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Figure 4.4 Schematic view of a simple,
two-pole, single-phase synchronous
genearator,

Figure 4.5 (a) Space distribution of flux density and
(b) corresponding waveform of the generated voltage for the
single-phase generator of Fig. 4.4,
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Figure 4.7 Space distribution of the air-gap flux density in a
idealized, four-pole synchronous generator,
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Figure 4.6 Schematic view of a Uoe = ( 2 )ﬂa Je = ( 2 ) 60 o

simple, four-pole, single-phase
synchronous generator.



Figure 4.12 Schematic views of three-phase generators: (a) two-pole, {(b) four-pole, and
{c) Y connection of the windings.



INDUCTION MACHINES

Induction motors operate on the principle of interaction of the stator magnetic
rotating field on currents induced in the rotor winding. It can be a cage rotor
winding, wound-rotor winding with slip rings or winding in the shape of high-
current conducting sleeve, i.e., solid rotor coated with copper layer.

6.1 Construction

(Generally, there are three-types of induction machines:

(a) Cage-rotor induction machines (Fig. 6.1);
(b) Wound-rotor (slip-ring) induction machines (Fig. 6.2);

The stator consists of a laminated core (Fig 6.4) and three-phase winding
(Fig 6.5) embedded in slots. This winding, when energized by a three-phase
source of power, provides a rotating magnetic field (Section 5.8).



Fig. 6.1. Cage induction motor: 1 = stator core, 2 = stator winding, 3 = cage rotor,
4 = bearing, 5 = end plate (end bell), 6 = rotor bar, 7 = cast iron mounting feet, 8 =
terminal box, 9 = terminal leads, 10 = fan cover, 11 = fan, 12 = nameplate, 13 = cast
iron frame (housing).
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Fig. 6.2. Wound-rotor (slip-ring rotor): (a) stator and rotor connection diagram;
(b) construction of rotor. 1 = rotor core, 2 = rotor winding, 3 = slip rings, 4 - shaft.




The stator consists of a laminated core (Fig 6.4) and three-phase winding
(Fig 6.5) embedded in slots. This winding, when energized by a three-phase

source of power, provides a rotating magnetic field (Section 5.8).
The rotor windings are also contained in slots in a laminated core which is
mounted on the shaft. In small motors, the rotor-lamination stack is pressed

directly on the shaft. In larger machines, the core is mechanically connected
to the shaft through a set of spokes called a “spider.”

(b)

\:
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Fig. 6.4. Laminated cores of induction motors: (a) stator and rotor single lamina-
tions; (b) stator and rotor laminated stacks. 1 = stator slot, 2 = stator lamination,
3 = shaft, 4 = air gap. 5 = rotor lamination, 6 — shaft.



Fig. 6.5. Stator core with winding: (a) partially wound stator core; (b) stator
winding completed.

Fig. 6.6. Cage winding: (a) cage; (b) complete cage rotor. 1 — rotor bar, 2 — rotor
end ring, 3 — rotor core, 4 — shaft, 5 — cooling fan blades.
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Fig. 6.8. Name plate of induction motor.

Serial number:

Rated (nominal power);

Class of insulation;

Year of manufacturing:

Number of phases:

Frequency;

Stator line-to-line voltage:

Stator current;:

Stator winding conenction (Y or A);
Power factor cos @;

Internal protection IP;

Duty cycle;

Nominal (rated) speed;

Ambient temperature of operation;
Mass:

Number of standard the machine meets.



THE ROTATING MAGNETIC FIELD

loar (1) = Iy sin ot A H, () = Hysinwt £0°  Aeturns/m
Iy (1) = Ly sin (wi — 1207) A H,, (1) = Hy sin(wf — 120°) £120°  Asturns/ m
iﬁ*{” = IH Sin {wit — 24[]”} A H_.(1) = Hy sin (w1 — 240°) £240° A= lurns / m



The Mux densities resulting from these magnelic feld inlensilies are given
by Equation (1-21):

B=uH (1-21)
They are
B..-(f) = By sin ot £ 0° T (4-23a)
B.s- (1) = By sin (ef — 120°) £ 120° T (4-23b)
B_.(t) = B, sin (el — 240°) £ 240° T (4-23c)

For example, at time [wt = 0°] the magnetic field from coil aa” will be

B, =0 (4-24a)
The magnetic field from coil bd’ will be
B,,- = B, sin (-120°) £ 120° (4-24b)
and the magnetic field from coil c¢” will be
B, . = B, sin (-240°) £ 240° (4-24c)

The total magneltic field from all three coils added together will be

B, = B, + By, + B, —)
= 0+ (8,) 21200 + (L8,) 2240°

2
= 1.5B,, £ —90°




As another example, look at the magnetic field at lime @t = 90°. Al thal
time, the currents are
lor = Iy 510 90° A
iper = Iy sin (=307 A
i = Iy sin (=150°) A

B_.=B,Z0°
B,, = —0.5 B, £ 120°
B, = 0.5 B, £ 240°

The resulting net magnetic field is —

B, =B, +B,+B,_.
=By, £0° + (-0.5B,,) £ 120° + (-0.5B,,) £ 240°
= 1.5B, Z(F




Proof of the Rotating Magnetic Field Concept
The net magnetic flux density in the stator is given by
Bou(r) = By (1) + By (1) + B (1)
= By sinwt Z£0° + By sin (wt— 120%) £ 1207 + By sin (ot - 240°) £ 240° T

Each of the three component magnetic fields can now be broken down into its x

and y components. Equation (4-25) is the final expression for the net magnetic flux density. Nolice

B = B.sin of & that the magnitude of the field is a constant 1.5B,, and that the angle changes con-
i) = By SIN tinually in a counterclockwise direction at angular velocity w. Notice also that at

= [0.5B); sin (awt — 120°)}]X + l‘%‘iﬂ” sin (el — 12{]“}]?

— [0.5By; sin (w? — 2407}k — [% By sin (wt — 24!]“}‘5

Combining x and y components yields
B (1) = [By,sin wf — 0.5B,,sin (wf — 120°) — 0.5B,, sin (wf — 240°)] %

+ ?BH sin (wf — 120°) — ?BM sin (wf — 24[}“)]?

FIGURE 4-10
The rotating magnetic field in a stator
represented as moving north and south stator

poles.

By the angle-addition trigonometric identities,

B, () = [Bysin wf + 1By sin wt + %BH cos wf + 3By sin of - %BH cos mrli

+ l_¥ﬂ” sin wt — %BH cos i + ?EM sin wi — %BH COS mrli
wt = 0° B, = 1.5B,, £ -90° and that al wt = 90°, B, = 1.5B,, £ 0°. These re-

B_.(1) = (1.5B,; sin wNX — (1.5B,, cos wl)y (4-25) sults agree with the specific examples examined previously.




