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45.1. Size and Rating

Thefactorswhich govern the size and rating of motor for any particular service areits maximum
temperature rise under given load conditions and the maximum torque required. It is found that a
motor which is satisfactory from the point of view of maximum temperature rise usually satisfiesthe
requirement of maximum torque aswell. For class-A insulation, maximum permissible temperature
riseis40°C whereasfor class—B insulation, it is50°C. Thistemperature rise depends on whether the
motor hasto run continuously, intermittently or on variable load.

Different ratings for electrical motors are as under:

1. Continuous Rating. It is based on the maximum load which a motor can deliver for an
indefinite period without itstemperature exceeding the specified limits and al so possesing the ability
to take 25% overload for a period of time not exceeding two hours under the same conditions.

For example, if a motor is rated continuous 10 KW, it means that it is capable of giving an
output of 10 KW continuously for an indefinite period of time and 12.5 KW for a period of two
hours without its temperature exceeding the specified limits.

2. Continuous Maximum Rating. Itistheload capacity as given above but without overload
capacity. Hence, these motors are alittle bit inferior to the continuous-rated motors.

3. Intermittent Rating. It is based on the output which a motor can deliver for a specified
period, say one hour or %2 hour or ¥ hour without exceeding the temperature rise.

This rating indicates the maximum load of the motor for the specified time followed by a no-
load period during which the machine cools down to its original temperature.

45.2. Estimation of Motor Rating

Since primary limitation for the operation of an electric motor is its temperature rise, hence
motor rating is cal culated on the basis of its average temperature rise. The average temperature rise
depends on the average heating which itself is proportional to the square of the current and the time
for which the load persists.

For example, if amotor carriesaload L, for timet, and load L, for time t, and so on, then

Averageheating O L7t + L3ty + ... + L2t,

Infact, heating is proportional to square of the current but since load can be expressed in terms
of the current drawn, the proportionality can be taken for load instead of the current.

Lt + Loty + . + L2t
f§ + b+ ot

O size of the motor = \/

Generally, load on amotor isexpressed by itsload cycle. Usualy, there are periods of no-load
inthe cycle. When motor runson no-load, heat generated issmall although heat dissi pation continues
at the same rate as long as the machine is running. Hence, there is a difference in the heating of a
motor running at no-load and when at rest. It iscommonly followed practice in Americato consider
the period at rest as one—third while cal cul ating the size of motor. It resultsin giving ahigher motor
rating which is advantageous and safe.

Example45.1 An electric motor operatesat full-load of 100 KW for 10 minutes, at % full |oad
for the next 10 minutes and at ¥2load for next 20 minutes, no-load for the next 20 minutes and this
cycle repeats continuously. Find the continuous rating of the suitable motor.

Solution.

100? x10+ 757 x10 +50° x20 +0 x20
10+10+20+20

Size of the motor required :\/

= 61 KW
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According to American practice, we will consider the period of rest as (20/3) minutes. In that
case, the motors sizeis

_[100? x10+75% x10 +50% x20 +0 x20
10+10+20+(20/3)

= 66 KW
Example45.2. An electric motor hasto be selected for aload which rises uniformly from zero
to 200 KWin 10 minutes after which it remains constant at 200 KW for the next 10 minutes, foll owed
by a no-load period of 15 minutes before the cycle repeats itself. Estimate a suitable size of
continuously rated motor.

Solution.

" ~_ |(200/2)?x10+(200)% x10 +0 x15
otor size 10+10+(15x1/3)

= 140 KW
According to American practice, no-load has been taken as one third.

Example 45.3. A certain motor has to perform the following duty cycle:
100 KW for 10 minutes No-load for 5 minutes
50 KW for 8 minutes No-load for 4 minutes
The duty cycle is repeated indefinitely. Draw the curve for the load cycle. Assuming that the
heating is proportional to the sguare of the load, determine suitable size of a continuously-rated
motor. [Utilisation of Electric Power A.M.l1.E.]

