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3.6

(b)], the fault current is 12.5 times the rated transformer current. This example
illustrates a compromise in the design or specification of transformer leakage
reactance. A low value is desired to minimize voltage drops, but a high value
is desired to limit fault currents. Typical transformer leakage reactances are
given in Table A.2 in the Appendix. |

FIGURE 3.20

THREE-WINDING TRANSFORMERS

Figure 3.20(a) shows a basic single-phase three-winding transformer. The ideal
transformer relations for a two-winding transformer, (3.1.8) and (3.1.14),
can easily be extended to obtain corresponding relations for an ideal three-
winding transformer. In actual units, these relations are

NIy = N2 &b + NIy (3.6.1)
Ni N> N; o

where I enters the dotted terminal, I, and I3 leave dotted terminals, and Ej,
E>, and E; have their + polarities at dotted terminals. In per-unit, (3.6.1) and
(3.6.2) are
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(a) Basic core and coil configuration (b) Per-unit equivalent circuit—ideal transformer

(c) Per-unit equivalent circuit—practical transformer

Single-phase three-winding transformer
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SECTION 3.6 THREE-WINDING TRANSFORMERS 127

Ilp,u, = [2p.u. +13p,u, (363)
Elp.u. = E2p.u. = E}p.u. (364)

where a common Sy, 1S selected for all three windings, and voltage bases are
selected in proportion to the rated voltages of the windings. These two per-
unit relations are satisfied by the per-unit equivalent circuit shown in Figure
3.20(b). Also, external series impedance and shunt admittance branches are
included in the practical three-winding transformer circuit shown in Figure
3.20(c). The shunt admittance branch, a core loss resistor in parallel with a
magnetizing inductor, can be evaluated from an open-circuit test. Also, when
one winding is left open, the three-winding transformer behaves as a two-
winding transformer, and standard short-circuit tests can be used to evaluate
per-unit leakage impedances, which are defined as follows:

Z\, = per-unit leakage impedance measured from winding 1, with
winding 2 shorted and winding 3 open

Z\3 = per-unit leakage impedance measured from winding 1, with
winding 3 shorted and winding 2 open

Z53 = per-unit leakage impedance measured from winding 2, with
winding 3 shorted and winding 1 open

From Figure 3.20(c), with winding 2 shorted and winding 3 open, the leak-
age impedance measured from winding 1 is, neglecting the shunt admittance

branch,

Zn=21+2, (3.6.5)
Similarly,

Ziz=21+ 23 (3.6.6)
and

Zy =2+ 275 (3.6.7)
Solving (3.6.5)—(3.6.7),

Zy =YZin+Zi3— Zx) (3.6.8)

Zy =YZin+Zos — Z13) (3.6.9)

Zs =MZi3s+ Zns — Z12) (3.6.10)

Equations (3.6.8)—(3.6.10) can be used to evaluate the per-unit series imped-
ances Z, Z», and Z3 of the three-winding transformer equivalent circuit from
the per-unit leakage impedances Z,, Z;3, and Z,3, which, in turn, are deter-
mined from short-circuit tests.

Note that each of the windings on a three-winding transformer may
have a different kVA rating. If the leakage impedances from short-circuit tests
are expressed in per-unit based on winding ratings, they must first be con-
verted to per-unit on a common Spase before they are used in (3.6.8)—(3.6.10).
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EXAMPLE 3.9 Three-winding single-phase transformer: per-unit impedances

The ratings of a single-phase three-winding transformer are
winding 1: 300 MVA, 13.8 kV
winding 2: 300 MVA, 199.2 kV
winding 3: 50 MVA, 19.92 kV

The leakage reactances, from short-circuit tests, are
X12 = 0.10 per unit on a 300-MVA, 13.8-kV base
Xi3 = 0.16 per unit on a 50-MVA, 13.8-kV base
X33 = 0.14 per unit on a 50-MVA, 199.2-kV base

Winding resistances and exciting current are neglected. Calculate the imped-
ances of the per-unit equivalent circuit using a base of 300 MVA and 13.8 kV
for terminal 1.

SOLUTION  Sp,sc = 300 MVA is the same for all three terminals. Also, the
specified voltage base for terminal 1 is Vp,ge; = 13.8 kV. The base voltages for
terminals 2 and 3 are then Ve = 199.2 kV and Vg3 = 19.92 kV, which are
the rated voltages of these windings. From the data given, X;» = 0.10 per unit
was measured from terminal 1 using the same base values as those specified for
the circuit. However, X3 = 0.16 and X3 = 0.14 per unit on a 50-MVA base
are first converted to the 300-M VA circuit base.

X3 =(0.16) (3000> =0.96 per unit

300 .
X3 = (0. 14)(5()) =0.84 per unit
Then, from (3.6.8)—(3.6.10),
=1(0.1040.96 — 0.84) = 0.11 per unit
=1(0.10 4+ 0.84 — 0.96) = —0.01 per unit
=1(0.844+0.96 — 0.10) = 0.85 per unit
FIGURE 3.21 5
. A QQ\ —
Circuit for Example 3.9 j011 -\ °
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The per-unit equivalent circuit of this three-winding transformer is
shown in Figure 3.21. Note that X, is negative. This illustrates the fact that
X1, X3, and X3 are not leakage reactances, but instead are equivalent react-
ances derived from the leakage reactances. Leakage reactances are always
positive.

Note also that the node where the three equivalent circuit reactances
are connected does not correspond to any physical location within the trans-
former. Rather, it is simply part of the equivalent circuit representation. Ml

Three-winding three-phase transformer: balanced operation

FIGURE 3.22

Per-unit network for
Example 3.10

Three transformers, each identical to that described in Example 3.9, are
connected as a three-phase bank in order to feed power from a 900-MVA,
13.8-kV generator to a 345-kV transmission line and to a 34.5-kV distribu-
tion line. The transformer windings are connected as follows:

13.8-kV  windings (X): A, to generator
199.2-kV windings (H): solidly grounded Y, to 345-kV line
19.92-kV windings (M): grounded Y through Z, = j0.10 Q,
to 34.5-kV line

The positive-sequence voltages and currents of the high- and medium-voltage
Y windings lead the corresponding quantities of the low-voltage A winding
by 30°. Draw the per-unit network, using a three-phase base of 900 MVA
and 13.8 kV for terminal X. Assume balanced positive-sequence operation.

SOLUTION The per-unit network is shown in Figure 3.22. Vi,eex = 13.8 kV,
which is the rated line-to-line voltage of terminal X. Since the M and H
windings are Y-connected, Viasem = v/3(19.92) =34.5 kV, and Vipgen =
V/3(199.2) = 345 kV, which are the rated line-to-line voltages of the M and H
windings. Also, a phase-shifting transformer is included in the network. The
neutral impedance is not included in the network, since there is no neutral
current under balanced operation. |

e~R 1
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