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% The set o& Sequence. Componentss

1. Zero-sequence components, consisting of three phasors with equal mag-
nitudes and with zero phase displacement, as shown in Figure 8.1(a)

2. Positive-sequence components, consisting of three phasors with equal

magnitudes, +120° phase displacement, and positive sequence, as in
Figure 8.1(b)

3. Negative-sequence components, consisting of three phasors with
equal magnitudes, +120° phase displacement, and negative sequence,
as i Figure 8.1(c)

into three sets of
sequence components

V Vo=V,
Resolving phase voltages J oA v \[/
I|'Ic:2
(a) Zero-sequence (b) Positive-sequence (c) Negative-sequence
components components components
Vs Vio Ve v,
Vs Vo
Vao Val Vm Vc
VD2 VCO
Phase a Phase b Phase ¢
; }7& :/'m,n S f)go\/‘ma,{-l'on 6@%‘1‘1‘0 e
Ve A Vs
Vs N A 1 Vo Va=Vo+ N+ 12
Ve|=11 a’ a " ; V= Vg-l—(a'zVI + al,

) 2
Ie 1 a a V3 V= Vodali + &%



Wheve

TABLE 8.1

& —1 J \/§ Common identities
a=1/120° = —+ j—>~ involving a  1/120°
a* =a=1/120°
i . a® = 1/240°
The inverse. cof -,!—L»e. A matvixs a’ =1/0°
l4a+a>=0
1 —a=+3/-30°
-l 1 1 1 —a® =V3/430°
1 a® —a= \/i{ 270°
Alt==1 a & ja=1/210°
3 1+n=g(12=1/6i
1 &* a 1+a? = —a=1/—60°
L a+a’=-1=1/180°
I
Vie ANV | I e
- P # Vl = ? | ad - f’}_,
Vs 11 % = |74

¥ T+ can also appba. to ;H,,L current;

T.- AL [Is =/.\"IP[

¥ In Y-comedted &gsfems:

Iv\-'—" T¢+Ih +Io = SIO

EXAMPLE 8.1

Sequence components: balanced line-to-neutral voltages

Calculate the sequence components of the following balanced line-to-neutral
voltages with abc sequence:

Von 277/0°
Vo= | K | = | 277/=120° volts

Ven 277/ +120°
SOLUTION Using (8.1.13)—(8.1.15):
Vo =3[277/0° + 277/—120° +277/+120°] = 0
Vi = 3277/0° +277/(—120° 4 120°) + 277/(120° 4 240°)]
277/0°  volts = ¥V

V2 = 4[277/0° + 277/ (=120° + 240°) + 277/(120° + 120°)]
1277/0° + 277/120° + 277/240°] = 0

This example illustrates the fact that balanced three-phase systems
with abe sequence (or positive sequence) have no zero-sequence or negative-
sequence components. For this example, the positive-sequence voltage V)

equals V,,, and the zero-sequence and negative-sequence voltages are both
ZETO0. (]




EXAMPLE 8.2 Sequence components: balanced acbh currents

A Y-connected load has balanced currents with acbh sequence given by

Iy 10402
I, = |1y | = | 10/4+120° A
I 10/—=120°

Calculate the sequence currents.

SOLUTION Using (8.1.23)—(8.1.25):

Io = 4[10/0° + 10/120° + 10/—120°] = 0

L = 110/0° + 10/(120° + 120°) + 10/(—120° + 240°)]
— 110/0° + 10/240° + 10/120°] = 0

I>» = 410/0° + 10/(120° + 240°) + 10/(—120° + 120°)]

— 10/0° A =1,
This example illustrates the fact that balanced three-phase systems with ach
sequence (or negative sequence) have no zero-sequence or positive-sequence
components. For this example the negative-sequence current /> equals 7,, and
the zero-sequence and positive-sequence currents are both zero. ]

EXAMPLE 8.3 Sequence components: unbalanced currents

A three-phase line feeding a balanced-Y load has one of its phases (phase 5)
open. The load neutral is grounded, and the unbalanced line currents are

Ia 10/0°
L=\|I,|=1|o0 A
I 10/120°

Calculate the sequence currents and the neutral current.
FIGURE 8.2 — = 10/0°

Circuit for Example 8.3

— L= R0

[

soLUTION The circuit is shown in Figure 8.2. Using (8.1.23)—(8.1.25):
Iy = 10/0° + 0 + 10/120°]
3.333/60° A
I = 310/0° + 0 + 10/(120° 4 240°)] = 6.667/0° A
I, = %[IU&—}— 0+ 10/(120° 4 120%)]
= 3.333/—-60° A
Using (8.1.26) the neutral current is
I, = (10/0° + 0+ 10/120°)
= 10/60° A = 31,

