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Three-Phase

Unit 6

Circuits

UNIT OBJECTIVE:

After completing this Unit, you will be able to solve balanced three-phase ac
circuits connected in wye and delta configurations, and demonstrate the
difference between line and phase voltage. You will also be able to determine
active, reactive and apparent power, and establish the phase sequence of athree-
phase ac supply. You will use voltage and current measurements to verify the
theory and calculations presented in the exercises.

DISCUSSION OF FUNDAMENTALS

Three-phase circuits are no more complicated to solve than single-phase circuits.
in the majority of cases they are symmetrical and have identical inpedances in
each of the three branches. Each branch can be treated exactly like a single-
phase circuit, because a balanced three-phase circuit is simply a combination
of three single-phase circuits. Therefore, voltage, current, and power relationships
for three-phase circuits can be determined using the same rules and methods
developed for single-phase circuits. Non-symmetrical, orunbalanced, three-phase
circuits represent a special condition and their analysis can become complicated.
Unbalanced three-phase circuits are not covered in this manual.

A three-phase ac circuit is energized by three sine waves of the same frequency
and magnitude that are displaced from each other by 120°. The phase angle
between the voltages of a three-phase power supply is therefore 120° as seen in
Unit 2. The voltages of a three-phase power supply can be produced asiillustrated
by the simplified three-phase generator (alternator) in Figure 6-1. A rotating
magnetic field (produced by a rotating magnet) turns inside three identical coils
of wire (windings) placed physically at 120° to each other, to produce three
separate ac voltages (one per winding). The rotating magnet turns at a fixed
speed, thus the frequency is constant, and the three separate voltages attain
maximum one after the other at intervals of 120°.
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Figure 6-1. A Simplified Three-Phase Generator.

The phase sequence of the voltages of a three-phase power supply is the order
in which they follow each other and become maximum. Figure 6-2 is an example
of the voltage waveforms produced by a three-phase power supply. These
voltages are shown with the phase sequence E,, Eg, E., which in shorthand form
is the sequence A-B-C. Phase sequence is important because it determines the
direction in which three-phase motors turn. If the phases are connected out of
sequence, the motor will turn in the opposite direction, and the consequences
could be quite serious. For example, if clockwise rotation of a motor is the normal
direction to make an elevator go up, connecting the phase wires incorrectly would
result in the elevator going down instead of up, and vice-versa, and a serious
accident could occur,

REL. SIGNAL AMPLITUDE
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Figure 6-2. A-B-C Phase Sequence of a Three-Phase Supply.
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Exercise 6- 1

Balanced Three-Phase Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to distinguish between
line and phase voltages in wye- and delta-connected ac circuits. Measured
parameters in balanced resistive loads will be used to verify the circuit calcula-
tions.

DISCUSSION

The windings of a three-phase ac power supply {the generator in Figure 6-1) can
be connected in either a wye configuration, or a delta configuration. These names
come from the appearance of the circuit drawings which resemble the letter Y and
the Greek letter deita. The connections for each configuration are shown in
Figure 6-3, and each has definite electrical characteristics. The voltage produced
by a single winding is called the phase voltage, E. o (Ean: Egne Ecn). While the
voltage between any two windings is the line-to-line, or line voltage, E . (E,g,
Esc, Eca). In @ wye-connected system the line voltage is ¥'3 (approximately 1.73)
times greater than the phase voltage, as indicated in the following equation:

EUNE = ’[3 EPHASE

Note: /n the EMS System the numbers 1,2,3 (fixed-voltage output) and 4,5,6
(variable-voltage output) are used instead of the letters AB,C for the
corresponding line and phase voltages. The neutral line is designated by N.

C A
I A
E pruase .

4

E UNE

(o) (b

Figure 6-3. (a) Three-Phase Wye Configuration (b) Three-Phase Delta Configuration.
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Usually, the three line wires (wires connected to points A, B, and C) and the
neutral wire of a three-phase power system are availabie for connection to the
load, which can be set up as either a wye connection or a delta connection.
The two types of circuit connections are illustrated in Figure 6-4. Circuit analysis
demonstrates that the voltage between any two line wires, or lines, in a wye-
connected load is 1.73 times greater than the voltage across each load resistor
(phase voltage). Also, the line current in a delta-connected load is 1.73 times
greater than the current in each load resistor (phase current). The phase current

in a delta-connected load is therefore 1.73 times smaller than the line current.
LY

LINE 1 LINE 1
A4

(o) (b)
Figure 6-4. (a) Wye-Connected Load (b) Delta-Connected Load.

The relationships between line and phase voltages and line and phase currents
simplify the analysis of balanced three-phase circuits. A shorthand way of writing
them is,

for WYE circuits: Eine = V3 Epnase @Nd 1ine = Jonase

for DELTA circuits: Eue = Epuase @nd Ine = V'3 lopase:
The formulas for calculating active, reactive, and apparent power in balanced
three-phase circuits are the same as those used for single-phase circuits. Based

on the formula for power in a single-phase circuit, we can state that the active
power dissipated in each phase of either a wye- or delta-connected load is:

Prrase = Epriase X lerase X COS ¢
where ¢ is the angle between the phase voltage and current.
The total active power P; supplied to the load is therefore:
P; = 3 X Pepase = 3 Epnase X lpnage X COS
For a resistive load, cos ¢ equals 1, therefore:

Pr = 3 Eprase X lpnase

5-44
6-4
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EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

CAUTION!

High voltages are present in this laboratory exercise! Do not
make or modify any banana jack connections with the
power on unless otherwise specified!

O 1. Install the Power Supply, Data Acquisition Interface, and Resistive Load
modules in the EMS Workstation.

00 2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully ccw. Ensure the
Power Supply is connected to a three-phase wall receptacle.

0 3. Ensurethat the DAI LOW POWER INPUT is connected to the main Power
Supply, and the flat cable from the computer is connected to the DAI.

O 4. Display the Metering window. Select setup configuration file ES16-1.cfg.

O 5. Connect E1, E2, and E3 to measure the line-to-neutral and then the line-
to-line fixed voltages of the Power Supply shown in Figure 6-5.

Note: In this manual E,, s is used to designate the line-to-
neutral voltage, and E, . the line-to-line voltage.

O 6. Turn on the main Power Supply and set the 24 V - AC power switch to
the | (ON) position.

O 7. Record your measuremqqts and then turn off the power. Determine the
average value of the phase and line voltages.

Ein~-__ V E,n - \Y E;n - \Y
E E E
Average Eq e = — ’ g“ TN \Y
E,, - vV E, ;- VvV E,, - \/
E E
Average E . - —2 " E;‘a M %
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Figure 6-5. Measurement of Line and Phase Voltages.

O 8. Calculate the ratio of the average line to phase voltage.

EL]NE

E

PHASE

O 9. Isthe ratio approximately equal to 1.73 (V3)?

O Yes O No

O 10. Connect E1, E2, and E3 to measure the line-to-neutral and line-to-line
variable voltages of the Power Supply, E, |, E; \, Es @nd E, 5, E ¢
E

6-4°

O 11. Turn on the power and adjust the voltage control to 100 %. Record your
measurements and then turn off the power. Determine the average value
of the phase and line voltages.

En=-__ V Esn = \% E.n = \%
E E
Average Ep e = —N ;‘N B \%
E,s - \% E.s = \Y% Ees - \
E E E
Average E . = —=° . :"’3‘6 T e \Y
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[0 12. Calculate the ratio of the average line to phase voitage.

a

a

0

13.

14,

15.

16.

E

UNE

EPHASE

Is the ratio approximately equal to 1.73 (V3)?

O Yes O No

Set up the three-phase, wye-connected, resistive circuit shown in
Figure 6-6. Do not connect the neutral of the resistive load to the neutral
of the Power Supply. Connect |1, 12, 13, E1, E2, and E3 as shown to
measure the currents and voltages.

Set the voltmeter select switch to the 4-5 position. Turn on the power and
adjust voltage control for the line-to-line voltage Eg (E, s, Es Or E, )
given in Figure 6-6. Select setup configuration file ES16-2.cfg. Measure
the circuit voltages and currents and then turn off the power.

Compare the individual load voltages and load currents. Are they
approximately equal, showing that the load is balanced?

O Yes 0 No

3

6-7
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Figure 6-6. Three-Phase Wye-Connected Resistive Load.

O 17. Calculate the average phase voltage from the measurements in step 15.
Eni + B + En

Average Eg e = 3

\

O 18. Isthe ratio of E  to En..ee @pproximately equal to v'3?

[J Yes O No

O 19. Connect I1 as shown by the dashed line in Figure 6-6 to measure the
neutral line current with the Power Supply neutral connected to the
neutral of the wye-connected load. Select setup configuration file
ES16-3.cfg. Turn on the power and record the value of |, with Eg adjusted
to the same value of Eg as in step 15.

h=-___ A

6-8
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[0 20. Is the neutral current equal to zero?

0O Yes O No

0O 21. Using the results of step 15, calculate the active power consumed in
each phase of the circuit, and the total power consumed by the load.

Pay = Eqy Xlgy = W

Peo=EBpXlep=-__ W }
Pes = Erg X I - W

P; = Poy+ Pt Py = w

O 22. Determine the phase current using the values measured in step 15.

lovase = A

Calculate P; using the phase voltage and current, and compare it with
step 21. Are both values approximately the same?

Pr =3 (Epnase X lorase) = W

O Yes O No

[0 23. Turn offthe power and set up the three-phase, delta-connected, resistive
circuit shown in Figure 6-7. Connect 11, 12, 13, E1, E2, and E3 as shown
to measure the currents and voltages.

[0 24. Turn on the power and adjust the voltage control for the line-to-line
voltage Eg (E, ., E; oOr E, ) given in Figure 6-7. Select setup confi-
guration file ES16-4.cfg. Measure the circuit voltages and currents and
then turn off the power.

Eey _ V YEp-___V EBm-__ V
gy = A b= A la - A
O 25. Compare the individual load voltages and load currents. Are they

approximately equal, showing that the load is balanced?

O Yes O No

6-9
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26.

27.

28.
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Figure 6-7. Three-Phase Delta-Connected Resistive Load. ;
Calculate the average phase current from the measurements in step 24.

Im*'m*'m_ A

Average I, o = 3

Reconnect |1, 12, and 13 as shown in Figure 6-8 to measure the line
currents for the delta-connected load. Ensure that Eg is set at the same
value used in step 24. Select setup configuration file ES16-5.cfg. Measure
and record the line currents and then turn off the power. Determine the
average line current.

I, - A

3
Average | . = - A

Calculate the ratio of the average line current to the average phase
current.

LINE

IPHASE
Is it approximately equal to ¥3?

O Yes O No
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Figure 6-8. Measuring The Line Currents in The Delta-Connected Resistive Load.

0O 29. Using the results of step 24, calculate the active power consumed in
each phase of the circuit, and the total power consumed by the load.

Pay = Eqy Xlgy = W
P = Epp X I = w
P =B Xlge=-__ W
P; = P+ Pt Py = w

0O 30. Determine the phase voltage using the values measured in step 24.
EPHASE =___V

Calculate P; using the phase voltage and current, and compare it with
step 29. Are both values approximately the same?

Pr = 3 (Epnase X lpuase) = w
O Yes ONo .,
O 31. Ensure that the Power Supply is turned off, the voltage control is fully
ccw, and remove all leads and cables.
CONCLUSION
You measured the line and phase voltages and currents for balanced wye- and
delta-connected resistive loads, and saw that the line and phase values were

related by the factor ¥3. You saw that no current flows in the neutral wire of a
balanced wye-connected load, and demonstrated that individual line voltages and

6-11
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currents are equal with balanced three-phase loads. Finally, you demonstrated
that total power for a three-phase resistive load is three times the power supplied
to one of the circuit branches.

REVIEW QUESTIONS

6-12

In a balanced wye-connected circuit the

line voltages and currents equal the load values.

line voltage is v'3 time&°greater than the phase voltage.
line voltage is v'3 times smaller than the phase voltage.
line current is V'3 times greater than the phase current.

aoop

In a balanced delta-connected circuit the

line voltages and currents equal the load values.

line current is ¥'3 times smaller than the phase current.
line current is ¥'3 times greater than the phase current.
line voltage is v'3 times greater than the phase voltage.

aopop

What is the line-to-neutral (phase) voltage in a balanced wye-connected
circuit when the line-to-line voltage is 346 V?

a. 346 V.
b. 600 V.
c. 200 V.
d. 245V.

What is the line current in a balanced delta-connected resistive load when the
load current through each branch is 10 A?

