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University of Jordan

- Faculty of Engineering & Technology Electric Power Engineering Department
EE371: Electrical Machines-I Summer Semester 2014-2015 Tutorial # 1: Synchronous Generators
Question #1-a Vi nooed = B

A synchronous generator on open-circuit generates 360 V at 60 Hz when the field current is 3.6 A.

Neglecting saturation determine the open-circuit EMF when the frequency is 40 Hz and the field
current is 2.4 A,

Question #1-b

A three-phase, 60 Hz synchronous generator operating at no load has a generated voltage of 620V
at rated frequency. 1f the pole flux is decreased by 15% and the speed is increased by 10%,
determine:

a) The induced voltage,

b) The frequency.

Question #2
A 3-phase. S-pole, 900-rpm, Y-connected synchronous generator has 120 turns per phase and a

stator-winding factor of 0.90. A voltage of 2400 V is measured across the machine terminals on no
load. Determine the flux per pole.

Question #3
A 3-phase, 1000-kVA, 12 kV, Y-connected, synchronous generator supplies 750 kW at 12 kV and

0.8 lagging power factor. The synchronous reactance is 30 (2 per phase, and the armature resistance
is negligible. Calculate the voltage regulation.

Question 74
A 3-phase. Y-connected synchronous generator supplies a load of 10 MW at 11 kV (terminal

voltage). Its resistance is R;=0.1 Q)/phase and synchronous reactance X=0.66 (2/phase. Calculate
the line value of EMF generated and the percentage voltage regulation at:

a) 1.0pf b) 0.8 pflagging c) 0.8 pfleading.

Question #5

A 1200-kVA. 6600-V, 3-phase, Y-connected synchronous generator with a resistance R, of 0.4 Q
and a reactance A; of 6 Q per phase delivers full-load current at pf 0.8 lagging and normal rated
voltage. Estimate the terminal voltage for the same excitation and load current at 0.8 pf feading.

Question #6
The following test results are obtained from a 3-phase, 6000-kVA, 6,600 V, Y-connected, 2-pole,

50-Hz, synchronous generator. With a field current of 125 A, the open-circuit voltage is 8000V at
the rated speed with the same field current and rated speed, the short-circuit is 800 A. At the rated
full-load. the armature resistance voltage drop is 3% of the rated phase voltage. Find the regulation
of the synchronous generator on full-load and at a pf of 0.8 lagging.

Question #7

A 3-phase, 10-kVA, 208-V, 4-pole, Y-connected synchronous generator has a synchronous

reactance X. of 2.0 Q per phase and negligible armature resistance. The generator is connected to a

three-phase, 208-V infinite bus. Neglect rotational losses.

a) The field current and the mechanical input power are adjusted so that the synchronous generator
delivers 6 kW at 0.85 lagging power factor. Determine the excitation voltage and the angle &.

b) The mechanical input power is kept constant but the field current la adjusted to _rnake the power
factor unity. Determine the percent change in the field current with respect to its value to part

(a).
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Question #8

A 25-kVA, 230-V. 3-phase, 4-pole, 60-Hz, Y-connected synchronous generator has a synchronous

reactance X, of 1.5 €2 per phase and negligible armature resistance. The generator is connected to an

infinite bus (of constant voltage magnitude and constant frequency) at 230 V and 60 Hz.

a) Determine the excitation voltage £, when the machine is delivering rated kVA at 0.8 pflagging.

b) The field excitation current /; is increased by 20% without changing the power input from the
prime mover. Find the stator current f,, power factor, and reactive power O supplied by the
machine.

¢) With the ficld excitation current /; as in part (a), the input power from the prime mover is
increased very slowly. What is the steady-state limit? Determine stator current 1, power factor,
and reactive power Q.

Question #9

A 12-kV, 3-phase, 60-Hz, Y-connected synchronous generator has a synchronous reactance X of 15

Q per phase and negligible armature resistance. For a given field current, the open-circuit voltage is

13 kV.

a) Calculate the maximum power developed by the generator.
b) Determine the armature current and power factor for the maximum power condition.

