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Rotor Current

e The figure shows the
circuit of a 3-phase|
Induction motor at any
slip s. The rotor IS | s+sumy
assumed to be of wound
type and Y- connected.
Note that: the rotor
e.m.f/phase and the rotor
reactance/phase are skE; and sX; respectively. The rotor
resistance/phase i1s R> (not depend on the frequency) therefore, it
does not depend upon the slip. Likewise, stator winding values R
E1, and X1 do not depend upon the slip.

Since the motor represents a balanced 3-phase load, we need
consider one phase only; the conditions in the other two phases
being similar.

Shuarl-circuited
Fator Winding
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Rotor Current at standstill

Rotor Current When
Motor Runs at slip s

Figure shows one 1 &
9 o——AAN,

phase of the rotor f

circuit at standstill. E, X

O

Figure shows one p &
phase of the rotor
circuit when the £-s&
motor IS running
at slip s.

O

[here: s = 1] [here: s <1]
Rotor current/phase, Rotor current/phase,
E, E, _E, SE,

|,

Z, _\/R22+X22

Rotor power factor ( pf), cos?.
R R,

COS¢p, = —= =
i Z, \/R22+X22

¢, :angle between R, and Z,

\
I2

2y JRZ+(sX,)?

Rotor power factor ( pf ), cos %
RZ

2 j—
Z, JRZ+(sX,)’

#, :angle between R, and Z,

COS @, =
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Rotor Torque of Induction Motor (T)

e It has be shown that in the case of a dc motor, the rotor torque is
proportional to the product of armature current and the flux per pole.
Similarly In the induction motor, the torque is also proportional to
the product of the rotor current and the flux per stator pole.
However, there is one more factor that has to be taken into account
(1.e., the power factor of the rotor).

e Indcmotor : I @ @l

e In induction motor . T a®l,cos¢g, | egn. 1

e In the induction motor : E, & @ — egn. 2

From the two equations : - T & E,l,C0s¢,

Here the torque (T) is the motor torque/phase
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Rotor Torque of Induction Motor (T) ...
e The torque/phase developed by the rotor is proportional to:

I- Rotor current/phase. L

ii- Rotor e.m.f/phase. 2/ Ny 1

iii- Power factor of the rotor circuit. 5, T o
- T a E,l,cosg, R, °
T =KE,l,cosg,

Where;
E> : rotor e.m.f/phase at standstill (volts)
l> : rotor current/phase at standstill (ampere)

¢, :angle between R and Z>

cos®, : rotor power factor at standstill
K : constant
T :the rotor (or motor) torque/phase (Newton.meter)



Electrical Machines IV — Code: CECE 437 — http://bu.edu.eg/staff/emadattwa3

Starting Torgue in Induction Motor (Ts)
e It Is the torque developed by the motor at starting (or standstill).

From figure, the rotor circuit/phase at standstill L R
Wy
o Let, T
E. :rotor e.m.f/phase at standstill (volts) E; X,
X2 :rotor reactance/phase at standstill (Ohm) l

R2 : rotor resistance/phase at standstill (Ohm)
Z, = \/Rz2 + Xz2

. rotor impedance/phase at standstill (Ohm)

=2 =
Rotor current/phase, **  Z,  [R2+ X2

......... at standstill

COS ¢, = Re _ Ry
Rotor p.f, ©Z, JREAXZ e at standstill
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Starting Torgue in Induction Motor (Ts) ...
e Then the starting torque/phase (or the standstill toque/phase) is:

T, =KE,I, cosg,

R,

= KE, -

KEZR,

" RZ4 X2
_ KEJR,
Z2

JRE+xZ JRZ+ X2

c__1 ER,
S 2N, Z2
. __3 ER
* TN, 72

N, Is synch. speed (rps)

........ torgue per phase

........ motor starting torque
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Starting Torqgue in Induction Motor (Ts) ...

e If the supply voltage (V) is constant, then the flux per pole (P) set
up by the stator and hence the rotor e.m.f/phase (E.) are both
constants.