ORI s e A e e s s s

a. 27.3A
b. 17.3 A
c. 11.6 A
d. 58A

The line current in a balanced three-phase, wye-connected, resistive load is
25 A. What will happen if the neutral wire is disconnected?

The power protection circuits will operate because of the imbalance.
Nothing, because there is no current in the neutral line.

The line voltage will become unbalanced.

The phase current will increase to dangerous levels.

coow



Exercise 6-2

Three-Phase Power Measurement

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine active
power in balanced three-phase circuits using the two-wattmeter method of power
measurement. Reactive and apparent power will also be determined using
measurements of circuit voltages and currents.

DISCUSSION

As seen in the previous exercise, the total active power P; supplied to a balanced
three-phase load is given by the expression,

P; = 3 X Ppuase = 3 (Epyase X lonase X €OS ¢)
However, in a wye-connected circuit, Epae = Eune / V'3 and the phase current

equals the line current. The above formula then becomes

P, - 3 X E_g X Iy X COS ¢
3

The factor 3/¥3 can be simplified to become V3, so that finally for a wye-
connected circuit,

P; = V3 (E ne X lune X €OS @) = 1.73 (E e X Iune X COS &)

In a delta-connected circuit, the same result is obtained because the phase
voltage equals the line voltage and Il e = lune / V3. Therefore, for either a
balanced wye-connected load or a balanced delta-connected load, the total three-
phase active power is given by the expression,

Pacnve (P) = 1.73 (ELne X Iune X €0S 0)
Since (Epuase X lonase X COS ) is the expression for the active power per phase,
it follows that the product Ep, ¢ X |ppase FEPresents the apparent power per phase,

and the total three-phase apparent power in a balanced wye- or delta-connected
load can be found using the formula,

Paseasent (S) = 3 (Epnase X lorase)

6-13
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s

Following the steps used to obtain the equation for calculating active power
(Pacve) in three-phase circuits, the apparent power equation can be rewritten as
follows:

Pappasent (S) = 1.73 (Epne X 1ing)

The power factor for a balanced three-phase load is the ratio of active power to
apparent power, P/S, and the relationship between P, Q, and S is the same as
seen previously, S2-P2+ Q2. Thus, reactive power Q can be calculated using

the following equation:
b,

Preacme (Q) - VS? - P?

Active power is measured with a wattmeter, which is an electrodynamometer type
instrument that has two coils. One coil is fixed (current coil) and the second
(voltage coil) is capable of turning in the magnetic field produced by the first. The
fixed coil is connected in series with the ioad so as to carry the load current. The
movable coil, which has a high resistance, is connected across the load like a
voltmeter and the small current in this coil is proportional to the load voitage. The
voltage coil turns against a helical spring and its torque is proportional to the
product of the currents in both coils. The torque is therefore proportional to the
product of the current and voltage being measured, and the measurement scale
ofthe instrument is calibrated to indicate watts of active power. Figure 6-9 shows
a wattmeter connected to measure the power delivered to a load, and the
equivalent circuit connections of the DAl to obtain the same result with the
Metering system.

WATTMETER

r——=—~=7"==7"7"77=7 1 +

————1——1I Y Y\ @ |L " @
| CURRENT |
I coiL I
| ! +
| i 2R

SOURCE (\/ | VOLTAGE | LOAD <——> SOURCE (\/ El LOAD

| ColL ]
I !
| |
| |
: | -
Lo Jd

Figure 6-9. Measuring Power With a Wattmeter.

To measure the power delivered by a three-phase, 4-wire system, three single-
phase wattmeters could be connected to measure the power in each of the
phases and the readings added to obtain the total power, as seen in the previous L
exercise. This, however, is not necessary because two single-phase wattmeters %
connected as shown in Figure 6-10 will give the same result. Mathematical
analysis shows that connecting the current coils to measure the current in two of

6-14
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the three lines, while connecting the two voltage coils between these lines and the
remaining line, allows the total power delivered by a three-phase system to be
measured. The total power is the algebraic sum of the two wattmeter readings,
and this method of power measurement is known as the two-wattmeter method.

WATTMETER 1
r- - - - =
PHASE A O Y YN :
: ! LOAD
I |
| I WATTMETER 2
I I r————-——=—=—= =
PHASE B O + 4 T —{—— 19
e - | | LOAD
| I
| I
| I
PHASE C O :‘ T : N
b J LOAD

Figure 6-10. The Two-Wattmeter Method of Measuring Three-Phase Power.

For balanced loads at unity power factor, the wattmeter readings are identical.
When the load power factor equals 0.5, one meter indicates zero and the other
indicates the total power. When the power factor is between 0.5 and 1, one meter
reads higher than the other. At power factors below 0.5, the indication of one
meter is negative, and the total power is reduced by this negative value. At zero
power factor, the two meters give identical readings, but of opposite sign, and the
result is naturally zero watts. In all cases, the total power is the algebraic sum of
the two wattmeter readings. Figure 6-11 shows how E1, E2, |1, and |12 on the DAI
can be connected to a three-phase circuit to measure the total power using the
two-wattmeter method. Note the manner in which E2 is connected to give a
positive reading.

+
1" T 1
+ LOAD
£1
Es (™ + 19
LOAD
£2
+* 5 l
12 —
LOAD

Figure 6-11. DAl Connection for The Two-Wattmeter Method of Power Measurement.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.
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PROCEDURE

CAUTION!

High voltages are present in this laboratory exercise! Do not
make or modify any banana jack connections with the
power on unless otherwise specified!

I 1. Install the Power Supply, Data Acquisition Interface, Resistive Load, and
Capacitive Load moduies in the EMS Workstation.

0 2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully ccw. Set the
voltmeter select switch to the 4-5 position, and then ensure the Power
Supply is connected to a three-phase wall receptacle.

O 3. Set up the three-phase, wye-connected, resistive circuit shown in
Figure 6-12. Do not connect the neutral of the resistive load to the neutral
of the Power Supply. Connect 11, 12, 13, E1, E2, and E3 as shown to
measure the currents and voltages.

Figure 6-12. Three-Phase Wye-Connected Resistive Load.

+
E1
+ R,
1
+
. €2
+ R2
Es (™~ 12
+
E3
+ Rs
| 13
|
} UINE 3 R R R
} VOLTAGE S 1 2 3
2 ) () (@) ()
120 208 300 300 300
220 380 1100 1100 1100
240 415 1200 1200 1200
|
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O

10.

11.

Ensure that the DAI LOW POWER INPUT is connected to the main Power
Supply, and the flat cable from the computer is connected to the DAI.

Display the Metering window and select setup configuration file
ES16-6.c1g.

Turn on the main Power Supply and set the 24 V - AC power switch to
the | (ON) position. Adjust the voltage control to obtain the line-to-line
voltage Eg given in Figure 6-12.

Measure the circuit voltages and currents and turn off the power.

Calculate the active power consumed in each phase of the circuit, and
the total power consumed by the load.

Pai = Eqy X la w

Pe = Ep Xl = W

Peg = Egs X lgg = w

Prota. = Pri+ Prot Prs = w

Determine the average load voltage and current.

Eg + Ep + Egy

Average E 5 = 3 \
| | |
Average | o, = g‘z T A

Is the average load voltagye approximately v 3 times smaller than the line
voltage set in step 67

0O Yes O No
Calculate the total power using the line voltage and current. Note that
loan = lune in this circuit, and E ¢ is the value set in step 6.

PTOTAL =173 (EUNE X 'UNE) - W
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Compare the total power found in step 8 with the power calculated using
the line voltage and current. Are they approximately equal?

O Yes O No

0O 12. Reconnect the circuit as shown in Figure 6-13 to measure the total load
power using the two-wattmeter method.

R
Ol Y -t ANA—
+
E1
R2
Es (~o + ANA—9
€2
+ + R"
12 AAA—

Figure 6-13. Total Power Measurement using Two-Wattmeter Method.

| 0J 13. Turn on the power and readjust Eg if necessary to obtain the value used
j previously. Select setup configuration file ES16-7.cfg. Record the active
} power measurements given by meters PQS1, PQS2, and the total
; apparent power on programmable meter A. Turn off the power and

determine P,
PQS1 - w PQS2 - W

O 14. Compare the measurement results in step 13 with the results obtained in
steps 8 and 11. Is P,,,, approximately the same in all cases?
»

. P apoarent = VA Piora. = PQS1+ PQS2 - w
|
K
K
I
|
|
’ O3 Yes O No

00 15. Do the results for P,.amer and Poor, Show that apparent power and
active power are approximately the same?

O Yes O No

00 16. Add capacitance in parallel with the wye-connected load as shown in
Figure 6-14, and set X;,, X.,, and X, to the same values as R,, R,, and
R,. Select setup configuration file £516-8.cfg. Turn on the power and
readjust Eg if necessary to obtain the value used previously.
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Xer
R
+ 1
1" —
+
Xe2
E1
Ry
Es (™o —
Xes
E2
+
+ Rs
12 @

Figure 6-14. Adding Capacitance to The Wye-Connected Load.

O 17. Measure the line voltage and current, and record the readings for total
apparent, active, and reactive power given by programmable meters A,
B, C, and then turn off the power.

EUNE‘_—V IUNE=_____A
PAPPARENT - —_ VA
pACTNE - W PREACWE - ___ vars

O 18. Calculate the total apparent power consumed by the load, and cos ¢.

Paoearent = 1.73 Ene X lined = VA
cos ¢ - Pacmve
APPARENT

3

O 19. Use cos ¢ to calculate P, and compare the result with the active
power measured in step 17. Are the results approximately the same?

Pacmve = 1.73 (Epne X Iune X €OS ) = w

O Yes 0O No
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[0 20. Determine Pgeacnve USINg the values of Pyppagent @aNd Pacnve:

Prgacme = V82 - P2 - vars

[0 21. Isthe calculated value for reactive power approximately the same as the
measured value in step 177

[ Yes 0O Now,
00 22. Is the apparent power calculated in step 18 approximately equal to the
measured value recorded in step 177

O Yes O No

O 23. Set up the three-phase, delta-connected, resistive circuit shown in

Figure 6-15. Connect 11, 12, 13, E1, E2, and E3 as shown to measure the
currents and voltages.

m
P
+

o )\
iN
VOLLTEGE Es Ri Ra Rs
) ) () () ()
; 120 120 300 300 300
\ 220 220 1100 1100 1100
’ 240 240 1200 1200 1200

Figure 6-15. Three-Phase Delta-Connected Resistive Load.
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O 24. Turn on the Power Supply and adjust the voltage control to obtain the

a

a

25.

26.

27.

28.

line-to-line voltage Eg given in Figure 6-15. Select setup configuration file
ES16-9.cfg. Measure the circuit voltages and currents and turn off the
power.

Calculate the active power consumed in each circuit branch, and the total
active power consumed by the load.

Pa = Eqy X lgy = w
P =B Xlpo=-_ W
Pry = Epg X Iy - w
Pacmve = Prit Pt Pro = W

Calculate the total active power using the line voltage and line current.

o, + by + 1
'UNE = \/5 ik gz B - A
Pacve = 173 (Bune Xl = W

Compare the total active power found in step 25 with the active power
calculated using the line voltage and current. Are they approximately
equal?

O Yes O No

Reconnect the circuit as shown in Figure 6-16 to measure the total load
power using the two-wattmeter method.

Turn on the power and readjust Eg if necessary to obtain the value used
previously. Select setupaconfiguration file ES16-10.cfg. Record the
measurements of meters PQS1, PQS2, and programmable meter B, and
then turn off the power.

PQSY - W PQS2 - w

PACﬂVE - — W
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L2

Figure 6-16. Total Power Measurement using Two-Wattmeter Method.

O 29. Isthe measured value for P,z approximately the same as those found
in steps 25 and 26, thus confirming the calculations?

O Yes 0O No

O 30. Is P, €qual to the sum of the wattmeter readings PQS1 and PQS2?
O Yes O No

O 31. Add capacitance in parallel with the delta-connected load as shown in
Figure 6-17, and set X.,, X, and X, to the same values as R,, R,, and
R,. Turn on the power and readjust Eg if necessary to obtain the value
used previously.

4

5

12

Figure 6-17. Adding Capacitance to The Delta-Connected Load.
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0 32

O 3s.

Measure the line voltage and current, and record the readings for total
apparent, active, and reactive power given by programmable meters A,
B, C, and then turn off the power.

EUNE ".____V lUNE=_____A
PAPPARENT S —_— VA
Pome=-__ W Preactve = vars

. Calculate the total apparent power consumed by the load, and cos ¢.

