; delta-wye
T,: 5 MVA; 69/4.16 kV; X = 10%; wye-delta
M;: 2000 kVA; 4.16 kV; X = 20%; wye

M,: 1000 kVA; 4.16 kV; X = 20%; wye
Transmission line: X = 0.5 Q/km

a. Draw the per-phase equivalent circuit of the system showing all reactances iy
per unit and the base voltages used at Val’iOl.lS p.arts of the network. Choose the
generator ratings as bases in the generator circuit.

b. For a three-phase fault on the low-voltage terminals of transformer T%, calculate
the short-circuit current in amperes supplied by the generator assuming that g
internal voltages are 1.0 /0° pu.

11.2 A three-phase, wye-connected synchronous generator is rated 350 MVA., 13.2
kV, with reactances of X = 14%, X; = 24%, and Xy = 120%. The generator is con-
nected to a step-up transformer rated 400 MVA, 13.2/115 kV, X = _8%_. The generator
is operating at no load and rated voltage when a three-pha_se short circuit occurs on the
high-voltage terminals of the transformer. Find the following currents expressed in per
unit and in amperes.

a. The subtransient short-circuit current at the fault
b. The transient short-circuit current supplied by the generator
c. The steady-state short-circuit current at the fault

11.3 A synchronous generator is rated 300 MVA, 12 kV, 60 Hz. It is wye connected,
and its neutral is solidly grounded. The machine reactances are Xj = X, = 0.15 pu
and Xy = 0.05 pu. The generator is operating at rated voltage at no load when a fault
occurs at the generator terminals.

a. Find the ratio of the short-circuit current for a single line-to-ground fault to the
short-circuit current for a three-phase fault.

b. Find the ratio of the short-circuit current for a line-to-line fault to the short-circuit

current for a three-phase fault.

Find the ratio of the short-circuit current for a double line-to-ground fault to the

short-circuit current for a three-phase fault.

Cc

°

11.4 An inductive reactance is to be inserted between the neutral of the gene'ratOI
of Problem 11.3 and ground in order to limit the short-circuit current for a single
line-to-ground fault to that for a three-phase fault.

a. Determine the required value of reactance in ohms.
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b. With the inductive reactance inserted between the neutral of the generator and
ground, find the ratio of the short-circuit current for a line-to-line fault to the
short-circuit current for a three-phase fault on the terminals of the generator.

c. With the inductive reactance computed in part (a) inserted between the neutral of
the generator and ground, find the ratio of the short-circuit current for a double
line-to-ground fault to the short-circuit current for a three-phase fault on the
terminals of the generator.

11.5 A resistance is to be inserted between the neutral of the generator of Problem
11.3 and ground in order to limit the short-circuit current for a single line-to-ground
fault to that for a three-phase fault.

a. Determine the required value of resistance in ohms.

b. With the resistance inserted between the neutral of the generator and ground,
find the ratio of the short-circuit current for a line-to-line fault to the short-circuit
current for a three-phase fault on the terminals of the generator.

c. With the resistance computed in part (a) inserted between the neutral of the
generator and ground, find the ratio of the short-circuit current for a double line-

to-ground fault to the short-circuit current for a three-phase fault on the terminals
of the generator.

11.6 The power system shown in the one-line diagram of Fig. 11.40 has two syn-

chronous generators each rated 100 MVA, 13.2 kV. The generator reactances are

X" =X, = 20% and Xy = 4%. The two transformers are each rated 100 MVA,

13.2/115 kV, with a reactance of 10%. The reactances of the transmission line are

X1 = X3 = 15% and X, = 50%. The system is operating at no load and rated voltage.
a. Find the short-circuit current for a double line-to-ground fault at bus 3.

b. Repeat part (a) for a single line-to-ground fault.

il 17 3
Gy H

A

"

—e————

I
3

YYYYY

H

Hanl

FIGURE 11.40 Power system of Problem 11.6.

11.7 Two generators G, and G, are connected through transformers T; and T, to a
high-voltage bus to which a high-voltage transmission line is also connected. The line is
Open at the far end, wherein a three-phase fault occurs. The prefault voltage at the end
of the transmission line is 345 kV, The equipment ratings and the per-unit reactances
based on their respective ratings are as follows:

Gi: wye, 600 MVA, 12 kV, X = X, = 0.10, X, = 0.05
Gy: wye, 400 MVA, 12 kV, X = X, = 0.13, X, = 0.07
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T;: 600 MVA, 12/345 kV, A/Y, X = 0.16
T,: 400 MVA, 12/345kV, Y/Y, X = 0.14
Line: X, = X, = 0.20, Xo = 0.50 on a base of 1000 MVA, 345 kV

a. Assume all wye-winding neutrals are solidly grounded. Determine the fault cyy.
rent and the contributions of each generator to the fault current.

b. Repeat part (a) for a single line-to-ground fault.

! c. Repeat part (a) for a line-to-line fault.

' d. Repeat part (a) for a double line-to-ground fault.

11.8 A 69-kV transmission line is supplied through a transformer.by a 13.2-kV gener.
ator. The high-voltage side of the transformer is wye connected w1th. its neutral solidly
grounded, and the generator side is connected in delta. The positlve-se'quence reac-
tances of the generator and transmission line are 20 Q and 50 , respectively, and the
| negative-sequence reactance of the generator is 15 Q. The zero-sequence reactances of

the generator, and transmission line are 10 Q and 150 Q, respectively. The reactance
of the transformer is 10 Q referred to the generator side.

a. Calculate the short-circuit current for a single line-to-ground fault at the receiving
end of the line.
b. Repeat part (a) for a double line-to-ground fault.

11.9 A single line-to-ground fault occurs at the far end of a radial transmission line
with the following sequence impedances:

Z, = (0.5 + j1.50) pu
Z, = (0.5 + j1.50) pu
| Zo = (1.0 + j3.00) pu

The source is assumed to be an infinite bus of voltage 1.0 pu. Determine the fault

current.

11.10 A four-bus power system is shown in Fig. 11.41. The ratings of the various
types of equipment are given as follows:

G,: 300 MVA, 12 kV, X" = 0.20 per unit
G,: 500 MVA, 20 kV, X" = 0.17 per unit
G;: 750 MVA, 20 kV, X" = 0.15 per unit

1T13
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Ty: 300 MVA, 12/230 kV, A-Y, X = 0.10 per unit
T,: 500 MVA, 230/20 kV, Y-A, X = 0.08 per unit
Transmission line: 230-kV, X = 75 Q

A three-phase short circuit occurs at bus 3, where the prefault voltage is 230 kV. Neglect
prefault load currents.

a. Draw the impedance diagram in per unit using a power base of 1000 MVA and
a voltage base of 20 kV for generator Gs.

b. Determine the fault current in amperes.

¢. Calculate the contributions to the fault current from generator G, and from the
transmission line.

d. Compute the fault current supplied by generators G, and Gs.
e. Determine the voltage at bus 2.

11.11 For the power system of Fig. 11.19, specify the location of the backup pro-
tection so that the cause of failure in the primary protection of the following system
components will not cause the same failure in the backup.

a. Line 5-7
b. Line 6-8
c. Station B.

11.12 Consider the power system of Fig. 11.19. In response to a fault, the protection
system tripped breakers 3, 7, and 8. Determine all possible locations of the fault.
Determine what single failure had occurred, if any.

11.13 Repeat Problem 11.12 if the breakers tripped are 4, 6, and 7.
11.14 Repeat Problem 11.12 if the breakers tripped are 4, 6, 7, and 8.

11.15 For the three-phase high-voltage bus shown in Fig. 11.42, sketch the developed
three-phase wiring diagram for the bus differential protection using overcurrent relays.
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11.16 A three-phase step-down transformer bank is rated 10 MVA and 69/13.8 ky
The high-voltage side is wye connected, and the low-voltage s1fie is delta connecteq
Sketch the developed three-phase wiring diagram for the protection of th.e transformg,
bank using percentage-differential relays. Show all CT ratings, connections, and po_
larities. Also show the values of the currents in the llpes, leads, relay windings, gy i
transformer windings. Indicate the connections and ratings of any autotransformer thay

may be needed.

11.17 Repeat Problem 11.16 for the protection of a threejphfise power transforme,
rated 100 MVA and 230/69 kV. Assume that the transformer windings are wye connecteq
in both the primary and secondary sides.

11.18 Repeat Problem 11.17 when the transformer windings are connected in wye g
the primary and in delta at the secondary.

11.19 A portion of a power system is shown in Fig. 11.43. Stations A and.B have
distance relays that are each adjusted for a first-zone reach of 100 ohms and a third-zone

reach of 125 ohms. A fault occurs at E

1 400 A 500 A D1 D2 G
— —
- Zpe=30Q
ZBC=ZOQ» ZCD=50Q DE

Zyo=10Q f1004

i

O

FIGURE 11.43 Portion of power system of Problem 11.19.

a. What is the impedance seen by the relay at A and by the relay at B?
b. Can the relay at A see the fault before the breaker at B has tripped?
¢. Can the relay at A see the fault after the breaker at B has tripped?

11.20 Repeat Problem 11.19 if the fault occurs at G and the breaker D? fai.ls to open.
Assume that the fault current magnitudes are the same as those shown in Fig. 11.43.

11.21 A three-phase, 75-MVA, 13.2-kV, 60-Hz, eight—pqle, synchronous geperat.or
has an inertia constant of H = 4 MJ/MVA. The machmp }s.c.onnected t(? an 1n'ﬁmtet
bus, and it is operating at steady state. The prime mover is initially supplying an inpu
power of 80,000 hp. The electric power output suddenly decreases to 40 MW.

a. Calculate the angular acceleration. ' ;

b. If the acceleration computed in part (a) remains cqnstant for a period of i
cycles, find the change in the rotor angle & in electrical degrees and the spee
in rpm at the end of 20 cycles.

. . = 6
11.22 A three-phase, 60-Hz synchronous generator has an mert.la constant H "t
MJ/MVA. It is connected to an infinite bus through a purely reactive network, 21111j .
delivere a real nawer of 1.0 . The maximum power that the generator could de
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is 2.5 per unit. A fault occurs at the terminals of the generator, and the output power
is reduced to zero. The fault is cleared 0.30 s after it occurs. Determine the angle 8
after the fault is cleared.

11.23 A three-phase synchronous generator has an inertia constant H = 5 MI/MVA.
It is connected to an infinite bus through a purely reactive network, and it delivers a
real power of 0.8 pu. A fault occurs at the terminals of the generator, and the output
power is reduced to zero. The maximum power that the generator could deliver is 2.0

pu. The fault is cleared 0.5 s after it occurs. Determine the angle 6 after the fault is
cleared.

11.24 The generator shown in Fig. 11.44 is delivering 1.0 pu current at 0.8 PF lagging
to the infinite bus. The infinite-bus voltage is 1.0 pu. A fault occurs at point F. The
fault is cleared by opening the circuit breakers at the ends of the faulted line section.
Determine the prefault, on-fault, and postfault power-angle equations.

j0.12

Infinite
bus

X'=0.28

Generator

FIGURE 11.44 Power system of Problem 11.24.

11.25 A synchronous generator is connected to an infinite bus through two parallel
transmission lines, each with a reactance of 0.5 pu. The excitation voltage of the
generator is 1.2 pu, and its transient reactance is 0.20 pu. The generator is delivering
a real power of 1.10 pu when a three-phase fault suddenly occurs near the end of one
of the transmission lines where it connects to the bus. Determine the angle § at the end
of 10 cycles. Assume H = 4 pu-s.

11.26 A three-phase, 300-MVA, 13.8-kV, 60-Hz, 16-pole synchronous generator has
an inertia constant H = 2.5 pu-s. The generator is initially operating at steady state with
Pn = P. = 1.0 puand & = 20°. A three-phase fault occurs at the generator terminals,
Determine the power angle eight cycles after the short occurs. Assume that Py, remains
constant at 1.0 pu.

11.27 A hydroelectric power plant has two three-phase synchronous generators with
the following ratings:

Unit 1: 400 MVA, 13.8 kV, 0.80 PF, 32 poles, H; = 2.0 pu-s
Unit 2: 200 MVA, 13.8 kV, 0.80 PF, 16 poles, H, = 2.5 pu-s

Choose a power base of 100 MVA.

a, Write the swing equation for each generator.
b. Derive the single equivalent machine swing equation.

11.28 A three-phase synchronous generator is connected to an infinite bus through a
transformer and parallel transmission lines. The transformer reactance is 0.10 pu, and

fach transmission line has a reactance of 0.20 pu. The generator has an inertia constant
H = 3.0 pu-s. and its transient reactance ic N 75 Aconma that tha manhanienl arone
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input Py, remains constant. The generator delivers a real power of 1.0 pu at 0.95 pg
lagging to the infinite bus.

a. Determine the excitation voltage of the generator.

b. Write the expression for the electrical power delivered by the generator as 5
function of its power angle 8.

11.29 The generator of Problem 11.28 is initially operating at the given steady-state
condition. A three-phase short circuit occurs on the bus interconnecting the transformey
and the transmission lines. The fault is cleared after five cycles. Assume that none of
the circuit breakers opened during the fault. Determine the angle & after the fault ig
cleared.

11.30 The block diagram of an IEEE type 2 Excitation System is shown in Fig. 11.45,
Derive the state equations in matrix form describing the dynamic performance of thig
excitation system. Assume that there is no exciter saturation.

Vet
T VRmax

Vi 1 = + Ka 1 &
1 1+ sTR z z 1 +sTp Ke +sTg

VRmin

Kr
| (14T +sTp)

FIGURE 11.45 IEEE type 2 excitation system.
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Appendix A

lable of Conductor
Characteristics

The following tables contain data on the electrical characteristics of various
types of conductors, including copper, ACSR, hollow copper, Copperweld-
copper, and Copperweld conductors. Other tables include skin effects and
spacing factors for inductive reactances and capacitive reactances. Table 10
gives typical values of the different reactances of synchronous machines.