T. =KE,l,cosg,

_ K . const - const R,
VRE+ X3 R} +X;

— KlRZ

- RZ4+ X2

_KlRZ

= 77

Where: the constant K not equal to K1
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Condition for Maximum Starting Torgue

e To get the maximum value of the starting torque, take a derivative

for 1t w.r.t the constant R, and equating the result with zero as
follows:

Ts _ i(le .
R, + X,
AT [ @OxREHXD)-(@R)x(R) | _
drR, (RZ + X 2)?
LRI+ XZ-2RZ=0
~R,=X,
Hence the starting torque will be maximum when:

Rotor resistance/phase = Standstill rotor reactance/phase
K

T =1

s(max) 2R2
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Condition for Maximum Starting Torque ...

e Under the condition of maximum starting torque, #,=45° and
rotor power factor is 0.707 lagging [See Figure].

e Lagging pf means the rotor current lags the induced e.m.f. of the
rotor by angle #,=45°.

4
Starting
lorQue curve
4
o & X,
=
=4
= T, (max) at R, = X,
¢ = 45°
¥ >
0 - R
Rotor Resistance R, =X, 2
(1) (i)
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Effect of Change of Supply Voltage on Starting Torque
. _ KEIR,
ORI+ X:

T K2V2R2
Since, (E2) a (supply voltage V) — |""°  R2 4+ X2
Where K> IS another constant

ST aV?

Therefore, the starting torque iIs very sensitive to changes in the
value of supply voltage. For example, a drop of 10% in supply
voltage will decrease the starting torque by about 20 %. This
could mean the motor failing to start If it cannot produce
a torque greater than the load torque plus friction torque.

10
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Why Starting Torqgue of 3-Phase Induction Motor is Low?

Really, the rotor circuit of an induction motor has low resistance and high
Inductance. At starting, the rotor frequency Is equal to the stator
frequency (i.e., 50 Hz) so that the rotor reactance is large compared with
rotor resistance. Therefore, rotor current lags the rotor em.f by a large
angle, the power factor i1s low and consequently the starting torque is
small.

T, =KE,l, cos ¢,

At motor starting, the value of power factor (cos ¢2)
In Fig. 2 is less than its value In Fig. 1, and
consequently the starting torque is small.

When resistance is added to the rotor circuit, the
rotor power factor is improved which results in
Improved starting torque. This, of course, increases
the rotor impedance and, therefore, decreases the
value of rotor current but the effect of improved
power factor predominates and the starting torque is
Increased. Fig. 1 Fig. 2

Sl b il e o 3l e 3 el e 30 (0 Jin Ll Sl & 3y 86l Jele

11



Electrical Machines IV — Code: CECE 437 — http://bu.edu.eg/staff/emadattwa3

Why Starting Torgue of 3-Phase Induction Motor of
Squirrel-cage Rotor Type Less than Wound Rotor Type?

() Squirrel-cage motors: since the rotor bars are
permanently  short-circuited, it i1s not possible to add any
external resistance In the rotor circuit at starting.
Consequently, the starting torque of such motors is low.

(i) Wound rotor motors: the resistance of the rotor circuit
of such motors can be increased through the addition of
external resistance. By Inserting the proper value of
external resistance (to obtain R> = Xz2), maximum starting
torque can be obtained. As the motor accelerates, the
external resistance is gradually cut out until the rotor
circuit Is short-circuited on itself for running conditions.

12
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Example 3: A 3-phase induction motor having a star-connected
rotor has an induced e.m.f of 80 volt between slip-
rings at standstill on open-circuit. The rotor has
resistance and reactance per phase of 1 Q and 4 Q
respectively. Calculate, current/phase and power
factor when:

(i) Slip-rings are short-circuited
(i) Slip-rings are connected to star-connected rheostat of 3(2 per phase.