Solution.
Asexplained above, heatingis prorortional to
the square of the current and hence, to the square of

KW
A

the load.
g : : O size of the continuously-rated motor
75 100” x10+50° x8

: : 10+5+8 +4
50 = 66,67 kW

Hence, the motor of 70 KW would be
: : adequate. The curve of the load cycle is shown in
25 : : Fig. 45.1
; : The ultimate usefulness of the abovefactorsis
to select a motor of as small a size as possible
compatible with temperature rise and to ensure that
the motor has ample overload torque to cater for
Fig. 45.1 maximum-load conditions. Obviously, over-motoring
of any industrial drivewill result in awaste of electrical energy, alow power factor and unnecessarily
high capital cost for the motor and control gear.

v

0

10 20 30 40
—— Time (Minutes)

45.3. Different Types of Industrial Loads

The three different types of industrial 1oads under which electric motors are required to work
are as under:

(i) continuousload (ii) intermittent load and (iii) variable or fluctuating load.

The size of the motor depends on two factors. Firstly, on the temperature rise which, in turn,
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will depend on whether the motor is to operate on
continuous, intermittent or variableload. Secondly,
it will depend on the maximum torque to be
developed by the motor. Keeping in mind the load
torque requirements, the rating of the motor will be
decided by the load conditions as described bel ow.

(i) Continuous Load. In such cases, the
calculation of motor sizeissimpler becausetheloads
like pumps and fans require a constant power input
to keep them operating. However, it is essential to
calculate the KW rating of the motor correctly. If
the KW rating of the motor is less than what is
required, the motor will overheat and consequently
burn out. If, on the other hand, KW rating is more
than what is needed by the load, the motor will
remain cool but will operate at lower efficiency and
power.

(i) Intermittent Loads. Such loads can be
of thefollowing two types:

(@) In this type of load, motor isloaded for a

short time and then shut of for a sufficient by long st N

time, allowing the motor to cool down to room
temperature as shown in Fig. 45.2. In such cases, a
motor with ashort timerating isused asin akitchen
mixie.

Load

Elect Loss

Temperature

Fig. 45.2

Torque motors are designed to provide maximum
torque at locked rotor or near stalled conditions.
Their applications are in servo and positioning sys-
tems, tension reels, automatic door openers, and
filament winding equipment.

Load

Elect Loss

Temperature

Fig. 45.3


dtp9
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(b) Inthistype of load, motor isloaded for ashort time and then it is shut off for ashort time.
The shut off timeis so short that the motor cannot cool down to the room temperature as shown in
Fig.45.3. In such cases, a suitable continuous or short-time rated motor is chosen which, when
operating on agiven load cycle, will not exceed the specified temperature limit.

(iii) Variable L oads. In the case of such loads, the most accurate method of selecting a suitable
motor isto draw the heating and cooling curves as per the load fluctuations for a number of motors.
The smallest size motor which does not exceed the permitted temperature rise when operating on the
particular load cycle should be chosen for the purpose.

However, asimpler but sufficiently accurate method of selection of asuitablerating of amotor
isto assumethat heating is proportional to the square of the current and hence the square of theload.
The suitable continuous rating of the motor would equal the r.m.s. value of the load current.

Example45.4. A motor has to perform the following duty cycle

100 H.P. For 10 min

No Load ! 5min

60 H.P. § 8min

No Load ! 4min

which isrepeated infinitely. Determine the suitable size of continuously rated motor.
Solution.

100 F----
80 : |
. :
T 60- E I
H.P L
40— | [
. :
20 | !
0 1
. I

10 20 30 40 50
—> time

Fig. 45.4

0 1 0 5
= HPdt
RM.S.H.P \/%Timefor onecyclq%.r

1

O zHPZXtime 2

RM.S. HP = &= 0
Eﬂ mefor onecycl eE

100? x10+50? x8
= =69.07 H.P

10+5+8 +4
=~ 75 H.P. motor can be used.
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Example 45.5. A motor working in a coal mine has to exert power starting from zero and
rising uniformly to 100 H.P. in 5 min after which it works at a constant rate of 50 H.P. for 10 min.
Then, ano load period of 3 min. The cycle is repeated indefinitely, estimate suitable size of motor.