These tables are taken from Electrical Transmission and Distribution Refer-
ence Book, 4th ed., copyright © 1964, by ABB Power T&D Company Inc.,
Raleigh, NC, pp. 50-55. Reprinted by permission.
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; 2203 | 0.0181 370 |0/416 0,416 [0.487 |0 — , 1434 (0,441 0446 [0.448 [0.475 [0.487 |0.497 [0.501 [0.222 |o.
930 | 128600 | 14 gsss 01200 | 5850 2083 | 0.0180 360 (0.473 [0.473 ‘0917 0.5 g gelsts | Slsy | 0478 | 10 |1es0 27og o.00ma | gio 10.548 J0.560 Jo.573 f0.570 f0.50 A naE 10,25 0,187 1158
901 | 119400 | 12 |0.0936| 0.470 | 5 00 3158 | ooEs 320 J0-491 10497 10:281 10:335 10207 | 01415 | Bonarte | sviste | 045 | Vo ('S5 2 oiw o0 | slo [o-5is b ooy 01875 (0676 [0: 0oy [0: 555 002 10-604 |o.248 [0.487 0,584 fou2ma \0.4sgq)0. 11od
/ ; . | 507 |0.555 |0. ! 415 18 | trew | ex2ow | 0388 | 170 | 6 38 2078 0.00008 | 310 10548 Jo 559 fo.568 0576 [0-309 0.624 0.618 0.659 10.257 10.474 10,560 [0 285 0. 1423/0" 1188
TFor conductor at 75°C., air at 25°C., wind 1.4 miles per hour (2 Tt/sec), [requency =60 cycles, average tarnished surface. ¢ | 5x.1546” | 2x.1546” | 0.464 101099 | 310 J0.548 |0.554 [0.550 |0.562 |0.599 |0 612 [0.622 ogg; 3%33 gjgg 8233 8%52 g{mo 1
An | %1 15 410] 2 541 0.00638 [ 2 827 10228 10,456 0. 14690, 1224
£ 4x.1412” | 3x 1412 | 0.423 80 10.691 [0.705 (0.719 [0.726 0.7 7
| [Gls0r | dxsr | 0392 1L oo 3 &l D-ocas i Zi9 fo.por. o704 10.11s 0,728 0:755 10:75h 0818 (o558 [o:3% [o:5as [o:5a8 [0:2a8 |5 1430 1o
§ : x 12227 | 0.367 : : 714 fo.71 I3 10,813 0-825 10249 10.408 D 01438
LR pe i) L R o RBGREMEREERE LR R EH bR ¢
, 601 (0.698 [0.704 (0,705 [0.755 [0.769 0.781 : (0504 1020 10-1880. 1210
7| 6x15007 | 1x.15007 | 0462 [ 2 16 870 2 47 408 0. 7007)|0I76L, 0-766,10.64 10.465:10.501,[0:303, |Oc150010.1258
' . ,, 187 0.00501 :
e gl 3 mmimomel kst bwn o oo oot it s b o
Table 3.8 Characteristics of General Cable Type HH Hollow Copper Conductors FIREE (R S| 1 i) R GEegs GG RIS GRS RIS i Rl R a s e
i | 2x10897 | 5x 10897 | 0327 S876 1356 0 00763 | 340 o'8% Jo'87s Jo:as0 Jo'ss2 J0.950 0’952 10 1,022 Jo'249 0. 498 10"508 fo-3o01 Jo 1506(0. 1255
B | e | i | 032 So01 0 Qones | 240 Jo.ano o.875 Jo.ss0 0:8s2 Jo.osD 0:962 |0'073 0’670 |0 247 o453 (0.502 Jo.268 0.1480l0. 1211
Ap- z,) - P — 4233 1176 0.00573 | 230 [0.871 0,678 |0.864 |0.e8 |0:082 [0.067 |07 |0.98% 33;3 047 gg% 035 (0155100 s
- > 5 x ’ 411 13 910] 1 973( 0 : * ¢ } 1551(0.1292
prox. Ja Za Shunt Capacitiye | | 5%-1226” | 2x.1226" | 0.308 45| 220 11.008 |1.113 [1.127 |1
Out- : Geg- | Con Ohms per oadustar per Mil Inductive Reactance eactanee © § | 4x1120" | 3x1120” | 0336 10 2001 1 508 0.00506 | 2101098 1’112 |1 157 4o0 |Laano: 11,289 11215 (14200 10,274 10,847 |0.087 Joi2n0 o Lisgio;ta07
Out: | wall [Weight| Break- | met- | rent ms per Conductor per Mile Ohocs por Conduc- |  Megohmsper | | 3¢.1036” | 4x1036” | 0.311 319 0000574 | 210 |11098 [1/111 (17128 [1.120 287 11.213 11.280 10.267 10.534 10.641 10.208 0. 14871, 1239
side!™ |pyick |Pounds| ing el | tor' per Mile at Conductorper | | 1x.1513” | 2x1513” | 032 5955 1171/ 0.00648 | 200 [1.098 |1.110 |1.121 1.200 |1.233 (1,267 |1.281 0.261 [0.522 |0 626 [0 304 [0.1520{0.
Diam- | oo\ Do “Istrength| Mean | ine oot Spacing |  Mile at L Ry : 38 4810 1075 0.00670 | 210|109 1126 11200 11232 |1.262 |1.275 10.253 10/500 b T
o | mose | per ‘iSgrength Mean) e 25°C. (T7°F) 50°C. (122°F) eat 1Foob | 5 1096 (1102 |1.107 11109 [1.108 |1:211 |11225 [1.229 [0.252 0.611 |0 309 |0.1547[0.1289
(ler |nches| Mile | Pounds [Radius| Capag L il - = Spacing t sty nton | oge |4 i1 a0 sed 000807 | 100 1385 |19 225 |1 0.505 [0.606 0.306 |0.1331/0.1275
Arps | @0 | o 2| eveles | oyeles| @ o5 | ey | eyeles o i eyeles | cyeles T ) ?‘igl‘? ;: i okl 1 [Bumlmnom) 1w }ggg 1300 (1418 (1420 1514 1205 1208 |1-210 0:299 10-389 |o-a11 fo.208 fo. Liemio 1241
ey coyeles| | eycles | eycles | eyelen | eycles | eyeron | YE8\ BE 2\ 2 fo 1347 | 2k 13597 ‘ 38 |1 B4 |1 12
o Mk e e it e Il o el e HE[E e e o R R R R G
2.035 41 030 |0.0805| 1565 6(0. . 10607|0. 06630, 066410. 0664(0.06640.1274| 0 : 117570.0870.0 0732 x.1087” | 0.326 : 0.314 [0.1572{0.131
1.966 38 870 [0.0778| 1505 |0.0640/0.064010.0641)0.0641 0.0700(0.0701/0.0701|0.0701(0.1291| 0.258 | 0.310 0.17820.089110 0742 ) | 2x.1438” | 1x.1438” | 0.310 ? 9 3111 12401 0.00383 | 160 1.747 (1.762 |1.776 |1.785 |1.909 i
1.901 38 B0 10:0751| 1450 |0.0677|0.0678(0.0678(0.0678(0.07410.0742 0.0742‘0.0742 0.1309| 0.262 | 0.314 0.1305‘0.09030 O [ Tio0 | 212007 | 0358 | 5 | T95 o7 oioosss | oo |13 [ [18 [b 7 f1 s0s 1954 (19 [15ao [0:358 [o:385 10 633 [0 8% 01230 ang
- 742 1748 1753 |1 ; 0:310 [0.1548/0.1200
1.820 a4 550 |0.0722| 1390 |0.0720[0.0720(0.0720(0.0721|0.0788/0.078810.0788,0.07880. 1329) 0. 22 0.310|0.1833'0 0or7lo o76s } | 261281 | 1x.1281” | 0.276 | 6 | 4942 749 0.004 195 (14305 | L4R0 1,986, 115aL, 10,304 0,520, 0,084 10,35 D.11410. 1955
1930 3¢ 180 lo.0nae) 1335 |0-07280- 07210 0rasl0- 07w 0 orerlo 0758 0.016610 072010 1883 0270 § 582 0 1a6s 0 0033 L e i S ol M [ P 4 a4 g iz et oo les oo gt
75 90 (00691 1325 : : 840/0. 41/0.0841(0.1351| 0270 1864 0.0032 . x 1046 | 0,225 . 20 2020 221 [2721 : 7 7 0.318 [0.1590/0 1325
1,686 30 230 [0.0665| 1265 [0 OO 0. OO0 53[0 00000 0500{0/0901(0.0001 /0" 1370/ 0:274 | 0:320 |0. 1891 0 0M30 U ] 8 [2143 814000169 | 130 |230 329 |o o ot [3ds B2 (243 1241|9210 10 540 10.648 fo 331 J0.16550. 1350
1,610 30 230 100665 1285 |0-08a6|0- 0850, 0886|0 /0887 0.0969|0.0070/0. 0970 0.007010. 1364) 0. 278 | 0 533 O 8 o Qgm0 o ? | 2e.1141 | teuar | 028 | 7 |40zl sosf 0.00 . 44 10.271 10,532'10.861 10838 10168810, 1356
1.558 28 070 100633 1200 10:0050(0. 0960/0.0960/0:09600.1050(0. 101(0-1051,0.105110.1410) 0287 0. 358 O o2 0 Oavsoomn | | 1x.1266” | 2x.0805" | 0228 | 7 2754 4og 0.0000| 120 277 278 270 Ja7o 5,08 1305 [3 07 5
1,478 25 910 10-0%%| 1075 [0:1047(0.1048(0.1048|0.1048[0.1146/0. 114610. 11470114710 1487 o.2s7|o.345 0.19850.00020 0827 , o0t | 120 [277 (278 (378 (278 [5.08 |08 [3.07 [3.07 (0574 |00%8 |0:088 0,555 |o.1ag8]o: 1306
1,400 28 730 |0-098% 1070 [0:1124[0.1125(0. 1125/0.1125(0.1230/0. 1230,0. 1231(0. 1231,0. 1466 0.293 0352 (0202 0,1012\ 61 |2 o oz | s [amd oo mo fiao s : (07 J0:274 0548 [0.658 [0.333 |0. 16660, 1388
: 0797 | 0199 49 (3.50 [3.51
1.390 21 590 |0.0547| 1005 [0.1151(0.1151/0.1152(0.1152]0. 125010.1260/0.1260/0.12600. 1469 0. 204 0.353 (0,203 |0.1014/0 0845 | 1x.0808” | 2x.0834" | 0.179 § (183 ByO0ed| oo fau a0 st Vo [ b jnde dads 10088 0,500,001 10,081 0 10200, 108
1.268 21 590 10.0647) 1002 10 11110: 1152/0. 118210  11520"1250/0.12600°12600.1201(0. 1521} 0394 | 0- 335 0,209 |0.10470 0812 . ooz | 100 [3a (aio o B[R A B8 [RE (0.5 (.80 0.0% 3k 0 INN0 1%
1.100 21590 100494 978 10:1130[0; 1151/0:1152(0.1153(0. 1258(0:1250/0°1200/0.126010. 1603 0. 334 | 0- 330 0200 10 10080 0uts 0 | 2x.0808” | 1x.0808” | 0.174 | 934 | 1743 298 0.00 B 3.86 10283 10.505 (0.679 [0.349 |0.1744]0.1453
1,020 21 590 10.0420) 037 10 113010: 115010 115210" 1152(0: 1258(0.1259(0: 12600.426110. 1648 0.3, 0350 0:225 (011240 04T 00283 | 85 401 [4.92 |4.92 [4.03 537 [5.30 |s.a2 |5
1317 21 590 10.0384) 215 10:17]0: 1280(0. 1280(0; 128000 140010 1301 0: 130110: 14010. 1496) 0.299 | €859 0207 [0:10330 0881 o 37 (5. 42 [0.207 {0,503 J0.712 [0.351 (0.1754)0 1462
1188 19 430 |0.0318) 230 10:178(0"1279/0.1279/0 1280/0  1399(0. 140010 140010. 140110154 0.587 | 8- 573 0397 (0710700 032 Based on a conductor temperature of 75°C. and an ambient of 25°C., wind 14 mi ‘
1218 19 590 |070478| 864 0.1439|0.1440/0.1440[0.14400. 1575 0:1576|0:1576/0. 15760 1587| 0.307 | 0.369 0.212 |0. 1001 o “Htstances at 0°C tota fmperstur,based on an ainbion f B vind 14 mils per hour (2 ft/see), frequency =60 eycls, average tarnished surface
1,103 17 270 |0.0a28| 838 |0.14380.1439(0.1430|0.1440|0.1574 0.1575\0.1575 0! 1576(0.1503| 0319 | 0:382 [0.219 0. 1097 ] e igmperature based on an winbieyt of 35C. plus 26'C, ise due to hestig effct of current. - The approximate magaitude of current necesary o produce the
1.128 110 |0.0443| 790 [0.1644]0.1645]0.1645(0.1645(0.179910.1800/0. 18000. 1800/0. 12 15| 0.378|0.218 [0.10800 007
1014 120 008 T 0 1641 0.16458.%&58.12328.3393.13(}03.12338,133(1’ 0102l 0.3 | 7810218 0 ikr0 8%
1.020 15 1101003981 785 0:1018|0-1919(0. 191910 1918(0:210 10:210"10.210 10.210 0. 10281 0. 333 030 0:225 (0. 11240 B
0919 12 950 10.0999) 7% [0:1a17|0:1018|0. 1918{0! 191810210 |0:210 10.210 10.210 10. 1688 0.338 | 0403 0232 (011620 0
0.914 12 950 |0.0355 881 10:330" |0:230 (0,230 (0,230 |0'252 [0:252 Jo:252 |0:252 |0.1085) 0537 | 0403 0.233 (0. 11630 095
0818 10 790 10,0357 256 1030 [0/230 [0.230 |0:230 |0.252 0252 J0.252 10.252 101748 0.330 | O 320 [0/241 0. 12080 1005
0.766 10 700 10.0315 594 0230 |0:230 |0.230 J0:280 [0'252 0.252 0.252 0.252 0. 1787) 0. 357 3 1290"245 [0.12200 15
650 0790 10.0292) 553 10:568 [0:268 [0.208 [0:208 [0:203 [0:208 [0:203 J0:204 0.1879) 0.376 0. 451 0257 [0.12850
0.733 o 140 [0.0281| 530 [0.272 |0 272 |0.272 0.272 |o.207 Jo.207 |0.208 J0.208 10.1806) 0501 | § 433 |0.248 [0.12420 5
0.608 9 140 100981 433 [0:343 |0:343 |0/343 0343 Jo 375 |0:375 0.375 |0 875 |0. 1007} 0583\ 0 458 |0/262 (0:13000 1y
0.500 7240 10.0230 253 |0:332 [0:452 Jo.432 Jol432 Jol472 0473 0.473 0.475 0,201 |0.403] 0 483 lo:276 |0.18780 1
Notes: _ *Thickness at edges of interlocked sogments. {Thickness uniform throughout. )
i kness uniform throughout. |\ @ sght sizes, some additional dismeter expansion is possible:

