Lecture #4

Electric Machinery Il

Ali Karimpour
Professor

Ferdowsi University of Mashhad, Iran

Text: A. E. Fitzgerald, Charles Kingsley, Jr And Stephen D. Umans, E/ectric Machinery.
Mc GrawHill, 7th Edition

Dr. Ali Karimpour July 2024



Lecture #4

Electrical Machine Il Syllabus
1. Introduction

2. Introduction to Rotating Machines
3. DC Machines

4. Induction Machines
* Introduction to Polyphase Induction Machines
* Currents and Fluxes in Polyphase Induction Machines
* Induction-Motor Equivalent Circuit
* Analysis of the Equivalent Circuit
* Torque and Power by Use of Thevenin’s Theorem
* Parameter Determination from No-Load and Blocked-Rotor Tests
» Effects of Rotor Resistance; Wound and Double-Squirrel-Cage Rotors

Dr. Ali Karimpour July 2024



Lecture #4

Induction Machines Fundamental
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Structure of an induction machine

Stator of an AC machine

* Asynchronous machine
or Induction machine
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Structure of an induction machine

Stator of an AC machine

* Asynchronous machine
or Induction machine
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Wound-rotor Induction machine

Pros and cons??!!
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Lecture #4

Structure of an induction machine

Stator of an AC machine

 Asynchronous machine
or Induction machine
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Squirrel-cage Induction machine

Pros and cons??!!
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Lecture #4

Structure of an induction machine

Let: I, = I,, sin(2rf;t), I, = L, sin(2nf.t + 120),1. = I,, sin(2rf;t — 120)

B, B = B,,,,Sinb Dmax = 27IBy g
dg
eg = NSE E, = 444N, f. D 0x

Blocked rotor:

Exactly like a transformer E, = 444N, fsDmax

gn|£11

N
Ny
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Lecture #4

Structure of an induction machine

Let: I, = I,, sin(2rf;t), I, = L, sin(2nf.t + 120),1. = I,, sin(2rf;t — 120)

B, B = B,,,,,sin6 Dmax = 271Bax
dg
eg = NSE E; = 444N, fDmax

Rotor, rotates at synchronous speed

E. =0 Zais
r
Induction machine never rotates at
synchronous,speed
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Lecture #4

Structure of an induction machine

Let: I, = I,, sin(2rf;t), I, = L, sin(2nf.t + 120),1. = I,, sin(2rf;t — 120)

B = B,,,,Sinb Dmax = 27IBy g
dg
eg = NSE E, = 444N, f. D 0x

Es _ Nsfs
E, = 444N, f,Bmax T
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Lecture #4

Structure of an induction machine

Let: I, = I,, sin(2nf;t), I, = L, sin(2nf.t + 120),1. = I,, sin(2nf,;t — 120)

120
ng = Js (rpm) ng = 75 (rps)

ng =Synchronous speed P

41

W = Js (rad/s)
p
ng — Ny
s =Slip S =
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Different region according to s

s = ng — Ny é
U 2
©
)
S
n.=0 s=1 Blocked rotor ks
) Braking f Motor 1 Generator . N
region Q0 region p_  region ST
n, = Ng s=0
Braking , Motor . Generator
: e : >l - » S
region 1 region 0 region
0 <n, <ng 0<s<l1 Motor region
n, <0 s>1 Braking region
n, > ng s<0 Generator region
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Structure of an induction machine

ng — Ny
nS nT‘ — (1 T S)nS
Case 1: Consider a 2-pole 50 Hz induction machine. Discuss the rotor voltage frequency.

2fs

S =

ng =— =50 (rps)
p
Letnn,, =0 s=1 f,=50Hz
Letn, = 10 rps s =0.8 fr =40 Hz
— fr = Sfs
Let n,. = 40 rps s =10.2 fr =10 Hz
S = 002 fr = 1 HZ — Dr. Ali Karimpoulrzjuly 2024

Let n, = 49 rps
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Structure of an induction machine

Case 2: Consider an induction machine. Discuss the rotor voltage(rotor is open circuit).

E; = 444N, fDrnax

E, = 444N, 1, Dmax

As the n,. - n,, s = 0 and thus rotor voltage and rotor voltage frequency converges to 0.
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Magnetic fields in induction machines

Case 3: Consider an induction machine. Discuss the rotor voltage and rotor circuit when rotor
winding is close.

n.=0 s=1 Blocked rotor f.=sf, = f.