Solution.
(a) For time period : 0 - 5 min

[Nagpur University Summer 2000]

= y=nmx +c 100 i
II
(100-0) 1 o
Slope= s o
I [ |
m = 20 HP/min S0EE ! :
y=20Xx+0 25 - , |
y=20x i :
1 1

(b) For total time period : 0 - 18 min L

5 1015 20 25 30 35 40

RM.S. HP? — > time

.. H.P2x18=

5
=ﬂf y2 dx} + 502><10+02><3}/18
0

Fig. 45.5

5 3 5
= H.P.les{ f (20 x)%lx}r 25000:{400’( } +25000
0 0
4OO><125+ 25000
@z%.ﬂH.R: 50 H.P. motor can used
Same problem can be solved by Simpson's 1/3 Rule of Integration
L1007 x5+502 x10
H.P. =43
18
H.P = 4811 HP; H.P. ~ 50 H.P.
Example 45.6. A motor has following duty cycle
Load rising from 200 to 400 H.P. - 4 min.
Uniform load 300 H. P. - 2 min.
Regenerative braking - H.P. returned to
supply from 50 to zero - 1 min.
Remaining idle for - 1 min.

Estimate suitable H. P. rating of the motor. motor can be used.
[Nagpur University Winter 1994]
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400

H.P 200_

4 7 8 t —»
6
Fig. 45.6
Solution.
}(H12+H1H2+H22)t1+H2t2+}H§t3
H. P = 4|3 °*° 3

8

%(2002 +200x400 +400?) x4 +300% X2 % 50% 4

8

1662500
24
Note. During regenerative braking, even though H.P. is returned to line, machine will be carrying
current. Sofar heating isconcerned, it isimmaterial whether machineistaking current from or giving current
to line.
This problem can be solved by another method as follows:-
(a) Fortimeperiod: 0-4min
4 4
R J'(50x+200)2 dx:J'(250x2 +20000 x +40000) dx
0 0

=263H.P

4 4

BY Ox3]
=2500F— + 20000[— + 40000x
030, 020,
430 0440
=2500F— + 200000—f + 40000 x4 =373333.3 H.P.
030 020
(b) For time period : 4 - 6 min
~ (300)? x 2= 180000 H.P.
(©) For time period : 6 - 7 min
- [0 2 dx = 250020 =20 _g33331p
035, 3
0
0 RMS HP = \/373333.33 + 120000 +83333_ 01,

(]

300 H.P. motor will be suitable
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Example 45.7. The load cycle of a motor for 15 min. in driving some equipment is as
follows:

0 - 5min - 30H.P.
5- 9 min - No Load
9 - 12min - 45 H. P.
12 - 15min - No Load
The load cycle is repeated indefinitely. Suggest a suitable size of continuously rated motor.
Solution.
1
[B0?x 5 + 452 x3[2
RM.S. HP = {]
O 15 O
= 26.55 H.P

O RM.S. H.P =~ 30 H.P. motor will be suitable.
Example 45.8. A motor driving a colliery winder has the following acceleration period

load cycle 0- 15 sec. : Load rising uniformly from O - 1000 H.P.
Full speed period : 15 - 85 sec. Load const. at 600 H.P.
Decceleration period : 85 to 95 sec. regenerative braking the H. P.
returned uniformly from200to O H. P.
95 - 120 sec. : Motor stationary.
Estimate the size of continuously rated motor.
Solution.
1
%(1000)2 x 15 + 6007 x70 +§(200)2 10
RM.S H.P = 0 120 %
B E

502 H. P,
0 505 H.P. motor can be used.

45.4. Heating of Motor or Temperature Rise

Theriseintemperature of amotor resultsfrom the heat generated by thelossesand an expression
for this temperature rise is obtained by equating the rate at which heat is being generated by these
losses to the rate at which heat is being absorbed by the motor for raising the temperature of motor
and in dissipation from the surfaces exposed to cooling media.

So long as the temperature of machine rises, the generated heat will be stored in body and the
rest will be dissipated to cooling medium depending upon the temperature difference. Thisiscalled
as unstable or transient situation.

If the temperature of body rises, it has to store heat. The amount of heat i.e. stored depends
upon the heat capacity of the body. If the temperature of the machine remains constanti.e. it doesn’t
rise, then no further storage of heat takes place and all the heat i.e. generated must be dissipated. So
rate of heat generation in motor equals rate of heat dissipation from the cooling surface. Thisis
called a stable situation.