* (1) Conductors of smaller diameter for given

{2) For conductor-at. 75°C., air at 26°C., wind 1.4 miles per hour (2 ft/sec), frequency =60 cycles.
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fable 6

Table 4B  Characteristics of Copperweld Conductors Inductive Reactance Spacing Factor (x4) Ohms per Cond
r Conductor per Mile

Rated ) Ts T4 T, z/ Tab'e 7 (Insert, bottom righ ;
| Bk B y— ReEanco Renince SR W, S ght) Zero-Sequence Resistance and Inductive R
| Areaof [Load Poundsl can | AP | Ohms per Conductor Ohms wer Conductor | Ohms per Conductor | Reactance Mac, Factors (re, xe)* Ive Reactance
. Outside Weight| Radius o ; Mile at 75°C. (167°F. Mil e Megol, es Xe
Nominal | Number | i Con- delat 60 cycles| Sarrying per Mile per Mile af - (167°F) per Mile per Condyegor™
Cone | and Size | 2™ | ductor | girength | per Y1eS| Capacity* at 25°C, (T7°F.) Current Approx. 75% of One Ft. Spacing per Mile "
ductor | of Wires | (S | Circular reng! per an ‘Amps Small Currents ity*s Average Currents | One Ft, Spes:
Size Inches Mils Mile | Average Wt e e TR L SR ] + SPacing CYCLES
High | Extra Currents | g0 Cyetes | | 25 | s0 | 60 | g | 28 | 50 | 0 | 28} 0\ 601212 3
High eyeles |eycles |cycles eyeles |eyeles |eyeles |cycles | eycles | eyeles |eyeles |eycles cy?l)n T SA N
30% Conductivit; ¢ INCHES
0% Conductivity o
1
78" |19 No. 5| 0910 =5 570160 o10fo 311 | 0.0o7ss | 620 [0 306 Jo.3t6 [0.320 [o.381 o.363 o410 0.476 10 499 10 201 10 403 0 502 [o0.233 A -0.12 : : : > ¢ ¢ 8 ° 10 u
No. ; . 0 1165]p - |0.1256|-0.0906/-0.0701|0. 05
13/16” |19 No. 6 [ 0.810 7 410 | 000675 540 386 |0.396 |0 406 [0 411 |o'458 |0.518 [0.580 10 605 f0 267 10.505 0608 [0.241 |0 0on 0 | 0.004¢ -0555/-0.04431-0.0350(-0. 02"
23/32” |19 No. 7| 0.721 749 | S0 | 30 [o.486 o496 [0.506 [0.511 J0.577 0.643 [0.710 [0.757 0.278 {0.517 0,621 0.250 |0 }3‘,’38}% 0.0350 0:0040) 0-00rs 0.0113) 0.0148) 0-0170 0:0205 0070 0 2051-0-01481-0. 00021-0.0044 z; ab FUNDAMENTAL
; 0,05 : : . 10463 0.04 : - .
21/32” |19 No. 8| 0.642 1660 | 000535 | 410 [0.613 [0.623 [0.633 0 638 0.799 |0 872 [0 902 Jo 279 |0 529 0.635 |0 258 l0 1289y 00701 peied 9.0088 8‘8333 0.0809| 0.0623] 9. 9608 o See0 8-83?‘75 gggég 0.0527| 0.0541 25 cycles EQUATIONS
9/16" |19 No. 9| 0.572 000 | 00007 | 60 o7 lo7ss Jo793 o798 fo.917 |0.985 |1 075 |1.106 o 285 10.511 10848 [0 268 1O 1330[9 1074 0-0814] 0:08ss| o:SL22) 0-0732) 0.0741] 0.0751) 0.0760] 0.0770| 0.0779| 0.0788 0.0679| 0.0600  %¢=0.1164 logi d .
7 No. 4| 0.613 3598 | 0.00a1 | 310 o 6s6 [o:ce4 [o:672 067 Jo.778 |0.824 |0 870 0.887 0.281 0.533 10.610 |0.261 ,oﬁolagg 0:0906/ 0:0013 00830 0:0838) 0.0840) 0.0884) 0.0862| 0.0309 0.0877] 0.0883] 0-o%0s| o: 0805 d=separation, fest. T3 =% =1,+](%,+%,)
.0 0. ' : < . .0946| 0.0! ' f . - - :
o | oot | o5 [osus om0 s oo | ooo 1o v oe oz s Jogs fo 2 lo sy 0984] 0.0090] 0:0996] 0'1002] 0.1007| 0.1013] 0.1019 0:1634] 0:5030] 0:208s| 5:9572) 00678 Zo=TatTo+j(%at5,—25,)
2 719 | 0.00405 370 |10 |1 050 1,058 [1.062 |1.237 [1.200 |1 343 |1 364 |0 208 10.557 0 668 [0 278 [0 138g)g 112 A1 55 oy . -1035] 0.1041] 0.1046
2719 | 000305 | 370 {i315 [1.323 [1.331 [1/335 [1 360 [1.617 |1.675 |1.697 [0 299 |0.569 0.683 0.286 0]4290}{3;’ 4 [0:1164 CLES
5 11212]
70 | ooos2r | 230 |1 ess [Loss {1674 [Le7s 1 ooy |2.08 i2%00 (2,12 [0 305 0581 10.697 0. 204 1O 1 10:1256
170 | 00 | %0 |eoo [zi0 21 [2inn [2ss |2'ss (261 j2ed o811 0.502 0711 0,503 o}ﬁé‘&lm 1 10:1297 SEPARATION
1350 | 000 | 170 [oee (et |25 [26s [3113 [3.20 [3.27 |3.30 [0.816 10.604 10.725 0.311 o.wsao}ig‘: i J0:1334
.1369 Inche
a7 | 0oossr | 220 uoos [1ost |1oss [1ess fpoo l2.31 |34 235 0289 Jo 545 10 854 10268 10 14ss ¥ 10, 1202f e
1407 | D007 | Too |en 23 |2y |2es [eids |zier j2o4 |2.95 f0.205 10,56 10603 IO 300 0 150009 128 01432 o 1 2 3 4 5 "
165 | 0003 | a0 [sioe [sior 307 [3.07 [a63 [3.66 [3.70 [3.70 [0.301 10.568 10.682 [0.310 o_xsno}ig‘? i j0:1481) ™9 e 7 8 9 10 1
] = . -1812/-0.1402(-0. 1111|-0.0885|-0 0.0410/0 0291
5174 6 22| 71| oomzs | 110 [sse [3sr |ssr 37 fess a6l (a6s |66 10,307 0580 0.696 f0.318 |0 ! 1| o | 00081 0.0156( 0.022 ; .0701/-0.0545/0.0410| 0.
4 250 5 129| 580.1| 0.00288 120|487 [187 [4.88 |4.88 [5.78 |5.81 |585 |5.86 0313 0 591 [0.710 [0.326 dﬁi?,ggn % g 0.0701| 0.0742| 0.0782 o.oszg 8'832; g'gggg 8-0410 0.0465| 0.0517 048'3’3&?."8&?3*5”088 z, ab
4200 3 10| 00| ocoozs7 | 1l0 [siae [o14 [slis |15 [7.28 782 736 7.38 o319 0.603 [0.724 [0.334 |0. 16710 138 1 £ [0 1a0z| 01433 0.1168) 0.1192 0:117| 0.1943| 0.1967| 01900 0.0992) 0.1023 0:3053| 0308 50 cycles
( 1158 : . .1443| 0.1463| 0.1483| 0. : : -1314/ 0.1337 0. 1
5 0162 11502| 0.152 11359 0.1380 -
i -1 16271 0.1644) 0:1661) 01677 0:1693| 0'1708 9-1521) 0.1539) 01358 01576/ 01593 01310 20,3328 logi 4
1 1812 0.1826) 0.1830) 0.1853 0.1866| 0.1880| 01893 0.1739) 0.1754| 0.1760| 0.1783( 0.1798 separation, feets
40% Conductivity 164 °3103 0.1991| 0.2003| 0.2015| 02026 0.2037| 0.2049| g'égég 8'53% g‘éggf 0:3008
‘2229] 60 v : : . 12092
778" |19 No. 5| 0.910 | 628 900 |50 240 001175 | 690 [0.220 [0.239 |0.249 |0 254 Jo 272 Jo.321 lo.371 0.391 521 10 l0232 CLES
13/16” | 19 No. 6| 0810 | 498 800 |41 600|. o010t | 610 o280 |0299 |0 309 |0.314 Jo.313 |0.396 |0.450 0.472 11 10.2¢25
237327 |19 No. 7| 0.721 | 395 500 |34 300|. 000931 530 0365 [0 375 [0.385 [0:300 [0.433 [0.490 [0.549 |0.573 12 (02 i SEPARATION
21/32” {19 No. 8| 0.642 | 313 700 |28 380 470 |0 460 |0 470 [0.480 |0.485 jo.546 |0.608 |0.672 |0.698 : 14 10.2669)
9/16” |19 No. 9 | 0.572 410 |o 580 [0.590 |0:600 |0-605 [0:688 [0.756 |0.826 |0.853 1783| 13 [0-2738IFeet Inches
5/8” | 7No.4| 0.613 470 |o.492 [0.506 [0.508 [0.512 0,584 |0.624 |0.664 |0.680 .1 is 55‘; 0 1 2 3 4
il 2 — 5 6 7 8
9/16” | 7No.5| 0.516 410 |o.620 |o.628 [0.636 [0.640 Jo.736 |0.780 |0.843 J0.840 18 10.2923 Z . 9 10 1
172 | TNo.§| 0486 350 |o 782 [0/790 [o798 |0 802 Jo 928 |0°975 |1.021 |1.040 2820 1 7 o [35:30151-0.21741-0.1682/-0. 133310. 1062(-0.0841|0. 0654 0.0
7716" | 7No. 7| 0.433 310 |0 986 [0.994 |1.002 [1.006 |1.170 [1.220 |1.271 |1.201 1852 2 34 0.0841| 00891 0.0998 3'33& 90343 0.0423 0.0453 0.0558 0'0233‘8-32;;46.335;4.01% x; at
: i : - ! \1071| 0. ! : . . 0.07;
38" | 7No.8| 038 270 |1 244 |1 252 |1.260 1.264 |1 476 |1.530 |1.581 |1 606 0. -1 2l 22 20 3 [9:13331 013661 0.1399) 0.1430| 0.1461 0. 1491 o:13%0| 01832 O-11391 0.1227) 0.1264 0135 60 cycles
3 | TR 8| 03 a0 o 11282 10200 11-5a L1861 |1 019 17078 [2'00 0 lerel 55 10:5170| 3 [0-1682) O-1707) 01732 0.1756) 0.1779) 01802 01825 01847 0.18771 0.1604) 0.1631) 011657  x4=0.2794 I
5/16” | 7No. 10| 0.306 200 |1.978 |1.986 [1.994 [1.998 [2.35 [2.41 |2 2.50 o 1902} ’E’é '5’2 0.2174] 0 3191 0-2;3; g.gg;i g.gg% 0.2050| 0.2069| 0.2087 o'zggg 3';‘35 3'59‘2 21333 d"‘*nll'nt‘l’g::d!eae.
. . . . 0.22 : . . 22140/ 0. s
3No.5 | 3No.5| 0302 950 |1 445 |1.450 |1 455 |1.457 |1 74 1,738 |1.762 |1.772 o.260 o 514 0.617 10.208 0 146510 1oy -1913) 26 Joa20a] 7 fo- 361] 0.2376] 0.2390] 0.2404] 0.2418 0325 0:2211) 9.2287) 0.2302) 0.2317) 0.233 0355
3No.6 | 3No.6| 0349 B0 |1 ad |1 85 1831 1833 [2.16 |2019 [2i21 |2'22 o275 10.526 10.631 |0 301 . 15060 1255 ‘1936] 2 3331 9 |0 2666 : 0.2472| 0.2485| 0.2498| 0.2511
3No.7 | 3No.7| 0.311 20 15 250 (231 |23t [273 [2075 (278 [2.79 [0.281 10.537 0.645 [0.310 10154710 128 1047] 25 19-32990 10 Jo.2794
3No.8 | 3No.8| 0.277 160 |2oo |2oo 2.1 |21 |3as [3.47 350 (351 Jo.286 0549 10.659 0.318 10 158010 132y 1908| 3 4391 13 [0:3013
3No.9 | 3No.9| 0:247 1 138 [3.66 366 [s.66 [133 [1/37 [+30 [4.41.]o.202 o561 |0.673 J0.326 10.102010 136 : 31 (0. 13 |0.3100]
3 No. 10| 3No. 10| 0.220 o B8 1161 [iee [t [536 550 [5.53 [5:55 [0:207 |0.572 |0.687 0.334 0.16710 1502 52 10.3504] 14 Jo 3209
3No. 12| 3No.12| 0.174 90 |72 |733 [7.38 |7.3¢ |s.e9 |s.73 [8.77 [3.78 f0.310 0506 J0.715 Jo 351 |0 17540 M2 ' g: so8 16 (03208
: 0.34
‘ eBased on conductor temperature of 125°C. and an ambient of 25°C. 36 (036241 18 0.
i at 75°C. total baced on an ambient of 25°C. plus 50°C. rise due to heating effect of current. 37 19-36510 19 Jo.
o B ate magnitudo of current necessary o produce the 50°C. rise is 755 of the "Approximate Current Carrying Capacity at 60 Cycles.” 5 [o:3578 20 Jo.
50 l0:37301 23 [0:3
41 (0:3755] 23 [0, 31
42 l0:3779| 22
43 |0.3803{ 35
44 |0.3826
45 |0.3849
8 bt
. -3893} 29 10.4086
Table 5  Skin Effect Table 43 [0-3014) 30 lo 4127
14208
14243
X K X K b'd X % K a9 »
- L. .. 36 |0 434 Meter FREQUENCY
4 Ohm
0.0 1.00000 1.0 1.00519 2.0 1.07816 3.0 1.31809 8 Jo-4ds 25 Cycles 50 Cyoles 60 Cycles
0.1 1.00000 1.1 1.00758 2.1 1.09375 3.1 1.35102 (44 To Al 0.1192 075585
0.2 1.00001 1.2 1.01071 2.2 1.11126 3.2 1.38504 41 Jo.450 1 o o 0.2860
43 10.4564 8 1,043 1 2.0%0
0.3 1.00004 1.3 1.01470 2.3 1.13069 3.3 1.41999 4 lo as2 o B 1o% 2088 o4
0.4 1.00013 4 1.01969 2.4 1.15207 3.4 1.45570 16 (0. 4640 100 1.270 5 g
0.5 1.00032 .5 1.02582 2.5 1.17538 3.5 1.49202 4 [0 4657 1000 1% 2070 3181
. 45 [0.4722 5000 1.568 3.02 3808
0.6 1.00067 1.6 1.03323 2.6 1.20056 3.6 1.52879 10 000 1,619 3.5 3160
o -5 565 #Fro ;
0.7 1.00124 1.7 1.04205 2.7 1.22753 3.7 1..foa87 ’,j{_‘,},’f’gg’;‘;gﬂj +This is an average value which may
0.8 1.00212 1.8 1.05240 2.8 1.25620 3.8 1.60314 50, 0069857 4 s }):r:fgo‘: the absence of definite in-
. '3 - Aon,
0.9 1.00340 1.9 1.06440 2.9 1.28644 3.9 1.64051 " o 4064 4007
where f={requency
p=Resistivity (meter-ohm)
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h machine rating, limiting values given are for about 50,000 kva, and 500 kva.