Zr =R, +il,wr =R, +isL,ws =R, +il,w, = R, + iXp,

Stator magnetic field is in synchronous with rotor magnetic field
but rotor speed is different from magnetic field.
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Lecture #4

Magnetic fields in induction machines

Case 3: Consider an induction machine. Discuss the rotor voltage and rotor circuit when rotor
winding is close.

n,=05ng  S=0.5 f.=sf, =05f,

Zr =Ry +ilyw; =R, +isL,ws = R, +i0.5L, w5 = R. + i0.5Xp,

Stator magnetic field is in synchronous with rotor magnetic field
but rotor speed is different from magnetic field.
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Magnetic fields in induction machines

Case 3: Consider an induction machine. Discuss the rotor voltage and rotor circuit when rotor
winding is close.

n,. = 0.9ng s=0.1 f-=sf, =0.1f,

Zy =Ry +Lywr =R, +isL,ws =R, +i0.1L,ws = R, + i0.1Xp,

Stator magnetic field is in synchronous with rotor magnetic field
but rotor speed is different from magnetic field.

This happens in any situation so we call it Asynchronous
machine.
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Magnetic fields in induction machines

Exercise 1: The nameplate on a 400-V, 35-kW, 50-Hz, four-pole induction motor indicates
that its speed at rated load is 1458 r/min. Assume the motor to be operating at rated load.

a. Whatis the slip of the rotor?

b. What is the frequency of the rotor currents in Hz?

c. What is the angular velocity of the stator-produced air-gap flux wave with respect to the
stator in rad/sec? With respect to the rotor?

d. What is the angular velocity of the rotor-produced air-gap flux wave with respect to the
stator in rad/sec? With respect to the rotor?
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Magnetic fields in induction machines

Exercise 2: A 60-Hz, two-pole, 208-V wound-rotor induction motor has a three-phase stator
winding of 42 series turns/phase and a rotor winding of 38 seriesturns/phase. When
operating at rated terminal voltage, the motor is observed to be operating at a speed of
3517 r/min. Calculations indicate that under this operating condition, the air-gap flux wave
induces a voltage of 193V, line-line in the stator winding. Calculate the corresponding

voltage induced in the rotor winding.
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Magnetic fields in induction machines

Exercise 3: A three-phase induction motor runs at 1198 r/min at no load and 1119 r/min at
full load when supplied from a 60-Hz, three-phase source.

a. How many poles does this motor have?

b. What is the slip in percent at full load?

c. What is the corresponding frequency of the rotor currents?

d. What is the speed in r/min of the rotor field with respect to the rotor? With respect to
the stator?
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Magnetic fields in induction machines

Exercise 4: (Final 2022) A three-phase, 4-pole, 50 Hz induction motor is available. This motor operates at its
rated voltage and frequency with a steady-state speed of 1470 RPM.

a) What is the synchronous speed of the stator’s rotating field relative to an external observer in RPM?

b) What is the frequency of the rotor current in Hertz?

c) What is the speed of the rotor’s rotating field relative to the rotor in RPM?

d) What is the speed of the rotor’s rotating field relative to an external observer in RPM?

e) If both the rotor and stator are laminated, are the iron losses greater in the rotor or the stator? Why?

f) If the load on the motor increases slightly, the motor speed will slightly , and if the load on the
motor decreases slightly, the motor speed will slightly
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Magnetic fields in induction machines

Exercise 5: Linear induction motors have been proposed for a variety of applications
including high-speed ground transportation. A linear motor based on the induction-motor
principle consists of a car riding on a track. The track is a developed squirrel-cage winding,
and the car, which is 6.7 m long and 1.75 m wide, has a developed three-phase, 10-pole-pair

armature winding. Power at 40 Hz is fed to the car from arms extending through slots to
rails below ground level.

a. What is the synchronous speed in km/hr?

b. Will the car reach this speed? Explain your answer.

c. What is the slip if the car is traveling 89 km/hr? What is the frequency of the track
currents under this condition?

d. If the control system controls the magnitude and frequency of the car currents to
maintain constant slip, what is the frequency of the armature-winding currents when the
car is traveling 75 km/hr? What is the frequency of the track currents under this,candition 2.