Question #10

A 3-phase. 6-pole. 60-Hz synchronous generator has a synchronous reactance X of 4 Q per phase

and a terminal voltage of 2300 V. The field current is adjusted so that the excitation voltage is 2300
V at a power angle of 15°. Find:

a) Stator current.

b) Power factor.

¢) Output real and reactive power.

d) Maximum power developed by the generator.

e) Armature current and power factor for the maximum power condition.
f) The maximum torque applied to the shafi of the generator.

Question 11

The loss data for a 10-MVA, 12-kV, 2-pole, 60-Hz, 3-phase synchronous generator is as follows:
Open-circuit core loss at 12 kV =75 kW

Short-circuit load loss at 480 A = 60 kW

Friction and windage loss =55kW

Calculate the efficiency at rated load and 0.8 pflagging.

Question #12

Two identical 3-phase, Y-connected alternators work in parallel and supply a load of 1500 kW at 11
kV at a power factor of 0.866 lagging. Each alternator supplies half the total real power. The
synchronous reactance of cach is 50 €2 per phase and the resistance is 4 €2 per phase. The field
excitation of the first machine is so adjusted that its armature current is 50 A lagging. Determine:

a) The power factor of the first alternator.

b) The armature current and power factor of the second alternator.

¢) The generated voltage and voltage regulation of the first altermator.
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University nl'qurdan : Faculty of Engincering & Technology Electric Power Iinginécring Department
EE471: Electrical Machines-11 Tutorial # 1: Synchronous Motor

Question #1

A 3000-hp, 6600-V, 60-Hz, 3-Phase, Y-connected synchronous motor operates at full-load at a

leading PF of 0.8 and efficiency of 74.6%. If the synchronous reactance is 11 €, calculate:
a. the apparent power of the motor per phase,
b. the ac line current,

¢. the value and phase of the induced EMF,
draw the phasor diagram,

determine the torque angle &,

Question #2

"~
p———y
-

1

A 3-p1}a553. 4-'p01t:. 60-Hz, Y-connected synchronous motor is connected to a 3980 V, 3-phase
transmission line. The motor generates an induced EMF of 3100 V when the field current is 25 A.

The synchronous reactance is X, = 22 € and the torque angle §= 30", Calculate:
a. the transmission line current,

b. the power factor of the motor,
c. the developed torque.

Question #3

A 3-phase, 400-V, Y-connected synchronous motor delivers 12 hp at the shaft and operates at 0.866
lagging PF. The total core, friction, and field copper losses are 1200 W. If the armature resistance is
R, = 0.75 Q per phase. determine the efficiency of the motor.

Question #4

An overexcited synchronous motor is connected across a 150-kVA inductive load of 0.7 lagging PF.

The motor takes 12 kW while running on no load.

a. Calculate the kKVA rating of the motor if it is desired to bring the overall PF of the motor-
inductive load combination to unity.

b. What would be the kVA rating of the motor if the synchronous motor were used to supply a
100-hp load at an efficiency of 90%.

Question #5

A 6600-V, 50-Hz, 6-pole, 3-phase, Y-connected synchronous motor takes 400 kW at 0.8 PF
lagging. The synchronous reactance X, = 2 Q/phase and a negligible armature resistance,

L Determine:

a. The armature current,

b. The induced EMF and torque angle J,

c. The maximum torque the motor can develop T

11 If the induced voltage is increased by 25% and the power input to the motor remains the
same, i.c. 400 kW, find:

The new power angle &,

The new value of armature current,

The new power factor,

The new maximum developed power,

.6 TR
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Question #6

A 3.3 kV, 50-Hz, 2-pole, star-connected synchronous motor has Z; = 0 + jI5 Q. The motor is

connected to 3.3 kV, 3-phase supply and its excitation is set so that the internal generated voltage is
33 kV.

a. What is the maximum power, Py, and maximum torque, 7imax, the motor can develop?

b. What are the motor current, I,, PF, and reactive power, (, at the load condition of part (a)?

c. If the torque remains constant at this value and the cxcitation is increased by 20%, calculate the
new torque angle, S, armature current, /;, PF, and reactive power, Q.

d. At the new excitation level as in part (¢) the loads is increased by 10%, calculate the new power
angle, &, motor current, J,, PF and reactive power, .

lllustrate your analysis by showing the phasor diagrams and power angle curves at the various load
conditions mentioned above.