(1) r2 varies with damper resistance.

(1) m and ra vary wit

y be given.

age value can hardl;

peed units high reactance.
indings.

|
o | of
Kyt 1 ! ) o | e
Table 8  Shunt Capacitive Reactance Spacing Factor (xy) Megohms per Conductor o m 2 =
il GE 3" g
per Mile 85| A2
i Shunt C itive Reactance Factor B L IO B I
Table 9  (Insert, bottom right) Zero-Sequence Shunt Capaciiive Y IR P Y N
sz |sz| slg | s|S |s|h| 5|2
—— (S o = o (=] [c‘
25 CYCLES
s 0 8 0w 3 3 3 =y
SEPARATION ol 3, (B8] 8 2|2 ] »l2
Sl I 27| 83
INCHES si8ls)g| sl3 S| g
Feet bl 2 > ]
0 1 E 4 5 6 7 8 9 0 | 1 2| °12
== e 3 0130|-0.0062 / FUNDA
o | [70.1760|-0. 1276| 0.0987|-0.0782|-0.0623|-0.0404|0.0384|-0.0289| 0. 0705 -0.0130|-0.0062 z3ab E UAMENTAL s ol
91 7 [0:0057| 0.0110| 0:0159| 0.0205| 0.0248| 0.0289) 0.0327| 0.0364 0.0398| 0.0432| 0.0463 25 cycles Q TIONS wl % |8l s |2 ) S ©
2 [0.0494| 0.0523| 0.0551 0.0577| 0.0603| 0.0628| 0.085: 0.0676| 0.0698] 0.0720( 0.0742| 0.0762 zd'= 1640 logio 4 F ot i ) & 2 > > (€7 0 (.? o "? oled
2 10-082| ©:0802| 0.0821| 0.0839| 0.0857| 0.0875| 0.0892| 0.0009) 0.0835 0.0941| 0.0957| 0.0972 L s et &/ =% =x/4q - i N i gl I g I
4 0987| 0.1002| 0.1016| 0.1030) 0.1044( 0.1058| 0.1071 0.1084| 0.1097| 0.1109| 0.1122| 0.1134 d b X 7 =x /+x 5 d = S o '
] 5 1146| 0.1158| 0.1169( 0.1181 0.1192| 0.1203| 0.1214 0.1225| 0.1235| 0.1246 0.1256| 0.1266 o 'a .~2xl -
[ 1276| 0.1286| 0.1295| 0.1305 0.1314| 0.1324| 0.1333| 0.1342 0.1351| 0.1360| 0.1368| 0.1377 d
‘ 7 10.1386| 0.1394| 0.1402 0.1411| 0.1419| 0.1427| 0.1435! 0.1443| 0.1450) 0.1458| 0.1468| 0.1473
o Ao Lol 1o | 3| SRleBl SR
o A 4 e w7 -+
| 19 [0:1568] 50 cYCLES =S 2l |2 2| fF|2E : z
! | 11 (e SEPARATION sl Gl %e] o2
13 (0.1826
14 |0.1879 Inches 518 = = - _
15 |0.1928|peet - 3 S S 2 g B
ig ;gz_l 0 1 2 3 4 5 [ 7 8 9 10 1 ols S 3 S e s3] 58
"o || —— || 5 os7 0 0192| 0.0144|-0.0102| 0.0085| 0.0031 / = - & I T SIL| 8l
18 |0.2058) | %.0885|0.0638|-0.0494|0.0391|-0.0312|-0.0247|-0.0192 —0.0144|-0.0102|-0.0065(-0.0031 z; at ) o & 12 | Bk
19 10.2097 (x’ 0 0.033 R eal 0 0079| 0.0102| 0.0124| 0.0144| 0.0164 0.0182| 0.0199 0.0216 0.0232 £ (ycles 8 8 S g c§ c§
20 [0.2133| 5 l0.0247| 0.0261| 0:0275| 0.0289| 00302| 0.0314| 0.0326| 00538 0.0349| 0.0360| 0.0371| 0.0381 ) cy! il i 3 3 ]
21 (0:2168] % l0.0391| 0.0401| 0.0410| 0.0420| 0.0429| 0.0437) 0.0446 O-0424] 0:0463| 0.0471| 0.0478| 0.0488  zs'=0.08108 logu & = = o =) S S
22 [0.2201] % |0.0494| 0.0501| 0:0508| 0.0515| 0.0522| 0.0529) 0'0535| 0.0542| 0.0548| 0.0555 0.0561| 0.0567 d=separation, feet. 3 8 ] S z 5
33 (0.2233| 5 [0.0573| 0.0579| 0.0585| 0.0590| 0.0596| 0.0601 0.0607) 0.061% 0.0618| 0.0623| 0.0628) 0.0633 _ 2 > 8 S L8] .8
24 2263 ¢ |0.0638| 0.0643| 0.0648 0.0652| 0.0657| 0.0662| 0.0666| 0.0671| 0.0675| 0.0880| 0.0684 0.0689 |8 < : c‘ ? o 35| &S
‘;’g §§2§ % 10:0693| 0:0697| 0.0701| 0.0705| 0.0709| 0.0713] 0.0717 0.0721| 0.0725| 0.0729| 0.0733| 0.0737 § é’ § 2 |82/883
8 (0.07 g [2g] 2
27 |0.2347| ‘0782 > > ] 8 .
§3 5%‘3 13 ggzm 60 CYCLES : s s S = 2
= 0
30 [0:2422] 13 10-0888] SEPARATION 332 E 255
31 |0.2445| . @ @ @ oo = - ] > 4 > >
ﬁ o Inches olE & ﬁl z : S i i
15 Feet ™ 1 . | . | S = 2 ] N
16 e 1 2 3 4 5 6 7 8 9 10 1 2 2 3 2 g g
4 _—_—————_‘—_———_‘—4——4————#.—_.—‘ ’ o o o
18 — . 0.0260|-0.0206|-0.0160|-0.0120|-0.0085|-0.0054 -0. x/ at &
19 (l. 0 0. 0.0103| 0.0120| 0.0136 0.0152| 0.0166| 0.0180 0.019. 60 1 @ L5 g 2 8 > e
20 2 |0.0206| 0. a 0.0262| 0.0272| 0.0282| 0 0291| 0.0300| 0.0309 0.0318 cyc es c - ol [~ls ol ol l ) B
LA B i bk S aha ¢ g datd 180 SR =magil £l & |2E)35) 8T |5 [BE| 5k
22 . k g 0.0441| 0. . . . . . ‘d=sgeparation, f o sl2 ~ o .
23 & lo0ars| o | : 0’0501 0.0506| 0.0510| 0.0515| 90515 0.0523) 0.0827 separation, feets g o= S5 | o5 SR o)
24 6 [0.0532| 0.0536| 0.0540| 0.0544 0.0548| 0.0552| 0.0555 0.0559| 0.056. 2 3 . o = = '
25 7 (0.0577 3.858? 0.0584| 0.0588| 0.0591 0.0594| 0.0598| 0.0601 0.0604| 0.0608| 0.0611 0.0614 E o
26 8 [0.0617, - g o - - 7S =
% 5 [0:0683 S| mtlalE el aff | ol |al2] <2
] 1 (00753 S lelesi|SR %L 23 |3 |2T| =2
12 [0.0737 o fzle3(cz| 28 |8 S8 Sl
13 {0.0761 c % 2 = 2 ’ ) ‘:i
14 |0.0783] e = s
15 |0. =
16 < - . IS 8 2 ®
17 [¥] zE 3 N o8 > -
b =] 32| 7| % | 8 | %3 |83 =3
u > 25| 1 i S | Sg |sl=]| sl
0 b} 3 =
n o g | o] 8] s
%3 8 ® 2 o § A =) =
4 s T . 4 =3 ] ™
20158 % £ || F52 8|22 | 8IS |85 (&g §’°
A 3 ole | ol /e 2 ! 31T
45 10.1355{ 27 o £ S5lsjz| el | <Z [s2] 5|7
46 10.1363| 28 o s, : 8 = :
47 10.13714 29 o =) = =)
48 10.1378{ 30 _E 3 - = =
49 [0.1386 gl < “ ﬁ - 131 8 11 > % 8
Conductor FREQUENCY ol B [2e|gls] 82 | g2 gl 2ls
33 Height Above - §8% (5 I8 Il % | ® 3| s
34 Groun [s) > = |el| Sl =] g s|g| o 2
3 Feet 25 Gy 50 Cycles 60 Cycles D | 8 S (%12 °
£ 0 0.320 0.267 L =} =
5 13 0.7 0.363 0.303 c TN T o o
o 20 0 01391 0328 ] 28 ot ol ® 81 18] |2
i 25 0 0.418 0348 5| o] §2 g |88~ R els |wl=| 5|~
41 10.110% 30 0 0.437 0.364 a A P B R g 12 [T ®
42 |0.1109| 40 0.9 0.468 0.390 ° o @ @ A g 3|~ =1
i @ § Ba o O S AR AE .
45 [0.1129] ?8 b 0 528 0.440 - B =
46 [0.1136) 80 1 0 542 0 452 —5 = B 2 2 3 ? -
47 [0.1142] 90 1 0.555 0.462 - "’§ g~ 18| Bl |®l- |ela]|e =
8 ng = e L B 17| %2 |2|E| 2B | R |SE| <R
' E [TERITR -2 =[] ~|8
L |Z~ S| I ° b = &
where h=height above ground. .
s -
J=frequency. o i ég é &
= Tew
= £ |8 a ?&'E.j;‘ éi,’g BHE
Lg | Lg |2dlp|RES T8
K IR
£ =8| 2858 B8 5 e z 8
-] 28|08 |g22E|8SE| 83| 628
8 °e| S8 f0q|884 |2k |TE
= A t & g ¢ Eo 3 58| g4 5 &
o ¢

e winding pitch that an aver.

eactance and low s
“. Low limit is for 24 pitch wi

vy with armature

ariation is from 0.1 to 0.7 of za”

(*) High speed units tend to have low re
Vi

(*) Xo varies so criticall



Appendix B

Vectors and Matrices

B.1 DEFINITION OF A VECTOR

ered set of elements. The elements X1, X2, ...,
functions of some dependent

A vector X is defined as an ord
xy may be real numbers, complex 'numbers,.or o
variable. An N-dimensional vector 18 shown in Eq. B.1.

X1 X1(t) ’
Bl e
x.N xN.(t)

B2  VECTOR ALGEBRA

d Y are said to be equal if and only if

Equality of Vectors Two vectors X an al; that is, X = ¥

they have the same size and corresponding elements are equ
iff x; = y; forall i.

. i
Product of a Vector with a Scalar To multiply a vector X by a scalar

multiply each element x; by A, that is,

)\xl

AX = XA = - (B.2)

/\XN

B.3 DEFINITION OF A MATRIX 463

Addition (Subtraction) of Vectors The sum (difference) of two vectors X
and Y results in a new vector Z, which is obtained by adding (subtracting)
corresponding elements as follows:

xX1Ey;

X2 £y
Z=X=+Y| ¥3%y3 (B.3)

XN £ YN

Inner (Dot) Product The inner or dot product of two vectors X and Y of
equal dimension or size is obtained as follows:

XY=(XY)= XkYk = X1y1+ X2y2 +  + XNYN (B.4)

bl
I M=

If the inner or dot product of two nonzero vectors (each having at least one
nonzero element) is equal to zero, the vectors are said to be orthogonal.

