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154 Chapter3 | Power Transformers

each specified by X, = 0.24 () (on the low-voltage side), negligible resis-
tance and magnetizing current, and turns ratio n = N/ N, = 10. The
transformer bank is delivering 100 MW at 0.8 p.f. lagging to a substation
bus whose voltage is 230 kV.

(a) Determine the primary current magnitude, primary voltage (line-lo-
line) magnitude, and the three-phase complex power supplied by the gen-
erator. Choose the line-to-neutral voltage at the bus, V., as the reference.
Account for the phase shift, and assume positive-sequence operation.
(b) Find the phase shift between the primary and secondary voltages.

FIGURE 3.40 2
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348 With the same transformer banks as in Problem 3.47, Figure 3.41 shows
the oneline diagram of a generator, a step-up transformer bank, a trans-
mission line, a step-down transformer bank, and an impedance load. The
generator terminal voltage is 15 kV (line-to-line).
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(a) Draw the per-phase equivalent circuit, accounting for phase shifts for
positive-sequence operation.
(b) By choosing the line-to-neutral generator terminal voltage as the
reference, determine the magnitudes of the generator current, transmis-
sion-line current, load current, and line-to-line load voltage. Also, find
the three-phase complex power delivered to the load.

3.49 Consider the single-line diagram of a power system shown in Figure 3.42
with equipment ratings given:

Generator G 50 MVA, 13.2kV, x = 0.15 p.u.
Generator G 20 MVA, 13.8kV. x = 0.15 p.u.
Three-phase A-Y transformer 73:  80MVA,13.2A4/165YkV, X=0.1p.u.
Three-phase Y-A transformer 75:  40MVA,165Y/13.8AkV, X=0.1p.u.

Load: 40 MVA, 0.8 PF lagging, operat-
ing at 150 kV
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Problems 155

Choose a base of 100 MVA for the system and 132-kV base in the
transmission-line circuit. Let the load be modeled as a parallel combina-
tion of resistance and inductance. Neglect transformer phase shifts. Draw
a per-phase equivalent circuit of the system showing all impedances in

per unit.
N FIGURE 3.42
G Etal (30 +/200) @ §- f‘_: Oneline diagram for
3¢ H 25+ /100) sz|(25 j100) @] Problem 3.49
' Load
SECTION 3.6

350 A single-phase three-winding transformer has the following parameters:
Z=2,=2,=0+ j005 G, =0, and B,, = 0.2 per unit. Three iden-
tical transformers, as described, are connected with their primaries in Y
(solidly grounded neutral) and with their secondaries and tertiaries in A.
Draw the per-unit sequence networks of this transformer bank.

351 The ratings of a three-phase three-winding transformer are

Primary (1): Y connected, 66 kV, 15 MVA
Secondary (2): Y connected, 13.2 kV, 10 MVA
Tertiary (3): A connectled, 2.3 kV, 5§ MVA

Neglecting winding resistances and exciting current, the per-unit leakage
reactances are

X, =0.08 on a 15-MVA,66-kV base
X,;=0.10 ona 15-MVA,66-kV base
X, =0.09 on a 10-MVA, 13.2-kV base

(a) Determine the per-unit reactances X, X, & of the equivalent circuit
on a 15-MVA, 66-kV base at the primary terminals. (b) Purely resistive
loads of 7.5 MW at 13.2kV and 5 MW at 2.3 kV are connected to the sec-
ondary and tertiary sides of the transformer, respectively. Draw the per-
unit impedance diagram, showing the per-unit impedances on a 15-MVA,
66-kV base at the primary terminals.

352 Draw the per-unit equivalent circuit for the transformers shown in
Figure 3.34. Include ideal phase-shifting transformers showing phase
shifts determined in Problem 3.32. Assume that all windings have the
same kVA rating and that the equivalent leakage reactance of any two
windings with the third winding open is 0.10 per unit. Neglect the exciting
admittance.
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353 The ratings of a three-phase, three-winding transformer are

Primary: Y connected, 66 kV, 15 MVA
Secondary: Y connected, 13.2 kV, 10 MVA
Tertiary: A connected, 2.3 kV, 5 MVA

Neglecting resistances and exciting current, the leakage reactances are:
Kpe = 0.09 per unit on a 15-MVA, 66-kV base
Xy = 0.08 per unit on a 15-MVA, 66-kV base
Xsr = 0.05 per unit on a 10-MVA, 13.2-kV base

Determine the per-unit reactances of the per-phase equivalent circuit
using a base of 15 MVA and 66 kV for the primary.

354 An infinite bus, which is a constant voltage source, is connected Lo the
primary of the three-winding transformer of Problem 3.53. A 7.5-MVA,
13.2-kV synchronous motor with a subtransient reactance of 0.2 per
unit is connected to the transformer secondary. A 5-MW, 2.3-kV three-
phase resistive load is connected to the tertiary. Choosing a base of 66 kV
and 15 MVA in the primary, draw the impedance diagram of the sys-
tem showing per-unit impedances. Neglect transformer exciting current,
phase shifts, and all resistances except the resistive load.