45.5. Equation for Heating of Motor

Let,
w Heat generated in motor due to powerlossin watts.
G - Weight of motor (kg)
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S - Average specific heat in (Watt - Sec.) to raise the temperature of unit weight
through 1°C.
GxS - Heat required to raise the temperature of motor through 1°C (Watt - Sec.)
- Temperature rise above cooling mediumin °C.
- Final temperaturerisein °C.
Cooling surface area of motor.
- Rate of heat dissipation from the cooling surface.
[(Watts/Unit area/°C rise in temperature.) above cooling medium]
AN o Rate of heat dissipation in Watts /°C rise in temperature for a motor.

> > Do
l

Assumptions

1. Loss‘W’ remains constant during temperaturerise.
2. Heat dissipation is proportional to the temperature difference between motor and cooling
medium.
3. Temperature of cooling medium remains constant.
{Rate of heat generation in motor}
= {Rate of heat absorption by the motor} + {Rate of heat dissipation from cooling surface}

- W= GS(:j—6+AA6
or W—AAG = GS(:j—e
W _,.Gsdo
AA A dt
do__dt
OW _ g GS
Hax 0 A
By integrating,
ow O M
IOge BM_ 6 :_G—St +C (2)

At t=0, ©=6, [Initiad temperaturerisei.e. difference between thetemperature of cooling
medium and temperature of motor, during starting]

If starting from cold position, 8, = 0

Substituting the values of t and 6 in above equation.

CZIOQE%_G@

aow 6

DF ED M
-6,

% 1E§

Oow

S -y

by taking antilog, D\N—_e

a0

0 @0 loge Bt =



1804  Electrical Technology

AA
W oW 0 —cat
O & XA-' BKA' HIHG G (3)

When, thefinal temperaturerise of 8, isreached, all the heat generated is dissipated from the
cooling surface so that,

W
equation (1) becomes W =AM 6 or B¢ =
And ™ Heating time constant

g M1
GS T

Then equation (3) becomes;
-t
0=0; (6 —q)eT
If starting from cold, then 6, = 0

-t

O g 6,@ eT)

45.6. Heating Time Constant

Heating time constant of motor is defined as the time required to heat up the motor upto
0.633 timesitsfinal temperature rise.

0 = (1-e'T)

Att=T, 0 =0.6336,

After time t=T ® reachesto 63.3% of 6
t=2T 6 reachesto 86.5%of 6,
t=3T 0 reachesto 95%of 6,
t=4T 0 reachesto98.2%of 6,
t=5T 0 reachesto99.3%of 6,

T =Heating time constant.
= 90 min for motors upto 20 H.P.
= 300 min for larger motors.

45.7. Equation for Cooling of Motor or Temperature Fall

If rate of heat generation is lessthan rate of heat dissipation, cooling will take place.
0 {Rate of heat generation in motor} +{ Rate of heat absorption by motor}={ Rate of heat
dissipation from cooling surface}

de .
W +GSE =AN8 whereN’ = Rateof heat dissipation during cooling surface

w-A16=-6s22 oW e S50
dt A A dt

p. W _GSdg _ _do_

MMt g_ W GS

M A
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do . dt
b w es
AX AN

WO AX
lo -——[-—t +C
ge% AmH  Gs
Att = 0 Let 6 = 6, Difference of temperature between cooling medium and motor
(Temperature rise at which cooling starts.)

W O . ) .
0o & |09e% o avH Put thisvalue of Cin the abve equation.

oW
AN__ AN
0O loge—=5=— —=t
Bo—ﬂ, GS
A\

If 6, " is final temperature drop (above that of cooling medium), then at this temperature
whatever heat is generated will be dissipated.

0O W A® (06 :f'%

0 log ED—Ee_efﬂ—i Where T is cooling ti ©
eDeo_efE T ere 1S cooling time constant = A
0-6,' v B N
0 W e/T 0O 9-(9 f—)e(_@ f)eT
-t
6=6," +(& -§)e"

If motor is disconnected from supply, there will be no losses taking place and so final
temperature reached will be ambient temperature. Hence 6, = 0 (- W = 0)
=t
0O & 6,e”
8o

©=03686, ; (B =0368 6

Ift=T' then 6=0,.€" [ 6=

45.8. Cooling Time Constant

Cooling time constant is defined as the time required to cool machine downto 0.368 times
theinitial temperature rise above ambient temperature.