This example illustrates the fact that unbalanced three-phase systems may
have nonzero values for all sequence components. Also, the neutral current
equals three times the zero-sequence current, as given by (8.1.27). |
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EXAMPLE 8.4

Negative-sequence network

Sequence networks: balanced-Y and balanced-A loads

FIGURE 8.6

Sequence networks for
Example 8.4

A balanced-Y load is in parallel with a balanced-A-connected capacitor bank.
The Y load has an impedance Zy = (3 + j4) Q per phase, and its neutral is
grounded through an inductive reactance X, = 2 €. The capacitor bank has
a reactance X, = 30 Q per phase. Draw the sequence networks for this load
and calculate the load-sequence impedances.

soLuTION The sequence networks are shown in Figure 8.6. As shown, the
Y-load impedance in the zero-sequence network is in series with three times
the neutral impedance. Also, the A-load branch in the zero-sequence network
is open, since no zero-sequence current flows into the A load. In the positive-
and negative-sequence circuits, the A-load impedance is divided by 3 and
placed in parallel with the Y-load impedance. The equivalent sequence im-
pedances are

o —=
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= Zero-seguence network J
’ s ik J_ 30
vy T iz 0 Z, = (3 + jA¥H—j10)
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Zo=Zy+3Z,=3+ j4+3(j2) =3+j10 Q
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(5/53.13°)(10/=90°) o
- -=7.454/26.57° Q
6.708/ -63.43° -

Zy =27y =7454/26.57° Q ]
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@ Sgn Chronous G enewtons:
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FIGURE 8.14 Sequence networks of a Y-connected synchronous generator
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TABLE A.l

Water-
Typical average values Turbo- Wheel
of synchronous-machine Generator Generator  Synchro-  Synchro-
constants  Constant (solid (with nous nous
(units) Type Symbol rotor) dampers) Condenser Motor
;. . 1.1 115 1.80 1.20
Syocheemow. g 1.08 0.75 115 0.90
Drsinisit )(% 0.23 0.37 0.40 0.35
X, 0.23 .75 1.15 0.90
Reactances : : X7 0.12 0.24 0.25 0.30
fporuntly DoDUwaRiook ‘(j 0.15 0.34 0.30 0.40
Negative- X2 0.13 0.29 027 0.35
sequence
Zero- X 0.05 0.11 0.09 0.16
sequence
Positive- R (dc) 0.003 0.012 0.008 0.01
Resistances sequence R (ac) 0.005 0.012 0.008 0.01
(per umit) Negative- R: 0.035 0.10 0.05 0.06
sequence
Time Transient T I 4 S AL
constants ' T{}r " i o 2 e
(soconds)  Subtransient T} =T 0.035 0.035 0.035 0.036
Armature T 0.16 0.15 0.17 0.15

{Adapted from E. W. Kimbark, Power System Stability: Synchronous Machines (New York:
Dover Publications, 1956/1968), Chap. 12)

EXAMPLE 8.5 Currents in sequence networks

Draw the sequence networks for the circuit of Example 2.5 and calculate the
sequence components of the line current. Assume that the generator neutral
is grounded through an impedance Z, = j10 Q. and that the generator se-
quence impedances are Zgp = j1 Q, Z54 = j15Q, and Zp = j3 Q.

soLuTIioN The sequence networks are shown in Figure 8.16. They are ob-
tained by interconnecting the sequence networks for a balanced-A load, for

FIGURE 8.16 by =10 Zo=1/850Q
Sequence networks for s AL 5
Example 8.5 . z
Zo = j1 0 S = 10/40°
3Z,=j300
b

Zero-sequence network

i Z, = 1/85° 0

= 380, .5 s _ .
v,-\/gg 30° volts 3 = 10/40° }

Positive-sequence network

Lh=0 Z,=1/850Q

Z,=j30 2z, )
3 = 10/40° Q

Negative-sequence network

series-line impedances, and for a synchronous generator, which are given in
Figures 8.5, 8.10, and 8.14.