Papoaent = 173 (Epne Xling = VA
=

cos ¢ - ACTIVE
APPARENT

. Use cos ¢ to calculate P,.e and compare the result with the active

power measured in step 32. Are the results approximately the same?
Pacmve = 1.73 (Epne X lune XCOS @) = W

0O Yes O No

Determine Pggacnve USing the values of Puppapent @aNd Pacnye:

Preace = VS2 - P2 = vars

. Is the calculated value for reactive power approximately the same as the

measured value in step 327

O Yes O No

L5 Y

. Is the apparent power calculated in step 33 approximately equal to the

measured value recorded in step 327

[ Yes O No

. Ensure that the Power Supply is turned off, the voitage control is fully

ccw, and remove all leads and cables.
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CONCLUSION

You demonstrated that apparent, active and reactive power for three-phase loads
can be determined using the two-wattmeter method, thus reducing the amount
of equipment needed to measure power. You also saw that balanced three-phase
circuits could be solved as if they were three separate single-phase circuits. You
confirmed your calculations with actual measurements of the circuit parameters.

REVIEW QUESTIONS .
1. In athree-phase balanced circuit, the active power can be determined using
two wattmeters connected according to the

single-phase wattmeter method.
three-phase wattmeter method.
two-wattmeter method.
apparent power method.

apop

2. The formula for total active power in a three-phase balanced circuit is

a. Pume = 1.73 (Epnase X lpnase X COS ).
b. Pacrve = 1.73 (Eune X lpnase X COS ¢).
C. Pacme = 1.73 (Epne X lune)-

d. Pucme = 1.73 (Epne X Iune X €OS ¢).

3. The total apparent power in a delta-connected resistive load equals

¥ 3 times the active power.

the product of the line voltage with the line current.

1.73 times the product of the line voltage with the line current.
V'3 times the reactive power.

apop

R L

4. The two wattmeter readings for a three-phase balanced load are 175 W and
-35 W. Knowing that the power measurements have been made using the
two-wattmeter method, what is the total power consumed by the load?

a. 220 W.
b. 140 W.
c. 175 W.
d. -35W.

5. Is the power factor in Question 4 greater than, equal to, or less than 0.57

The power factor cannot be determined with the information given.
The power factor is less than 0.5.

The power factor is equal to 0.5.

The power factor is greater than 0.5.

aoop
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Exercise 6-3

Phase Sequence

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the phase
sequence of a three-phase voltage source, and explain the importance of
connecting certain types of three-phase loads according to the proper phase
sequence.

DISCUSSION

As mentioned earlier, a three-phase electric power system is one in which three
voltages E,, Eg, E., have equal magnitudes and are displaced 120° from each
other. However, simply stating that the voltages are 120° out of phase with each
other is not sufficient. The order in which the voltages succeed each other, their
phase sequence, is important. This sequence is determined at the power
generating station by the direction of rotation of the generators.

When connecting three-phase motors to the power line, it is extremely important
to know the phase sequence because the direction in which the motors turn
depends on the phasing. Consider for example the connection of a 4000-kW
motor, which could take several hours of work for an electrician to connect the
three large leads of the motor to the power supply. If the phase sequence is not
determined in advance, the motor has one chance in two of turning in the wrong
direction, resulting in work having to be redone and possible damage if the motor
is connected to a load. Another situation where phase sequence is of critical
importance is when additional power is needed, and one or more alternators must
be added to share the load. The alternators are placed in parallel and if the phase
sequencing is incorrect, serious damage will occur when the switch connecting
them to the power network is turned on.

Phase sequence can be found quickly using two incandescent lamps and a
capacitor connected in a wye conYiguration as shown in Figure 6-18.

One of the lamps will be brighter than the other and the phase sequence will be,
bright - dim - capacitor, meaning that the phase sequence is A-B-C if the circuit
has been connected to lines A,B,C as shown. The bright lamp will be the most
leading phase of the three voltages, the dim lamp will correspond to the middle
phase, and the capacitor will therefore correspond to the most lagging of the
three voltages. If an inductor were used in place of a capacitor, the phase
sequence for this example would be bright-inductor-dim.
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PHASE A ﬁ BRIGHT

_PHASE B OIM

PHASE C

( CAPACITOR
\

Figure 6-18. Determining the Phase Sequence of a Three-Phase Power Supply.

If phase sequence A-B-C is written in the form, A-B-C-A-B-C-A-B-C..., we see that
B-C-A and C-A-B represent the same sequence as A-B-C. Its just a question of
which voltage is being used as reference to describe the sequence. The opposite
sequence to A-B-C is A-C-B, which can be seen to be the same as C-B-A and
B-A-C when the sequence is written as A-C-B-A-C-B-A-C-B-A.... Phase sequence,
and therefore the direction of rotation of three-phase motors, can be changed by
simply interchanging the connections of any two of the ac power supply leads.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

CAUTION!

High voltages are present in this laboratory exercise! Do not
make or modify any banana jack connections with the
power on unless otherwise specified!

O 1. Install the Power Supply, Data Acquisition Interface, Resistive Load,
Capacitive Load, Inductive Load, and Synchronizing Switch modules in
the EMS Workstation.

O 2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully ccw. Ensure the
Power Supply is connected to a three-phase wall receptacle.
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O 3. Set up the circuit in Figure 6-19. Set X to the given value, and connect

ES
O 4
o s
O 6
0o 7

E1, E2, E3 as shown in the figure. Ensure that the switch on the
Synchronizing Module is in the open position or you will cause a
short circuit across the ac supply lines.

E1

2 S
Y <JL)———Q

UNE
VOLTAGE Xe
\2) (1))

120 1200
220 4400
240 4800

Figure 6-19. Determining Phase Sequence of an AC Supply.

. Ensure that the DAI LOW POWER INPUT is connected to the main Power

Supply, and the flat cable from the computer is connected to the DAI.

. Display the Metering window and select setup configuration file

ES16-11.cfg.

b

. Turn on the main Power Supply and set the 24 V - AC power switch to

the | (ON) position. Adjust the main voltage contro! to about 50%. Note
that the exact value of the ac supply voltage is not critical for this
exercise.

. Determine the phase sequence from the bright-dim-capacitor sequence.
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10.

11.

12.

13.

14.

15.

Note: For the EMS Power Supply module, phase sequence
4-5-6 corresponds to the sequence A-B-C. If the Power Supply
wall receptacle is wired accordingly, sequence 4-5-6 will
correspond to bright-dim-capacitor. The corresponding voltage
phasor sequence will be E1-E2-E3.

Use the Phasor Analyzer to observe the relative positions of the voltage
phasors corresponding to the ac supply lines. With E1 as the reference
phasor, is the phase sequence the same as that determined with the
famps/capacitor circuw?

[1 Yes 0 No
Turn off the power and interchange any two circuit connections of the ac

supply leads, 4 and 5, 5 and 6, or 4 and 6. Turn on the power and note
the new phase sequence.

Is the new sequence opposite to the previous one?

3 Yes O No

Turn off the power and replace X. in Figure 6-19 with an inductive
reactance X_having the same value. Reconnect the ac supply leads as
they were in the original circuit.

Determine the phase sequence using the lamps/inductor circuit.

Does the bright-inductor-dim sequence give the same phase sequence
as found in step 77

O Yes O No

Does the Phasor Analyzer show the same phase sequence as in step 7?

O Yes O No

Turn off the power and interchange any two circuit connections of the ac
supply leads. Turn on the power and note the new phase sequence.
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O

]

16.

17.

18.

Is this new phase sequence opposite to the previous one?

O Yes G No
Does the Phasor Analyzer display confirm that the phase sequence has
been reversed?

O Yes O No

Ensure that the Power Supply is turned off, the voltage control is fully
ccw, and remove all leads and cables.

CONCLUSION

You saw that the phase sequence of a three-phase power supply can be
determined using a simple indicator circuit made with two lamps and a capacitor
connected in a wye configuration. The phase sequence will always be in the order
bright-dim-capacitor. This simple circuit can be used to confirm a known phase
sequence, or determine the sequence of unmarked power leads.

REVIEW QUESTIONS

1.

An unknown phase sequence can be determined using two lamps and a

capacitor

a. connected in series.

b. connected in a delta configuration.
C. connected in a wye configuration.
d. connected in parallel.

The opposite phase sequence to B-A-C is

aoop

A-B-C.
A-C-B.
B-A-C.
both a and b. o

A three-phase motor rotates clockwise when ac supply lines A,B,C are
connected to motor leads 1,2,3 respectively. If the connections are changed
so that lines A,B,C are now connected to leads 3,1,2 respectively, the motor

aoopw

will rotate counterclockwise.

rotates clockwise because line connections are reversed twice.
rotates clockwise because the sequence is reversed.

will stop because the sequence is incorrect.
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4. In athree-phase system, the phase sequence B-A-C is the order in which

the phase shifts between voltage and current occur.
the current lags the voltage.

power surges are counted.

the supply voltages succeed each other.

caoop

5. The phase sequence of a three-phase power network depends on

the direction of rotatisn of the power station alternators.

the amount of phase shift that is acceptable on the power network.
the time of day, because power demand is lower during the night.
the amount of loading on the power network.

aooop
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Unit Test

The line current is V'3 times greater than the phase current

apop

with a balanced wye-connected load.
with a balanced delta-connected load.
when the line voltage is v'3 times smaller than the phase voltage.
when the line voltage is v 3 times greater than the phase voltage.

The line voltage is ¥'3 times greater than the phase voltage

aoop

with a balanced wye-connected load.
with a balanced delta-connected load.
when the line current is ¥'3 times greater than the phase current.
when the line current is V'3 times smaller than the phase current.

What is the neutral line current in a balanced wye-connected circuit when the
line-to-line voltage is 346 V, and the load resistors are 100 Q7?

a.
b.
c.
d.

3.46 amperes.
10.38 amperes.
0 amperes.

2 amperes.

What is the current in each phase of a balanced delta-connected resistive
load when the line current is 34.6 A?

aoow

60 A
11.5 A
20 A
104 A

The apparent power in a three-phase balanced circuit is 150 VA, and the
active power is 100 W. What is the load power factor?

acoop

0.67.
1.5.

0.33.
0.25.

‘N

The two-wattmeter method of power measurement

coop

allows reactive power in a single-phase circuit to be determined.
allows active power in a single-phase circuit to be determined.

allows active power in a balanced three-phase circuit to be determined.
allows apparent power in a single-phase circuit to be determined.
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Unit Test (cont’d)

7. The formula for total apparent power in a three-phase balanced circuit is

A Papparent = 1.73 (Epriase X lpriase X COS ).
B. Prpparent = 1.73 (Ene X lprase X COS &)
C. Pappament = 1.73 (Ene X lune X COS ).

d. Paeearent = 1.73 (Epne X lung)-

8. The two wattmeter readings for a three-phase balanced load are 200 W and
50 W. Knowing that the power measurements have been made using the two-
wattmeter method, what is the total power consumed by the load?

250 W.
150 W.
500 W.
750 W.

aoop

9. The phase sequence A-C-B is the same as

A-B-C.
C-B-A.
B-C-A.
both a and c.

aoop

10. What changes in supply-line connections must be made for a three-phase
motor to reverse direction?

All leads must be reversed.

The leads must be connected through a transformer.
Two leads must be interchanged.

Motor direction cannot be changed in this way.

acow
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Unit 7

Single-Phase Transformers

UNIT OBJECTIVE

After completing this Unit, you will be able to explain and demonstrate important
operating characteristics of single-phase transformers. You will be able to connect
transformer windings in series-aiding and series-opposing configurations, and
demonstrate the effect that loading has on secondary voltage. Voltage and
current measurements along with transformer load curves will be used to study
transformer operation and working characteristics.

DISCUSSION OF FUNDAMENTALS

Transformers are magnetically-operated devices that can change voltage, current,
and impedance values in ac circuits. In its simplest form, a transformer consists
of two coils of wire wound on a common core of ferromagnetic material, such as
iron. One coil is called the primary winding while the other is called the secondary
winding. Transformers are probably the most universal pieces of equipment in the
electrical industry, and range in size from tiny units in transistor radios to
extremely large units weighing several tons in power distribution stations.
However, all transformers have basically the same operating principles and
characteristics, and every transformer has a primary winding for the input power
and a secondary winding for the load. Some transformers are also designed to
have more than one secondary winding. The ratio of the number of turns of wire
in the primary winding (N, or N;) to the number of turns of wire in the secondary
winding (N, or Ng) is called the turns ratio. This ratio sets the relationship
between the input and output values of a transformer. Figure 7-1 shows a single-
phase transformer with a turns ratio N, / N, of 1:1, connected to a resistive load.
The first exercise in this Unit will show how Epg, lpg, Esee, @nd lgec are related
through the turns ratio.