INDUCED VOLTAGES

Assume that the rotor winding 1s wound-type, wye-connected, and open-circuited. Since the rotor
winding is open-circuited, no torque can develop. This represents the standstill operation of a three-
phase induction motor. The application of a three-phase voltage to the three-phase stator winding
results in a rotating magnetic field that “cuts™ both the stator and rotor windings at the supply
frequency f,. Hence, the rms value of the induced voltage per phase of the rotor winding can be
expressed as

2
E, = jzi fiN2Ok, (6.28)
E, = 4.44 {,N 0k, (6.29)

where the subscripts 1 and 2 are used to denote stator- and rotor-winding quantities, respectively.
Since the rotor is at standstill, the stator frequency f, is used in Equations 6.28 and 6.29. Here, the
flux ¢ is the mutual flux per pole involving both the stator and rotor windings. Similarly, the rms
value of the induced voltage per phase of the stator winding can be expressed as

E, = 444 f,N 0k, (6.30)

Thus, 1t can be shown that

EL=NLR“"' E—) EI_NI_IH
E, Nikys E, N,




B, Net voltage

Maximum
induced voltage
. o Maximum
\ induced current
1 ! I
; Ip

Finally, since the induced torgue in the machine is given by

Toa = KBg X Bg



6.5 CONCEPT OF ROTOR SLIP

In the event that the stator windings are connected to a three-phase supply and the rotor circuit 1s
closed, the induced voltages in the rotor windings produce three-phase rotor currents. These cur-
rents in turn cause another rotating magnetic field to develop in the air gap. This induced rotor mag-
netic field also rotates at the same synchronous speed, n.. In other words, the stator magnetic field
and the rotor magnetic field are stationary with respect to each other. As a result, the rotor develops
a torque according to the principle of alignment of magnetic fields.

Thus, the rotor starts to rotate in the direction of the rotating field of the stator, due to Lenz’s law.
Here, the stator magnetic field can be considered as dragging the rotor magnetic field. The torque
is maintained as long as the rotating magnetic field and the induced rotor currents exist. Also, the
voltage induced in the rotor windings depends on the speed of the rotor relative to the magnetic
fields. At steady-state operation, the rotor’s shaft speed” n,, is less than the synchronous speed n_ at
which the stator rotating field rotates in the air gap. The synchronous speed is determined by the
applied stator frequency?® f,, in hertz, and the number of poles, p, of the stator winding. Therefore,

120 ;
p

rev/min (6.33)




Of course, at n,_=n_, there would be no induced voltages or currents in the rotor windings and, there-
fore, no torque. Thus, the shaft speed of the rotor can never be equal to the synchronous speed, but
has to be at some value below that speed.

The slip speed (also called the slip rpm) is defined as the difference between synchronous speed
and rotor speed and indicates how much the rotor slips® behind the synchronous speed. Hence,

Ny = Ny — N, (6.34)

where
n,;, is the slip speed of motor in rpm
n, is the synchronous speed (i.e., speed of magnetic fields) in rpm
n,, is the mechanical shaft speed of rotor in rpm

Therefore, the term slip describes this relative motion in per unit or in percent. Thus, the slip in
per unit 1s

o= Ml M (6.35)




and the slip in percent 1s

x 100 (6.36)

= e 1 () {53?]

By closely inspecting Equation 6.35 and Figure 6.4 and simply applying deductive reasoning.* one
can observe the following:

1. If s=0, it means that n_=n_, that is, the rotor turns at synchronous speed. (In practice, it
can only occur if the direct current is injected into the rotor winding.)

2. If s=1, it indicates that n, =0, that is, the rotor is stationary. In other words, the rotor is at
standsull.

3. If 1 >5>0, it signals that the rotor turns at a speed somewhere between standstill and syn-
chronous speed. In other words, the motor runs at an asynchronous speed as 1t should, as
illustrated in Figure 6.13a.

4. If s> 1, it signifies that the rotor rotates in a direction opposite of the stator rotating field, as
shown in Figure 6.13c. Therefore, in addition to electrical power, mechanical power (Le.,
shaft power) must be provided.

Since power comes in from both sides, the copper losses of the rotor increase tremen-
dously. The rotor develops a braking torque that forces the motor to stop. This mode of
induction machine operation is called braking (or plugging) mode.



5. If s<0, it means that the machine operates as a generator with a shaft speed that is greater
than the synchronous speed, as shown in Figure 6.13b. This mode of operation is called
generating mode.

Also note that the mechanical shaft speed of the rotor can be obtained from the following two equa-
tions, which involve only slip and synchronous speed:

n,, =(1=5)n, rpm (6.38)
m = (1=5)o, rad/s (6.39)
My My
> >
4 -
> . ”H'! Hj
H.I':H HH'!
Motoring Generating Breaking
0=<n,=n, My, > H My, <0

lzsz0 s<0 s>1

(a) (b) (c)



Example 6.1 Determine the number of poles, the slip, and the frequency of the
rotor currents at rated load for three-phase 5-hp induction motors rated at:

(a) 220 V, 50 Hz, 1440 rpm.
(b) 120 V, 400 Hz, 3800 rpm.

Solution Using n,, the rotor speed given, we use Eq. (6.18) to obtain P.
(a) We have

120 x 50
p—120x30

= 4.17
1440

But P should be an even number. Therefore, take P = 4. Hence the synchro-
nous speed is

_120f 120 x 50
P 4

R = 1500 rpm

The slip is thus given by

ng—n, 1500 — 1440

ng 1500 0.04

5 =

The rotor frequency is calculated as

fr=5f=004 x50 =2Hz



(b) We have

120 x 400

P 3800 = 12.63
Take P = 12, to obtain
ng = &;ﬂ — ml-pm
4000 — 3800
5 = 300 = 0.05

f, = 0.05 x 400 = 20 Hz

-
EFFECTS OF SLIP ON THE FREQUENCY AND MAGNITUDE

OF INDUCED VOLTAGE OF THE ROTOR
fr=s5%X}

.Er = ".';'EE



Example 6.1

A three-phase, 60 Hz, 25 hp, wye-connected induction motor operates at a shaft speed of almost
1800 rpm at no load and 1650 rpm at full load. Determine the following:

(a) The number of poles of the motor

(b) The per-unit and percent ship at full load

(c) The ship frequency of the motor

(d) The speed of the rotor field with respect to the rotor itself
(e) The speed of the rotor field with respect to the stator