Lecture #4

Electrical Machine Il Syllabus
1. Introduction

2. Introduction to Rotating Machines
3. DC Machines

4. Induction Machines
* Introduction to Polyphase Induction Machines
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Equivalent Circuit of Induction Machines
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Structure of an induction machine

E; = 444Ny f. Do
E, N.f. Es  Ngfs

E. = 444N, f.0. B Nefy B Nesfs

As the n,, =» ng, s = 0 and thus rotor voltage and rotor voltage frequency converges to 0.
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Magnetic fields in induction machines

n, = O.9n5 s =0.1 fT — Sf:g' — 01].;

Zy =Ry + jLyw, =R, +jsly,ws = R, + jO.1L,wg = R, + j0.1Xp,

Stator magnetic field is in synchronous with rotor magnetic field
but rotor speed is different from magnetic field.

This happens in any situation so we call it asynchronous
machine.
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Equivalent circuit of induction machine

Single-phase
equivalent circuit
fora
polyphase
induction motor

3 Phase
Induction
Motor

Supply v
Voltage

Vse = Vi—n

=t b

R, JXs R, j X imi
e : I Similar to transformer
Vi RiossS  iXm < <Ea Shunt current is about a few percent
in transformer and 30-50% of rated
2 current in induction machine!
N.:N,
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Equivalent circuit of induction machine
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Equivalent circuit of induction machine

Pg Pout
\ \ Prrigwin
RN s N Pre )
\ Pcu—r
Fu-s  _3p.12
. =3R, ¢
RS JXS Rr/s JXT
— AN Y Y
' —[,??
Vin Rloss§ %Jxm Egi fS\
I \x
Ng:N, n, = 0
Does stator understand any change? Clearly no! 28
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Equivalent circuit of induction machine

Pout

-
NN, e

Does stator understand any change? Clearly no!
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Equivalent circuit of induction machine

v / AN Y Y V—
re!
jxm EBI Pou
\

X N P

Pcu—s

=3R,2  =BRyIF Frot

Ry JX1 )X Ry: Stator resistance R,: Rotor resistance in stator side
M
i X1: Stator reactance X,: Rotor reactance in stator side
Vin JXm g Ry 2
S
Xm: Magnetizing reactance
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Equivalent circuit of induction machine

Lecture #4

POU,t

% NP,

Pcu—s 2
=3R, I} =3Ry1;
=Sk,

\Pfe + Pfri+win
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Equivalent circuit of induction machine

32
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P ‘Dfillr Four

Piy 'ng?'rr —3R,I7 =(1-5)F = Piue —Prot
Example 1 S
= :-:Efé2 - \\‘*_\
. . . . . \\Q\\ \‘QP Prot =
A three-phase Y-connected 460-V (line-to-line) 20-kW 60-Hz six-pole induction Pracs 38,12 Pre + Puindag
motor has the following parameter values in /phase referred to the stator: e st
R1=0.271 R2 =0.188 X1=1.12 X2=1.91 Xm=23.10

The total friction, windage, and core losses may be assumed to be constant at 320 W, independent of load.

a) For a slip of 1.6 percent, compute the speed, output torque and power, stator current, power factor, and
efficiency when the motor is operated at rated voltage and frequency.

0.271 j1.12 j1.91
ng = &6*60 = 1200 n, =(1—-0.016) * 1200 = 1181 rpm

Rf +ij = (RZ/S +jX2)| |ij = 8.21 +j5-62 n= 93.2% 0271  j112  j5.62
460/+/3 o 8.21
= — — ° — — o) — V3 AL

I (02715820 + (112 % 5.62) 24.5 < —38.5 pf = cos(—38.5°) = 0.783 lag
5 . . 14228

P.=(1- 0.016)3Rf11 = 14548 w P,y = 14548 — 320 = 14228w 1, = = 115 N.m

2m * 1181/60 33
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Example 1

A three-phase Y-connected 460-V (line-to-line) 20-kW 60-Hz six-pole induction
motor has the following parameter values in /phase referred to the stator:
R1=0.271 R2 =0.188 X1=1.12 X2=1.91 Xm =23.10

The total friction, windage, and core losses may be assumed to be constant at 320 W, independent of load.

b) For a slip of 1 percent, compute the speed, output torque and power, stator current, power factor, and
efficiency when the motor is operated at rated voltage and frequency.

c) For a rated output power, compute the speed, output torque, stator current, power factor, and efficiency
when the motor is operated at rated voltage and frequency.