—- —
*e PRIMARY SECONDARY TE
Es 6’ P WINDING WINDING ste § R

TURNS RATIO N_/N. = N /N, = 1/1 (USUALLY WRITTEN 1:1)
P S 1 2

Figure 7-1. Single-Phase Transformer Connected to a Resistive Load.
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When mutual inductance exists between two coils or windings, a change in
current in one coil induces a voltage in the other. Also, when the primary winding
of atransformer is connected to an ac power source, it receives electrical energy
from the source and couples the energy to the secondary winding by means of
a changing magnetic flux. This energy appears as an electromotive force (a
voltage) across the secondary winding, and when a load is connected to the
secondary, the energy is transferred to the load. This process of magnetic
coupling allows electrical energy to be transferred from one circuit to another
without any physical connection between the two, therefore providing electrical
isolation between them. Because transformers allow power at one voltage and
current level to be converted into equivalent power at some other voltage and
current level, they are indispensable in ac power distribution systems.

Because alternating current flows in the windings of a transformer, an alternating
magnetic field is created in the iron core. Active power is dissipated in the
transformer because of copper loss and iron loss, and thetransformer heats up. :
The resistance of the wire used in the winding causes the copper loss, and the 2
iron loss results from eddy currents and hysteresis, the property of magnetic
materials causing resistance to changes in magnetization.

Despite the copper and iron losses, transformers are among the most efficient
electrical devices that exist, and the apparent power at the primary is frequently
considered equal to the apparent power at the secondary. The voltage at the
secondary, however, usually varies with changes in the load, from a given value
at no load to a lesser value when the secondary is fully loaded. The amount of
variation in secondary voltage as the load applied to the secondary changes is
called transformer regulation and depends on the type of load (resistive,
inductive, or capacitive) connected to the secondary. As will be seen in this Unit,
the secondary voltage can even rise above its rated value instead of decreasing.
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EXERCISE OBJECTIVE

When you have completed this exercise, you will be familiar with voltage and
current characteristics of a single-phase transformer, and able to use the
transformer turns ratio to predict the voltage and current that will flow in the
secondary winding.

DISCUSSION

The windings of a standard single-phase transformer are called the primary
winding and the secondary winding, as shown in Figure 7-1 of the Unit
Discussion. The primary winding is the power input winding and this is the side
that is connected to the ac power source. The secondary winding is connected
to the load and is physically and electrically isolated from the primary. The voltage
and current that flow in the secondary are related to the primary voltage and
current by the transformer turns ratio N, / N, (or N / Ng) through a very simple
relationship. The ratio of primary voltage to secondary voltage equals N, / N,,
while the ratio of primary to secondary current is equal to the inverse of the turns
ratio, N, / N,. This results in the following,

EPF! - N1
ESEC N2
Epm X N
which gives: Eg . - & 2
N1
I N
and B . 2
ISEC N1
I N
which gives: I - _P%_‘_

2 oy
Transformers are designed with fixed ratios between primary and secondary
voltages, and are widely used to step-up (increase) or step-down (decrease) load
voltages and currents. The Single-Phase Transformer module used in these
exercises has its nominal ratings silk-screened on the front panel, and most
transformers have markings to indicate their nominal characteristics. Also, many
transformers have intermediate taps. or connection terminals an the secandary
side, so that different voltage ratios can be obtained using a single transformer.

Determining a transformer’s voltage ratio is a relatively simple matter. With no
load connected to the secondary winding, only the small exciting current
necessary to create the magnetic flux inside the transformer flows in the primary
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winding. Transformer losses are minimum and the ratio of primary to secondary
voltage equals the turns ratio. The turns ratio can be found by measuring the
unloaded secondary voltage with nominal voltage applied to the primary. The
current ratio can be evaluated by measuring the short-circuit secondary current
with a small ac voltage applied to the primary. The voitage applied to the primary
must be low enough to ensure that the nominal current in the primary winding is
not exceeded. Otherwise, the windings may overheat and be damaged.

The exciting current, which is directly related to the alternating magnetic flux,
increases in direct proportion {Q the applied voltage until core saturation sets in.
This occurs when the applied voltage exceeds the rated value of the primary, and
then the linear relationship between the primary voltage and the exciting current
breaks down. The curve of primary voltage versus exciting current flattens and
smaller increases in primary voltage lead to larger increases in exciting current
as shown in Figure 7-2. The exciting current is only a few milliamperes in the EMS
Single-Phase Transformer module, and generally its value is a small percentage
of the nominal current of a transformer.

APPLIED VOLTAGE

(PROPORTIONAL TO THE FLUX)

'

EXCITING CURRENT

Figure 7-2. Saturation Curve of a Transformer.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

CAUTION!

High voltages are presentin this laboratory exercise! Do not
make or modify any banana jack connections with the
power on unless otherwise specified!

O 1. Install the Power Supply, Data Acquisition Interface, and Single-Phase
Transformer modules in the EMS Workstation.
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O 2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully ccw. Set the
voltmeter select switch to the 4-N position, and then ensure the Power
Supply is connected to a three-phase wall receptacle.

O 3. Ensure that the DAl LOW POWER INPUT is connected to the main Power
Supply, setthe 24 V - AC power switch to the | (ON) position, and ensure
the flat cable from the computer is caonnected to the DAL

0O 4. Display the Metering window. Select setup configuration file ES17-1.cfg.

O 5. Setup the transformer circuit shown in Figure 7-3. Connect E1 and |1 as
shown and use E2 to measure the different secondary voltages.

— + 1 3 5
< " ——
+ +
Es @I E1 £2
7 9
N
8
—@ g——
2 4 6
UINE Es
VOLTAGE
v) v)
120 120
220 220
240 240

Figure 7-3. Single-Phase Transformer Measurements.

O 6. Turnonthe power and adjust the voltage control for the value of E5 given
in Figure 7-3. Measure the transformer primary current and the different
terminal voltages. After recordmg the measurements, rotate the voltage
control fully ccw and then turn off the power.

Note: When measuring the various voltages, turn off the Power
Supply before modifying the connections of the DAI to the

circuit.
logs = A E.,~- V E,, - \
E,s - Vv E,, - \ E,s - \Y
Eoq - \Y E.o - A Egs = \%
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o 7

‘ + +
+ +
ESQ E1 E pm Hg Esec 12

Do the secondary voltages compare well with the rated values written on
the front panel?

O Yes O No

. The transformer windings between terminals 1 and 2, and between

terminals 5 and 6, each have 500 turns of wire. The number of turns in
the winding between terminals 3 and 4 is 865. Calculate the turns ratios
between the primary ind secondary windings for each case.

N, _
N

5-8

. Using the measured values in step 6, compare these transformer turns

ratios with the corresponding voltage ratios. Are they approximately the
same?

O Yes d No

. Connect 12 as shown in Figure 7-4 and note that it short-circuits

secondary winding 5-6. Select setup configuration file ES17-2.cfg. Turn
on the power and slowly adjust the voltage controf to obtain the value of
current | given in Figure 7-4.

SEC
+ —_— —
1 . 4 ] C\/g

N

4 28 &8
LINE Is
VOLTAGE
v (A)
120 0.40
220 0.20
240 0.20

Figure 7-4. Determining The Ratio of Primary Current to Secondary Current.
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O

a

11,

12.

13.

14.

15.

16.

17.

18.

Record the values of primary voltage and current, and the value of the
short-circuit secondary current in winding 5-6.

B -V g = A lgec = A

Return the voitage control to zero and turn off the power. Calculate the
ratio of primary current to secondary current.

IPFh

|SEC

Is the ratio approximately equal to N, / N,?

O Yes O No

Connect 12 so that it now short-circuits secondary terminals 3-4. Turn on
the Power Supply and slowly adjust the voltage control knob for the
same value of current used in step 10. Once again, record the values of
primary voltage and current, and the secondary winding current.

Een - \ lomy = A lsec = A

Return the voltage control to zero and turn off the power. Again, calculate
the ratio of primary current to secondary current. Is it equal to N, / N,?

0O Yes O No

Set up the transformer circuit shown in Figure 7-5. It will be used to show
how exciting current is affected when the transformer core becomes
saturated. Since the exciting current is so small, the corresponding
voltage across a sense resistor R will be used to illustrate its variation.
Connect the transformer primary terminals to Power Supply terminals 4
and 5 through sense resistor R. Connect E1, E2, and E3 to measure the
transformer voltages.

“a
Select setup configuration file ES17-3.cfg. Turn on the power and use the
output voltage control to obtain values for E2 equally spaced at about
10% intervals over the complete control knob range. At each voltage

adjustment, click the Record Data button to enter the measurements in
the Data Table.

When all data values have been recorded, rotate the voltage control fully
ccw, and turn off the Power Supply.
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7-8

a 1e.

0O 20.

lem g R
—T——'\/\/\/—T L 4 < Qe ]
+
E1
+ +
g £2 § ‘ I g E3
L7Y
9 8
® @) o—
LINE R
VOLTAGE
V) ()
120 100
220 367
240 400

Figure 7-5. Effect of Core Saturation on Exciting Current.

Display the Graph screen, select E1 as the X-axis parameter, and E2 as
the Y-axis parameter. Click the Line Graph button to observe the curve
of primary voltage versus exciting current, represented by E1. Does the
exciting current increase more rapidly after the rated voltage is
exceeded?

O Yes 0O No

Does the curve illustrate that the transformer core becomes saturated?

O Yes 0O No

. Review the measured data to determine how the primary-to-secondary

voltage ratio was affected when the transformer core became saturated.

. Ensure that the Power Supply is turned off, the voltage control is fully

ccw, and remove all leads and cables.
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CONCLUSION

You measured the primary and secondary voltages in a single-phase transformer
and confirmed that the ratio of primary-to-secondary voltage equals the
transformer turns ratio N, / N,. Measurements of primary and secondary currents
showed that the ratio of currents was equal to the inverse of the turns ratio. You
also observed the phenomenon of core saturation, and saw that transformer
saturation did not affect the voltage ratio.

REVIEW QUESTIONS

1. The turns ratio for a transformer with 225 turns of wire in its primary winding
and 675 turns in the secondary is

1 3.
1.
N,
/N

2

acop
ZZ W

1

2. The short-circuit secondary current in a transformer is 5 A. What is the
primary current if the transformer turns ratio is 1 : 47

a 20A.

b. 1.25A.
" ¢ 20A

d. 0.8A.

3. Transformer saturation occurs when the

primary current is greater than the rated value.
secondary winding is short-circuited.

secondary voltage is greater than the rated value.
primary voltage is greater than the rated value.

coow

4. When 200 V is applied to the primary winding of a step-up transformer that
doubles the primary voltage, how much current will flow in a 100-Q load
resistor connected across the ggcondary winding?

a 1A
b. 2A
c. 3A
d 4A

79
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5. Why is it necessary to apply a low voltage to the primary winding instead of
the rated voltage when evaluating the current ratio of a transformer?

To ensure that rated current will flow in the secondary.

To ensure that the current rating of the primary is not exceeded.
To ensure that the voltage rating of the secondary is respected.
To ensure that exciting current is maximum.

aoop

&
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Exercise 7-2

Transformer Polarity

EXERCISE OBJECTIVE

When you have completed this exercise, you will be abie to determine and use
transformer polarities to properly connect separate windings so that the voltages
add (series-aiding) or subtract (series-opposing).

DISCUSSION

When the primary winding of a transformer is energized by an ac source, an
alternating magnetic flux is established in the iron core. This alternating flux links,
or couples, the turns of each winding on the transformer and induces ac voltages
in the windings. Polarity might seem to be of minor importance for transformers
since they are ac devices. However, when two or more windings are connected
together, their relative instantaneous polarities have a significant effect on the
resulting net voltage. If the voltage in one winding is at its maximum positive peak
. when the voltage in another winding is at its maximum negative peak, i.e. they are
180° out of phase, they will oppose each other and the resulting voltage will be
the difference between the two. For this reason, standards have been adopted for
marking the polarity of transformer leads. In North American standards, the high-
voltage leads are identified H1 and H2, and low voltage leads are marked X1 and
X2. When H1 is instantaneously positive, X1 is also instantaneously positive. This
system of marking allows transformers to be properly connected so that winding
voltages will add or subtract as desired. Other types of markings are also used
to identify the polarity of transformers, and transformer terminals could be marked
with dots, crosses, numerals, or other convenient symbols. In Figure 7-6 dots
have been used in the schematic drawing of a transformer and its windings.

O 1333

6
o O

Figure 7-6. Transformer Polarity Markings.