B.3 DEFINITION OF A MATRIX

An M X N matrix A is defined as a rectangular array of M N elements as shown
in Eq. B.5. The MN elements a;; may be real numbers, complex numbers, or
functions of some independent variable. The double-subscript notation identi-
fies the position of the element in the array; for example, element a;; is found
at the ith row and the jth column. The order (size) of the given matrix A is
said to be M X N because the matrix contains M rows and N columns.

ailp a2 a1z ... AN
ajzy az a3 ... azn

1>

Aprxn é[aij]MxN (B.5)

am1 am2 Am3 T AuN

A square matrix A is a matrix in which the number of rows is equal to
the number of columns; that is, M = N. For a square matrix, the main (or
principal) diagonal consists of the elements of the form a;;.

A diagonal matrix is a square matrix in which all the off-diagonal elements
are equal to zero; that is, a;; = O for all i # j. The identity or unit matrix
is a diagonal matrix whose elements in the principal diagonal are all equal to
unity. The null matrix has elements that are all equal to zero.
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The matrix AT is called the transpose of A if the element a;; in A is equal

to element @ ;; in AT for all i and j. In general, AT is formed by interchanging EXAMPLE B.1
Ji
g b 901um;13x0£a1: .the property aij = dji for all i and j; that is, it For the following two matrices A and B, find the matrix product C = AB.
A symmetric matr : ; ; all .
is symmetric about the princiErle diagonal. Therefore, 1t 18 equal to its own N é g o [7 SJ
transpose matrix; thus, A = A". 25 - sl
Solution

B.4 MATRIX ALGEBRA uti
Matrix operations are defined for addition, subtractior_l, a}nd mplgpllcatlon. Di- .. ( ; g [7 8]
vision is not defined; however, it is replaced by matrix 1nvers1o] . . 23] 20,

i i Two matrices A = [a;;] and B = [b;;] are said to be .
Equ;’i;yagfcgztf’fﬁ only if (a) they have the same order (size) and (b) each (1X7+4x9)(1x8+4x0) 35 B
e?u t a;; is equal to the corresponding b;; for all i and j. — | @xT+5%9) 2x8+5x0) _ 1516
aion ( i = [a;;] and B = LBXT+6%X9)(3%x8+6x0) |5, 7524 |5
Addition (Subtraction) of Matrices Two matrices A = [a;; =

i der. The sum (differ-
i be added (subtracted) if they are of the same or '
chje]) Cén = eA + B is obtained by adding (subtracting) corresponding elements,

In general, the matrix multiplication is not commutative; that is, AB % BA

Thus, even if AB is defined. Indeed, the product BA may not even be defined, as in
(B.6 Example B.1.
Cuxy = [cijluxy = Auxn £ Buxy = [aij = bijluxn .6)
Product of a Matrix with a Scalar A matrix is multiplied by a scalar A by B.5 INVERSE OF A MATRIX
1 multiplying all mn elements by A; that is,
|

: Consider two N-square matrices C and D. If CD = DC = I, then C is called
1 A Ay the inverse of D. Conversely, D is called the inverse of C. The inverse matrix
;‘tall ?\212 )\Z; e i is written as C™! or D71,
a 22
Moyxy = AynA = . ; . : ®.7 An Application of Matrix Inversion The inverse matrix may be used to
: ) ) Y solve a system of linear algebraic equations. Consider the following matrix
Aayi Aapz  Aaus . equation.

Product of Matrices Two matrices A = [a; ;1 and B = [b;;] can be mul-

i 1 an ap a3 o oay || X1 by
tivlied in the order AB if and only if the number of columns of A is ]:qllllas on om gn - g | E| | b N
top the number of rows of B. That is, if A is of order (M X P), then . a}s ; ; 5 : 2| _ : ®9)
to be of order (P x N) where M and N are arbitrary. If the product matrl_x i ) :
(fenoted by C = AB, then C is of order (M x N). Its elements c;; are given ay1 any  ans P v .
K where x; represent the unknowns, a;; are the coefficients, and b; are constants.
P = e 8 These N equations can be written in compact form as
cij = Sh=1aikbi; fori =1,2,,Mj=12-"N (B.8)

AX =B (B.10)
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If the inverse of A exists, then multiplying Eq. B.10 by A1 yields

AT'AX=A"'B or X=A"'B (B.11)

Gauss-Jordan Method of Finding the Inverse Matrix Form the augmented
matrix A8 = [A|I]. Apply elementary row operations on A*¢ to transform
the given matrix A into a unit matrix; simultaneously, the unit matrix I ig

transformed into the inverse matrix A"
The elementary row operations used are the following:
1. Multiplication of a row by any nonzero scalar

2. Interchange of any two rows
3. Addition of any multiple of one row to another row

EXAMPLE B.2

Solve the following system of equations.

1 2 -1 X1 2
2 3 -1 X2 | = 3
1 1 21| x3 -3

Solution To find the solution of the system of equations, the inverse of the
coefficient matrix A is derived as follows:
Step 1 The augmented matrix is first formed.

1 2 -1]100
A =12 3 -1 | 0 1 0
1 1 2 ] 001
Step 2 (—2R; + R2); (—R1 + R3)
1 2 -1 | 1 00
AMe =0 -1 1] -2 10
0 -1 3| -101
Step3 —R;
1 2 -1 | 1 00
A% = |0 1 -1 | 2 -1 0
0 -1 3 | =1 01
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Step 4 (2R, + R1); (R, + R3)
10 1
A% =10 1 -1
0 0 2

Step 5 1IR3

(381

1 0 1
A =10 1 -1

0 0 1

Step 6 (—R3 + R;1); (R3 + Ry)

AdE —

S O =
S = O
- O O

Thus, A1 is found to be

ATl =

ISl STV, SRS

Therefore, the solution vector X = A~!B is found as follows:

= =
[\l
| R |
Il
|
D= NI I
|
DI— NI NI

STE STOVE S T(9)]

NI—= D= N—

LSl ST STES |

2 -1
1 -1
3 2
2 -1
1 _1
2 2
5
2
)
2
1
q .
=
2
1
2
1
2

3

(STl ST TSN

20

0
1

N0 O

|

|

2
-1
=2

|

B.6

PARTITIONING OF MATRICES

A large matrix can be subdivided into several i
: submatrices of smaller dimensi
Consider an (M X P) matrix A and a (P X N ) matrix B. A and B ;I;?Ol;lé

partitioned as follows:

Ay | Ap

|

A ]

A=(———+———+———

M 1N
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By | Bn
o + e e
B=| By | Bz (B.13)
— — - + —_ — —
By | B

Product of Partitioned Matrices If the submatrices A;j a;ld B % j avrfsc:fols;en

jid 1 to the number of ro ji

h that the number of columns of A;; is equa :

:lxll(:i such that the numbers of columns of A;; and A, qy; are equal, for all ;
and j, then the matrix product C = AB is found as

Cu | Cn
C=AB=|--—-+-—~-
Cy | Cxn

(B.14)

where

Cpz = A;iBi2 + ApBy + AisBy,
Coy = AyB1z + ApBy + A23B3;

Cy1 = AiBi1 + AppBar + AsBag
Cy1 = AgB; + AppBor + Ag3Bay

EXAMPLE B.3

Solve the following system of linear equations.
an an | a3 au|l X1 Zl
an an | axn au|| X2 2
_____ +_. — — — — —_—— — _0
asy  as | a3z amu X3 4
ag ax | as asm ]| Xa

Solution The system of equations can be written as follows:
A | A || X4 B:
_ 4+ == —_— = P
Ay | An || X2 0

A Xp + ApX, = B,
AnX; +ApX; =0

Expanding,

B.6 PARTITIONING OF MATRICES 469

By using the latter equation, the subvector X, can be expressed (provided the
inverse of Ay, exists) in terms of X; as follows:

Xy = A5 AnX,

This last expression is substituted for X, in the other equation, and the expres-
sion for X; is derived as

X; = (A1 — ApASA,) B,

provided the inverse of the quantity inside the parentheses exists.




Appendix C

Solutions of Linear Equations

There are several ways to obtain the solution of a system of N simultaneous
linear equations in N unknowns. Among these are

1. Matrix inversion
2. Gaussian elimination
3. Triangular factorization

Matrix inversion was discussed in Section B.5. In the following sections, the
other two solution techniques are described. :

C.1 GAUSSIAN ELIMINATION

Consider the following system of linear algebraic equations.

anx;+apxy, +apixs = by (C.1)
as1x1 + axpnxy + axpxz = by (C.2)

asx] + aypxy + ayxs = bs (C.3)

The Gaussian elimination technique proceeds as follows:
Step 1 Normalize the first of the equations; that is, divide Eq. C.1 by a1-
Thus,

x1+ Unxy + Uxs = 21 (C.4)

C.1 GAUSSIAN ELIMINATION 471

where
U = ap/an
Uiz = ai3/an
z1 = bi/an

Step 2' Multiply Eq. C.4 by ayi, and subtract the result from Eq. C.2
eliminating x ;. This yields .

apXy + Upxs = 2 (C.5)
where

!

ay = an —anlp
!

Uy = ax — anUi;

!
2y = by —anzy;

Step 3. Multiply Eq. C.4 by a3, and subtract the result from Eq. C.3
eliminating x;. This yields

apnxy + Ussxs = z3 (C.6)
where

!

az = ax —anUp
!

a3 = a3z —anlp

!
z3 = b3 —asznz

Step 4' Repeat the general procedure of steps 1-3 on Egs. C.5 and C.6 to
eliminate x,. Thus, dividing Eq. C.5 by a}, yields

X2+ Upxs = 23 (C.7
where

Un = Up/ap,

22 = 25/ apy
Multiply Eq. C.7 by a3, and subtract from Eq. C.6; thus,

aypxs = z3 (C.8)
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where

" ! I
az; = Uz —anlUs

!
23 73— 322

Dividing Eq. C.8 by a3, the value of x3 is found as follows:
X3 = 23 (C.9

where z3 = z3'/as;.
Step 5 Substitute the value of x3 back into Eq. C.7 to solve for the value

of x».

x3 = 22— Unxs (C.10)

Next, substitute the values of x and x3 into Eq. C.4 to obtain the value
of x1.

x1 = 21— Unpxz — Usxs (C.11)

This final process is referred to as back-substitution.

EXAMPLE C.1

Solve the following system by using the Gaussian elimination ‘technique.

1 2 -1 X1 2
2 3 -1 X2 | = 3
11 2 X3 =3

Solution First, augment the constants to the coefficient matrix. The Gaussian
elimination procedure is followed.
1 2 -1 | 2
AM =12 3 -1 | 3

11 2| -3

Step 1 Since the first coefficient of the first row is already unity, continue

with step 2.
Step 2 2R+ Ry
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Step3 —R;+R;

1 2 -1 ] 27
Aaug =0 -1 1 I =1
0 =1 3 | —5]
Step4a —R;
1 2 -1 | 2
Aaug =10 1 -1 l 1
0 -1 3 | -5
Step 4b R, + R;
12 -1 1] 2
Aaug =0 1 -1 ' 1
00 2| -4
Step 4c  1R;
1 2 -1 | 2
A =101 -1 | 1
00 1 | -2

The value of x3 is read off as the last element in the last column of the
final augmented matrix A®¢. Therefore,

X3 = —2

Step 5 _ Substitute the value of x3 back into the second of the equations
resulting from step 4a to solve for the value of x,.

x2=1=(=1)(-2) = -1

Next, substituFe the values of x, and x3 into the first of the equations in
step 1 to obtain the value of x;.

X1 =2-QCD-(-D(=2) =2

Thus, the back-substitution process yields the solution, which is presented
in vector form as
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C2 TRIANGULAR FACTORIZATION

Triangular factorization is a modification of_ the Gaussian eliminatloln t_echquue_
It is better adapted to computer use, partlgularly for a repeat solution of the
system of equations with a new vector of rlght—hand s1de_constantsl.j .
Consider the following system of three simultaneous linear algebraic equa-
tions in terms of the three unknown variables x, x2, and x3, where a;; are

constants for all i and j.
b1 (C.12)

1

a;nxi +apxy + aisxs

aznxi+ anxy + anxs = b (C.13)
azixi + anxz + anxs = bs (C.14)
These equations can also be written as follows:
an an an || X1 b -
an axn axn || x2|=|b2 (C.15)
as; as 433 || X3 b3
In matrix notation, Eq. C.15 can be expressed as
AX =B (C.16)

Assume that the coefficient matrix A can be written as the plroduct of two
matrices:

A =LU (C.17)

t L be a lower triangular matrix whose elements above thf: main or prin-
cipgllle diagonal are all equal to zero. Also, let U be an upper tnangulbarlmat;z
whose elements on the principal diagonal are all }1n1ty and elemen?i1 et %wd .
principal diagonal are all equal to zero. The .matrlces L agd U aff 1defn i e; .
the triangular factors of the coefficient matrix A, and their standard form

shown in Egs. C.18 and C.19.

L1 0 0 Wi 0
Ly, Ly 0 oo 0
Ly L3 0 (C.18)

L = L31

Lyi Ly2 Ly3 -+ Lww
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1 U Uz - Uw
0 1 Ux - Uy
UuU=(0 0 1 - Usy (C.19)
00 0 - 1
Equation C.16 can, therefore, be written as follows:
AX =LUX =B (C.20)
Equation C.20 may also be written as
LZ =B (C.21)
where
UX = Z (C.22)

The vector Z is found by solving Eq. C.21; this process is called the forward
pass. Then the solution vector X is found by solving Eq. C.22 using the
previously determined vector Z; this is the backward substitution process.

The matrix triangular factors L and U are found by multiplying Eqs. C.18

and C.19 and equating the product to the coefficient matrix A. The following
relationships are derived.

j-1
Lij = aij— > LyUy fori=j (C.23)
k=1
1 i—1
Uij = E(aij —; LikUkj) for i < j (C.24)

Equations C.23 and C.24 are used alternately to evaluate the elements of
the triangular factors. The first column of L is initially determined by us-
ing Eq. C.23, followed by the first row of U by using Eq. C.24. Next, the
second column of L is computed, followed by the second row of U, and so
forth.