34
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Electrical Machine Il Syllabus
1. Introduction

2. Introduction to Rotating Machines
3. DC Machines

4. Induction Machines
* Introduction to Polyphase Induction Machines
* Currents and Fluxes in Polyphase Induction Machines
* Induction-Motor Equivalent Circuit
* Analysis of the Equivalent Circuit
 Torque and Power by Use of Thevenin’s Theorem
* Parameter Determination from No-Load and Blocked-Rotor Tests
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Torque-Speed Characteristic in induction machine

= 3V, _n Icos@

Tint = f(s)or g(n,)??

Pg Pint - (1 - S)Pg Pout = Pint — Prot
= Py —3RyI{

- 2 o Ting = P_g T _ Pout
= 3Rf11 int i out = o,

RZ

Prot = Pre + Py
\ Pcu_s Pcu—r — SPg rot fe windage
 Tint
> S 0T n,
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Torque-Speed Characteristic in induction machine

Pg Pint:(l_S)Pg Pout = Pint — Prot
= 3R/I? Tint = — Tout = —
= 3V, _y licos@ S Ws Wy

=3t RN
s - RN N
~ N

Fey—r = sk

Prot = Pfe + Pwindage

PCU—S

n,ors ?77?
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Torque-Speed Characteristic in induction machine

Pg Pint:(l_S)Pg Pout = Pint — Prot
P; = P, —3R,I?
in 31}7; . 111 . P_g . Pyut
= int — =
= 3V, _y licos@ }{ 1 Ws o wr
=313 RN

: N
N

Fey—r = sk

Prot = Pfe + Pwindage

PCU—S

V — VL—N X
Tt R (K + X))

JXm(Ry +jXq)
Ry +j(X; + Xpn)

Rep + jXin = jXml(Ry +jX71) =
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Torque-Speed Characteristic in induction machine

P, =77
pf =77

I, =77

Poy_st =7

n =77

I, =77

Pin =77
pf =??

I, =77

Poy_st =7

n =77
I, =77

_ _ 2
Py =77 =3R¢l]

Tine = f(s)or g(ny)??

Rin JXth 1%z

p,, =77
pf =17

I, =77

Poy_st =7

n =77
12 =??

R,
P, =77 = 3?122

40
Dr. Ali Karimpour July 2024



Lecture #4

Torque-Speed Characteristic in induction machine

Rin JXin JX2 Tint = f(S)OT g(nr)? ¢
I
" ¥ R, v3 X2

Pg=351§ — 3

R
(Ren + =52+ Xen + X2)?

R
P, 3 Vi ?2
Tint =~ Tint = > B
S S(Ren + =22+ Xen + X2)
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Torque-Speed Characteristic in induction machine

Rin JXth 1%z

R
—"I 3 Vtzh?z
V : Ra Tint =
" s 9 (Rep + “2)2+(Xen + X, )’
T- A
Is| — 0 int
R
3 Vtzh?z
Tint =
Wg & 2
D)
int — . RZ _nS O Tlr
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Torque-Speed Characteristic in induction machine

Rin JXth 1%z
2 RZ
—I" 3 Vth?
Vin 2 Ry Vint = R
t s O5 (Rep + D)2+ Xen + X3)?
Tint“
s=1
L 3 VchRz Tst 1
T w5 (Ren + R2)2+ (KXo, + X3)?
2 1 S
—MNg 0 n n,
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Torque-Speed Characteristic in induction machine

Rin JXth 1%z

Lecture #4

R
1 3 Vtzh?z
.‘I.l"th : H_E Tint = w R
5 S (Ren + 22+ Xen + X5)?
Tint!
Is| > 0 o
R
3 Vtzh?2 .
T; t = St /
o a)S (Rth)z-l_(Xth + XZ)Z //
k . .
Tint X — 2 1 S
S —Ng 0 n n,
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Torque-Speed Characteristic in induction machine

Rin JXth 1%z

2 RZ
— 3 Vin—=
U Iz H. T: t = S
tI'I _'2 in a) R2
5 S (Ren + ?)2+(Xth + X;)?
T . rF
0T; int
int —79
ds
Smax—T' Smin_T =? ? //TSE;"”‘J!
| | |
2 1 Smax-t Smin—t S
—ng 0 n Ny
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Torque-Speed Characteristic in induction machine

Rin JXth 1%z =
2 2
3 Vin S
Tint =
W R,
S (Ren + ?)2+(Xth + X3)?
T . rF
aTint int
=77 Tmax-
ds