When we speak of the polarity of transformer windings, we are identifying all
terminals that have the same polarity, either negative or positive, at any instant in
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7-12

time. The dots used in Figure 7-6 indicate that at a given instant in time, when
terminal 1 is positive with respect to terminal 2, then

terminal 3 is positive with respect to terminal 4,
terminal 6 is positive with respect to terminal 5,
terminal 7 is positive with respect to terminal 8,
terminal 10 is positive with respect to terminal 9.

Note that a terminal cannot be positive by itself, it can only be positive with
respect to another terminal. Therefore, terminals 1, 3, 6, 7 and 10 are all positive
with respect to terminals 2, 4, 5 8and 9 at any given instant in time.

When two dc cells or batteries are connected in series to obtain a higher output
voltage, the positive terminal of one battery must be connected to the negative
terminal of the other. In the same manner, if two transformer windings are to be
connected in series so that their voltages add, the marked terminal of one of the
windings must be connected to the unmarked terminal of the other winding.
Conversely, if two transformer windings are to be connected in series so that their
voltages subtract, the marked terminal of one of the windings must be connected
to the marked terminal of the other winding.

it is also very important to respect polarities when connecting transformer
windings having the same nominal voltage in parallel to share the current
supplied to a load. Connecting transformer windings in parallel with opposite
polarities will cause a large current to flow in the windings. An exercise in the next
unit of this manual deals with parallel connections of transformers.

There are two methods for determining the polarity of a transformer, one using
a dc source, the other an ac source. In the dc method, a dc voltmeter is
connected across the secondary winding and a small dc voltage is applied to the
primary. The direction in which the voltmeter pointer deflects when power is
turned on will indicate the polarity of the secondary winding. The pointer will
deflect to the right if the secondary winding terminal to which the voltmeter
positive probe is connected has the same polarity as the primary winding terminal
to which the positive side of the source is connected. If it deflects to the left, the
primary and secondary terminals have opposite polarities. With the ac source
method, an ac voltage is connected to the primary winding which is temporarily
connected in series with the secondary. The voltage across the series combina-
tion will be less than the applied voltage if the two terminals that are intercon-
nected have the same polarity. If the voltage is greater, the interconnected
terminals have opposite polarities. Figure 7-7 illustrates both methods of
determining transformer polarity.
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T
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(o) DC METHOD (b) AC METHOD

Figure 7-7. Methods for Determining Transformer Polarity.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of

equipment required for this exercise.

PROCEDURE
CAUTION!
High voltages are present in this laboratory exercise! Do not

make or modify any banana jack connections with the
power on unless otherwise specified!

O 1. Install the Power Supply, Data Acquisition Interface, and Single-Phase

Transformer modules in the EMS Workstation.

O 2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully ccw. Set the
voltmeter select switch to the 4-N position, and then ensure the Power

Supply is connected to a three-phase wall receptacle.

O 3. Ensure that the DAl LOWROWER INPUT is connected to the main Power
Supply, set the 24 V - AC power switch to the | (ON) position, and ensure

the flat cable from the computer is connected to the DA

O 4. Display the Metering window. Select setup configuration file ES17-4.cfg.

O 5. Setup the transformer circuit in Figure 7-8, and connect terminals 1 and
5 together as shown. Note that the ac input power in this circuit is

connected at winding 3-4.
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?
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Esﬁ\/j E1
N
L

Figure 7-8. Transformer Windings Connected in Series.

. Turn on the power and adjust the voltage control to set E, at exactly 50%

of the rated voltage for winding 3-4. Note that the rated voltage is the sum
of the intermediate winding voltages between terminals 3 and 4. Measure
and record the voltages at transformer windings 1-2, 5-6, and 2-6. Note
that E, is obtained from programmable meter A using the function
E2+ ES.

E,, - Y E. - vV E

1
<

2:6

. Are the windings connected in series-aiding, or series-opposing?

Note: The woltage measured betwsen terminals 2 and 6 is
normally around zero volts, meaning that the windings are
connected so that the voltages subtract from each other.
Transformer polarity can be determined in this manner because
the voltage across two interconnected windings will be less than
the applied voltage when the interconnected terminals have the
same polarity.

. Return the voltage control to zero and turn off the Power Supply.

Disconnect terminals 1 and 5, and connect terminals 1 and 6 together.
Reverse connections to meter E3. If this new connection is series-aiding,
what will be the value of E, ; when the same voltage of step 6 is applied
to winding 3-47

. Select setup configuration file ES17-5.cfg. Turn on the power and once

again set Eg at exactly 50% of the rated voltage for winding 3-4. Measure
and record the voltages at transformer windings 1-2, 5-6, and 2-5. Note
that E, ; is obtained from programmable meter A.

E.-__ V Ece =V E.o=-_ V
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0 10.

Is the value obtained for E, the same as predicted in step 87

O Yes O No

. Return the voltage control to zero, turn off the power supply and remove

the connection between terminals 1 and 6. What are the two voltages
which can be obtained across the series combination of windings 3-4 and
1-2 when the same voltage as that in step 9 is applied to winding 3-4?

. Connect terminals 1 and 4 together, turn on the power and set Eg at

exactly 50% of the rated voltage for winding 3-4. Select setup configur-
ation file ES17-6.cfg. Measure and record the voltages at transformer
windings 1-2, and 2-3 using E2 et E3.

E1-2 = _______V E2'3 = ——————V

. Return the voltage control to zero and turn off the power supply.

Disconnect terminals 1 and 4, and connect terminals 1 and 3 together.

. Turn on the power and set Eg at exactly 50% of the rated voltage for

winding 3-4. Select setup configuration file ES17-7.cfg. Measure and
record the voltage at transformer winding 2-4.

E..- \

. How do the resuits of steps 12 and 14 compare with the predictions in

step 117

. Which sets of terminals have the same polarity, 1 & 3,2& 4,1 & 4,0r2

& 37

‘A

. Ensure that the Power Supply is turned off, the voltage control is fully

ccw, and remove all leads and cables.
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CONCLUSION

You determined transformer polarity using the ac voltage method. When
connecting transformer windings in series, you observed that the winding voltages
subtract when winding terminals of the same polarity are connected ‘together.
Conversely, you observed that the winding voltages add when winding terminals
of opposite polarities are connected together. This is similar to connecting
batteries in series to obtain higher voltages.

L 2

REVIEW QUESTIONS

1. Can different transformer windings be connected together for higher voltages
if the terminals are not marked?

Yes, but the polarity must be determined experimentally beforehand.
No.

Only if the windings are on the primary side of the transformer.

Only if the current is less than 1 A.

aoop

2. Two of four secondary terminais on a transformer are marked with a cross.
If these two terminals are connected together, the secondary windings are

connected in series-opposing.

connected in series-aiding.

connected to increase the resuiting voltage.
both b and c.

oo oW

3. Isit possible for a voltmeter connected across the secondary windings of a
transformer with three windings having nominal voitages of 50 V, 125 V, and
75 V to measure zero volts, even though rated voltage is applied to the
primary winding?

a. No, there must be something wrong with the voltmeter.

b. Yes, if the 50-V and 75-V windings are connected to oppose the 125-V
winding.

c. Yes, if the 50-V and 75-V windings are connected to aid the 125-V
winding.

d. No, the transformer must be damaged.

4. Two methods of determining the polarity of transformer windings are

the resistive method and the inductive method.

the series-opposing method and the series-aiding method.
the dc method and the ac method.

the experimental method and the theoretical method.

apow
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5. To properly connect transformer windings for higher voltage, it is necessary

to know their ratings.

to know the maximum winding current.
to know the type of core material.

to know the polarity of the windings.

Qoo

3
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Special Transformer Connections

UNIT OBJECTIVE

After completing this Unit, you will be familiar with specially-connected trans-
formers like autotransformers and distribution transformers. You will also be able
to connect transformers in parallel so that they work together to supply power to
a load. Voltage and current measurements will be used to study transformer
operation and working characteristics.

DISCUSSION OF FUNDAMENTALS

As explained in the previous Unit, transformers can change voltage and current
levels, and the input-output relationship of a transformer depends on the turns
ratio. Some different ways in which single-phase transformers can be connected
are as an autotransformer to increase or decrease voltage, as a distribution
transformer to provide different levels of toad voltages, or in paraliel to provide
load sharing.

In general, most transformers provide isolation between an ac source and its load
circuit, and this is often an important safety factor. An autotransformer however,
does not provide any isolation because the primary and secondary windings
share common turns of wire. On the other hand, the autotransformer can operate
at an apparent power level that is twice that of a conventional transformer of the
same size. Figure 8-1 shows atypical autotransformer with different taps allowing
different voltages at the secondary. Since the same rules that were seen
previously apply to autotransformers, it is clear from the turns ratios in the figure
that

E1

E
E,-_., and E, -
3 1.5

2

The figure also shows how the primary and secondary sides of an autotransform-
er are interconnected through 4 common point in the single winding, thus
illustrating why electrical isolation is lost. This lack of isolation is the major
disadvantage of an autotransformer.
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E] _ N| El - Nl
E, N Ey Ny
40 Ey
f2=ip b S
80 €,
B b1 =75

Figure 8-1. A Typical Autotransformer.

Distribution transformers have a primary winding and often more than one
secondary winding, such as the Single-Phase Transformer module. The
secondary windings are usually connected in series so that their voltages add
(series-aiding configuration), and the common connection between the secondary
windings serves as a neutral in a dual-voltage distribution circuit. Figure 8-2
shows a typical distribution transformer that provides two different load voltages.

E|= Ez= 0.5 Em

E5 = E| + Ez’ Em
+E 80
PRI TURNS

Figure 8-2. A Typical Distribution Transformer.
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The Autotransformer

+
Eg @ PRIMARY " Epg,

EXERCISE OBJECTIVE

When you have completed this exercise, you will be familiar with voltage and
current characteristics of an autotransformer, and you will be able to connect a
standard transformer as an autotransformer in step-up and step-down configur-
ations.

DISCUSSION

The autotransformer is a special type of transformer with only one winding which
serves as both the primary and secondary. When the autotransformer is used to
step-up the voltage, only part of the single winding acts as the primary, while the
complete winding serves as the secondary. However, when the autotransformer
is used to step-down the voltage, primary and secondary use is reversed. The
whole winding is connected for use as the primary and only a part serves as the
secondary. Figure 8-3 shows the autotransformer connections necessary for step-
up and step-down operation.

| |
_SEC PR -

+ +
Esec LOAD Eg (M E o

SECONDARY PRIMARY Esec

l SECONDARY

‘y

(o) STEP-UP CONFIGURATION

A4 N/

(b) STEP—DOWN CONFIGURATION

Figure 8-3. Autotransformer Connections (a) Step-Up Configuration. (b) Step-Down Configur-
ation. .

Autotransformer operation is basically the same as a standard two-winding
transformer. Power is transferred from the primary to the secondary by a
changing magnetic flux. The amount of increase or decrease in the voltage
depends on the turns ratio between the primary and the secondary. To determine
the turns ratio of the autotransformer, each winding is considered as separate

LOAD
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even though some turns are common to both the primary and the secondary.
Voltages and currents can be found using two simple equations:

Ern X lom = Esec X lgec, @nd
Bem _N_z
Esee Ns

The first equation simply states that the apparent power on the primary side
(Epr X lpr) Of the transformeg gquals the apparent power on the secondary side
(Esee X lsec)- The second equation relates the primary and secondary voltages
(Epm @nd Eg) with the turns ratio (No/Ng). Thus, from Figure 8-3 we obtain the
relationships,

Een _ N

A8 for step-up operation, and
ESEC NA—C
E N
PR . _AC for step-down operation
ESEC NA~B

These relationships are true when voltages E, ; and E, . are in phase, and thus,
add in the same direction.

The autotransformer has a great advantage over a conventional transformer: it
can operate at an apparent power level that is twice that of a conventional
transformer of the same size. Furthermore, the autotransformer is somewhat more
efficient than transformers with separate windings because it has smaller copper
and iron losses. It is used mainly when small increases or decreases are required
in the secondary voltage. For example, to boost a power line voltage and
compensate for losses caused by long transmission lines, or to reduce the
starting voltage of a motor, thus holding down its starting current within
reasonable values. One major disadvantage of an autotransformer is the lack of
electrical isolation between the primary and secondary windings since the
windings are not separate. Also, it is generally unadvisable to use an
autotransformer as a large-ratio step-down device because the high-voltage
primary voltage would be placed across the low-voltage load if the low-voltage
section of the winding became defective and opened up.

EQUIPMENT REQUIRED
Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

CAUTION!