(f) The speed of the rotor field with respect to the stator field
(2) The output torque of the motor at the full load



Solution

(a) From Equation 6.33, (d) The speed of the rotor field with respect to the rotor itself can be determined from

120 f,
R, = —
_ 2 o = 12015
from which P
120 _ 1205
p= -4
".T
=150 rpm
120 x 60
= ————— =4 poles
1800 or
(b) Since
Ry = SX N,
Ny = (1 - 5)
=0.08333x1800
Then =150 rpm
S _ n.'l' _nlﬂ
o, (e) The speed of the rotor field with respect to the stator can be found from
1800 = 1650
=T 1800 n,, +n, = 1650+ 150 = 1800 rpm

=(0.08333pu or 8.33%
or

(c) The slip frequency 1s
My + 12 = n, = 1800 rpm

fo = sfi =0.0833x60 = 5Hz



(f) The speed of the rotor field with respect to the stator field can be determined from

(Mg +n2)=n, =1800-1800=10

Or since
Hy + 12 =N,
then

n—n=>0

I 5

(g) The output torque of the motor at the full load can be determined from

P
T =T _ o
out shazfi -
B (25 hp)(746 W/hp)
(1650 rev/min ) 2x rad/rev {1 min/60s)
=108 N-m
or in English units,
T = T = 5252P
n
_ 3252(25 hp)

1650 rev/min

=7961b-fi



Example 7-1.
a full-load slip of 5 percent.

(@) What is the synchronous speed of this motor?
(b) What is the rotor speed of this motor at the rated load?

(c) Whalt is the rotor frequency of this motor at the rated load?
(d) What is the shaft torque of this motor at the rated load?

Solution
(a) The synchronous speed of this motor is

120
Hﬂ:rm: = Pf'

_ 120(60 Hz) _
4 poles

1800 r/min

(c) The rotor frequency of this motor is given by
f, = sf, = (0.05X60 Hz) = 3 Hz

Alternatively, the frequency can be found from Equation (7-9

i
Ir= lzn (Moyne = M)

IZEI {1800 r/min — 1710 r/min) = 3 Hz

A 208-V, 10-hp, four-pole, 60-Hz, Y-connected induction motor has

(b) The rotor speed of the motor is given by
n, = (1 — s}nﬁu_
= {1 — 0.95)(1800 r/min) = 1710 r/min

(d} The shaft load torque is given by

Pow

by,

flnud

(10 hpX746 W;hp}
{I'? 10 r/min)(2m rad/r)(1 min/60 5)

=41 7TN+*m

The shaft load torque in English units is given by Equation (1-17):

_ 5252F
led = n

where ris in pound-feet, P is in horsepower, and n1,, is in revolutions per minute.
Therefore,

_5252(10 hp)

Towd = 3107 mi = 30.7 b ft



EQUIVALENT CIRCUIT OF AN INDUCTION MOTOR

Stator Circuit MODEL
Figure 6.14a shows the equivalent circuit of the stator. The stator terminal voltage differs from the
induced voltage (i.e., the counter-em{) in the stator winding because of the voltage drop in the stator

leakage impedance. Therefore,

Vi=E +L(R +jX,) (6.46)
C N \NN—000" + > o
+ f}’f +
II'. I]i"l
Vi R, X, E,
o o

where
V, is the per-phase stator terminal voltage
E, is the per-phase induced voltage (counter-emf) in the stator winding
I, is the stator current
R, 1s the per-phase stator winding resistance
X, 1s the per-phase stator leakage reactance



Rotor-Circuit MODEL

Figure 6.14b shows the actual rotor circuit of an induction motor operating under load at a slip 5. The
rotor current per phase can be expressed as

(6.47)
I; sX3 Xy

+

R,

R
sE, Ry 2
1-s

R )
o
(b)

where
E, 1s the per-phase induced voltage in the rotor at standstill (1.e., at stator frequency f,)
R, 1s the per-phase rotor-circuit resistance
X, 1s the per-phase rotor leakage inductive reactance



The figure illustrates that I, is a slip-frequency current produced by the slip frequency—induced

emf sE, acting in a rotor circuit with an impedance per phase of R, + jsX,. Therefore, the total rotor
copper loss can be expressed as

sE,

IE s —
R, + jsX,

P, =3R,

which represents the amount of real power involved in the rotor circuit. Equation 6.47 can be rewrit-
ten by dividing both the numerator and the denominator by the slip s so that

R
(R, /s)+ jX;

This equation suggests the rotor-equivalent circuit shown in Figure 6.14c. Of course, the magnitude
and phase angle of I, remain unchanged by this process, but there 1s a significant difference between
these two equations and the circuits they represent. The current I, given by Equation 6.47 1s at slip
frequency f,, whereas I, given by Equation 6.49 is at line frequency f;.

Also in Equation 6.47, the rotor leakage reactance sX, changes with speed, but the resistance
R, remains unchanged; whereas in Equation 6.49, the resistance R,/s changes with speed, but the

leakage reactance X, remains unchanged. The total rotor copper loss associated with the equivalent
rotor circuit shown in Figure 6.14c 1s

P=3!§(£J = Do

§ Ky



Since induction machines are run at low slips, the power associated with Figure 6.14c is sub-
stantially greater. The equivalent circuit given in Figure 6.14c is at the stator frequency and there-
fore is the rotor-equivalent circuit as seen from the stator. Thus, the power determined by using
Equation 6.50 is the power transferred across the air gap (i.e., P,) from the stator to the rotor which
includes the rotor copper loss as well as the developed mechanical power. Here, the equation can be
expressed in a manner that stresses this fact. Therefore,

P _ 3l P
rotor giris — 212 ? = Frot.cu T Pmech

P=P, =30 e :3IE[R3+E{1—:;}}

) s R,(1—5)
Protor giris — 3IZZRZ + 3122 S
2 R:‘
Pd:Pmﬂ'h:EIl?__I:l_S) Prot.cu
d Protor giris — T
>

P.:r — Pm.-.ﬁ:' :{I_S}Pg Protor giri§(1 — 5) — Pmech

l—s Prot.cu(l _S)

PE il P =
5 mech S

P:.I':Pmﬂ' —

P, =3L:R, =P,
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CompLETE EQUIVALENT CIrRCUIT

Il Rl + j‘xl . “ . 12 S‘x:l
o —ANN—— DT —— T [ —
* [N
‘r..: + +
Vi R, E, E, g R,
Nl . N1
transformer model of an induction motor,
I, Ry + X I X3
o NN 00 e ", > OO0 ————
+ f ‘re- +
RJ
II'. IJH g I R’
i 2
Fl El = ﬂEI = EE T

Q|
i
Q|

exact equivalent circuit.