Smax—1 Smin—-t =12 ? Tst j
Tmax, Tmln :?? /I/
2 1
—Ng 0
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Torque-Speed Characteristic in induction machine

Motor

|

4 Torque Unstable

motor Stable
region motor
region

Braking
region

Motor Generator

Grenerator

region region

] |
— 100 —80 —60 —40 —20

20 182 16 14

0 20 40 60 RO 100 120 140 160 180 200 220
Speed in percent of synchronous speed

10 08 06 04 02 0 —0.2—04 —06 —08 —1.0 —1.2
Slip as a fraction of synchronous speed
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Torque-Speed Characteristic in induction machine

Break down torque

Motor

|

A Torgue

Admissible motor region

Braking B Motor iy Generator
region region region
|
|
|
= |
E |
= [
1 |
= |
|
1 | | ] | | | | | | l ] ] | | l —
— 100 —80 —60 —40 —20 0 20 40 60 RO 100 120 140 160 180 200 220
Speed in percent of synchronous speed
20 182 16 14 12 10 08 06 04 0.2 0 —0.2 —04 —0.6 —08 —1.0 —1.2

Slip as a fraction of synchronous speed
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Example 2: Final 2022

The parameters for the Thevenin equivalent circuit of a three-phase, 4-pole, 50 Hz induction motor are given as follows:
Ve, = 2507, R, = 0.25Q, Xip =10

The rotor circuit parameters from the stator perspective are given as follows:
R, =0.2 0, X, =21,

The total losses due to windage, friction, and core losses are constant and equal to 100 watts. Determine the following
items. For any items that cannot be calculated with the given information, state the reason why. Assume the motor is
operating at its rated voltage and frequency.

a) If the rotor is operating at a speed of 1455 RPM, determine the output torque and input power to the motor.

b) Determine the maximum internal torque that the motor can produce, along with the corresponding speed and stator
current for that torque.

c) Determine the internal starting torque of the motor and the corresponding stator starting current.

49
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Example 2: Final 2022

a) At a speed of 1455 RPM, the slip is: 5 = DM _ 120+50/471455 _ ) y3
ng 120%50/4
0.25 j1 j2
The equivalent circuit is as follows: e A — Y Y Y
L2 0.2
250 $ 503 =667
250

I, = . =33.15<+: P,,=(1—-5)P,—P,,, = (1—0.03) Xx3X6.67x33.152 —100 = 21230 W
’ (66T RIS JOpd X o P 0 = By —°¥% 0.2 x 82.42%= 4073w

P, 21230 since the stator current cannot be calculated from the Thevenin equivalent,
Tout = = = 139.3 N.m , _

Wy 5 1‘6L(5)5 the input power cannot be determined.

Sy = Rz =0.0664 n,=(1—0.0664) * 22 = 1404 rpm T, = =183 N.m
\/RZ +(Xtp+X2)2 4
th th 2
Clearly the stator current cannot be calculated from the Thevenin equivalent.
c) At startup: F, 4075 )5
Tout = 0. 5 1500 = 94 N.m
760

Since the stator current cannot be calculated from the Thevenin equivalent, the stator current
corresponding to the starting torque cannot be determined. >0
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Exercise 5 & 6: Final 2022

Exercise 6: A three-phase, 50 Hz, 6-pole induction motor delivers its maximum torque at a
slip of 20%. Write down the maximum and minimum stable operating speeds of this motor.

Does the motor allow operation at the minimum speed? Why?

Exercise 7: A three-phase, 50 Hz, 8-pole induction motor delivers its rated torque at a
slip of 10%. Write down the permissible speed range for this machine.
The permissible speed range refers to the speeds corresponding to a torque that is

less than or equal to the rated torque.
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Exercise 8

A three-phase Y-connected 460-V (line-to-line) 20-kW 60-Hz six-pole induction
motor has the following parameter values in /phase referred to the stator:
R1=0.271 R2 =0.188 X1=1.12 X2=1.91 Xm =23.10

Derive torque-speed(slip) characteristic for this machine.

Review 1: Examine the variations in the torque-speed (slip) curve as the rotor resistance changes from its
current value to 2 ohms.