High voltages are present in this laboratory exercise! Do not
make or modify any banana jack connections with the
power on unless otherwise specified!
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Y. [0 1. Install the Power Supply, Data Acquisition Interface, Resistive Load, and
Single-Phase Transformer modules in the EMS Workstation.

00 2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully ccw. Set the
voltmeter select switch to the 4-N position, and then ensure the Power
Supply is connected to a three-phase wall receptacle.

00 3. Ensure that the DAl LOW POWER INPUT is connected to the main Power 1
Supply, set the 24 V - AC power switch to the | (ON) position, and ensure |
the fiat cable from the computer is connected to the DAI.

M W D

a
S

. Display the Metering window. Select setup configuration file ES18-1.cfg.

O 5. Setup the autotransformer circuit shown in Figure 8-4. Connect E1 and
11 as shown, and use E2 and |12 to measure the secondary voltage and
current. Note that winding 5-6 is connected as the primary, and that
center-tap terminal 9 and terminal 6 act as the secondary winding.

URE £, R
VOLTAGE

A2 W @

120 120 oo

220 »| 220 >

240 240 =

Figure 8-4. Autotransformer Circuit to Decrease Secondary Voltage.

0O 6. Turn on the main Power Supply and ensure that all of the Resistive Load |
module switches are open. Adjust the voltage control to obtain the value |
of Eg given in Figure 8-4. This is the rated voltage for the primary winding.
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O 7. Setthe Resistive Load module to obtain the value of R given in Table 8-1.

LINE VOLTAGE R
\ Q
120 120
220 440
.,240 480

Table 8-1. Value of Resistor R.

Measure and record lgn, lgecs Egecr Sear Ssec. NOte that the primary and
secondary apparent powers are obtained from electrical power meters
PQS1 and PQS2. After recording the measurements, rotate the voltage
control fully ccw and turn off the power.

lba = A lsgc~ A Esegc= _______V
SPH-____VA SSEC'______VA
0O 8. Compare the values of S5 and Sg.. Are they approximately the same,
except for a small difference caused by copper and core losses?
0O Yes [J No
O 9. Using the measured values in step 7, calculate the apparent power for
both the primary and secondary circuits.
Ser = Epr X lpg - VA
Seec = Egec Xlsee = VA
[0 10. Are the calculated results approximately the same as the readings
obtained with meters PQS1 and PQS2?
O Yes O No

O 11. Isthe autotransformer connected in a step-up, or a step-down configur-
ation?
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0O 12. Compare the ratio of primary to secondary current. Does it agree with the

O

13.

14,

15.

inverse of the turns ratio?

O Yes O No

Set up the autotransformer circuit shown in Figure 8-5. Connect E1 and
11 as shown, and use E2 and 12 to measure the secondary voltage and
current. Note that winding 9-6 is now connected as the primary, and that
terminals 5 and 6 are used for the secondary winding.
+
12 . 2
s . +
—
1" €2
ES
N
L
LINE Eg R
VOLTAGE
v) ) )
120 60 oo
220 110 oo
240 120 <o
Figure 8-5. Autotransformer Circuit to Increase Secondary Voltage.
Ensure that all of the Resistive Load module switches are open, and turn
on the main power. Adjust the voltage control to obtain the value of Eg
given in Figure 8-5. This is the rated voitage for winding 9-6.
Set the Resistive Load module to obtain the value of R given in Table 8-2.
‘N
LINE VOLTAGE R
v o]
120 600
220 2 200
240 2 400

Table 8-2. Value of Resistor R.
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Measure and record lpg, lsge, Egecr Sprn Ssec- After recording the measure-
ments, rotate the voltage control fully ccw and turn off the power.

- A lec = A Ege-____V
Sem - VA Sgq - VA

O 16. Compare the values of Sy and Sg.. Are they approximately the same,
except for a small dif{erence caused by copper and core losses?

O Yes O No

O 17. Using the measured values in step 15, calculate the apparent power for
both the primary and secondary circuits.

Sern = Epr X lpg = VA
Ssec = Esec Xlsec = VA
0 18. Are the calculated results approximately the same as the readings
obtained with meters PQS1 and PQS2?
O Yes 0O No

O 19. Is the autotransformer connected in a step-up, or a step-down configur-
ation?

O 20. Compare the ratio of primary to secondary current. Does it agree with the
inverse of the turns ratio?

O Yes O No

O 21. Ensure that the Power Supply is turned off, the voltage control is fully
ccw, and remove all leads and cables.

CONCLUSION

You connected a standard two-winding transformer to operate as an autotransfor-
mer in both step-up and step-down configurations. Measurements of apparent

power on the primary and secondary sides of the circuit showed that they are b
approximately equal except for the small difference caused by transformer losses.
You also saw that the voltage and current relationships for an autotransformer are

based on the same rules as standard transformers.
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REVIEW QUESTIONS

1.

An autotransformer is a special type of transformer that has

apow

a single winding which serves as both primary and secondary.
a separate primary and secondary winding.

more than one primary winding.

two secondary windings connected in series.

The power on the primary side of an autotransformer is

aoow

less than the power on the secondary side.

much greater than the power on the secondary side.
exactly equal to the power on the secondary side.
slightly greater than the power on the secondary side.

What is the secondary voltage when a source voltage of 150-V is applied
across the complete winding of a center-tapped autotransformer?

aoow

300 V.
150 V.
75 V.

225 V.

The secondary current in an autotransformer

apow

equals the turns ratio.

cannot exceed the winding current.
must be less than the winding current.
is not fimited.

The apparent power rating of a 10:1 autotransformer is 450 VA. This means
that the apparent power rating of the secondary is

aoow

45 VA,

4500 VA.

450 VA

none of the above.
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Distribution Transformers

EXERCISE OBJECTIVE

When you have completed this exercise, you will be familiar with the basic
concepts of distribution transformers. You will measure line voitages and currents
to observe how a distribution transformer behaves under various load conditions.

DISCUSSION

The majority of distribution transformers that supply homes and residential
buildings with power in North America have one high-voltage primary winding.
The secondary winding provides 120 V for lighting and small appliances, as well
as 240 V for heating, electric stoves and other heavy-duty electrical loads. The
secondary winding may be a 240-V center-tapped single winding or two 120-V
single windings connected in series.

To obtain the advantage of a higher-voltage distribution circuit, while at the same
time allowing the operation of lower-voltage equipment, the 120/240-V three-wire
power distribution system was developed. For a given amount of power supplied
to a load, the line loss in the 120/240-V three-wire power distribution system is
less than that in a 120-V two-wire power distribution system. The three-wire
system has the further advantage of setting the voltage between any line wire and
ground to an acceptable level, thereby, limiting the risks for harmful electric
shocks.

Distribution transformers are usually wound with the secondary or low-voltage
winding in two sections, each section having a nominal voltage of 120 V. When
the sections are connected in series, the transformer can be used to supply a
two-wire 240-V load. The series connection can also supply a three-wire
120/240-V circuit by connecting the neutral or common wire of this circuit to the
common terminal of the secondary (point of junction of the two winding sections).
In this way, 120-V lamps and equipment can be connected between the neutral
wire and either one of the two other wires (line wires), while 240-V loads like
stoves and electric heaters can be connected across the two line wires.

When the loads on each side of the neutral wire are balanced, no current flows
in this wire. However, when a héavy load is added between one line wire and the
neutral wire, the neutral wire carries the unbalanced current from the transformer
to the load. The neutral current is always the difference between the currents
flowing in the two line wires. Therefore, the loads on each side of the neutral wire
should be as balanced as possible to minimize the neutral current.

If a load is connected to only one side of a three-wire system, the neutral wire
carries all the load current. For this reason the neutral wire is the same size-as the




Distribution Transformers

two line wires. An accidental opening of the neutral wire when an unbalanced
load is being supplied results in large imbalances in the voltages across the other
loads, causing incandescent lamps, for example, to brighten or become dim.
Therefore, the neutral wire is solidly connected from the transformer to the load,
and no fuses or overcurrent devices are installed in series with the neutral wire.

EQUIPMENT REQUIRED

Refer to the Equipment Utnllzatlon Chart in Appendix C to abtain the list of
equipment required for this exerc1se

PROCEDURE

CAUTION!

High voltages are present in this laboratory exercise! Do not
make or modify any banana jack connections with the
power on unless otherwise specified!

OO0 1. Install the Power Supply, Data Acquisition Interface, Resistive Load,
Inductive Load, and Single-Phase Transformer modules in the EMS
Workstation.

0 2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully ccw. Set the
voltmeter select switch to the 4-5 position, and then ensure the Power
Supply is connected to a three-phase wall receptacle.

O 3. Ensure that the DAl LOW POWER INPUT is connected to the main Power
Supply, setthe 24 V - AC power switch to the | (ON) position, and ensure
the flat cable from the computer is connected to the DAI.

O 4. Display the Metering window. Select setup configuration file ES18-5.cfg.

O 5. Set up the distribution transformer circuit shown in Figure 8-8. Note that
winding 3-4 is used as the primary and is connected to variable ac output
terminals 4-5 on the Power Supply. Transformer windings 1-2 and 5-6 are
connected in series to obtain high-voltage across terminals 2 and 5.
Ensure that all switches on the Resistive Load and Inductive Load
modules are open, and connect the voltmeters and ammeters as shown
in the figure.
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&

O 6. Turn on the main Power Supply and adjust the main voltage control to
obtain the value of Eg given in Figure 8-8. With no load on the trans-
former (all switches open on the load modules), click the Record Data
button to enter the circuit measurements in the Data Table.

+
" ¢
2
+
E1
LI
13 ¢
6 +
£2
) +
12 ®
UNE 3 R R
VOLTAGE s ! 2
v) (v) (Q) ()
120 208 prony prony
220 380 pros promy
240 415 prony pron

Figure 8-8. Distribution Transformer With a Resistive Load.

0O 7. Set the Resistive Load module to obtain the values of R, and R, given
Table 8-4.
LINE VOLTAGE R, R,
\/ Q Q
120 300 300
220 [ 1100 1 100
240 1 200 1 200

Table 8-4. Values of Resistors R, and R,.
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o 11.

Record the circuit measurements as in step 6. Note that separate
sections of the Resistive Load module are used for R, and R,.

. Why is the neutral current indicated by I3 equal to zero?

. Set R, so that it is naw double the value of R,. Once again record the

circuit measurements.

. Is the neutral line current measured by 13 equal to the difference in the

readings between |1 and 127

O Yes O No

Turn off the Power Supply and disconnect the neutral line between the
transformer and the load circuit. Turn on the Power Supply and ensure
that Eg is at the same value as in step 6. Use the Record Data button to
enter the measurements as before.

. What difference do you observe in the load voltages?

. If the load resistors were incandescent lamps in a home, what would be

noticeable with this imbalance?

. Turn off the Power Supply. Disconnect resistor R, from the circuit of

Figure 8-8 and replace it with an inductive reactance X . Reconnect the
neutral line between the transformer and load circuit (through 13). Set R,
and X to the values given in Table 8-5.

LINE VOLTAGE R, X
v Q Q
120 400 400
220 1467 1 467
240 1 600 1 600

Table 8-5. Value of Resistor R, and Inductive Reactance X,.
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0O 1s.

aoow

g 2o.

Turn on the Power Supply. Ensure that Eg is at the same value as before
and click the Record Data button to enter the circuit measurements in the
Data Table.

. What difference do you observe in the load voltages?

. Is the neutral line current measured by 13 equal to the difference in the

readings between |1 and 127

O Yes O No

. Explain why your answer in step 17 is different than that in step 10.

. Click the Data Table button and review the measured data. Does it agree

with the theoretical information presented in the Discussion?
O Yes O No

Note: /It should be clear from the measurements that the neutral
line current is the vectorial difference between |1 and 12. When
the currents are in phase, such as the case for equal load
resistors, this difference is the same as the arithmetical differ-
ence.

Ensure that the Power Supply is turned off, the voltage control is fully
ccw, and remove all leads and cables.

CONCLUSION

You set up the circuit for a typical distribution transformer, and observed its
behaviour under various load condjtions. You saw that it was possible to supply
both high- and low-voltage loads with a distribution transformer, and that the
neutral current was equal to zero with a balanced load.