AP A F1’F stator windage,

stator Tw e : P
winding core AP, fr;cr}dlon
loss ﬁ 088 rotor ventilation loss

_ winding ﬁ mechanical AProt
active P loss pm power
power elm

to stator ‘

®

electro-
magnetic >
s power crossing %ut output
air gap shaft
 — f power

Pﬂut =Pz’n_‘ﬂP]w_dPIFE_ﬂPEw_dPrﬂt_‘ﬂPstr=Pm_ﬂprﬂt_dpstr

where AP;,, are the stator winding losses, AP, p. are the stator core losses,
AP,,, are the rotor winding losses, AF,,; are the rotational (mechanical)
losses and AP,;, are the stray load losses. The mechanical power

Pm=Pin_‘ﬂP1w—dP1FE_ﬂP2w



i"ﬂ

Pi.=ﬁfr-f]_ﬂﬂﬁﬂ




EXAMPLE 5.2
A 3¢, 15 hp, 460V, four-pole, 60 Hz, 1728 rpm induction motor delivers full output power to a

load connected to its shaft. The windage and friction loss of the motor is 750 W. Determine the

(a) Mechanical power developed.
(b) Air gap power.
(c) Rotor copper loss.

Solution
(a) Full-load shaft power=15x746=11,190 W

Mechanical power developed = shaft power + windage and friction loss
=11,190 +750=11,940 W

(b) Synchronous speed n, = 12060 _ 1800 rpm
, 1800 — 1728
Slip §s= 1800 = (0.04
. 11,940
Air gap power P, = =004 12,4375W
(c) Rotor copper loss P> = 0.04 12,4375

=4975W 1



VARIOUS EQUIVALENT CIRCUIT CONFIGURATIONS

Air Igap

IEEE-recommended equivalent circuit



Example 7=2. A 480-V, 60-Hz, 50-hp, three-phase induction motor is drawing
60 A at 0.85 PF lagging. The stator copper losses are 2 kW, and the rotor copper losses are
J00O W, The friction and windage losses are 600 W, the core losses are 1800 W, and the

stray losses are negligible. Find the following quantities:

fa) The air-gap power Fyg
(k) The power converted F..,.

(c¢) The output power P,
(d) The efficiency of the motor

(a) The air-gap power is just the input power minus the stator /*R losses. The input || (¢) From the power-flow diagram, the output power is given by

power is given by P,.=P.. — Peaw— P
P, = V3Vl cos 8 =379kW — 600 W — OW = 37.3kW
= V(480 V)60 A)(0.85) = 42.4 kW or, in horsepower,
From the power-flow dia , the air- wer is given b — _lhp _
po gram gap po & Y Fou = G73 kW) ooy = S0 hp
Fac = Fa = PsaL — Fore
=424 kW - 2kW — LEKW = 386 kW (d) Therefore, the induction motor’s efficiency is
(f) From the power-flow diagram, the power converted from electrical to mechan- n = % x 100%
ical form is i
37.3 kW
Peom = Pac = Pact = azakw x 100% = 8%

= 38.6 kW — 700 W = 37.9 kW



Torque in an Induction Motor

The torque T developed by the motor is related to P, by

r="r
m!‘

with @, being the angular speed of the rotor. Thus

i, = ms{l - S}

The angular synchronous speed w, is given by

o — 27n,
60
As a result, the torque is given by
7= 3R

S0,




Example 7-3. A 460-V, 25-hp, 60-Hz, four-pole, Y-connected induction motor has
the following impedances in ochms per phase referred to the stator circuil:

R, =0641Q R,=03320
X, =11060 X,=04640Q X, =2630

The total rotational losses are 1100 W and are assumed to be constant. The core loss is
lumped in with the rotational losses. For a rotor slip of 2.2 percent at the rated voltage and
rated frequency, find the motor’s

fa) Speed
fb) Stator current
fc) Power factor
(d) P...and P,
(€) Tigg and Tioy
(f) Efficiency
fa) The synchronous speed is

120
oo = 20fe _ 12060 Hz) _ 4000 /iy

syne P 4 poles
or @, = (1800 rfmin}(%)(%) = 188.5 rad/s

The rotor’s mechanical shaft speed is
n, = (1 — S ne
= (1 — 0,022} 1800 r/min) = 1760 r/min
or = (1 — $hwyy
= {1 — 0.022)188.5 rad/s) = 184.4 rad/s



The referred rotor impedance is

R, .
4, =tk

_ 0332
0.022

= 15.09 + j0.464 (2 = 15.102.1.76° {}

+ j0.464

Therefore, the total impedance is

Loy = Zya + 2'}
= 0.641 + j1.106 + 1294/31.1° ()
= 11.72 + j7.79 = 14.07£33.6° ()

The resulting stator current is

A
|

Zys
_ __266£0°V
14.07£33.6°

The combined magnetization plus rotor impedance is given by

1
/X, + 1/Z,
1
—j0.038 + 0.0662£—1.76°

= 0073231 ~ 1294431170

a- 18.882 —336° A

E.-F=

(c) The power motor power factor is

PF = cos33.6° = 0.833 lagging
() The input power to this motor is
P. = V3Vpl; cos 8
= V3(460 V)(18.88 AX0.833) = 12,530 W
The stator copper losses in this machine are
Psc = 313 R,
= 3(18.88 A)*(0.641 0}) = 685 W
The air-gap power is given by
Pig=Fy— P, = 12,530 W — 685 W = 11,845 W
Therefore, the power convented is

P, = (1 = 5P = (1 — 0.022)11.845 W) = 11,585 W

The power F,,, is given by
Po=Pow —FBy=11585W — 1100 W = 10485 W
_ I hp )_
= 10,485 w(mw = 14.1 hp



(e) The induced torque is given by
_ Fag
'm'x:,rn.:

11,845 W
~ 188.5rad/s

Tind

=628N*m

and the output torque is given by
P

_ out
Tioad @,

_ 10485 W
= 184.4 rad/s

=569 N+m

(In English units, these torques are 46.3 and 41.9 Ib-ft, respectively.)
(f) The motor’s efficiency at this operaling condition is
P-
n= J;,—“ x 100%
[T

_ 10485 W

=12530wW * 100% = 83.7%



Example 6.4 The rotor resistance and reactance at standstill of a three-phase four-
pole 110-V induction motor are 0.18 2 and 0.75 (2, respectively. Find the rotor cur-
rent at starting as well as when the speed is 1720 rpm. Assume that the frequency is
60 Hz. Calculate the equivalent resistance of the load.