SECTION 3.7

355 A single-phase 10-kVA, 2300/230-volt, 60-Hz two-winding distribution
transformer is connected as an autotransformer to step up the voltage
from 2300 to 2530 volts. (a) Draw a schemaltic diagram of this arrange-
ment, showing all voltages and currents when delivering full load at rated
voltage. (b) Find the permissible kVA rating of the autotransformer i
the winding currents and voltages are not to exceed the rated values as a
two-winding transformer. How much of this kVA rating is transformed
by magnetic induction? (¢) The following data are obtained from tests
carried out on the transformer when it is connected as a two-winding
transformer:

Open-circuit test with the low-vollage terminals excited:
Applied voltage = 230V, input current = 0.45 A, input power = 7T0'W,

Short-circuit test with the high-voltage terminals excited:
Applied voltage = 120V, input current = 4.5 A, input power = 240'W,

Based on the data, compute the efficiency of the autotransformer cor-
responding to full load, rated voltage, and 0.8 power factor lagging.
Comment on why the efficiency is higher as an autotransformer than as a
two-winding transformer.
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3.56

357

358

Problems

Three single-phase two-winding transformers, each rated 3 kVA, 220/110
volts, 60 Hz, with a 0.10 per-unit leakage reactance, are connected as a
three-phaseextended A autotransformer bank, as shown in Figure 3.36 (c).
The low-voltage A winding has a 110 volt rating. (a) Draw the positive-
sequence phasor diagram and show that the high-voltage winding has a
479.5 volt rating. (b) A three-phase load connected to the low-voltage
terminals absorbs 6 kW at 110 volts and at 0.8 power factor lagging. Draw
the per-unit impedance diagram and calculate the voltage and current at
the high-voltage terminals. Assume positive-sequence operation.

A two-winding single-phase transformer rated 60 kVA, 240/1200 V, 60 Hz,
has an efficiency of 0.96 when operated at rated load, 0.8 power factor
lagging. This transformer is to be utilized as a 1440/1200-V step-down
autotransformer in a power distribution system. (a) Find the permissible
kVA rating of the autotransformer if the winding currents and voltages
are not to exceed the ratings as a two-winding transformer. Assume an
ideal transformer. (b) Determine the efficiency of the autotransformer
with the kVA loading of part (a) and 0.8 power factor leading.

A single-phase two-winding transformer rated 90 MVA, 80/120 kV is to
be connected as an autotransformer rated 80/200 kV. Assume that the
transformer is ideal. (a) Draw a schematic diagram of the ideal trans-
former connected as an autotransformer, showing the voltages, currents,
and dot notation for polarity. (b) Determine the permissible kVA rating
of the autotransformer if the winding currents and voltages are not to
exceed the rated values as a two-winding transformer. How much of the
k'VA rating is transferred by magnetic induction?

SECTION 3.8

358

[Pw] 3.60

Pw] 361
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The two parallel lines in Example 3.13 supply a balanced load with a
load current of 1.0/ —30° per unit. Determine the real and reactive power
supplied to the load bus from each parallel line with (a) no regulating
transformer, (b) the voltage-magnitude-regulating transformer in Exam-
ple 3.13(a), and (c¢) the phase-angle-regulaling transformer in Exam-
ple 3.13(b). Assume that the voltage at bus abc is adjusted so that the
voltage at bus @'d’c’ remains constant at 1.0/0° per unit. Also assume
positive sequence. Comment on the effects of the regulating transformers.

PowerWorld Simulator case Problem 3_60 duplicates Example 3.13
except that a resistance term of 0.06 per unit has been added to the trans-
former and 0.05 per unit to the transmission line. Since the system is no
longer lossless, a field showing the real power losses has also been added
to the oneline. With the LTC tap fixed at 1.05, plot the real power losses
as the phase shift angle is varied from —10 1o + 10 degrees. What value of
phase shift minimizes the system losses?

Repeat Problem 3.60, except keep the phase-shift angle fixed at 3.0 degrees
while varying the LTC tap between 0.9 and 1.1. What tap value minimizes
the real power losses?
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362 Rework Example 3.12 for a + 10% tap, providing a 10% increase for the
high-voltage winding.

363 A 23/230-kV step-up transformer feeds a three-phase transmission line,
which in turn supplies a 150-MVA, 0.8 lagging power factor load through
a step-down 230/23-kV transformer. The impedance of the line and
transformers at 230 kV is 18 + ;60 {1. Determine the tap setting for each
transformer to maintain the voltage at the load at 23 kV.

3.64 The per-unit equivalent circuit of two transformers 7, and T, connected
in parallel, with the same nominal voltage ratio and the same reactance
of 0.1 per unit on the same base, is shown in Figure 3.43. Transformer T,
has a voltage-magnitude step-up toward the load of 1.05 times that of T,
(that is, the tap on the secondary winding of 7, is set to 1.05). The load
is represented by 0.8 + 0.6 per unit at a voltage ¥, = 1.0/0° per unit.
Determine the complex power in per unit transmitted to the load through
each transformer. Comment on how the transformers share the real and

reactive powers.
FIGURE 3.43 ! LTI
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365 Reconsider Problem 3.64 with the change that now 7, includes both a
transformer of the same turns ratio as 7, and a regulating transformer
with a 4° phase shift. On the base of 7, the impedance of the two com-
ponents of T}, is j0.1 per unit. Determine the complex power in per unit
transmitted to the load through each transformer. Comment on how the
transformers share the real and reactive powers.

CASE STUDY QUESTIONS

a.  What are the advantages of correctly specifying a transformer most suit-
able for its application?

b. Why is it important to reduce the moisture within a transformer to
acceptable levels during transformer installation?

¢.  What should be the focus of transformer preventive maintenance efforts?
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