Question #7

A 208-V. 45-kVA. O.8-PF-leading, A-connected, 60-Hz synchronous machine has a synchronous reactance
of 2.5 € and a negligible armature resistance. Its friction and windage losses are 1.5 kW, and its core losses
are 1.0 kW, Initially, the shafl is supplying a 15-hp load, and the motor's power factor is (.80 leading.

a. Sketch the phasor diagram of this motor, and find the values of /,. /;, and £,

b. Assume that the shaft load is now increased to 30 hp. Sketch the behavior of the phasor diagram in
response to this change.

c. FindZ,. /,. and E, after the load change. What is the new motor power factor?

Question #8

A 480-V. 60 Hz. 400-hp 0.8-PF-leading cight-pole A-connected synchronous motor has a synchronous
reactance of 0.6 Q and negligible armature resistance. Ignore its friction. windage. and core losses for the

purposes of this problem. Assume that |E.¢l is directly proportional to the field cument I (in other
words. assume that the motor operates in the linear part of the maguetization curve). and that 'E -II =480
Vwhen I =4A.

(a) What is the speed of this motor?

(b) If this motor is initially supplying 400 hp at 0.8 PF lagging. what are the magnitudes and angles

of E, and 1,?

(c) How much torque is this motor producing? What is the torque angle &2 How near is this value
to the maximum possible induced torque of the motor for this field current setting?

(d) 1f IE A| ie increased by 30 percent. what 1s the new magnitude of the armature current? What is
the motor’s new power factor?

(e) Calculate and plot the motor’s V-curve for this load condition.
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University of Jordan Faculty of Engineering & Technology Electric Power Engineering Department
EE471: Electrical Machines-1I Tutorial # 2: 3-ph Induction Motor/Generator

Question #1

A 100 hp, 60-Hz, three-phase induction motor has a
efficiency of the motor at full load when the friction
loss is 4200W, and the stator copper loss is 2700W.

slip of 0.03 at full load. Compute the
and windage losses are 900W, the stator core

Solution:

P, = 100 _ 9463 kW

134
Py =P, + Pouoncs = 7463+ 09 = 75.53 kIV
55
Pt I T
b o i P THGY oo

PP, + By + Py =T187 + 42427 =8477 kW _ 7770 "7 = 88%

Question #2

A three-phase, 480-volt, 60-Hz, 12-pole, induction motor has the following parameters:
Ri=1.0 €% R'5= 0.5 Q: X = 10. Q; X= 100 £; Re= 800 Q Calculate the following:

a. The slip at maximum torque.

b. The current at maximum torque

c. The speed at maximum torque

d. The maximum torque.

Solution:
) 5
a. S = -—--__.'—3"::,;-. = -——-.—0“-—-20.05
JRI+ X 14100
b. The current at maximum torque
: V 480/
I, = P - = s i_ ~18.64 A
v il 0.5\
(Rl+ % + X} @_(H_] +100
\ Sm:x * \ 0.05 .
c. The speed at maximuim torque
60
n, = 120i =120 — =600 1pm
p 12
0,227 % = 6283 radls
60
d. The maximum torque
r 31° 480°

e e . —1=166.68 N
20, [Rl + R +..r;q] 2*62.83[1.0+v1.0+100| "

Scanned by CamScanner



\

Question #3

A three-phase, 30-hp, 480-V, 4-pole, 60-Hz induction motor has the following equivalent circuit
arameters in € per phase referred to stator: ] _

P R.=0F:}z§ P R,=0.20 X,=1.30 =120 i 1;’5'5 -

The total core, friction, and windage losses may be assumed constant at 1250 W. s uT* mo S

connected directly to a 440-V source, and it runs at a slip of 3.5%. Compute the following:

a) Motor speed, input current, and power factor and

b) Power input, shaft output torque, and efficiency of the motor.