Solution
F d of 1720 . t
R, =0.180Q2 X; =0.750 ora speed o P, We e
120 120 x 60
n=—p— = A = 1800 rpm I, = d = 15419 A
1800 — 1720 _ V(R/s) 43
$="gog 00444
At standstill, s = 1, The equivalent resistance of the load is
vV 110/+/3 _ 1l -3
I, = = ‘,/-.,/_ = 8234 A Ry =R,

= 5
VEB+X3 /(018 + (075 = 3870



DETERMINATION OF POWER AND TORQUE BY USE
OF THEVENIN’S EQUIVALENT CIRCUIT
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¥ | | Ixz fz
& | |
| 7 |
I R,
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Alrjgap | |
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Ry 4+ JX
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(b)

V=V — 2L
R, + jX, + jX,,

The magnitude of the Thévenin voltage is
I Xm

V=Y
i I[[R]E+[X]+j}fm]1]”2]

However, since Rf << (X, + X,,)", the voltage is approximately

Vv, =V, [L]
X, +X,

Ir;, = R +_{x;&

—_ Jxm{RI +jxll
R+ j(X,+X,)




Since X, << X, and Rf” e (}f] +}f§t ]ﬁ the Thévenin resistance and reactance are approximately

2
X ~
Ry=R| —— Xa = X,
X +X,
Ry +  Ag JXs
ATATAY B & LI >
fil
+
- 5
I Vi The magnitude of the rotor current is Thus, the corresponding air-gap power is
, =
L, +Z, v
I= Idl 5 M2 P, =3I L]
[[Rrh'l'les'} +(xrh+}f1] ] £ : 5
Vv,
L= th
T Ry+ Ry s+ j(Xy+ jX) P = V(R / 5)

¥

|(Riy+ Ry /57 + (X + X,)' |



Therefore, the developed torque is

P
Td =—3
W,
_3I3(Ry [ 5)
mi
T, 3Vi(Ry [ 5)

O [(Ry+ Ry 15) + (X + Xo) |

Since at start-up the slip 1s unity, the developed starting torque 1s

ViR,

:r'iﬂiﬂ' =
0,[(Ry+ R + (X + X2)? |




Induced torque, N * m

RI{RIi:R;{Rq_{Rj{Rﬁ

250

500

750 1000 1250
Mechanical speed. r/min

1500

1750

2000

Z

sonrce

= Ry + jXmy + JX,

R, i
7 = VRIy + (Xqy + X))

R?
Sy = ———
VR3, + (Xoy + X,

Vi,

T max

- EMS}’IE[RT“ + ‘VFR%‘H + {xT]"l + x-z}z]




Induced torque, % of full load

Comments on the Induction Motor
Torque-Speed Curve

5004 -

Pullout torque

Full-load torque
% Fr——————————————————————————————e

0 Mechanical speed

s=1 % kayma

L.

2.

The induced torque of the molor is zero at synchronous speed. This fact has
been discussed previously.

The torque—speed curve is nearly linear between no load and full load. In this
range, the rotor resistance is much larger than the rotor reactance, so the ro-
tor current, the rotor magnetic field, and the induced torque increase linearly
with increasing slip.

. There is a maximum possible torque that cannot be exceeded. This torque,

called the pullout torque or breakdown torque, is 2 to 3 times the rated full-
load torque of the motor. The next section of this chapter contains a method
for calculating pullout torque.

. The starting torque on the motor is slightly larger than its full-load torgque, so

this molor will start carrying any load that it can supply at full power.

Notice that the torque on the motor for a given slip varies as the square of the
ﬂppliﬂd vullagﬂ. This fact is useful in one form of induction motor :-‘.pcud con-
trol that will be described later.



Tind
T max ~/ Pullout torque
400 - 6. 11 the rotor of the induction motor is driven faster than synchronous speed,
E then the direction of the induced lorgue in the machine reverses and the ma-
E ___._-3-?9* _ chine becomes a generaior. converling mechanical power Lo electric power.
ot i’;ﬁ:‘g Motor region The use of induction machines as generators will be described later.
E] - " . . ‘ N :
g Tegse = | Mechamicalspeed 21, 7. If the molor is turning backward relative to the direction of the magnetic fields,
B 200+ the induced torgue in the machine will stop the machine very rapidly and will
£ | Generstor resio try to rotate it in the other direction. Since reversing the direction of magnetic
! enerator re n - . B " . . . . .
400 : ¢ field rotation is simply a matter of switching any two stator phases, this fact
: can be used as a way to very rapidly stop an induction motor. The act of
~600 - : swilching two phases in order to stop the motor very rapidly is called plugging.
—800 The power converted to mechanical form in an induction motor is equal to
Foov = Ting Wn
s>1  s=1 %kayma s=0 <0 and is shown plotled in Figure 7-21. Notice that the peak power supplied by the

induction motor occurs at a different speed than the maximum torque: and, of
course, no power is converted to mechanical form when the rotor is at zero speed.
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FIGURE 7-21
Induced torque and power converted versus motor speed in revolutions per minute for an example

four-pole induction motor.



Example 7=4. A two-pole, 50-Hz induction motor supplies 15 kW to a load al a
speed of 2950 r/min.

(a) What is the motor’s slip?

(b) What is the induced torque in the motor in N * m under these conditions?
(c) What will the operating speed of the motor be if its torque is doubled?

(d) How much power will be supplied by the motor when the torque is doubled?

Solution
(a) The synchronous speed of this motor is (c) In the low-slip region, the torque—speed curve is linear, and the induced torque
120f,  120¢50 Hz) _ 1s directly proportional to slip. Therefore, if the torque doubles, then the new
"aoe =P T 2poles 3000 r/min slip will be 3.33 percent. The operating speed of the motor is thus
Therefore, the motor’s slip is n, = (1 = $)ng, = (1 — 0.0333)(3000 r/min) = 2900 r/min
¢ = gne T (x 100%) (d) The power supplied by the motor is given by
sy Ne
'F;umr = TindWh
_ 3000 r/min — 2950 r/ min (x 100%)
3000 ¢/ min = (97.2 N » m)2900 r/min) 2 rad/r)1 min/ 60 5)

= 0.0167 or 1.67%
= 20.5 kW

(k) The induced torque in the motor must be assumed equal to the load wrque, ana
P, must be assumed equal to P, since no value was given for mechanical
losses. The torque is thus

Ko

Tind = ©
m

¥

_ 15 kW
(2950 r/min} 27 rad/r) 1 min/60 s)

=486 N+*m




Example 7-5. A 460-V, 25-hp, 60-Hz, four-pole, Y-connected wound-rotor induc-  (a) What is the maximum torque of this motor? At what speed and slip does it
ion motor has the following impedances in ohms per phase referred (o the stator circuit: occur?
. . . 0
R, =0641Q R,=03320 () What is the starung. mrque.nf this motor? . . .
X, = 110600 X,=04640 X, =2630 (¢) When the rotor resistance is doubled, what is the speed at which the maximum
torque now occurs? What is the new starting torque of the motor?