» Effect of Rotor Resistance on Speed Control

Effect of Rotor Resistance on Starting Torque

Effect of Rotor Resistance on Starting Current

How to Change Rotor Resistance

Appropriate Rotor Resistance 52
Dr. Ali Karimpour July 2024



Lecture #4

Exercise 9

A three-phase Y-connected 460-V (line-to-line) 20-kW 60-Hz six-pole induction
motor has the following parameter values in /phase referred to the stator:
R1=0.271 R2 =0.188 X1=1.12 X2=1.91 Xm =23.10

Derive torque-speed(slip) characteristic for this machine.

Review 2: Examine the variations in the torque-speed (slip) curve as the terminal voltage changes.

Effect of Terminal Voltage Variation on Speed Control

* Effect of Terminal Voltage Variation on Starting Torque

* Effect of Terminal Voltage Variation on Starting Current

 How to Change Terminal Voltage

e Appropriate Terminal Voltage

53
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Exercise 10

A three-phase Y-connected 460-V (line-to-line) 20-kW 60-Hz six-pole induction
motor has the following parameter values in /phase referred to the stator:

R1=0.271 R2 =0.188 X1=1.12 X2=1.91 Xm =23.10

Derive torque-speed(slip) characteristic for this machine.

Review 3: Examine the variations in the torque-speed (slip) curve as the frequency changes.

Effect of Frequency Variation on Speed Control

Effect of Frequency Variation on Starting Torque

Effect of Frequency Variation on Starting Current

How to Change Frequency

Why Control of Ratio of Voltage to Frequency

54
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Electrical Machine Il Syllabus
1. Introduction

2. Introduction to Rotating Machines
3. DC Machines

4. Induction Machines
* Introduction to Polyphase Induction Machines
* Currents and Fluxes in Polyphase Induction Machines
* Induction-Motor Equivalent Circuit
* Analysis of the Equivalent Circuit
* Torque and Power by Use of Thevenin’s Theorem
 Parameter Determination from No-Load and Blocked-Rotor Tests
e Effects of Rotor Resistance; Wound and Double-Squirrel-Cage Rotors
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Parameter Determination in Induction
Machines

There are two tests plus one measurement for induction machine for finding all parameters
and all losses except stray load losses. For more information see IEEE Std. 112-2004.

e No load test.

 Blocked rotor test.

 measurements of the dc resistances of the stator windings.
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No load test

3-Phase
Supply
at rated
Voltage
and
Frequency

R1 JX
—
i:ir:::is:n Pnl ) an ) Inl Vi i X
motor
(v

tu‘r/ No Mechanical load
Pz

o= 2=
&
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Lecture #4

Blocked rotor test

Iy Pp)
R:f;slid Cv) Vb[ 3 Phase P V I
e bl» Vbl » bl
/ o 1\_/[,_;_.-,_.-,_,\ Blocked
Rotor
¥ 2
Spi = \/§Vbllbl Qb = \/Sgl - Plgl Rpi = Ry + RE{Xml||(R2 +jX2)} = Ry + Ry (X -TX >
m 2
i Xy = 23 I Xo = Xy + IMUX IRy + 1X,)) = Xy 4 X, =2
= 12, frest pt = X1 T IM{Xn|[|(Ry +jX2)} = X1 + X, X, +X,
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Blocked rotor test

Lecture #4

(1) 2) 3 (3)
2
— Xm + X3 Xn — X
= — l
an X]_ + Xm Rz = (Rbl_Rl) (X—) XZ — (Xbl _Xl) (Xn _Xl)
1 @) (4) ™ ko ot
Fraction of
(X1 +X3)
Motor class Description X; X,
A Normal starting torque, normal starting current 0.5 0.5
(4) B Normal starting torque, low starting current 0.4 0.6
C High starting torque, low starting current 0.3 0.7
D High starting torque, high slip 0.5 0.5
Wound rotor Performance varies with rotor resistance 0.5 0.5
Source: IEEE Standard 112.
X1 % Xm R;
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Example 3

The following test data apply to a 135 kW (180-hp), three-phase, 460-V, 60-Hz, four-pole induction motor with a
double-squirrel-cage rotor of design class B (normal-starting-torque, low-starting-current type):

Test 1: No-load test at 60 Hz
» Applied voltage V,;; = 459 V line-to-line
» Average phase current I,,;; = 34.1 A
* Power P,; = 1.25 kW
Test 2: Blocked-rotor test at 15 Hz
« Applied voltage V,; = 42.3 V line-to-line
« Average phase current I,;; = 169
* APower Py; =4.44 kW

Test 3: Average dc resistance per stator phase
(measured immediately after test 2) R, = 30.3 m{)