By putting different valuesof T' in  g=g. e_%"
T B hasfallento  36.8% of 8
2T Ohasfalento  13.5%of 6
3T’ Bhasfalento 5% of 6,

O After timet
t
t
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t = 4T° 0 hasfalento  1.8% of 90
t = 5T 0 hasfallento  0.7% of 90

45.9. Heating and Cooling Curves
(8 Motor continuously worked on Full Load.

Motor Shut Off
ef _____________ <

&
S
)

1

t—»

Fig. 45.7

M aximum permissible temperature rise.
Motor reachesfinal temperature rise and then cooling is carried out to ambient temperature.

(b) Motor Run for short time

ef _____________________________________
Temperature rise is less
than maximum permissible
T value and the motor cooled

to ambient temperature.

—> time
Fig. 45.8
(c) Cooaling period not sufficient to cool down the motor to its ambient temperature.

Maximum Permissible temperature rise
e ____________________________________
;

—» time
Fig. 45.9

* For intermittent |oads, amotor of smaller rating can be used without exceeding maximum permissible
temperature rise.
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Example 45.9. A 40 KW motor when run continuously on full load, attains a temper ature of
35°C, above the surrounding air. Its heating time constant is 90 min. What would be the 1/2 hour
rating of the motor for this temperature rise? Assume that the machine cools down completely
between each load period and that the losses are proportional to square of the load,

Solution.
Let ‘P" KW bethe % hour rating of the motor
0, — Final temperatureriseat PK W
6, — Final temperature rise at 40 KW
Lossesat PKW o P?
Lossesat 40 KW o 407
0¢ _Losssa PKW (P} o :Eze,
0 Lossesa 40KW (40) o (40] f
As the machine cools down completely, for ‘P’ KW the equation will be

1 2
T P
9=9f 1-el h 0. = — | X35
( J wnere f 20
P —
= 35:[40) ><35(1—e 15} : o P = 7513KW
Example 45.10. Determine the one - hour rating of a 15 H.P. motor having heting time
constant of 2 hours. The motor attains the temperature rise of 40°C on continuous run at full load.

Assume that the losses are proportional to square of the load and the motor is allowed to cool down
to the ambient temperature before being loaded again. [Nagpur University Summer 2001]

Solution.
Let ‘P H. P beone- hour rating of the motor

2
P
Lossesat thisload = Original losses X(15) .

Let 6, bethefinal temperaturerise at PH.P. and 6, at 15H P

0; LossesaPH.P. (P Y
0;" Original Losses | 15

2 2
Bf :Gf, E :40 E
15 15
-t
0=06, (1—eT]
2 -1
15

P = 2396 H.P.
P 24 H.P.

I
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Example 45.11. The heating and cooling time constants of a motor are 1 hour and 2 hours
respectively. Final temperature rise attained is 100°C. This motor runs at full load for 30 miniutes
and then kept idle for 12 min. and the cycle isrepeated indefinitely. Determine the temperaturerise
of motor after one cycle. [Nagpur University Winter 1997]

-t

oot
:9f ﬁ_e T

0o =200
:100ﬁ1—e 60 ﬁ:39.34°

3»}

Solution.

I o

t -12
8=6e T =39.34e10 =356°C
= Temperature rise of motor after 1 cycle.

Example 45.12. Calculate the maximum overload that can be carried by a 20 KW output
motor, if the temperature rise is not to exceed 50°C after one hour on overload. The temperature
rise on full load, after 1 hour is 30°C and after 2 hours is 40°C. Assume losses proportional to
square of load.