(d) Calculate and plot the lorque-speed characteristics of this motor both with the
original rotor resistance and with the rotor resistance doubled.
- 0000000000000/
Solution The Thevenin reactance is

The Thevenin voltage of this motor is Xm =~ X, = 1.106 Q)

X
Vin=V, VR + ( ; T X, (a) The slip at which maximum torque occurs is given by Equation (7-33):
(266 V)(26.3 ) R,

= = 2552V 5 =
V(0.641 £1)2 + (1.106 2 + 26.3 Q) VR Xy + X)?

The Thevenin resistance is 0.3320)

(Ku " V(0.590 Q)% + (1.106 0 + 0464 )
Rou ~ Ry 5 X,

(7-53)

= 0.198

This corresponds to a mechanical speed of

m (0.641 ﬂ)(l ]Dﬁ%'l&?l-%&Eﬂ)z = (1.590 Ny = (1 — :;_‘miym = {1 — 0.198) 1800 r/min) = 1444 r/ min

The torque at this speed is
Vi,
T.. = (7-54)
" 20, Ry + VR, + (Mg + X2

_ 3(255.2 V)
2(188.5 rad/s)[0.590 £ + V(0.500 2)? + (1.106 0 + 0.464 0]

=229 N+*m




(b) The starting torque of this motor is found by setting s = 1 in Equation (7-50):

_ Vi R,
o o [(Rry + R+ iy + X))

_ 3(255.2 V)%(0.332 Q)
(188.5 rad/s)[(0.590 ) + 0.332 Q2)* + (1.106 {} + 0.464 £))°]

=104 N*m

(c) If the rotor resistance is doubled, then the slip at maximum torque doubles, too.
Therefore,

s . = 0.396
and the speed at maximum torque is
ny = (1= sin, . = (1 — 0.396)(1800 r/min) = 1087 r/min
The maximum torque is still
Tom = 229 Ne*m
The starting torque is now

_ 3(255.2 V)%(0.664 Q)
Toan = (188.5 rad/s)[(0.590 Q + 0.664 )7 + (1.106 Q + 0.464 ()7]

= 170N+*m




EXAMPLE 5.4

A three-phase, 460V, 1740 rpm, 60 Hz, four-pole wound-rotor induction motor has the fol-
lowing parameters per phase:

R, =0.25 ohms, R, =0.2 ohms
X =X} =0.5 ohms, X = 30 ohms

The rotational losses are 1700 watts. With the rotor terminals short-circuited, find

(a) (i) Starting current when started direct on full voltage.

(ii) Starting torque.
(b) (i) Full-load slip.

(ii) Full-load current.

(iii) Ratio of starting current to full-load current.

(iv) Full-load power factor.

(v) Full-load torque.

(vi) Internal efficiency and motor efficiency at full load.
(c) (i) Slip at which maximum torgque is developed.

(ii) Maximum torque developed.

(d) How much external resistance per phase should be connected in the rotor circuit so that
maximum torque occurs at start?



Solution

(a)
i V)= 460 _ 265.6 volts/phase

V3

(i) At start s = 1. The input impedance is

30(0.2 +70.5
2, =025 +j0.5 + 2002 +/05)

0.2 +730.5
=1.08/66° O
265.6
. 1800 =0.240Q
(ii) Weyn = ——— X 27 = 188.5 rad/sec Ry, =0.24
‘ 60 X =049~ X,
265.6(j30.0) P IR, /s
Vin = ~261.3V T, =-% 2%
™ 10.25 +/30.5) T g @em
j30(0.25 +0.5) 3 261.3 0.2
Zg, = , =0.55/63.9° = X
" 0.25+)30.5 — 188.5(0.24 + 0.2)° + (049 4+ 0.5)° 1
=0.24 +;0.49 _ 3 2, 02
TG x(241.2)" X 1

s=1852N-m



(b) (i) <= 1800 — 1740

1800 =0.0333

(ii) R _ 02

s 00333 o0l

(j30)(6.01 +j0.5)
6.01 +;30.5

Z, = (0.25 +j0.5) +

=0.25+70.5 +5.598 +1.596

=6.2123/19.7°

; 265.6
T 6.2123/19.7

=42.754/-19.7°

I« _ 2459

(iii) =
Ip, 42754

=5.75

(iv) PF = cos(19.7°) = 0.94 (lagging)

- ,o 3 (261.3)
188.5(0.24 + 6.01)> + (0.49 + 0.5)

3
188.5

=163.11N-m

* 6.01

X 41.29% x 6.01

(vi) Air gap power:
Py =Twg, =163.11 X 188.5=30,746.2 W

Rotor copper loss:

P> =sP,; =0.0333 % 30,746.2=1023.9W
Poech = (1 —0.0333)30,746.2=29,722.3W
Pou = Puech — Prot =29,722.3 — 1700 = 28,0223 W
Pinpu = 3VI, cos 8
=3X265.6xX42754x0.94=32,0224W

28,0223

Eftmoor = 350552

® 100 = 87.5%

Effiema = (1 —5) =1 —0.0333 = 0.967 — 96.7%



(c) (i) From Eq. 5.58,

0.2 _ 0.2 —0.1963

S —
== 10247 +(0.49 +0.5)7]'2  1.0187

(ii) From Eg. 5.59,

3 261.3
2X188.5 |0.24 + [0.24% + (0.49 + 0.5)7]"/2

Thax =

=431.68N-m
Tax _ 431.68
Teo 163.11 =2.65

{d} ST RI +R:i"'v'.t RJ +R'E"'¢T.

T 0247+ (049+05)72 ~ 1.0186

R.,=1.0186—0.2 =0.8186 Q/phase

R! ,
: [ th T Il:J‘fth "'xz} ]IJIFZ
Sfm
5 RI
Tm .
[Rt}. + Xth +X } ]IF_
Tm:u'. = : Vtz}.