Test 4: Blocked-rotor test at 60 Hz

« Applied voltage V/,; = 455 V line-to-line

 Average phase current I, 5, = 725

* APower Py; = 163 kW Measured starting torque 7, = 603 N-m
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Lecture #4

Example 3

a) Compute the no-load rotational loss and the equivalent-circuit parameters applying to normal running

conditions. Assume the same temperature as in test 3. Neglect any effects of core loss, assuming that core loss can
be lumped in with the rotational losses.

b) Compute the electromechanical starting torque from the input measurements of test 4. Assume the same
temperature as in test 3.
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Example 3

a) Compute the no-load rotational loss and the equivalent-circuit parameters applying to normal running
conditions. Assume the same temperature as in test 3. Neglect any effects of core loss, assuming that core loss can
be lumped in with the rotational losses.

Prot =Py — 3Ry 1%, = 1250 — 3 % 0.0303 % 34.12 = 1144 W Ry X
—
2 2 Inl .
Snt =V3Vuily = 27110 VA Qu =[S} — P} = 27085 VAR v, iX.
3
X =X1+ X Q}l;/ = 7.76 ()
nl

Syt =3Vl = 12382VA  Qp; = \/sgl — P% = 11558 VAR

3
Xy = Q’I’lz/ =0.1350Q X, = 0.54 Q

bl

P,,/3
R, = 72/ = 0.052 Q
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Lecture #4

Example 3

(1) (2) (3)
2
X +X 7.76 — X4
776 =X, + X = - m 2 X, =(054—-X
1+ X R, = (0.052 0.0303)( - » = ( ol
Fraction of
(4) (X + X2) X, = 0.6(X, + X;)
Motor class Description X, X,
J B Normal starting torque, low starting current 0.4 0.6 J l
X, = 7.54 X, = 0.221
R, = 0.0237 X, = 0.332

b) Compute the electromechanical starting torque from the input measurements of test 4. Assume the same
temperature as in test 3.

P, = Py, — 3R 1%, = 163000 — 3  0.0303 * 725% = 115694 W Tint—st = Zg = “6506;4 =614 N.m
The difference with 603 N.m 1s?? 63
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Lecture #4

Example 4: Final 2022

The following tests were conducted on a 100 horsepower, three-phase, 4-pole, 60 Hz, 460 V induction motor with a
standard squirrel-cage rotor (Class A):

No-load test at 60 Hz: V=460V, i,,;, =34A, P,; =1250 W
Locked-rotor test at 15 Hz: Vpyr =42V, iy, =170 A4, P,y = 4440 W

The resistance of each stator phase is also measured to be 30 milliohms.
a) Determine the rotational losses of the motor.

b) Determine the equivalent circuit parameters of the motor.
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Lecture #4

Example 4: Final 2022

@) P, =P, —3RJ%>=1250—3x0.03%x342 = 1146 W

b)
2 2 _ _ in/3 _
S = V3LV, = 27089 VA, Q1 = |Sw* — Py® = 27060 VAR Xu=X1+Xp=—75=78
nl
S, = V3I,,V,, = 12367 VA Oy, = |Sp,2 — P,,% = 11542 VAR sz=@le/3=0-5325=X1 + Xy ——
bl = b1Vpl = : bl = \[°bl bl = 15 1,2 X, + X,
Since it is a class A motor so: X1 =X,
X Xy — X4 7.8 —X; 5
05325 =X, + Xy — =X, + X, ———— = X, + Xy ——— X;° —15.6X; +4.1535 =0,
1t X+ X 11t 4 X, 1t 4 78 1 1
X, =0.271Q, X1 =1533Q 55¢é X;=X,=0.271 Q, X, =78—-0.271=7.53 Q
2
Py, /3 Xm X, +X 2
Ry =—-—=0.0512Q0=R, + Ry | ——— — — Im " 72) _
bl Iblz 1 + 2 (Xm n Xz RZ (Rbl Rl) ( Xm > 0.0227 Q
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Class A: Normal Starting Torgue, Normal Starting Current, Low Slip

Motor class Description

A

B
C
d

Percent of full-load torque

350

300 g

250

150

50

Normal starting torque, normal starting current
Normal starting torque, low starting current

)
.

High starting torque, low starting current
High starting torque, high slip ?