Once the triangular factors L and U are found, they are used for repeat
solutions of the system of equations. That is, for any vector of constants B,
there is no need to recalculate the elements of the vectors L and U. The

solutions of Egs. C.21 and C.22 may be implemented by using the following
relations.
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1 i-1
= — (b= > Li fori =1,2,..., , .
N — lr_3 _
xi=zi— > Upmi fori=N,N-1..21 (€2 = zl=3 =M= D) = -2
k=i+1
By using Eq. C.26, the back substitution process yields
EXAMPLE C.2 = 23 = =2
Solve Example C.1 by using the triangular factorization technique. x2=20-Unzz = 1 — (-1)(=2) = —1

i 2 -1)]= 2 x1 =21 = Unxy = Upxs = 2= @)(-D — (-1)(=2) = 2
2 3 —1||x2|=] 3
1 1 2 |l x3 -3 |

Solution By using Eqs. C.23 and C.24, the triangular factors are found as
follows:

Ly =an =1
Ly =an =2

Ly = a3 =1

1 1
Upp = Z;alz = 1(2) =2
1 1
| L e e sl = —
‘ Uis L“an 1( 1) 1

, ‘ Ly = an—LaUn =3-2@ = -1
1-(MHR) = -1

Ly = a3 — LaUn
1 1

Uy = l——(a23 —LyUp) = ‘—1[_1 —{Z(=1)] = —
22 =

Liz = as — LUz — L32Un

2-(M(=D-(CD=D =2

The forward pass is performed by using Eq. C.25 to solve for the Z vector

as follows:
1 1
1= L_ubl = T(Z) =2
1 1
22 = —(by — Luzy) = —[B3- @@ = 1
Lo -1




Appendix D

Maxwell's Equations

Maxwell’s equations are a collection, and are generalizations, of various phe-
nomena and laws previously described by different scientists on the relation-
ships among currents, charges, electric fields, and magnetic fields. These fields
have both magnitudes and directions; thus, they are represented as vectors.

Maxwell’s equations can be written in either integral or differential form.
They are first presented in integral form in the next section, and the differential
form is given in the following section.

D.1 INTEGRAL FORM OF MAXWELL'S EQUATIONS

Maxwell’s equations in integral form are used to analyze electromagnetic sys-
tems that exhibit symmetry (e.g., rectangular, cylindrical) with respect to one
or more dimensions that are usually found in electromechanical conversion de-
vices and systems. These equations describe the relationships among electric
fields, magnetic fields, charge densities, and current densities over a specified
area or volume in space. The following notation is used.

E = electric field intensity (volts/meter)

H = magnetic field intensity (amperes/meter)

D = electric flux density (coulombs/square meter)

B = magnetic flux density (webers/square meter)
M; = applied magnetic current density (volts/square meter)
J; = applied electric current density (amperes/square meter)
p. = electric charge density (coulombs/cubic meter)

pm = magnetic charge density (webers/cubic meter)
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The first of Maxwell’s equations in integral form can be written as

jﬁ E~d1=—” Mi-ds—i” B.dS ®.1)
c s at ) Js

where dS is the normal vector to the surface S which is bounded by the contour
C. When there is no applied magnetic current density (M; = 0), Eq. D.1
reduces to Faraday’s law, which states that the electromagnetic force (emf)
induced across the open-circuited terminals of a coil is equal to the time rate
of change of magnetic flux linking the coil.

The second of Maxwell’s equations in integral form can be written as

fch.dl:—JJsJi‘dS_%JLD.dS (D.2)

In the absence of the applied electric current density (J; = 0), Eq. D.2 reduces
to Ampere’s law, which states that the line integral of the electric field about
any closed path is equal to the current enclosed by that path.

The next two Maxwell’s equations in integral form can be written as follows:

jgjgsl).dszfﬂv pedv = Q. (D.3)
$9 808 [] mav=0 (D.4)

Equations D.3 and D.4 are Gauss’s law for electric fields and magnetic fields,
respectively. Gauss’s law for electric fields states that the total electric flux
passing through a closed surface is equal to the total charge enclosed by that
surface. Since no magnetic source for magnetic flux lines has ever been dis-
covered, the right-hand side of Gauss’s law for magnetic fields is identically
equal to zero.

D.2 DIFFERENTIAL FORM OF MAXWELL'S EQUATIONS

Maxwell’s equations in differential form are used to describe the relationships
among electric fields, magnetic fields, current densities, and charge densities
at any point in space at any time. It is assumed that the field vectors are
analytic functions of both position and time with continuous derivatives. Elec-
tromagnetic fields exhibit these characteristics except where there are abrupt
changes in charge and current densities, which usually occur when there are
changes in the properties of the medium or flux path. At these discontinuities,
the associated boundary conditions need to be specified.
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Maxwell’s equations in differential form can be written as

JB
=-M-Z
VXE i 37
oD
VxH J1 a1
VD= pe
V:-B=0

(D.5)

(D.6)

(D.7)
(D.8)

Appendix E

Constants and Conversion
Factors

E.1 CONSTANTS

Permeability of free space mo = 47 X 1077 H/m
Permittivity of free space €0 = 8.854 X 10712 F/m
Resistivity of annealed copper p=172%x10"8 Q-m

Acceleration due to gravity g = 9.807 m/s’

E.2 CONVERSION FACTORS

Length 1 meter (m) = 3.281 feet (ft)

= 39.36 inches (in)

1 mile (mi) = 1.609 kilometers (km)

Mass : 1 kilogram (kg) = 0.0685 slug

= 2.205 pounds (Ib)
Time 1 second (s) = 1/60 minute (min)

= 1/3600 hour (h)
Force 1 Newton (IN) = 0.02248 1b force (Ibf)

= 0.102 kg force
Torque 1 N-m = 0.7376 Ibf-ft

23.7 1b-ft?

Moment of inertia 1 kg-m?
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Power

Energy

Current

Voltage

Magnetic flux
Magnetic flux density

Magnetic field intensity
Flux linkage
Resistance

Inductance
Capacitance

1 watt (W) = 0.7376 ft-1bf/s
1 horsepower (hp) = 746 W
1 joule (J) =1W-s

= 0.7376 ft-1bf
= 2.778 x 1077 kWh

1 ampere (A) = 1 coulomb/s

1 volt (V) = 1 watt/ampere
1 weber (Wb) = 10® maxwells or lines
1 tesla (T) = 1 Wb/m?
= 64,500 lines/in?
1 A-turn/m = 0.0254 A-turn/in
1 Wb-turn
1 ohm (£2)
1 henry (H)
1 farad (F)

Appendix F
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Irigonometric Identities

sin® @ + cos20 = 1

c0s20 = cos?f —sin?f = 2cos?20 —1 = 1 —2sin’ 6
sin26 = 2sin6 cos 6

cos?2@ = 3(1 + cos26)

sin?6 = (1 - cos26)

cos(a — B) = cosacos 3 + sina sin B

cos(a + B) = cosacos 3 — sina sin 8

sin(e + B) = sinacos 3 + cosa sin B

sin(e — B) = sinacos 8 — cos & sin 3

. cosacosf3 = %[cos(a — B) + cos(a + B)]

sinasinB = 3[cos(a — B) — cos(a + B)]
sinacos B = %[sin(a + B) + sin(a — B)]
cos 0 + cos(6 — 120°) + cos(@ — 240°) = 0
sin@ + sin(@ — 120°) + sin(6 — 240°) = 0
cos? 6 + cos?(6 — 120°) + cos?(9 — 240°) = 3
sin® @ + sin?(9 — 120°) + sin®(6 — 240°) = 3
sin @ cos 6 +sin(6 —120°) cos(6 — 120°) +sin(6 —240°) cos(6 —240°) = 0
tan@ = sinf/cos 0

cotf = cos6/sinf

sec = 1/cos6

csc = 1/sinf
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r. d(sinf) = cos0 d@

S. d(cosf) = —sinfd6

t. d(tanf) = sec’0d@

u. d(cot) = —csc20db

V. d(secf) = secftanf d 6
w. d(cscf) = —cscOcotfdb

Appendix G
Glossary

The key terms as well as some of the most commonly used terms that have
been highlighted in this book are defined in the following pages. Most of the
definitions given in this glossary are based on the IEEE Standard Dictionary
of Electrical and Electronics Terms, 4th ed, IEEE, New York, 1988.

Air-gap power The power transferred across the air gap from the stator to
the rotor.

Aluminum cable steel-reinforced (ACSR) A composite conductor made up
of a combination of aluminum wires surrounding the steel.

Ampeére’s law The magnetic field strength, at any point in the neighborhood
of a circuit in which there is a current i, is equal to the vector sum of the
contributions from all the differential elements of the circuit. The contribution,
dH, caused by a current i in an element ds at a distance r from a point P is
given by

JH = i[r ><2 ds]

r
An-bn-cn or abc sequence The order in which the successive members of
the set reach their positive maximum values. Phase a is followed by phase b
and then by phase c.

Apparent power The product of the root-mean-square voltage and the root-
mean-square current.

Armature winding The winding in which alternating voltage is generated by
virtue of relative motion with respect to a magnetic flux field.
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Autotransformer A transformer in which at least two windings have a com-
mon section.

Average power The time average of the instantaneous power, the average
being taken over one period.

Back emf. See Counter emf.

Balanced set A set of phasor currents (or phasor voltages) that have equal
magnitudes and are separated from each other by equal phase angles.

Blocked-rotor test A test applied to an induction motor, in which the rotor
is blocked so it cannot rotate.

Bundled conductors An assembly of two or more conductors used as a single
conductor and employing spacers to maintain a predetermined configuration.
The individual conductors of this assembly are called subconductors.

Bus A conductor, or group of conductors, that serve as a common connection
for two or more circuits.

Bus admittance matrix A matrix whose elements have the dimension of
admittance and, when multiplied into the vector of bus voltages, gives the
vector of bus currents.

!

Capacitive reactance at 1-ft spacing, x, Capacitive reactance of one con-
ductor to neutral of a circuit consisting of two conductors 1 foot apart.

Capacitive reactance spacing factor, x; Capacitive reactance of one con-
ductor of a circuit consisting of two conductors separated by a distance D
expressed in feet.

Circuit breaker A switching device capable of making, carrying, and break-
ing currents under normal circuit conditions and also making, carrying for a
specified time, and breaking currents under specified abnormal conditions such
as those of a short circuit.

Circular mil A unit of area equal to 7/4 of a square mil (0.7854 square
mil). The cross-sectional area of a circle in circular mils is therefore equal to
the square of its diameter in mils.

Coenergy A function associated with the field energy function such that the
sum of the energy and coenergy functions is equal to the sum of the products
of the flux linkage of a coil multiplied by the corresponding current flowing
through it.

Complex power The product of the phasor voltage multiplied by the complex
conjugate of the phasor current.

Core losses The power dissipated in a magnetic core subjected to a time-
varying magnetizing force.

Counter emf The effective electromotive force within the system that op-
poses the passage of current in a specified direction.
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Critical resistance The value of field circuit resistance of a DC shunt gen-
erator above which the generator fails to build up.

DC machine An electromechanical conversion device whose armature termi-
nal voltage and current, as well as field voltage and excitation current, are all
DC.

Developed power The power converted from electrical to mechanical or from
mechanical to electrical.

Diagonal matrix A square matrix in which all the elements not in the prin-
cipal diagonal are equal to zero; that is, a;; = O forall i # j.

Direct-axis synchronous reactance, Xq The ratio of the sustained funda-
mental component of armature voltage that is produced by the total direct-axis
flux due to direct-axis armature current to the fundamental component of this
current, the machine running at rated speed.

Economic dispatch The distribution of total generation requirements among
alternative sources for optimum system economy, with due consideration of
both incremental generating costs and incremental transmission losses.

Effective value. See Root-mean-square value.
Efficiency The ratio of the useful power output to the total power input.

Electrical load Electric power used by devices connected to an electrical
generating system.

Electromotive force (emf) A voltage produced in a closed path or circuit by
the relative motion of the circuit or its parts with respect to magnetic flux.

Equivalent radius The conductor radius » multiplied by e~1/# (i.e., re~1/4)
where e is the base of the natural logarithm.

Faraday’s law The electromotive force induced is proportional to the time
rate of change of magnetic flux linked with the circuit.

Fast-decoupled method An iterative technique for solving the nonlinear
power flow equations by separately and alternately solving for the voltage
angles and voltage magnitudes.

Fault A physical condition that causes a device, a component, or an element
to fail to perform in a required manner, for example, a short circuit, a broken
wire, or an intermittent connection.

Field energy The energy stored in the magnetic field of an electromagnetic
system.

Field winding A winding on either the stationary or the rotating part of a
machine whose sole purpose is the production of the main electromagnetic
field of the machine.

Flux linkages The sum of the fluxes linking the turns forming the coil.
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Gauss—Seidel method An iterative technique for solving a set of nonlineay
equations (e.g., the power flow equations), which uses the latest values of the
variables in seeking improved values of the other variables.

Gauss’s law  The integral over any closed surface of the normal component of
the electric flux density is equal in a rationalized system to the electric charge
Qo within the surface.

Geometric mean distance The mean of (r) distances produced by taking the
nth root of their product.

Geometric mean radius The equivalent radius of a multistrand conductor,

Ground wire A conductor having grounding connections at intervals, which
is suspended usually above but not necessarily over the line conductor to pro-
vide a degree of protection against lightning discharges.

Ideal transformer A transformer characterized by no winding resistance, no
leakage flux, and a lossless and infinitely permeable magnetic core.

Identity, or unit, matrix A diagonal matrix whose elements in the principal
diagonal are all equal to unity and all elements not in the principal diagonal
are equal to zero.

Induction machine An asynchronous AC machine that comprises a magnetic
circuit interlinked with two electric circuits, rotating with respect to each other,
and in which power is transferred from one circuit to another by electromagnetic
induction.

Inductive reactance at 1-ft spacing, x, The inductive reactance of one con-
ductor of a circuit consisting of two conductors 1 foot apart.