EIJ-“H-'II Rth + [R + Xt}. +X’] ]UIE




TESTSTO DETERMINE CIRCUIT-MODEL PARAMETERS

The No-Load (NL) Test

14

P (A —
Variable EPN O/
voltage,
variable _lf.
frequency, ﬁ”i } No load
three-phase
power Ic
source . —

—{ P @ Iatig+ic
I =

In this test the motor is run on no-load at rated voltage and frequency. The applied voltage and current and
power input to motor are measured by the metering

Let the meter readings be
Power input = F, (3-phase)
Current = [ (average of the three meter readings)
Voltage =V} (line-to-line rated voltage)



Fo = PscL + Rge + Praw t+ Fhisc

n
Initial 2
equivalent y_ Al | I|‘i"'ll + Pm

circuit:

R4 i%)

Pm=Pmr:+PFiw+Pnﬂr-r:

T ANy v
155712 Ry Izﬂ-ll = 2 = X + X
I 1 M

and
Rzil;j]'}:r.!f:- Ve §RC Hu § Rraw=Fa %l o

this circuit
reduces o = O -

+0 MWAN—
Combining
R yields:

Ririction, windage.,
& core 2 IH




The DC Test for Stator Resistance

Current-
limiting
resistor

AMA @ . ’: I rated
e 0 !h

{variable) -

Inc The value of R, calculated in this Tashion is not completely accurale, since
it neglects the skin effect that occurs when an ac voltage 1s applied Lo the wind-
ings. More details concerning corrections for tlemperature and skin effect can be
found in IEEE Standard 112.




Blocked-Rotor (BR) Test

This test is used to determine the series parameters of the circuit model of an induction motor. The circuit
1s similar to that of a transformer short-circuit test. Short circuiting the load resistance in the circuit model
of Fig. 9.8 corresponds to making s = | so that R3 (1/s — 1) = 0. This means that the rotor must be stationary
during this test, which requires that it be blocked mechanically from rotating while the stator 1s excited with
appropriate reduced voltage. The circuit model seen under these conditions 1s given

IA
a__ M P _'1__ R, 7 b PR
-/ Lle o o M Yy oYY
Adjustable- r_f
voltage, I I
adjustable- by Locked '
uency, A - rotor R
Eﬂ:-phﬂ&& Ve R{;? J Xy §T1= R,
er Source
pow . _15 — | Xy >> IRy + jX5l
< (D)——» i | Re >> IRy + jXy)
Jr=Je=fiest o So neglect Roand Xy
- fd + fﬂ + f{-

(a) Ip="—— =l med



P= ﬁVTch{}ﬂ @

so the locked-rotor power factor can be found as

FF=cﬂsﬂ=m

and the impedance angle @ is just equal to cos™ PF.

The magnitude of the total impedance in the motor circuit at this time is

7l = 7 = 74
ZL“_l'._’vﬁff_

and the angle of the tolal impedance is @. Therefore,

Zig = Rig +jXig

= |Z,g|cos 6 + j|Z g|sin 6

The locked-rolor resistance R, is equal 1o

Rigp=R, +R,

while the locked-rotor reactance X | is equal to

Xle = X + X

(7-63)

(7-64)

(7-65)

(7-66)



where X| and X, are the stator and rotor reactances at the test frequency,
respectively.
The rotor resistance R, can now be found as

Rz = RLR - Rl (T—ﬁ?}

X, and X; as functions of X g

Rotor Design X; X,
Wound rotor 05 Xr 0.5 X1 g
Xip = Jotes Xig =X, + X,
Jest Design A 0.5 X5 0.5 Xz
Design B 04X, 0.6 X,
Design C 03X 0.7 X5
Design D 0.5 Xe 0.5 X1z




Example 7-8. The following test data were taken on a 7.5-hp, four-pole, 208-V,
60-Hz, design A, Y-connected induction motor having a raled current of 28 A,

DC test: No-load test:
Vpc = 136V Inc=280A Vr=208V
I,=812A
Locked-rotor test: [=8.204
Ir=8.18A
Vi=25V f=15Hz
I,=281A P,=920W
Ig=280A
J‘.r_' =2T6A

{a) Sketch the per-phase equivalent circuit for this motor.
(b) Find the slip at the pullout torque, and find the value of the pullout torque itself.

f=60Hz
F,=42'I]'W



Solution
{a) From the dc test,

_ Yo 136V
T 2l 2(28.0A)

R, = 0243 0

From the no-load test,

_812A+820A+818A _ o0,

Therefore,

When X, is known, X, can be found. The stator copper losses are
Pocp = 3IT R, = 3(8.17 AY(0.243 Q1) = 487 W
Therefore, the no-load rotational losses are

Fow = Fom — FBscLn
=420W —48.7TW = 3713 W

From the locked-rotor test,

281 A+280A+276A

L= 3 =219A
The locked-rotor impedance 15
Vo _ VY 25V
— ¢ _ T _ LI N
|Z.x| = 1= VAL = VAaTo A ~ 05170

and the impedance angle @ is

_ -1 in
ﬂ cos ﬂFTIL

~ 920 W
= o8 RS VY279 A)

= cos~ 1 0.762 = 40.4°

Therefore, R g = 0.517 cos 40.4° = 0.394 0 = R, + R,. Since R, = 0.243 00,
R, must be 0.151 {}. The reactance at 15 Hz is

Xig =05175in404° = 0.335 0}
The equivalent reactance at 60 Hz is

.ﬁmdx (ﬁﬂHz
LR ™ 115 Hz

Xp= )ﬂﬂﬁﬂ-]:ﬂﬂ

besi

For design class A induction motors, this reactance is assumed to be divided
equally between the rotor and stator, so

Xy =z, - X, =147Q - 0670 = 1403 0



R JX jX5 = jO.671)

D—WS‘—’WY.\ Y'Y

'T

|

|

|

|

§ JXy = 714030 § Ry _0.1510

0.243 0} JjO.67 12

5 &

{unk_nnwn]

)

L=
(b) For this equivalent circuit, the Thevenin equivalents are found from Equations
(7-41b), (7-44), and (7-45) to be

Vig = 1146V Ry =02210  Xpy = 0.670)

Therefore, the slip at the pullout torque is given by
R,
(7-33)

Tmax = VREF (g + X

_ 0.151 ) 0011 = 11.1%
Vi0.243 )2 + (0.67 2 + 0.67 0)?