Class A

20 40 60 80
Percent of synchronous speed

100

Single cage-low-resistance

The full-load slip is low and the full-load efficiency is high.
Tmax Maximum torque usually is well over 2 p.u. and occurs at a small slip.

Tint—s¢ at full voltage varies 2 p.u. in small motors to about 1 p.u. in large motors.

Lt qre 1S @DOUt 5-8 p.u. when started at rated voltage) is the principal disadvantage
of this design.

In sizes below about 7.5 hp these starting currents usually are ok.

Otherwise, reduced-voltage starting must be used.

Reduced-voltage starting results in a decrease in starting tolSﬂ'J&ﬁ'KarimpouE;GJuly 2024



Class B: Normal Starting Torque, low Starting Current

Lecture #4

Motor class Description
. . 7’ = T~
A Normal starting torque, normal starting current Ir 72, , Rotor Top bar
. . Y
B Normal starting torque, low starting current 1/ 1 bar
. . . Ir 71~ 7P\
C High starting torque, low starting current ne | ‘11‘.
. . : . Int |
d High starting torque, high slip m A== lu'l
350 n ¢ \ I|I
i ! :‘. Bottom bar
Class D i 1 Il
e Wi brd 1h
300 |- | . - - w4 41y
\ Class A \\\:_-ﬂ' f;’
* NS/
250
< 200
= H 4 |
-E Class B 1 \ é -y r/.'-
= 150 | - - Ay ER
3 \ 2z
. \ 2ls "
100 \ ;.' I __,/
‘ Ll
50 ) 1] 200 40 60 B 1000 120
\\ Frequency, Hz
ﬂ L
20 40 60 80 100 67

Percent of synchronous speed
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Class B: Normal Starting Torque, low Starting Current

Motor class Description

A Normal starting torque, normal starting current
B Normal starting torque, low starting current

C High starting torque, low starting current

d High starting torque, high slip

350

Class D » This design has approximately the same starting torque as the class-A design but

300 f-= RN . with 75 percent of the starting current.

250

» Full-voltage starting, therefore, may be used with larger sizes than with class A.

» The starting current is reduced by designing for relatively high leakage reactance,
and the starting torque is maintained by use of a double-cage or deep-bar rotor.

150

Percent of full-load torque

« The full-load slip and efficiency are good, about the same as for the class A design.

» However, the use of high reactance slightly decreases the power factor and decidedly
lowers the maximum torque (usually only slightly over 200 percent of full-load
torque being obtainable).

50

. . . . i N i i - ' 68
0 _np - 4luhmJ speef” 100 This design is the most common in the 7.5 to 200-hp range of sizes, arimpour July 2024
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Class C: High Starting Torque, low Starting Current

Motor class Description

A

B
C
d

Percent of full-load torque

350

300 g

250

150

50

Normal starting torque, normal starting current
Normal starting torque, low starting current
High starting torque, low starting current

High starting torque, high slip

= « This design uses a double-cage rotor with higher rotor resistance than the
\. Class A CIaSS-B deSign'

» The result is higher starting torque with low starting current but somewhat lower
running efficiency and higher slip than the class-A and class-B designs.

» Typical applications are in driving compressors and conveyers.

0 20 40 60 80 100
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Class D: High Starting Torgue, high slip

Motor class Description -

A Normal starting torque, normal starting current Y
B Normal starting torque, low starting current

C High starting torque, low starting current

d High starting torque, high slip ?

350

Single cage-high-resistance

Class D

300 » This design usually has a single cage, high-resistance rotor (frequently brass bars).

250 |t produces very high starting torque at low starting current, high maximum torque
at 50 to 100 percent slip, but runs at a high slip at full load (7 to 11 percent) and

consequently has low running efficiency.

150  Its principal uses are for driving intermittent loads involving high accelerating duty

and for driving high-impact loads such as punch presses and shears.

Percent of full-load torque

50

70
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Lecture #4

Exercise 11: An induction motor with a wound rotor, where the rotor is short-
circuited, has a maximum torque of a Nm, a starting torque of 56Nm, and a
starting current of c A. If a resistance is added to the rotor circuit, how will the
maximum torque, starting torque, and starting current of the motor change?

Exercise 12: Consider a double cage induction motor.

a) Which cage is more effective during starting?

b) Which cage is more effective during normal operation?

c) Does this effectiveness of the cages occur due to a switch inside the rotor, or

is it caused by another phenomenon? If another phenomenon is responsible,
explain it briefly in two to three sentences.
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