Inductive reactance spacing factor, x4 The inductive reactance of one con-
ductor of a cifcuit consisting of two conductors separated by a distance D
expressed in feet.

Iron losses. See Core losses.

Lagging power factor An operating power factor condition such that the
phasor current lags the phasor voltage.

Leading power factor An operating power factor condition such that the
phasor current leads the phasor voltage.

Linear electromagnetic system An electromagnetic system whose flux link-
ages are expressed as linear combinations of the currents in terms of the self-
inductance of each winding and mutual inductances between the windings.

Load characteristic. See Terminal characteristic.

Load curve A curve of power versus time showing the value of a specific
load for each unit of the period covered.

Magnetic circuit The region containing essentially all the flux, such as the

rara nf a trancfarmer
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Magnetic flux The surface integral of the normal component of the magnetic
induction over the area.

Magnetic flux density Flux per unit area through an element normal to the
direction of flux.

Magnetization curve. See Saturation curve.

Magnetomotive force (mmf) The line integral of the magnetizing force
around the path.

Maximum power The maximum output that an electric machine is capable
of developing at rated voltage and speed.

Mutual inductance The common property of two electric circuits whereby
an electromotive force is induced in one circuit by a change of current in the
other circuit.

Negative-sequence impedance The quotient of that component of negative-
sequence sinusoidal voltage that is due to the negative-sequence component of
the current, divided by the negative-sequence component of the current at the
same frequency.

Negative-sequence network The equivalent representation of a power system
constructed by using only the negative-sequence impedances of the various
components.

Newton—Raphson method An iterative technique for solving a set of non-
linear equations (e.g., the power flow equations) by solving a succession of
linearized equations to derive improvements to the latest estimate of the solu-
tion.

Node. See Bus.
No-load characteristic The saturation curve of a machine at no load.

No-load test A test applied to a machine on no load at rated voltage and
frequency.

Nominal 7 circuit A network composed of three branches connected in se-
ries with each other to form a mesh, the three junction points forming an
input terminal, an output terminal, and a common input and output terminal,
respectively.

Nonideal or actual transformer A transformer having winding resistance
and leakage flux, and a magnetic core having finite permeability and core
losses.

Nonsalient, round, or cylindrical The part of a core, usually circular, that
by virtue of DC excitation of a winding embedded in slots and distributed over
the interpolar space acts as a pole.

Normally excited The operating condition of a synchronous machine at unity
power factor.
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Null matrix A matrix whose elements are all equal to zero.

One-line, or single-line, diagram A diagram that shows, by means of single
lines and graphic symbols, the course of an electric circuit or system of circuits
and the component devices or parts used therein.

Open-circuit characteristic (OCC) The saturation curve of a machine with
an open-circuited armature winding.

Open-circuit test A test in which the machine is run as a generator with its
terminals open-circuited.

Overexcited The operating condition of a synchronous machine delivering
reactive power.

Pickup The action of a relay as it makes designated responses to a progressive
increase of input.

Pickup value The minimum input that will cause a device to complete contact
operation or similar designated action.

Positive-sequence impedance The quotient of that component of positive-
sequence sinusoidal voltage that is due to the positive-sequence component of
current, divided by the positive-sequence component of the current at the same
frequency.

Positive-sequence network The equivalent representation of a power system
constructed by using only the positive-sequence impedances of the various
components.

Power angle The phase angle between the generated voltage phasor and the
terminal voltage phasor. ,

Power-angle characteristic The expression for the real power developed by
a synchronous machine in terms of its generated voltage, terminal voltage,
synchronous reactance, and power angle.

Power-angle curve The plot of the power-angle characteristic of a syn-
chronous machine.

Power factor The ratio of the average power in watts to the root-mean-square
(RMS) volt-amperes.

Power factor angle The angle whose cosine is the power factor.

Power flow equations The system of nonlinear algebraic equations relating
the phasor bus voltages to the complex power injections into the buses of the
power system.

Protective relay A device whose function is to detect defective lines or ap-
paratus or other power system conditions of an abnormal or dangerous nature
and to initiate appropriate control action.

Pull-out torque The maximum sustained torque that the synchronous ma-
11 Aol b cxmnheanane cnead with rated voltage applied at rated
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Quadrature-axis synchronous reactance, X; The ratio of the fundamental
component of reactive armature voltage, due to the fundamental quadrature-axis
component of armature current, to this component of current under steady-state
conditions and at rated frequency.

Reactive power The product of voltage and out-of-phase components of al-
ternating current.

Real power The average power, or active power, or the real part of the com-
plex power.

Reluctance The ratio of the magnetomotive force to the magnetic flux through
any cross section of the magnetic circuit.

Reluctance power The component of the power delivered by a synchronous
generator representing the effects of generator saliency.

Reset The action of a relay as it makes designated responses to decreases in
input.

Reset value The maximum value of an input quantity reached by progressive
decreases that will permit the relay to reach the state of complete reset from
pickup.

Residual voltage The generated voltage due to the residual flux in the field
poles even when the field circuit remains unexcited.

Root-mean-square value The square root of the average of the square of the
value of the function taken throughout one period.

Rotor The rotating member of a machine, with shaft.

Salient, or projecting, pole A field pole that projects from the yoke or hub
toward the primary winding core.

Saturation curve A characteristic curve that expresses the degree of magnetic
saturation as a function of some property of the magnetic excitation.

Self-inductance The property of an electric circuit whereby an electromotive
force is induced in that circuit by a change of current in the circuit.

Short-circuit characteristic (SCC) The relationship between the current in
the short-circuited armature winding and the field current.

Short-circuit test A test applied to a transformer with one winding short-
circuited and reduced voltage applied to the other winding such that rated
current flows in the windings.

Single-phase transformer A device consisting of two or more windings cou-
pled by a magnetic core that is used to transform a single-phase voltage.

Skin effect The tendency of an alternating current to concentrate in the areas
of lowest impedance.

Slip rpm  The difference between the synchronous speed and the actual speed

~f tha ratar avnraccad in raualntinne nar minnte
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Slip s The quotient of the difference between the synchronous speed and the
actual speed of a rotor, to the synchronous speed, expressed as a ratio or as a
percentage.

Speed regulation The relationship between the speed and the load of a motor
under specified conditions.

Square matrix A matrix in which the number of rows is equal to the number
of columns.

Squirrel-cage rotor A rotor core assembly consisting of a number of con-
ducting bars having their extremities connected by metal rings or plates at each
end, like a squirrel’s cage.

Stator The portion of the rotating machine that includes and supports the
stationary active parts.

Stranded conductor A conductor composed of a group of wires or of any
combination of groups of wires.

Swing equation The differential equation used to describe the dynamic mo-
tion of a synchronous machine.

Symmetric matrix A matrix whose elements are symmetric about the prin-
cipal diagonal, that is, a;; = aj;, for all i and j. Therefore, it is equal to its
own transpose matrix; thus, A = AT,

Synchronization The process whereby a synchronous machine, with its volt-
age and phase suitably adjusted, is paralleled with another synchronous machine
or system.

Synchronous machine A machine in which the average speed of normal
operation is exactly proportional to the frequency of the system to which it is
connected.

Synchronous reactance The steady-state reactance of a generator during fault
conditions used to calculate the steady-state fault current.

Synchronous speed The speed of rotation of the magnetic flux, produced by
or linking the primary winding.
Terminal characteristic A plot of the terminal voltage versus load current.

Three-phase transformer A transformer consisting of three pairs of windings
used to transform a balanced set of three-phase voltages from one voltage level
to another.

Transpose The matrix AT whose element a; is equal to the element a;; of
matrix A for all / and j. In general, AT is formed by interchanging the rows
and columns of A.

Turns ratio The ratio of the primary winding turns to the secondary winding
turns.

Underexcited The operating condition of a synchronous machine absorbing
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V-curve The characteristic of a synchronous motor showing the variation of
the stator current versus the field current.

Voltage regulation (1) In a transformer, the change in output (secondary)
voltage that occurs when the load (at a specified power factor) is reduced from
rated value to zero, with the primary impressed terminal voltage maintained
constant. (2) In a DC generator, the final change in voltage with constant field-
rheostat setting when the specified load is reduced gradually to zero, expressed
as a percent of rated-load voltage, the speed being kept constant. (3) In a
synchronous generator, the rise in voltage with constant field current, when,
with the synchronous generator operated at rated voltage and rated speed, the
specified load at the specified power factor is reduced to zero, expressed as a
percent of rated voltage.

Winding factor The product of the distribution factor and the pitch factor.

Wound rotor A rotor core assembly having a winding made up of individu-
ally insulated wires.

Zero-sequence impedance The quotient of the zero-sequence component of
the voltage, assumed to be sinusoidal, supplied to a synchronous machine, and
the zero-sequence component of the current at the same frequency.

Zero-sequence network The equivalent representation of a power system
constructed by using only the zero-sequence impedances of the various com-
ponents.
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abc sequence, 44, 388, 485
Accelerating factor, 363
Active power, see Power
Air-gap power, 485. See also
Three-phase induction motors
All-day efficiency, see Transformers
Aluminum cable steel reinforced
(ACSR), 309, 485
Ampere’s law, 65, 485
An-bn-cn sequence, see abc sequence
Angular frequency, 125
Angular speed, 125
Apparent power, 485. See also Power
Armature mmf, 129
of a single-phase winding, 129-133
of a three-phase winding, 133-134
Armature winding, 123, 163, 485. See
also DC machines
concentrated, 138
distributed, 138
fractional-pitch, 138
full-pitch, 138
lap winding, 168
parallel paths, 139, 168, 169
wave winding, 169
winding factor, 138
Autotransformer, 486. See also
Transformers
power transferred by electrical

power transferred by electromagnetic
induction, 101
Average power, 486. See also Power

B-H curve, see Saturation curve
Back emf, see Counter emf
Balanced set, 44, 45, 486
Balanced three-phase analysis, 47
Blocked-rotor test, 486. See also
Three-phase induction motors
Boiler, see Steam generators
Breaker, see Circuit breaker
Bundled conductor, 486. See also
Conductors
Bus, 353, 486. See also Node
Bus admittance matrix, 358
Bus protection, see Protection

Capacitance:
of a single-phase line, 329-330
of a three-phase circuit,

330-332

Capacitive reactance:
at 1-ft spacing x/, 333, 486
of a single-phase line, 332
of a three-phase circuit, 332
spacing factor x}, 333, 486
use of tables, 333

Characteristic impedance, see
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Circuit breaker, 412413, 486
Circular mil, 310, 486
Coenergy, 142, 144, 148, 153, 486
Commutator and brush, 139, 140
Complex power, 486. See also Power
Computer applications in power systems,
27-31
Conductors:
bundled, 321
stranded, 321
Conversion of per-unit impedances, 57
Copper losses, 185
Core losses, 73, 82, 486
Counter emf, 485. See also DC
motors
Critical resistance, 487. See also DC
generators
CT, see Transducers, current transformer
Cumulative compound machine, see DC
machines
Cylindrical rotor, see Round rotor

DC generators:

armature reaction, 179

armature time constant, 203

block diagram, 204

brush contact drop, 178

brush loss, 186

core loss, 186

critical resistance, 177

efficiency, 185-186

field time constant, 202

flat-compounded, 181

friction and windage loss, 186

generator constant, 202

load characteristic, see DC
generators, terminal characteristic

magnetic loss, see DC generators,
core loss

magnetization curve, see DC
generators, no-load characteristic

mechanical losses, 186

no-load characteristic, 176

overcompounded, 181

performance of, 176-181

residual magnetism, 177

residual voltage, 177

saturation curve, see DC generators,
no-load characteristic

stray load loss, 186

terminal characteristic, 178-181

undercompounded, 181

voltage buildup in a shunt generator,
177-178

voltage regulation, 181

DC machines:

armature winding, 162, 163

commutator and brush, 163

cumulative compound machine, 171

definition of, 128, 487

differential compound machine, 171

dynamic equations, 201-202

electromagnetic torque, 164, 173,
202, 206

Faraday’s law, 164

field winding, 162, 163

generation of unidirectional voltage,
164-167

induced voltage, 164, 165, 173, 202,
206

long-shunt compound machine, 171

moment of inertia, 203, 207

parallel paths, 168, 169

separately excited machine, 170

series machine, 171

short-shunt compound machine, 171

shunt machine, 170

torque constant, 164

types, 170

voltage constant, 164

DC motors:

applications, 199-201

back emf, see DC motors, counter
emf

block diagrams, 208-209

counter emf, 188

developed torque, 189

efficiency, 192-193

motor constant, 207

power converted, 189

rotational losses, 193

speed regulation, 189

speed-torque characteristics, 194-196
speed-torque equation, 195

starting, 196-197
transfer functions, 208-210
Delta-connected load, 4647
A-to-Y impedance conversion, 47, 107
Developed power, 487. See also
Three-phase induction motors
Diagonal matrix, 487. See also Matrix
Differential compound machine, see DC
machines
Differential relay, see Relays
Direct-axis reactance X4, 487. See also
Synchronous generators
Direct energy conversion:
electrochemical cell, 13-14
magnetohydrodynamic (MHD), 11-12
solar, 14
thermal converter, 12-13
thermionic converter, 13
tidal, 14
Directional relay, see Relays
Distance relay, see Relays
Dot product, 463
Double line-to-ground fault, see Fault
Double-subscript notation, 35

Economic dispatch, 487. See also Power
system analysis
Eddy current loss, 73
Effective value, see Root-mean-square
value
Efficiency, 487
in a DC generator, 185-186
in a DC motor, 192-193
in a synchronous generator, 238
in a synchronous motor, 253
in a three-phase induction motor,
280
in a transformer, 89-90
Electrical load, 21, 487
Electric demand, see Electrical load
Electric energy conversion:
alternative methods, 10-15
conventional methods, 3-10
Electric power generation, see Electric
energy conversion
Electrochemical cell, see Direct energy
conversion
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Electromagnetic torque, 143, 144, 149,
153