The maximum torque of this molor is given by
3V4
Toax L {?_54}
2w, [Rmy + VR + (Xmy + X))

_ 3(114.6 V)?
2(188.5 rad/5)[0.221 @ + V(0.221 Q) + (0.67 @ + 0.67 Q]

=662ZN*m




Example 6.1

No-load and locked-rotor tests have been performed on a three-phase, four-
pole, 60-Hz, 10-kW, Y-connected, 208-V (line-to-line) cage induction motor,
with the following results:

No-load test: input frequency f = 60 Hz, input voltage (line-to-line) Vigr =
208 V., no-load current I, = 6.49 A, no-load power P;,n = 332 W, stator
winding resistance per phase B, = 0.25 (L.

Locked-rotor test (s=1): input frequency f = 60 Hz, input voltage (line-
to-line) Vigpr = 78.5 V, input current I, = 42 A, input active power
Pinsh —_— 211'5.8 W



7.6 VARIATIONS IN INDUCTION MOTOR
TORQUE-SPEED CHARACTERISTICS

Control of Motor Characteristics
by Cage Rotor Design

Tind

High R Low K
Ehi ;v""— 2

Looks like
low R]

-y

FIGURE 7-24
A torque-speed characteristic curve combining high-resistance effects at low speeds (high slip) with

low-resistance effects at high speed (low slip).
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7.9 SPEED CONTROL OF

INDUCTION MOTORS
120,
n::,rm: - p

l. Pole-changing method. In this method, the stator winding of the motor can be designed so

that by simple changes in coil connections the number of poles can be changed by the ratio
of 2 to 1. In this way, two synchronous speeds can be obtained. This method is not suitable
for wound-rotor motors, since the rotor windings would also have to be reconnected to
have the same number of poles as the stator.
However, a squirrel-cage rotor automatically develops a number of magnetic poles equal
to those of the air-gap field. With two independent sets of stator windings, each arranged
for pole changing, as many as four synchronous speeds can be achieved in a squirrel-cage
motor. For example, 600, 1200, 1800, and 3600 rev/min can be attained for a 60 Hz opera-
tion. In addition, the motor phases can be connected either in wye or delta, resulting in
eight possible combinations.



LINE VOLTAGE CONTROL

_ Vi (R, /5)
O,[ (Ry+ Ry /57 +(Xy+ X)? |

Fan load T,

o Il

|
0 nl/nzj\\%

3. Variable line-voltage method. The torque developed by an induction motor 1s proportional
to the square of the applied voltage. Therefore, the speed of the motor can be controlled over
a limited range by changing the line voltage. If the voltage can be varied continuously from
V, to V;, the speed of the motor can also be varied continuously from speeds n, to n, for a
given load. This method is used for small squirrel-cage motors driving fans and pumps.



Speed Control by Changing the Line Frequency

1) = —N%?

Il a volltage v(1) = V), sin wf is applied Lo the core,

the resulting Mux & is

Induced torque, N *m

H1) = N’—vamdr

20 I
= — |V, sIn w! d1
M
100F NPI
1] 1 I I I I | I | FM
0 200 400 600 800 1000 1200 1400 1600 1800 1) = ~ N cOs af
Mechanical speed. r/min P

120
ns].rm: = P



Induced torque, N * m
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Speed Control by Changing the Rotor Resistance

Induced torque, N - m

R;=2R,
Ry=3R,
R3=4R,
Ry=35Ro
Rs=6R,

0

|
250 300

] |
150 1000 1250
Mechanical speed. r/min

1 |
1500 1750

2000



7.10 SOLID-STATE INDUCTION
MOTOR DRIVES

Yoltage, V
!

FIGLURE 7-46
Variable-frequency control with a PWM waveform: (a) 60-Hz, 120-V PWM waveform; (b) 30-Hz.
120-V PWM wavelorm.
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FIGURE 747
Variable voltage control with a PWM waveform: {(a) 60-Hz, 120-¥V PWM waveform: (b) 60-Hz,

60-V PWM waveform.
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SORULAR
1) 440V, 100 hp, 60 Hz, 4 kutuplu, 3 fazli, Y bagl asenkron motorun statora aktarilmis faz basina parametre degerlen
tabloda verilmistir. Déner kayiplan ve niive kaviplan ihmal edilmistir. Motor sebekeden 405 A akim ve 21,8 kW
gii¢ cekerken;

Rs=0460 | Xs=1050 | xm=2040Q
Rr=0320 | Xxr=045Q

a) Motorun hizi nr="

b) Bu sartlar altinda motorda endiiklenen tork Tind="

c) Motorda maksimum torkun meydana gelecegi kayma degerini,

d) Motorun maksimum tork ile kalkinmasi icin rotor devresine ilave edilmesi gereken direnc degerimi
hesaplavimz.




2) 75 kW, 60 Hz, 480 V, 1176 d/d, 3-faz asenkron motor tam viikte ve 0.8 geni giig katsayisinda, %90 verimle
caligmaktadir. Bu anma calisma sartlaninda agagida 1stenenlen hesaplayimz.

a) Motorun cektig akimi,

b) Motorun gektigi gercek (aktif), gorimniir ve reaktif gisglen|
c) Tam vyiktek: cikis momentim

d) Kaymayi

3) 3 faz. 15 hp, 4 kutuplu, 60 Hz asenkron motor 1728 d/d hizda dénerken milinde bagl bulunan vitke anma cikis
giicnii saglamaktadir. Motorun riizgar-siirtinme ve kacak vilk kayiplan 750 Wtir.

a) Uretilen mekanik giici,

b) Hava araligi giiciinii,

c) Rotor baki kaviplarim hesaplayimz.

4) 208 V, 60 Hz, 4 kutuplu, 3 fazli, Y bagh, B simfi bir asenkron motorun anma rotor huzi 1710 d/d dir. DA deneyde
iki terminal arasi lgiilen direng degent Rda=2.4 Q dur. Motorun bog ¢alisma ve kilith rotor denevleninden alinan
degerler tabloda venilmistir. Bu degerlere gdre motorun bar faz egdeger devresim olusturan degerlen hesaplayvip
egdeger devreyl cizimz.

Bosg caligma denevi | Kilith rotor deneyi
Vb=208 V V=30V
Ih=186 A Ik=64 A
Pb=214W Pk=185 W

Not: 2. ve 3. sorudan sadece bir tanesi secilip cevaplandirilacaktr, bu iki soru birlikte cevaplandirilamaz. Birlikte
cevaplandiriimas: durumunda sorulardan sadece biri puanlandirmayva dahil edilir.

Secim hakh sadece bu iki soru arasmdadir. 1. ve 4. soru herkes tarafindan cevaplanmasi gereken secimli olmayvan
sorulardr.