Question #4

A three-phase, 6-pole, 60-Hz induction motor is operating at a speed of 1152 rpm. The power input

to the motor is 44 kW, the rotational losses are 500 W, and the stator copper loss is 1600 W, Find
the following:

a) Slip, airgap power, and rotor copper loss
b) Developed torque, developed horsepower, output torque, and output horsepower

Question #5

A 3-phase, 10-hp, 230-V, 4-pole, 60-Hz, Y-connected induction motor develops its full-load torque

at a slip of 4.5% when operating at 230 V and 60-Hz. The per-phase equivalent circuit impedances
of the motor are

Ry =0.35 X)=0.5 X>3=0.5 Am=15.0
The mechanical and core losses are assumed to be negligible. Determine the following:
a) Rotor resistance R, and slip S,

b) Starting torque, maximum torque, and rotor speed at maximum torque.

Question #6

A 3-phase, 20-hp, 440-V, 6-pole, 60-Hz, Y-connected
N-m and a full-load torque of 72 N-m. Calculate:

a) The starting torque when the applied voltage is reduced to 300 V.

b) The applied voltage in order to develop a starting torque equal to the full-load torque.

Question #7

induction motor has a starting torque of 98

A 3-phase, 440-V, 25-hp, 60-Hz, 1750-rpm, Y-connected, wound-rotor induction motor has the
following equivalent circuit parameters.

R, =0.20 Ry=0.15 Ai=10 X>=0.80 Xy =30
Determine the resistance of the rheostat in the rotor circuit such that the maximum torque occurs at
starting. Calculate the starting torque before and afier adding the resistance.

T2
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Question #8

A 480V, 60 Hz, 6-pole, three-phase, delta-connected induction motor with the following
parameters:

. Ri=0.461 Q, R,=0.258 Q, X,=0.507 €, X,=0.309 Q, X,,=30.74 Q

Rotational losses are 2450W. Now, suppose that the machine is being driven by a mechanical
systell]? such that it is rotating at 1224 rpm. Calculate the following information:
a. shp

b. Line Current

¢. Power and Reactive Power at the terminals

d. Airgap Power

e. Torque Developed

f. Mechanical Power

g. Efficiency

h. Much of the theory for this problem is identical to a motor problem:

Solution:
Slip is given by

Using the rpm equation, s = (1200-1224)/1200 = -0.02
Now, phase current is given by

where phase impedance is given by

JXu [& + JXQ}
Za =R+ 5+ -

? +J (Xz +Xu)
Using the above equation, Zin = -10.3 +35.29Q

And noting that the machine is delta connected, V; = VL =480V, |, =-36.7-)18.8 A. |I;| =41.4 A.
Therefore, I, = V3 x41.4=71.7TA

Note that the real part of phase current is negative, indicating that real power flows out of the
terminals. Also, the imaginary part of the phase current, which indicates that reactive power must

flow into the terminals. An induction generator cannot operate without a reactive power supply,
either from a power grid or capacitor bank

Using complex notation, §=3 vi
or
Poec =3xVxRe{l} = -53.0kW,

Qetee =*VxIm{l} = +27.2kVAR
Airgap Power is given by

=

|
£ o 2L
g
This approach requires rotor current to be found. With no core loss resistance:
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S

I = L
£+_j(.k'2 +X,)
s
S
1= = ]
_2+ J(Xz +Xm )
&

Giving [, = 37.8 A. Substituting into the power equation Pggp = -55.4kW
Torque developed can be found from

E
- .
m}
where synchronous speed in radians per second is given by
L
o ST
p
giving 1=-44]1 Nm
Mechanical power can be found using
Parwk = Eaur = Era.z:-‘maf

and

‘?ram = (I & Sj Pﬁr
Therefore mechanical power in KW is: Py, = -55.4 % (1.0+0.02) - 2.45, Preen = -58.9 kW
Efficiency is given by

7 = e 1000
Pﬂl’f

Therefore, n=53.0/58.9 = 89.9 %

Summary

It can be seen from the above analysis that the equations for an induction motor can all be applied to
an induction gencrator. (As long as oulput and input power are correctly described as either
electrical or mechanical}).. Induction generation used to be relatively rare. However, it is becoming
increasingly common as induction generators are the generator of choice for large wind turbines,
The requirement of an induction generator to have an independent reactive power supply has caused
significant research into the impact of large wind farms of power system stability.
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Question #9

As an example, consider the use of 3 10 hp, 1760 r/min, 440 V, three-phase induction motor as an

asynchronous generator, The full-load current

of the motor is 10 A and the full-load power factor is
0.8.