1t 1s clear from Figure 8.16 that Iy = I, = 0 since there are no sources
in the zero- and negative-sequence networks. Also, the positive-sequence gen-
erator terminal voltage Vj equals the generator line-to-neutral terminal volt-
age. Therefore, from the positive-sequence network shown in the figure and
from the results of Example 2.5,

4
= oSS A
G-

Note that from (8.1.20), [; equals the line current I,, since Ip = I» = 0.
|



EXAMPLE 8.6

Solving unbalanced three-phase networks using sequence components

FIGURE 8.17

Sequence networks for
Example 8.6

A Y-connected voltage source with the following unbalanced voltage is ap-
plied to the balanced line and load of Example 2.5.

Vag 277/0°
Vig | = | 260/=120° | volts
Vg 295/+115°

The source neutral is solidly grounded. Using the method of symmet-
rical components, calculate the source currents /,, I, and /..

soLuTIoN Using (8.1.13)—(8.1.15), the sequence components of the source
voltages are:

Vo = 1(277/0° + 260/ —120° + 295/115°)
7.4425 + j14.065 = 15.912/62.11°
1(227/0° + 260/ —120° + 120° + 295/115° + 240°)
1(277/0° + 260/0° + 295/—5°)

— 276.96 — j8.5703 = 277.1/—1.772° volts
Vy = X277/0° + 260/ —120° + 240° + 295/115° 4 120°)

= 4277/0° + 260/120° + 295/235°%)

~7.4017 — j5.4944 = 9.218/216.59° volts

volts

&

These sequence voltages are applied to the sequence networks of the
line and load, as shown in Figure &8.17. The sequence networks of this figure

Iy =0 1/85° Q1
+
10/40° 0
¥, = 16.91/62.11° 95
- ?
Zero-sequence network
/ 1/85° Q
+
v, = 277.1{—1.77“6} 10/40° O
Positive-sequence network
ly 1/85° Q
- AN AAGA
o
V, = 3218/216.6° QWD 10/40° Q1

—

Negative-sequence network

are uncoupled, and the sequence components of the source currents are easily
calculated as follows:

Iy=0
Vi 277.1/=1.772°

= — = = 25.82/-45.55° A

L 12 1034378

3



Vo 9.218/216.59 =0.8591/172.81° A

I = = —
27 Za  10.73/43.78°
VAR 3

Using (8.1.20)—(8.1.22), the source currents are:
I, = (0+25.82/-45.55° + 0.8591/172.81°)
= 17.23 — j18.32 =25.15/-46.76° A
I, = (0 +25.82/-45.55° 4+ 240° + 0.8591/172.81° 4 120°)

= (25.82/194.45° + 0.8591/292.81°)
= —24.67 — j7.235=25.71/196.34> A
I, = (0+25.82/—-45.55° + 120° + 0.8591/172.81° + 240°)

= (25.82/74.45° + 0.8591/52.81°)

= 7441 + j25.56 = 26.62/73.77° A

You should calculate the line currents for this example without using
symmetrical components, in order to verify this result and to compare the
two solution methods (see Problem 8.33). Without symmetrical components,
coupled KVL equations must be solved. With symmetrical components, the
conversion from phase to sequence components decouples the networks as
well as the resulting KVL equations, as shown above. |
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Single-fine diagram g | A A A
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FIGURE 8.19
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Wms&uvmw ﬁca.bwos:

The per-unit impedances do not depend on the winding connections.
That is, the per-unit impedances of a transformer that is connected
Y-Y, Y-A, A-Y, or A—A are the same. However, the base voltages
do depend on the winding connections.

A phase shift i1s included in the per-unit positive- and negative-
sequence networks. For the American standard, the positive-sequence
voltages and currents on the high-voltage side of the Y-A trans-
former lead the corresponding quantities on the low-voltage side by
30°. For negative sequence, the high-voltage quantities lag by 30°.

Zero-sequence currents can flow in the Y winding if there is a neutral
connection, and corresponding zero-sequence currents flow within
the A winding. However, no zero-sequence current enters or leaves the
A winding.

% A" A ‘II;V‘MSiormw .ie,a_f:w/\cs'.

1.

The positive- and negative-sequence networks, which are identical, are
the same as those for the Y=Y transformer. It is assumed that the wind-
ings are labeled so there is no phase shift. Also, the per-unit impedances
do not depend on the winding connections, but the base voltages do.

Zero-sequence currents cannot enter or leave either A winding, al-
though they can circulate within the A windings.