-t
Solution. 6=6; Sl—e?g
g O
0o -0 O _-20
30=6; ﬁl—eTﬁ and  40=6; ﬁl—e Tﬁ
=2
1-eT 40 -1
1730 Put x=eT
1-eT
. 1-x* 4 (1-Xx) @+x) 4
1-x 3 1-x) 3
0 4 x f
3
1 -
U x ;‘ e% 0 T =091hrs

O -0 1
Tofindef D 30:6f ﬁl—eTﬁ 0 366 f% éﬁP =f 45 C

10
A 50=6 ﬁl——
fter 1 hr. f eTH

10
50=0; [1-= O 6 75C
f @ 35 -
L et the maximum overload capacity of 20 KW motor is P KW

6; LosssatPKW QP[]
6 Original Losses %H
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75 OPCf B
E %B 0 P=258 kW

Example 45.13. In atransformer the temperature riseis 25°C after 1 hour and 37.5°C after
2 hours, starting from cold conditions. Calculate its final steady temperature rise and the heating
time constant. If the transformer temperature falls from the final steady value to 40°C in 1.5 hours
when disconnected, calculate its cooling time constant. Ambient temperature is 30°C.
0o 10
Solution. ©=6; ﬁl—e T ﬁ

o -0 0 il
25=6; ﬁl—eT ﬁ and 375=0;01-e 70
z 1
_eT 1
375 1-e’ Pt s o7
25 1
1-eT
2
- - +
15=1"% 15=070A+%)
1-x (1-x)
15=1+ X O X=05
1
0 ei 05 O T = 144hrs
o -0 o 70
25:9f ﬁ_eTﬁ |:| 259 fHE]: 6144|:||:|9 :f SOOC

Cooling : Temperaturerise after 1.5 hours above ambient temperature =40—-30 = 10°C.
-t

.+ The transformer is disconnected 6=6,e"

-15
10=506 T O T = 0.932hrs

Example 45.14. The initial temperature of machine is 45°C. Calculate the temperature of
machine after 1.2 hours, if itsfinal steady temperatureriseis85°C and the heating time constant is
2.4 hours. Ambient temperatureis 25°C

Solution.

0=6 (8 -q)e T 0= 85 — (85 — 20) ¢ %
0 = 4554°C - Temperature rise above cooling medium
00 Temperature of machine after 1.2 hoursis= 45.54 + 25 = 70 .54°C
Example45.15. Thefollowing riseswere observed in atemperaturerisetest on a D.C. machine
at full loads.
After 1 hour — 15°C
After 2 hours — 25°C
Find out (i) Final steady temperature rise and time constant.
(if) The steady temperature rise after 1 hour at 50% overload, from cold.
Assume that the final temperature rise on 50% overload is 90°C.
[Nagpur University Summer 1998]
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-t

Solution. §=6, (1-eT) , asmotor is starting from cold.

-1

15=6; (1-eT) and 25=0; (1-e T)
0 ‘%E
9f ﬁl_e
n = C
15 O 10
0; @l—eT ﬁ
-1 -1
- = 2
15 3
0 ;D
0T = 2.466 hours, 15=6; ﬁl‘e ﬁ
by putting valueof T,
O 10
15=9, él—ez“ﬁﬁD
O 6 = 45C
(i) On 50% overload 6, = 90°C
-t
O Final temperature rise after 1 hour at 50% overload is g=g, (1-eT)
0 10
0=90r1-e2%50=30"C
0 a

45.10. Load Equalization

If theload fluctuates between widelimitsin
space of few seconds, then large peak demands of
current will be taken from supply and produce
heavy voltage drops in the system. Large size of
conductor isalso required for this.

Process of smoothing out these fluctuating
loadsiscommonly referred to asload equalization
and involves storage of energy during light load
periods which can be given out during the peak
load period, so that demand from supply is
approximately constant. Tariff is also affected as
itisbased on M.D. (Maximum Demand)

For example, in steel rolling mill, when the
billetisin betweentherollsitisapeak load period
and when it comes out it is a light load period,
when the motor hasto supply only thefriction and
internal losses, as shown in figure 45.10.

e N/ /[

flywheel

500

H.P
250+

10

20 30 40 50
——> time (sec.)

Fig. 45.10
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45.11. Use Of Flywheels

Themethod of L oad Eqalization most commonly employed isby means of aflywheel. During
peak load period, the flywheel deccelarates and gives up its stored kinetic energy, thus reducing the
|oad demanded from the supply. During light load periods, energy istaken from supply to accelerate
flywheel, and replenish its stored energy ready for the next peak. Flywheel is mounted on the motor
shaft near the motor. The motor must have drooping speed characteristics, that is, there should be a
drop in speed as the load comes to enable flywheel to give up its stored energy. When the Ward -
Leonard system is used with aflywheel, then it is called as Ward - Leonard IIgner control.