REVIEW QUESTIONS

1. A 120/240-V distribution transformer can provide power for

loads at different voltage levels.
loads at one voltage level only.
resistive loads only.

loads that are less than 1000 VA.
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2. A typical 120/240-V distribution transformer requires

three wires for the primary circuit.

two wires for the secondary circuit.

two wires and a neutral wire for the secondary circuit.
four wires for each 120-V secondary circuit.

apop

3. Neutral current in a distriution transformer

is not important.

equals zero when loads are properly balanced.
equals the difference of the currents in the line wires.
both b and c.

aoop

4. The neutral wire in a three-wire distribution system

is the same size as the line wires.

is smaller in size than the line wires.

is larger in size than the line wires.

must be a larger size than the line wires.

apop

5. Circuit breakers and fuses are

always connected to the neutral wire.
never connected to the neutral wire,
not useful for a three-wire system.
can only protect against lightning.

apow
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Unit Test

A transformer with a single winding serving as primary and secondary

aoop

is called a distribution transformer.

is called an autotransformer.

is called a double-winding transformer.
is called a current transformer.

The apparent power rating of an autotransformer fixes

aoop

the power on the secondary side.

the minimum current that can flow in the winding.
the maximum power available for a load.

both a and c.

What is the primary voltage when the secondary voitage at the center-tap of
an autotransformer is 100 V?

a0 o

100 V.
200 V.
300 V.
50 V.

Parallel-connected transformers can supply more power when

apop.

they are connected in series-opposing.

they are connected in series-aiding.

they are connected with the proper polarity.
they are connected to a purely-capacitive load.

Two 300-VA parallel-connected transformers can supply a maximum load of

aoop

150 VA,
300 VA.
450 VA,
600 VA.

*3

To ensure connections are correct when two transformers are put in parallel

aoop

secondary current is measured at half load and reduced primary voltage.
secondary current is measured at full load and reduced primary voltage.
secondary current is measured at no load and reduced primary voltage.
secondary current is measured at no load and full primary voltage.

8-23




Unit Test (cont’d)

7. Two transformers of different apparent power ratings connected in parallel

can supply

a. a maximum load equal to twice the targer rating.

b. a maximum load equal to one-half the sum of both ratings.
c. a maximum load equal to twice the smaller rating.

d. a maximum load equal to the smaller rating.

&,
8. A distribution transformer is used to supply

high-voltage loads only.
low-voltage loads only.

both low- and high-voltage loads.
any type of four-wire load.

apop

9. If the current in the neutral wire of a typical 120/240-V distribution system

equals zero,

a. something must be wrong.

b. the loads connected to the system are balanced.
c. the currents in the line wires are out of phase.

d. the neutral wire is short-circuited to ground.

10. The neutral wire in a three-wire distribution system

is never connected to ground.

is never connected through circuit breakers or fuses.
is always connected through a protection device.
never has any current flowing in it.

aoow

8-24




Three-Phase Transformers

UNIT OBJECTIVE

After completing this Unit, you will be familiar with operating characteristics of
three-phase transformers. You will be able to connect transformer windings in wye
and delta configurations, and verify that windings are connected with the proper
phase relationships. Voltage and current measurements will be used to study
transformer operation and working characteristics.

DISCUSSION OF FUNDAMENTALS

Many of the concepts used in this Unit were seen in Unit 6, and it may be useful
to review its contents to ensure better understanding of the material presented
here. The main features of three-phase circuits that are important to recall are that
there aretwo types of connections, wye and delta. Furthermore, in wye-connected
three-phase circuits, the line voltages are greater than the phase voltages by the
factor ¥'3 and the line and phase currents are equal. On the other hand, in delta-
connected three-phase circuits, the line currents are greater than the phase
currents by the factor v'3 and the line and phase voltages are equal.

A three-phase transformer can be a single unit or three single-phase units, and
the primary and secondary windings can be connected in either wye or delta to
give four types of connections, delta-delta, wye-wye, delta-wye, and wye-delta.
Usually, three-phase power systems has a line voltage of 208 V (380 V or 415 V
in some countries), and standard 120-V voltage (220 V or 240 V in some
countries) can be obtained between a line wire and the neutral wire as shown in
Figure 8-1. The wye-connected secondary provides three-phase 120/208-V power
using 4 wires as shown, and the primary side of the transformer may be
connected in delta like in the figure, or in wye. One big advantage of using a
delta configuration for the primary is that only three wires are needed to distribute

the three phases. “
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Figure 9-1. Commercial Three-Phase 120/208-V Power System.

An advantage of a delta-delta connection is that two single-phase transformers
(instead of three) can be operated in what is known as the open-delta or "V"
configuration if one of the three transformers becomes damaged or is removed
from service. The open-delta transformer bank still delivers phase voltages and
currents in the correct relationship, but the capacity of the bank is reduced to
57.7% (1V3) of the total nominal capacity available with three transformers in
service.

In the delta-delta and wye-wye configurations, the line voltage at the secondary
is equal to the line voltage at the primary times the inverse of the turns ratio. In
the delta-wye configuration, the line voltage at the secondary is equal to the line
voltage at the primary times the inverse of the turn ratio times v 3. In the wye-delta
configuration, the line voltage at the secondary is equal to the line voltage at the
primary times the inverse of the turn ratio times 1/¥'3.

Regardless of how the windings in a three-phase transformer are connected,
precautions must be taken to ensure that the secondaries are connected with the
proper phase relationships. For a wye configuration, this means that the voltage
measured across any two secondary windings (line voltage) must be v'3 times
greater than the voltage across either winding (phase voltage). If not, the
connections must be reversed before continuing.

With a delta configuration, the voltage measured between the ends of two series-
connected secondary windings must equal the voltage across either winding. If
not, the connections must be reversed. When one end of the third winding is
connected, the voltage measured across all three series-connected windings must
equal zero before connecting them together to close the delta. It is extremely
important to verify that the voltage within the delta equals zero before the delta
is closed. If not, the resulting current will be very high and damage the windings.

Thre:




Exercise 9- 1

Three-Phase Transformer Connections

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to connect three-phase
transformers in delta-delta and wye-wye configurations. You will measure winding
voltages to verify that the secondary windings are connected with the proper
phase relationships, and you will verify that the voltage within a delta equals zero
before the delta is closed.

DISCUSSION

As mentioned earlier, four common ways of connecting transformer windings to
form a three-phase transformer are: delta-delta, wye-wye, delta-wye, and wye-
delta, as shown in Figures 9-2 and 9-3. As seen in Unit 6, in order to set up a wye
connection, first connect the three components (windings) together at acommon
point for interconnection with the neutral wire, then connect the other end of each
component in turn to the three line wires. To set up a delta connection, connect
the first component in series with the second, the second in series with the third,
and the third in series with the first to close the delta loop. The three line wires
are then separately connected to each of the junction nodes in the delta loop.

PRIMARY SECONDARY PRIMARY SECONDARY

O o— Y ™M YY 0
1 1

3 3 O—Y Y _¢g||le—"YY 10O
B . 2 N N 2

O o— Y m FYY 0
3 3

oO————
(o) DELTA-DELTA N (b) WYE-WYE

Figure 9-2. Delta-Delta and Wye-Wye Connections.
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PRIMARY SECONDARY PRIMARY SECONDARY

N2
LS
3 .
(a) DELTA-WYE N (b) WYE—-DELTA

Figure 9-3. Delta-Wye and Wye-Delta Connections.

Before a three-phase transformer is put into service, the phase relationships must
be verified. For a wye configuration, the line voltages at the secondary windings
must all be V3 times greater than the corresponding phase voltages. If not,
winding connections must be reversed. To verify that phase relationships are
correct for a wye configuration, the voltage between two windings (E,y) is
measured as shown in Figure 9-4 (a) to confirm that it is v'3 times greater than
the line-to-neutral voltage across either winding (for example E,,). The voltages
between the third winding and the others (E;. and E.,) are then measured to
confirm that they are also V3 times greater than the phase voltage (E,,). as

shown in Figure 9-4 (b).
-1——+Em—~—1

<-—fem——i
—JW\—AOT F_JYY\_AO

+E‘B
N ?_JY‘V\_O__*_ N .,_fYY\__O Eea
B B ?
+
EBC

___fm__c_o ____KYY\_CO
SECONDARY WINDINGS SECONDARY WINDINGS
OF TRANSFORMER OF TRANSFORMER

(o) (b)

Figure 9-4. Confirming Phase Relationships in a Wye-Connected Secondary.

For a delta configuration, the line voltages at the secondary windings must all be
equal. If not, winding connections must be reversed. To verify that phase
relationships are correct for a delta configuration, the voltage across two series-
connected windings (E.,) is measured as shown in Figure 9-5 (a) to confirm that
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it equals the voltage across either winding (E,g and Eg.). The third winding is then
connected in series, and the voltage across the series combination of the three
windings is measured to confirm that it is zero before the delta is closed, as
shown in Figure 9-5 (b). This is extremely important for a delta configuration,
because a very high short-circuit current will flow if the voltage within the delta is
not equal to zero when it is closed.

A
? A
+
EAB
+
E
B e 8
+E oc

1
: e - o]

B = Eoc = Ecu

SECONDARY WINDINGS SECONDARY WINDINGS
OF TRANSFORMER OF TRANSFORMER

(o) (b)

Figure 9-5. Confirming that the Delta Voltage Equals Zero.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

CAUTION!

High voltages are presentin this laboratory exercise! Do not
make or modify any banana jack connections with the

power on unless otherwise specified!
A )

0O 1. Install the Power Supply, Data Acquisition Interface, and Three-Phase
Transformer modules in the EMS Workstation.

O 2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully ccw. Set the
voltmeter select switch to the 4-5 position, and then ensure the Power
Supply is connected to a three-phase wall receptacle.
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o s
0 4
0O 5

9-6

Ensure that the DAl LOW POWER INPUT is connected to the main Power
Supply, setthe 24 V - AC power switch to the | (ON) position, and ensure
the flat cable from the computer is connected to the DAI.

. Display the Metering window. Select setup configuration file ES19-1.cfg.

. Connect the Three-Phase Transformer module in the delta-delta

configuration shownejn Figure 9-6. Do not close the delta on the
secondary side of the transformer until the voltages are verified.

PRIMARY- A4 SECONDARY-A

Q
1 12 15 3

8
6
7 11 13 10
LINE Eg
VOLTAGE
) )
120 120
220 220
240 240

Figure 9-6. Three-Phase Transformer Connected in Delta-Delta.

. Turn on the power and adjust the voltage control to obtain the line-to-line

voltage Eg given in Figure 9-6. Use E1 to measure the winding voltages
and record the results. After recording the measurements, rotate the
voltage control fully ccw and then turn off the power.

Note: When measuring the various voltages, turn off the Power
Supply before modifying the connections of the DAl to the
circuit.

E1-2 o \ Ew = __—.V E1-12 = —V

Ea—s [, \% E:mo - \ Es-as = ___V
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a

7.

10.

11.

12.

13.

Do the measurements confirm that the secondary windings are con-
nected with the proper phase relationships?

3 Yes O No

Are the voltages within the secondary delta equal to zero, thus confirming
that it is safe to close the delta?

O Yes 0 No
Note: The value of E, ; will not be exactly zero volts because of

small imbalances in the three-phase line voltages. If it is more
than 5 V, the winding connections have to be checked carefully.

. When the winding connections are confirmed to be correct, close the

delta on the secondary side of the transformer. Connect E1, E2, and E3
to measure the line voltages at the secondary. Select setup configuration
file ES19-2.cfg. Turn on the power and adjust the voltage control to
obtain the same value of Eg used in step 6. Note that the transformer is
connected using the 1:1 ratio, so the primary and secondary voltages
should be equal.

Is the value indicated by programmable meter A for the sum of the three
line voltages approximately equal to zero?

O Yes O No

Observe the voltage phasors on the Phasor Analyzer. Does the display
confirm they are equal with a 120° phase shift between each of them?

O Yes O No

Turn oft the power. Connect E2 to measure line voltage E,, on the
primary side. Turn on the power and adjust the voltage control voltage
to obtain the same value of Eg used in step 6. Compare the voltage
phasor of E, , on the primary side with that of E, s on the secondary side.
Does the Phasor Analyzer display show that the voltages are equal and
in phase, except for possibly a small difference due to transformer
reactance?

O Yes O No

Turn off the power and connect the Three-Phase Transformer module in
the wye-wye configuration shown in Figure 9-7.

9.7




Three-Phase Transformer Connections

PRIMARY -Y SECONDARY-Y

Figure 9-7. Three-Phase Transformer Connected in Wye-Wye.

0 14. Turn on the power and adjust the voltage control to obtain the value of
E; used in step 6. Select setup configuration file £579-3.cfg. Use E1 to
measure the winding voltages and record the results. After recording the
measurements, rotate the voltage control fully ccw and then turn off the
power.

|
Note: When measuring the various voltages, turn off the Power
Supply before modifying the connections of the DAl to the
|
|

circuit,

Ee-__V Epy-_ NV Eep=-_ N
| E,-_____V E,- NV Enn-____V
| Y, S VA .