Per-unit sequence networks of practical Y-Y, Y-A, and A-A transformers



EXAMPLE 8.7 Solving unbalanced three-phase networks with transformers
using per-unit sequence components

A 75-kVA, 480-volt A/208-volt Y transformer with a solidly grounded neutral
is connected between the source and line of Example 8.6. The transformer
leakage reactance 1s X¢q = 0.10 per unit; winding resistances and exciting cur-
rent are neglected. Using the transformer ratings as base quantities, draw the
per-unit sequence networks and calculate the phase a source current /,.

SOLUTION The base quantities are Spasetg = 75/3 = 25 kKVA, VN =

480/\/_ 277.1 wvolts, Viwsexin = J)S/\/_ = 120.1 volts, and Zyex =
(120.1) /75 000 = 0.5770 Q. The sequence components of the actual source
voltages are given in Figure 8.17. In per-unit, these voltages are

‘) o
15.91/62.11  0.05742

- /62.11° per uni
= 5771 62.11°  per unit
277.1/-1.772°
V= 2% =1.0/=1.772° per unit
9.218/216.59°
Vs = % = 0.03327/216.59° per unit

The per-unit line and load impedances, which are located on the low-voltage
side of the transformer. are

s - . 1/85°
Lyg =21 = 2L1n = =

1.733/857 per unit

T 0.577
- . ZA 10/40° :
Z =7 — = = 17.33/40° per unit
il = Sloec2 = igisTy - 0577 :
FIGURE 8.20 b =0 /0.10 1,733 /85°
Per-unit sequence + [ °
networks for Example
8.7 17.33 /a0°

i O
005742 /62.11°

_ o5
{a) Per-unit zero-seguence network
j010 . 1.733 /B85°

|—10f—1772°({; 3 E 51733@

2R

(b} Per-unit positive-sequence network

j000 o o  1.733/85°

+
V, = 17.33 /40°
0.03327 {216,6"
e —30°

{c] Per-unit negative-sequence network

The per-unit sequence networks are shown in Figure 8.20. Note that the per-
unit line and load impedances, when referred to the high-voltage side of the
phase-shifting transformer, do not change [(see (3.1.26)]. Therefore, from
Figure 8.20, the sequence components of the source currents are

Iy=0
;o 7 B 1.0/—1.772°
' i Xeq + ZL1 + Zioat jO.10 + 1.733/85° + 17.33/40°

1.0/=1.772°  1.0/=1.772° _
- —0.05356/—45.77° per unit
13.43 _,'12_97 18.67[’ 0° ; per unt




B v, _0.03327/216.59°
- jXeq + Zia + Zigaar  18.67/44.0°

= 0.001782/172.59° per unit

1>

The phase a source current is then, using (8.1.20),
In=1Iv+ 6L + 1>
=0+ 0.05356/—-45.77° + 0.001782/172.59°
= 0.03511 — j0.03764 = 0.05216/-46.19° per unit

75.000
4803
I, = (0.05216)(90.21)/—46.19° = 4.705/—-46.19° A

Using lpasens = 90.21 A,

2.8 Power Tn Sccywe,ncc; Netnorls:

%—TL\C fo'l'al C,cmP[e.x ‘powcr o(ﬂlivcv*cn@ 4—0 l’LLre,c,-pL\a_SE, »(ga.al'.

I;
Sp = Vagly + Vigly + Vegl " = [Vog Vg Vegl | Iy | = ';JT!;
17
Iy
= 3lf;Tl_?* = 3[1"0 1A Vg] 11* :3[1/015 | l"]fl* | l"'gf—;} = 35,
I

EXAMPLE 8.9 Power in sequence networks

Calculate S, and S, delivered by the three-phase source in Example 8.6.
Verify that S, = 3S;.

SOLUTION Using (8.5.1),

S, = (277/0°)(25.15/446.76°) + (260/—120°)(25.71/—196.34°)
- (295/115°)(26.62/~73.77°)
= 6967/46.76° + 6685/43.66° + 7853/41.23°
= 15,520 + j14.870 = 21,490/43.78° VA

In the sequence domain,
Ss = Woly + i)' + oIy
=0+ (277.1/=1.77°)(25.82/45.55%)
+(9.218/216.59°)(0.8591/-172.81°)
= 7155/43.78° 4+ 7.919/43.78°

= 5172 4 j4958 = 7163/43.78° VA
Also.

38y = 3(7163/43.78° ) = 21.490/43.78° = S, ]