45.12. Flywheel Calculations
The behaviour of flywheel may be determined asfollows.
Fly wheel Decelerating :- (or Load increasing)

Let T - L oad torque assumed constant during the time for which
load is applied in kg-m
T - Torque supplied by flywheel in kg-m
T - Torque required on no load to overcome friction
internal losses etc., in kg-m
T - Torque supplied by the motor at any instant, in kg-m
W, - No Load speed of motor in rad/sec.
w - Speed of motor at any instant in rad/sec.
S - motor slip speed (w, - w) in rad/sec.
I - Moment of inertia of flywheel in kg-n?
g - Acceleration due to gravity in m/sec?
t - timein sec.
When the flywheel deacelerates, it gives up its stored energy.
= T =T -T, oo T =T +T .. Q)

Energy stored by flywheel when running at speed ‘w' is 1/2 [w?/g.
If speed is reduced from w, to w.
The energy given up by flywheel is

11
“5q (@-S)
11
=§§(% +<*)) (g ~9 (2
0wy + 1] . i
BTB = mean speed. Assuming speed drop of not morethan 10%., thismay be assumed
equal to w.
o Hwptod

BTH:@ Also (W - =s

O From equation (2), Energy given up - ws
g

Power givenup = ! wd—s
g dt
Power

w

but Torque =
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O Torque supplied by flywheel.

=1 s
f g dt
| ds
[ From equation (1) , Tm=Te g
For values of slip speed upto 10% of No - load speed, slip is proportional to Torque
or s = KT
m
O Tz T- Lk Mm
g dt
de
This equation is similar to the equation for heating of the motor W — AN = G.S. s
ie (TL—Tm)ZI—K% O ggt: AT
g dt K (T, -T,)

By integrating both sides.

t
~In(T, —Tm)zl—i +C,

At t = 0, when load startsincreasing fromno loadi.e T = T,
Hence, at t =0 T =T,
oc =-In(T -T)

(3

t
By substituting the value of C, above, in equation (3) —in (T, T :I_i -In (T, -Tp)

or, -T,0 tg or -T,0 -9
O Ing—Ds- —= 0 L™ Imo o ik
B -TB K <7,
~tg -g
0 (Tf Tm% (Tf TO) eW 0 Trﬁ TL_ (TL_ TO) elk
O il
If the Load torque fallsto zero between each rolling period, then Tm =T —ﬁl—e K ﬁ(ﬂ T5 0)

45.13. Load Removed (Flywheel Accelerating)

ds
Slip speed is decreasing and therefore —- is negative

dt

| ds | dT
T,=To+T; =T,—— O Ty T/ —K—1
m 0 f 0 gdt 0 m dt
gadt __dT,
K To-Ty

After integrating both sides,

t
—In (To=Ty) =% +C At t=0,T =T, " motor torque at theinstant, when load is removed
0cCc=- In(TO—Tm' ) Putting thisvalue of C in the above equation

—In(Ty-T,) :It_i_ln (To -T)



Rating and Service Capacity 1813

O

mDTO_TmEJ -1g ) -tg
OT-Tm O IK O To T (T Tn)e'

-9
O Tz T (T To)e'X

Where T_' = the motor torque, at the instant the load is removed.

Speed with flywheel
Speed
e T LY
without 1 I
flywheel i !
I
1 1 1 1 1
Energy given up by | i i | | Load. T ot
% flywheel during peak T IT o I I /oa orque — T,
load period Torque m
Motor-Torque T,
7 Energy stored by ?
%
//A flywheel during light load | A/
period T,
—» time

Fig. 45.11. Rolling mill drive with Flywheel

45.14. Choice of Flywheel

Therearetwo choicesleft for selecting
a flywheel to give up its maximum
stored energy:

1. Largedropinspeed and small flywheel
(But with thisthe quality of production
will suffer, since a speed drop of 10to
15% for maximum load is usually
employed).