Comment on the results
Answer

[Ans.: (i) 11.2A — 0.243 (i) 8.16A — 0.707]

x*
T, _816%0707 _, .,
T, 11.2*0.243

Hence, the starting torque is increased due to the improvement in p.f. It
will also be noted that improvement in p.f is much more than the decrease
In current due to increased impedance.

13
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Example 4: A 3-phase, 400V, Y-connected induction motor has
a Y-connected rotor. It has a stator to rotor turns
ratio of 6.5. The rotor resistance and standstill
reactance per phase are 0.05 Q and 0.25 Q
respectively. What should be the value of external
resistance per phase to be inserted in the rotor circuit
to obtain maximum torque at starting? and What will
be the rotor starting current and p.f at using this
resistance?

Answer

[Ans.: 0.2 Q - 100.5A - 0.707]

14
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Torque of Induction Motor under Running Condition (Tr)

e It Is the torque developed by the motor under .
running condition (i.e., at slip s). From figure, the
rotor circuit/phase at slip s.

E,'=sE, :rotor e.m.f/phase under running condition (volts)
X2'=sX, :rotor reactance/phase under running condition (Ohm)
R> . rotor resistance/phase under running condition (Ohm)

Zy =[R2 +(sX3)? : rotor impedance/phase running condition (Ohm)

E, SE
I\ 2 _ 2 . o .
Rotor current/phase, |*~zy = [z (sx 7| --- under running conditions

COS ¢, = R R,

2 _
Rotor p.f, Z, JRZ+(sX,)?| ---underrunning conditions

15
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Torqgue of Induction Motor under Running Condition (Ty) ...

e Then the motor torque/phase at slip s (or under running conditions) is:
T a @ |, cosg,

Lo ER
Z, Z,
a © S&, R, E, a ®
JRZ +(5X,)? \[RZ +(5X,)?
SE, R,

a E,
JRZ +(5X,)? \[RZ +(5X,)?

 KsEZR, KSsEZR,
TORI (X))t z)

N, is synch. speed (rps)

2
if K=L—>Tr= r 25E2 R, =~ ....torque per phase
27N, 27N, RZ +(sX,)
3 SEZR,

.... motor torque under running condition

If K:i—>T
27N

S

" 2N, RZ+(sX,)?

16
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Torqgue of Induction Motor under Running Condition (Ty) ...

e If the stator supply voltage V is constant, then stator flux and hence E> will
be constant.

T KSE;R, KSR,
" RZ +(sX,)? - R +(sX,)?  Where: the constant K not equal to Ki

e |t may be seen that running torque is:
I- It is directly proportional to the slip. If the slip increases (i.e., motor
speed decreases), the torque will increase and vice-versa.

ii- directly proportional to square of supply voltage: " E, a 'V

17
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Maximum Torque under Running Conditions (T max))

e To get the maximum value of the running torque, take a derivative for it
w.r.t the constant R2 and equating the result with zero as follows:

KSR,
R (sX,)

T, K{(s)x(Rs+<sx2)2)—(2R2)x(st)}:O

dR, (RZ +(sX,)?)?
- SRZ +5(sX,)? —2sR> =0
. RZ = (sX,)?
R, =sX, i.e., s =< under running condition

2

Hence the running torque will be maximum when:
Rotor resistance/phase = slip * Standstill rotor reactance/phase

Tr(max) — Kls or Tr(max) — Kl
2R, 2X,

18
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Maximum Torque under Running Conditions (T max))

e Also:
T _K _KE,__ 3 E

Fmax) = = Max. motor torqueunder running condition
2X, 2X, 27N, 2X,

Notes:

- The maximum running torque is independent of rotor resistance.

- The maximum running torque varies inversely with the standstill reactance.
Hence, it should be kept as small as possible.

- The maximum running torque varies directly with the square of the applied
voltage.
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