Required capacitance per phase if capacitors are connected in delta:

Apparent power S = VI E1= 1,73 x 440 x 10= 7612 VA

Active power P =S cos 0= 7612 » 0.8 = 6090 W

Reactive power Q = V.82 — PZ — 4507 VAR
For a machine to run as an asynchronous generator, capacitor bank must supply
minimum 4567 / 3 phases = 1523 VAR per phase. Voltage per capacitor is 440 V
because capacitors are connected in delta,

Capacitive current 1, = Q/I = 1523/440 = 3.40 A

Capacitive reactance per phase X, = E/l. = 127 Q

Minimum capacitance per phase:

C=1/2xaxfxX;)=1/(2 x 3.141 x 60 x 127) = 21 microfarads.

If the load also absorbs reactive power, capacitor bank must be increased in
size to compensate.

Prime mover speed should be used to generate frequency of 60 Hz:

Typically, slip should be similar to full-load value when machine is running
as motor, but negative (generator operation):
if N, = 1800, one can choose N=N_+40 rpm

Required prime mover speed N = 1800 + 40 = 1840 rpm,

L
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Tl e

University of Jordan Faculty of Engineering & Technology Electric Power Engineering Department
EE471: Electrical Machines-1I Tutorial # 3: 1-ph Induction Motor
Question #1

A 120-V 1/4-hp 60-Hz four-pole split-phase induction motor has the following impedances:

R =2000Q -Y: =256Q Xy =609 Q
R,=23800 .'t'z =2560Q
At a slip of 0.05, the motor’s rotational losses are 51 W. The rotational losses may be assumed constant

over the normal operating range of the motor. If the slip is 0.05, find the following quantities for this
motor:

Input power

Air-gap power

P Loy

P ol

T4

Tom

Overall motor efficiency
Stator power factor

o e B0 TP

Question #2
Repeat Problem 1 for a rotor slip of 0.025.

Question #3

Suppose that the motor in Problem 1 is started and the auxiliary winding fails open while the rotor is
accelerating through 400 r/min. How much induced torque will the motor be able to produce on its main
winding alone?

Question #4

A 220-V 1.5-hp 50-Hz six-pole capacitor-start induction motor has the following main-winding
impedances:

R =130Q X, =2010 ¥ 1050
R, =173Q X,=2010

At a slip of 0.05, the motor’s rotational losses are 291 W. The rotational losses may be assumed

constant over the normal operating range of the motor. Find the following quantities for this motor
at 5 percent slip:

a. Stator current

b. Stator power factor
C. P Ji

d. Py

€, Pﬂr

f. Pum’

g T

h, Tour

. 7

Question #5

Find the induced torque in the motor in Problem 9-5 if it is operating at 5 percent slip and its
terminal voltage is (a) 190 V, (b) 208 V, (c) 230 V.
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Question #6

What type of motor would you select to perform each of the following jobs? Why?

(a) Vacuum cleaner

(b) Refrigerator

(c) Air conditioner compressor
(d} Air conditioner fan

(¢) Variable-speed sewing machine
() Clock

() Electric drill

SoLuTioN

{a}  Universal motor—for its hugh torque

(b) Capacitor start or Capacitor start and run—For its high starting torque and relatively constant
speed at a wide variety of loads

{e) Same as {b) above

()

Split-phase—Fans are low-starting-torque applications, and a split-phase motor is appropriate
(e

Universal Motor—Direction and speed are ¢asy to contro} with solid-state drives
{f)  Hysteresis motor—for its easy starting and operation at »_

mcely.

(g) Universal Motor—for easy speed control with solid-state drives, plus high torque under loaded
conditions.

. A reluctance motor would also do
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