Eps-_____V Eoo-_  V  Enwe=-____V

[0 15. Do the measurements confirm that the secondary windings are con-
nected with the proper phase relationships?

O Yes O No

9-8
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O 1e6.

Are the line-to-line voltages on the primary and secondary sides of the
transformer V'3 times greater than the line-to-neutral values?

O Yes O No

. Connect E1, E2, and E3 to measure phase voltages E, , E, ., and E; ;5

at the secondary. Select setup configuration file ES194.cfg. Turn on the
power and adjust Eg at about the same value as used previously.

. Is the value indicated by programmable meter A for the sum of the three

phase voltages approximately equal to zero?

O Yes O No

. Observe the voltage phasors on the Phasor Analyzer. Does the display

confirm they are equal with a 120° phase shift between each of them?

4 Yes O No

. Turn off the power without modifying the setting of the voltage control.

Connect E2 to measure phase voltage E, , on the primary side. Turn on
the power and compare the voltage phasor of E,, on the primary side
with that of E, , on the secondary side. Does the Phasor Analyzer display
show that the voltages are equal and in phase, except for possibly a
small difference due to transformer reactance?

O Yes O No

. Ensure that the Power Supply is turned off, the voltage control is fully

ccw, and remove all leads and cables.

CONCLUSION

You connected transformer wmdlngs in three-phase delta-delta and wye-wye
configurations, and measured wmdlng voltages to ensure that secondary
windings were connected with the proper phase relationships. You confirmed that
the voltage within a delta was zero before closing the delta, and that the delta-
delta and wye-wye configurations produced no phase shift between the incoming
primary voltages and the outgoing secondary voltages.
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REVIEW QUESTIONS

1.

9-10

Why is it extremely important to confirm that the delta voltage equals zero
before the delta is closed?

To ensure that the secondary voltage does not become too high.
To avoid possible damage because of high current.

To avoid a short-circuit of the primary winding.

To maintain the seagndary voltage at a constant level.

apow

In a Gela-tea corfigurdion, tne ‘ine volkye un ‘i secutdary Ste 't

equal to the primary voltage times the inverse of the turns ratio.
V3 times the primary voltage.

V'3 times the primary voltage times the inverse of the turns ratio.
1/¥'3 times the primary voltage.

aoow

The voltage across two windings in a wye-wye configuration must be

equal to the voltage across each winding.

V3 times the voltage across each winding.

less than the voltage across each winding.

¥ 3 times less than the voltage across each winding.

apop

The voltage across two windings in a delta-delta configuration must be

equal to the voltage across each winding.
¥ 3 times the voltage across each winding.
less than the voltage across each winding.
¥ 3 times less than the voltage across each winding.

apop

A three-phase transformer can be

a single unit with three separate sets of single-phase windings.
three single-phase transformers connected together.

a single unit with one primary and three secondary windings.
either a or b.

aoow




Exercise 9-2

Voltage and Current Relationships

EXERCISE OBJECTIVE

When you have completed this exercise, you will be familiar with the voltage and
current ratios of three-phase transformers connected in delta-wye and wye-delta
configurations. Measurements of primary and secondary voltages willdemonstrate
that these configurations create a phase shift between the incoming and outgoing
voltages.

DISCUSSION

As seen in the previous exercise, primary and secondary voltages in delta-delta
and wye-wye connections are in phase and the voltage at the secondary is equal
to the voltage at the primary times the inverse of the turns ratio. In delta-wye and
wye-delta connections however, there will be a 30° phase difference between the
primary and secondary voltages. Also, in the delta-wye configuration, the line
voltage at the secondary is equal to the line voltage at the primary times the
inverse of the turn ratio times v'3. On the other hand, in the wye-delta configur-
ation, the line voltage at the secondary is equal to the line voltage at the primary
times the inverse of the turn ratio times 1/V3.

The 30° phase shift between the primary and secondary does not create any
problems for isolated groups of loads connected to the outgoing lines from the
secondary. However, if the outgoing lines from the secondary of a three-phase
transformer have to be connected in parallel with another source, the phase shift
might make such a parallel connection impossible, even if the line voltages are
the same. Recall that in order for three-phase circuits and sources to be
connected in parallel, line voltages must be equal, have the same phase
sequence, and be in phase when the parallel connection is made.

Figure 9-8 shows a three-phase transformer, with a turns ratio equal to 1:1,
connected in the delta-wye confiuration and feeding a three-phase load. The
voltage across each primary winding E.4, equals the incoming line voltage, butthe
outgoing line voltage E is ¥'3 times that voltage because the voltage across
any two secondary windings is v'3 times greater than the voltage across a single
secondary winding. Note that if the three-phase transformer had a turns ratio of
1:10, the line voltage at the secondary would be 10 x V'3 times greater the line
voltage at the primary, because the inverse of the turns ratio is multiplied by the
V'3 factor. The line current in the secondary is the same as the phase current, but
the line current in the primary is ¥'3 times greater than the corresponding phase
current.

9-11
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J Y Y \ Fa
1 ‘T
+
ESEC
i THREE
/Y "‘ O PHASE Esc(:‘\/s Epm
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2 LOAD
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PRIMARY SECONDARY

TURNS RATIO = 1:1

Figure 9-8. Three-Phase Deita-Wye Configuration.

EQUIPMENT REQUIRED

Refer to the Equipment Utilization Chart in Appendix C to obtain the list of
equipment required for this exercise.

PROCEDURE

CAUTION!

High voltages are present in this laboratory exercise! Do not
make or modify any banana jack connections with the
power on unless otherwise specified!

O 1. Install the Power Supply, Data Acquisition Interface, Resistive Load, and
Three-Phase Transformer modules in the EMS Workstation.

0O 2. Make sure that the main switch of the Power Supply is set to the O (OFF)
position, and the voltage control knob is turned fully ccw. Set the
voltmeter select switch to the 4-5 position, and then ensure the Power
Supply is connected to a three-phase wall receptacle.

0 3. Ensurethat the DAl LOW POWER INPUT is connected to the main Power
Supply, set the 24 V - AC power switch to the | (ON) position, and ensure
the flat cable from the computer is connected to the DAL

[0 4. Display the Metering window. Select setup configuration file ES19-5.cfg.

9-12
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O 5. Connect the Three-Phase Transformer module in the wye-delta configur-
ation shown in Figure 9-9. Make sure that the voltage within the delta is
2zero before closing the delta.

)
11 12
UNE [
VOLTAGE
) v)
120 120
220 220
240 240

Figure 9-9. Three-Phase Transformer Connected in Wye-Delta.

O 6. Turn onthe power and adjust the voltage control to obtain the line-to-line

voltage Eg given in Figure 9-9. Connect E1, E2, and E3 to measure the
line voltages at the primary and record the results. Record also the
average value of the line voltage given by programmable meter B.

E1-6 = —.V En-1 = _____...V Es-n - _____V

AVG (E1,E2,E3) - Vv

3

. Does programmable meter A show that the sum of the three line voltages
is approximately zero?

0O Yes I No
. Observe the voltage phasors on the Phasor Analyzer. Are they approxi-
mately equal with a 120° phase shift between each of them?

O Yes O No
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o o

a 11,

O 13

Turn off the power without modifying the setting of the voltage control.
Connect E1, E2, and E3 to now measure the line voltages at the
secondary. Select setup configuration file ES719-6.cfg. Turn on the power
and record the line voltages as well as the average value of the line
voltages.

Es-s - \ Ea-w [ \Y E13v15 = ______V

AVG (E1,E2,E3) - Vv

&y

. Does programmable meter A show that the sum of the three line voltages

is approximately zero?

0 Yes 0 No
Observe the voltage phasors on the Phasor Analyzer. Does the display
confirm they are equal with a 120° phase shift between each of them?

O Yes O No

. Turn off the power without modifying the setting of the voltage control.

Connect E2 to measure line voltage E, ; on the primary side. Select setup
configuration file ES19-7.cfg. Turn on the power and compare the voltage
phasor of E, ; on the primary side with that of E, , on the secondary side.
Does the Phasor Analyzer display confirm a phase shift of around 30°
between the two?

O Yes O No
Calculate the ratio AVG Eg. / AVG Epg using the values recorded in
steps 6 and 9. Is it approximately equai to 1/v'3?

O Yes O No

. Turn off the power and connect the Three-Phase Transformer module in
the delta-wye configuration shown in Figure 9-10. Set the Resistive Load
module for the given values of R, and connect i1, 12, and I3 to measure
the three line currents to the load.
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O 15. Connect E1, E2, and E3 to measure the line voltages at the primary, turn
on the power, and adjust the voltage control to obtain the line-to-line
voltage of Eg given in Figure 9-10. Select setup configuration file
ES19-8.cfg. Record the value of the line voltages, as well as the average
value.

E1~2 = _____V Es-7 = ______V E11-12 = __.__V

AVG (E1,E2,E3) - \

Y 12] 5 3

+

10 8
+
6 +
E2

; R
S + 3
] O— VY Y+ —O— —AAN\—
7 "> 1s 13
1 UNE Es R
; VOLTAGE
i v) ) ()
120 70 300
1 220 125 1100
240 220 1200

Figure 9-10. Three-Phase Transformer Connected in Delta-Wye.

O 16. Observe the voltage and current phasors on the Phasor Analyzer. Does
the display confirm that ke voltage and current phasors are in phase?

O Yes O No

O 17. Turn off the power without modifying the setting of the voltage control.
Connect E1, E2, and E3 to now measure the line voltages E,,, E, 5, and
E,,, On the secondary side. Select setup configuration file ES19-9.cfg.
Turn on the power. Does the Phasor Analyzer display show that the
voltage phasors lead the current phasors by 30°?

O Yes 0O No
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Note: Since the currents in the secondary are in phase with the
voltages in the primary, the Phasor Analyzer display is equivalent
lo observing all voltage phasors at the same time, except for the
difference in scale between the parameters.

O 18. Return to the Metering window and record the measured values for the
line voltages at the secondary, and also the average value.

E3~a - v Ea-13 - \Y E13»3 = —_V

by

AVG (E1,E2,ES) - \

0O 19. Calculate the ratio AVG Eg. / AVG Epq using the values recorded in
steps 15 and 18. Is it approximately equal to v 3?

O Yes 0O No

O 20. Turn off the power and connect |1 and 12 to measure the line and phase
currents on the primary side of the delta-wye configuration by opening
the circuit at points X and Y shown in Figure 9-10. Remember to
reconnect the load resistors at the secondary when 11 and 12 are
disconnected.

0O 21. Select setup configuration file ES19-10.cfg. Turn on the power and
calculate the ratio | ¢ / loyage fOr the primary circuit using the measured
currents. Is the ratio approximately equal to v 3?

0O Yes 0 No
O 22. Is the line current on the primary side approximately equal to the line
current on the secondary side, except possibly for a small difference due

to exciting current?

0O Yes 0O No

[0 23. Ensure that the Power Supply is turned off, the voltage control is fully
ccw, and remove all leads and cables.

CONCLUSION

You connected a 1:1 three-phase transformer in wye-delta and delta-wye
configurations, and saw that the line voltage between primary and secondary
either increased or decreased by a v'3 factor. You also confirmed that the
outgoing line voltages at the secondary were shifted 30° with respect to the
incoming line voltages at the primary.
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REVIEW QUESTIONS

1.

Delta-wye and wye-delta configurations both produce

a.
b.
c.
d.

increases in the secondary voltages and currents.
decreases in the secondary voltages and currents.
phase shifts between the incoming and outgoing line voltages.
additional v'3 increases in the secondary voltages and currents.

The line voltage at the secondary of a 10:1 wye-delta connected transformer
will be

aoop

equal to the line voltage at the primary times 1/V'3.

equal to the line voltage at the primary times v 3.

equal to the line voltage at the primary times 0.1 times 1/¥/3.
equal to the line voltage at the primary times 0.1 times V3.

The line voltage at the secondary of a delta-wye connected transformer is

aoow

greater than it is with a wye-delta connection.
less than it is with a wye-delta connection.
the same as it is with a wye-delta connection.
only dependant on the turns ratio.

The sum of the phase voltages in three-phase transformers

coow

depends on the connection.

equals zero when the transformers are properly connected.

is V'3 times the turns ratio.

can only be determined when a load is connected to the secondary.

Before three-phase transformers are put into service

the phase sequence of the incoming lines must be verified.

the winding connections must be checked to ensure proper phase
relationship.

the load must be balanced.

the phase shift must bemeasured.
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