Electromechanical energy converter, 141
Electromotive force (emf), 70, 487
Energy:

forms, 2

resources, 2—3
Energy conservation law, 141
Equivalent radius, 316, 487

Faraday’s law, 71, 487
Fast-decoupled method, 487. See also
Power flow
Fault:
definition of, 23, 385, 487
double line-to-ground, 405-406
line-to-line, 402403
single line-to-ground, 397, 399
three-phase, 385-386, 408-409
types, 385
unsymmetrical fault, 393
Field energy, 142, 487
Field winding, 123, 487. See also DC
machines
Flux linkage, 71, 73, 487
Friction and windage losses, see
Mechanical losses
Fuel cell, see Direct energy conversion
electrochemical cell

9

Gas-turbine power plant, see Power
plants
Gaussian elimination, see Linear
equations, solutions of
Gauss’s law, 328, 488
Gauss—Seidel method, 488. See also
Power flow
Generated voltage:
DC value, 139
derivation of, 136-139
maximum value, 138
rms value, 138
Generator bus, see Power flow, bus types
Generator protection, see Protection
Geometric mean distance (GMD), 320,
488
Geometric mean radius (GMR), 321, 488
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Geothermal power plant, see Power
plants
Ground wire, 488

Hydraulic turbines:
impulse, 4
reaction, 5
Hydroelectric power plant, see Power
plants
Hysteresis loss, 73

Ideal energy converter, 118-122,
141
Ideal transformer, 488. See also
Transformers
Identity matrix, 488. See also
Matrix
Impedance diagram, 355, 357
Inductance:
equivalent radius, 316
external inductance, 314
internal inductance, 313
of a single-phase line, 316-317
of a three-phase circuit, 317-320
Induction machines:
definition of, 124, 488
slip, 263
slip rpm, 263
squirrel-cage rotor, 262
wound rotor, 262
Inductive reactance:
at 1-ft spacing x,, 325, 488
of a single-phase line, 322
of a three-phase circuit, 323-324
spacing factor x4, 325, 488
use of tables, 324-325
Inertia constant, 433
Inertial time constant, 208
Infinite bus, 246
Instantaneous power, see Power
Iron losses, see Core losses

Jacobian matrix, 367. See also Power
flow, Newton—-Raphson method

kVA, see Power, apparent
kVAR, see Power, reactive
kW, see Power, real

Lagging power factor, 488. See also
Power factor
Lap winding, 168
Leading power factor, 488. See also
Power factor
Lenz’s law, 79
Line-to-line fault, see Fault
Linear electromagnetic system, 144, 483
Linear equations, solutions of
Gaussian elimination, 470-472
triangular factorization, 474-476
Load bus, see Power flow, bus types
Load characteristic, see Terminal
characteristic
Load curve, 21
Load duration curve, 22
Long-shunt compound machine, see DC
machines

Magnetic circuit, 65, 438
Magnetic field, 65
of a concentrated winding, 129
of a distributed winding, 130
Magnetic flux, 66, 489
Magnetic flux density, 65, 489
Magnetization curve, see Saturation
curve
Magnetohydrodynamics, 12
Magnetomotive force (mmf), 65, 489
Main protection, see Protection, primary
Matrix, 473
diagonal, 463
identity, 463
inverse, 465
null, 463
partitioning, 467
square, 463
symmetric, 464
Matrix algebra, 464
Matrix inversion, 465
Maximum power, 498. See also
Synchronous generators
Maxwell’s equations, 65, 478—480
MCM, see Circular mil
Mechanical losses, 186
Moment of inertia, 247, 432
Mutual inductance, 75-76, 144, 149,
489

MVA, see Power, apparent
MVAR, see Power, reactive
MW, see Power, real

Negative-sequence component, see
Symmetrical components

Negative-sequence impedance, 489. See
also Sequence impedances

Negative-sequence network, 489. See
also Sequence networks

Newton—Raphson method, 489. See also
Power flow

No-load characteristic, see DC
generators

No-load test, 489. See also Three-phase
induction motors

Node, 353. See also Bus

Nominal 7 circuit, 489. See also
Transmission lines

Nonideal transformer, 489. See also
Transformers

Nonsalient, 489. See also Round rotor

- Normalized inertia constant, 433

Normally excited, 489. See also
Synchronous motors

Nuclear power plant, 489. See also
Power plants

Null matrix, 490. See also Matrix

One-line diagrams, 353-354, 490

Open-circuit characteristic (OCC), 490
See also Synchronous machines

Open-circuit test, 490. See also
Transformers

Overcurrent relay, see Relays

Overexcited, 490. See also Synchronous
generators

P-Q bus, see Power flow, bus types
P-V bus, see Generator bus
Parallel paths, 139, 168, 169
Per unit analysis, 353
Per unit system:

base values, 55, 57

single-phase, 55-56

three-phase, 57
Percentage-differential relay, see Relays
Permeability of free space, 66, 314
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Permittivity of free space, 328
Pickup, 415, 490
Pickup value, 415, 490
Pilot relay, see Relays
Plasma, 12
Positive-sequence component, see
Symmetrical components
Positive-sequence impedance, 490. See
also Sequence impedances
Positive-sequence network, 490. See also
Sequence networks
Power:
active, 38
apparent, 38
average, 38
in balanced three-phase systems,
49-50
complex, 39
generator and load convention, 4142
instantaneous, 37-38, 51-53
reactive, 38, 40
real, 38
in a single-phase circuit, 37-39
three-phase measurement, 53-54
Power angle, 232, 490
Power-angle characteristic, 490
of a round-rotor machine, 232-233
of a salient-pole machine, 243
Power angle curve, 233, 430, 490
Power factor, 490
angle, 39, 490
lagging, 38
leading, 38
Power flow:
bus types, 360-361
computer software, 376-379
concepts, 356-357
definition of, 355-356
equations, 366
fast-decoupled method, 371-373
Gauss—Seidel method, 361-363
Newton—-Raphson method, 365-369
node-voltage equations, 361-363
Power flow equations, 490. See also
Power flow
Power plants:
combined steam- and gas-turbine, 9
condensing, 6-8
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Power plants: (Continued)
gas-turbine, 9
geothermal, 8-9
hydroelectric, 4-5
nuclear, 9-10
pumped-storage, 5-6
Power system analysis:
computer applications, 27-31
economic dispatch, 23, 30
fault, 23-24, 385-386, 393410
power flow, 23, 355-374
protection, 24-25, 411415, 419-421,
423-428
scope of, 353
transient stability, 26-27, 429-435,
437-443
transmission line transients, 25-26
Power system modeling, 354-355
Power system structure:
distribution, 18-19, 20
generation, 19-20
transmission, 17, 20
Power triangle, 40
Predictor-corrector integration method,
see Transient stability
Projecting-pole rotor, see Salient-pole
Propagation constant, see Transmission
lines
Protection, 24-25
backup, 25, 414
bus protection, 424-425
components of, 411-413
generator protection, 419-420
primary, 25, 413414
reliability, 415
requirements of, 414—415
selectivity, 415
sensitivity, 415
speed, 414
transformer protection, 420421,
423-424
transmission line protection, 425428
types of, 413-414
Protective relay, 490. See also Relays
PT, see Transducers, potential
transformer
Pull-out torque, 490. See also
Synchronous generators

Pumped-storage power plants, see Power
plants

Quadrature-axis reactance Xg, 491. See
also Synchronous generators

Reactance diagram, 355
Reactive power, 491. See also Power
Real power, 491. See also Power
Relays:
definition of, 412
differential, 416417
directional, 416
distance, 417418
overcurrent, 415-416
percentage-differential, 417
pilot, 418-419
Reluctance, 67, 491
Reluctance power, 491. See also
Synchronous generators
Reset, 415, 491
Reset value, 415, 491
Residual magnetism, see DC
generators
Residual voltage, 491. See also DC
generators
Resistivity, 311
Revolving field, see Rotating mmf
Root-mean-square value, 36, 491
Rotating machines:
DC machine, 128
generated voltage in, 136-140
induction machine, 124
synchronous machine, 124
torque in, 141-144
Rotating mmf, 131-134
Rotor, 123, 491
Round rotor, 126, 221
Runge—Kutta integration method, see
Transient stability

Salient-pole, 126, 222, 491
Saturation curve, 66, 491
Self-inductance, 73, 144, 148, 491
Separately excited machine, see DC
machines
Sequence impedances:
negative-sequence, 395

positive-sequence, 395
zero-sequence, 395
Sequence networks:
negative-sequence, 396
positive-sequence, 396
of synchronous machines, 396
of transformer banks, 396-398
of transmission lines, 396
zero-sequence, 396
Series machine, see DC machines
Short-circuit, see Fault, definition of
Short-circuit characteristic (SCC), 491.
See also Synchronous machines
Short-circuit test, 491. See also
Transformers
Short-shunt compound machine, see DC
machines
Shunt machine, see DC machines
Single-line diagrams, see One-line
diagrams
Single line-to-ground fault, see Fault
Single-phase induction motor:
capacitor-start, 297-298
equivalent circuit, development of,
291-293
shaded-pole, 298-299
split-phase, 296-297
starting techniques, 296-299
Single-phase transformer, 491. See also
Transformers
Single-subscript notation, 33-34
Skin effect, 311, 491
Slip, 492. See also Induction machines
Slip rpm, 491. See also Induction
machines
Square matrix, 492. See also Matrix
Squirrel-cage rotor, 492. See also
Induction machines
Speed regulation, 492. See also DC motors
Stability, 26-27
definition of, 429
steady-state limit, 430
transient limit, 432
types of, 429
Stator, 123, 492
Steam generators:
drum-type, 7
once-through, 7-8

INDEX 501

Stranded conductor, 492, See also
Conductors
Surge impedance, see Transmission
lines, characteristic impedance
Swing bus, see Power flow, bus types
Swing curve, 435
Swing equation, 248, 432-435, 492
Symmetric matrix, 492. See also
Matrix
Symmetrical components:
definition of, 388
negative-sequence component, 390,
395
positive-sequence component, 390,
394
zero-sequence component, 390, 394
Synchronization, 492. See also
Synchronous generators
Synchronizing lamps, see Synchronous
generators
Synchronous generators:
direct-axis reactance, X4, 239
dynamics, 247-248
efficiency, 238
maximum power, 234
overexcited, 234
power-angle characteristic, 233, 243
power-angle curve, 233, 243
power flow diagram, 238
pull-out torque, 234
quadrature-axis reactance X, 239
reluctance power, 243
swing equation, 248
synchronization, 245-247
synchronizing lamps, 246
underexcited, 234
voltage regulation, 230

Synchronous machines:

cylindrical-rotor, 221

definition of, 124, 221, 492

equivalent circuit, development of,
239, 224-226

induced voltage in, 223

open-circuit characteristic (OCC), 227

salient-pole, 222

short-circuit characteristic (SCC), 228

synchronous reactance X, 225, 228

synchronous speed, 221
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Synchronous motors: Transformer protection, see nominal 7 circuit, 337, 343 Vector, 462
equivalent circuit, 249 Protection propagation constant, 342 Voltage buildup in a shunt generator, see
overexcited, 251 Transformers: resistance, 310-311 DC generators

B — all-day (energy) efficiency, 99 surge impedance, see characteristic Voltage regulation:

underexcited, 251
V-curve, 251
Synchronous reactance Xs, 492. See also
Synchronous generators
Synchronous speed, 221, 492
System slack, see Swing bus

Temperature constant, 311
Terminal characteristic, 492. See also
DC generators
Terminal power plant, see Power plants,
condensing
Three-phase fault, see Fault
Three-phase induction motors:
air-gap power, 279
approximate equivalent circuit,
270-271
blocked-rotor test, 274-276
DC test, 274
developed power, 279
efficiency, 280
electromagnetic torque, 286-287
equivalent circuit, development of,
266-268
maximum torque, 287
no-load test, 273-274
performance analysis, 278-280
power flow diagram, 278
referring of rotor quantities, 267-268
rotational loss, 273
rotor copper loss (RCL), 279
slip at maximum torque, Smax, 287
starting torque, 284-285
stator copper loss (SCL), 279
torque-speed characteristic, 284-287
Three-phase power measurement, see
Power
Three-phase transformers, 492
analysis of, 107
connections, 103
tests, 94
Torque-speed characteristic, see
Three-phase induction motors
Transducers:
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approximate equivalent circuits,
87-88
autotransformer, 99-101
copper losses, 90
core losses, 82
determination of parameters,
91-94
efficiency, 89-90
equivalent circuits, 84-85
ideal, 78-79
leakage fluxes, 82, 83
mutual flux, 79, 82
nonideal, 82
open-circuit test, 91-93
polarity, 97
power invariance law, 80
referring quantities to one side, 80
short-circuit test, 93-94
single-phase, 78
three-phase, 94, 102-103
turns ratio, 79
voltage regulation, 89
Transient stability:
computer solutions, 438-443
definition of, 429
multimachine, 437-438
predictor-corrector integration
method, 442443
Runge—Kutta integration method,
442
single machine-to-infinite bus, 435
Transmission line models:
long line, 341-343
medium-length line, 337-338
short line, 335
Transmission line protection, see
Protection
Transmission lines:
ABCD parameters, 337
capacitance, 328-332
characteristic impedance, 342
configurations, 309
equilaterally spaced, 320
inductance, 313-314, 316-317

S - .- AAA AAr

impedance
transposition, 317
voltage regulation, 335-338
Transmission line transients, see Power
system analysis
Transpose, 492. See also Matrix
Transposition, see Transmission lines
Triangular factorization, see Linear
equations, solutions of
Turns ratio, 492. See also Transformers

Underexcited, 492. See also
Synchronous generators
Unit matrix, see Identity matrix

V-curve, 493. See also Synchronous
motors

in a DC generator, 181

in a synchronous generator, 230
in a transformer, 89

in a transmission line, 335-338

Wave winding, 169

Winding factor, 138, 493

Wound rotor, 493. See also Induction
machines

Wye-connected load, 44-45

Zero-sequence comporent, see
Symmetrical components

Zero-sequence impedance, 493. See
also Sequence impedances

Zero-sequence network, 493. See also
Sequence networks

Zone of protection, 413