2. Small dropin speed and largeflywhed!.
(This is expensive and creates
additional friction losses. Also design
of shaft and bearing of motor isto be
modified.) So compromise is made
between thetwo and aproper flywheel

The above figure shows the flywheel of a motor
as a separate part

is chosen.
Example45.16. Thefollowing datareferstoa500 H.P. rolling mill, induction motor equipped
with a flywheel.
No load speed = 40r.p.m.
Sip at full load (torque) - 12%
Load torque during actual rolling - 41500 kg - m
Duration of each rolling period = 10 sec.

Determineinertia of flywheel required in the above case to limit motor torque to twiceits
full load value. Neglect no - load losses and assume that the rolling mill torque fallsto zero between
each rolling period. Assume motor slip proportional to full load torque.

[Nagpur University Summer 1996]
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2N  27x40
w= =

i - = =4.189rad/sec
Solution. 60 60
. -9
given, T,=0 T, =T, —(T_-T,)e
t = 10 sec.
T, = 41500kg-m
T = 2%T fil Load
500x735.5
T = N-m. - s=12%
Now Full Load 0.88<4.189 ()
(1-s) = 0.88
= 99765 N-m
= 10169.7 kg-m
T = 2x10169.7
= 20339.5kg
S= W,—®
2r
=—(Ny,—-N
60( 0o—N)
2r
=—(40-0.88(40
60( (40))
2r
=—(4.8) =
60( ) = 0.503 rad/ sec.
s=KT,
0.503 =K (10169.7) = K =4.91x10-5
ﬂ
T =T, —(T_ -Tp) e'¥
-tg
= Tp=0 Tm:TL(l—e IK J

20339.5=41500[1- ~10x981 J

o1x4.91x107°
1= 29663 x 10° kg - m?

Example 45.17. A6 pole, 50 Hz Induction Motor has a flywheel of 1200 kg-m? as moment of
inertia. Load torque is 100 kg - m. for 10 sec. No load period is long enough for the flywheel, to
regain its full speed. Motor has a slip of 6% at a torque of 50 kg-m. Calculate

(i) Maximum torque exerted by motor.
(i1) Speed at the end of deaceleration period. [Nagpur University Winter 1996]

. . -9
Solution. (i) T, =T, —(T.-Ty)e K

ﬁ
Assume Tp=0, — T,=T (1-e'X)

T,=100kg—m, t=10sec, g= 9.81m/sec?, |=1200kg—m?> s=0,—®
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s=KT .. slipspeed:s:%(No—N)
_120f 120x50

S
p
N =0.94 x 1000 = 940 rpm.

=1000 rpm=Ng

2N _ 27 x1000x0.06
60 60
s=2r=6.283 rad/sec

S:%(1000—940):27r rad/sec or s=

K :Ezﬁ_ 0.047 =0.125
T 50
—tg ~10x9.81
Tm :TL (1_em) — 1_ e 1200x0.047

T = 47.83kg-m

(i) Slipspeed = 0.04 mx 47.8rad / sec

S = KTm
s= 0.125 (47.83)
s = 5.98 rad/sec

s:5.98% rpm=>57.5rpm=slipspeed

~. Actual speed = 1000 —57.5=942.5 rpm

Example 45.18. An Induction Motor equipped with a flywheel is driving a rolling mill which
requiresa Load Torque of 1900 N - m for 10 sec. followed by 250 N - m for 30 sec. Thiscycle being
repeated indefinitely. The synchronous speed of motor is 750 r.p.m and it has a slip of 10% when
delivering 1400 N-m Torque. The total Moment of Inertia of the flywheel and other rotating partsis
2100 kg-n?. Draw the curves showing the torque exerted by the motor and the speed for five complete

cycles, assuming that initial torqueis zero. [Nagpur University Summer 1998]
Solution.
T, =1900N-m for 10 sec. Ns =750 r.p.m.
T, = 250N-m for 30 sec. s = 10%
T, = 0 (assumed) | = 2100Kg-m?, T_=1400N-m

0

Slip= 10% at 1400 N —m torque
Slip= 750%x 0.1= 75 r.p.m.

_ 7527 - 785 rad/
0o - rad/sec.
S 785
s= KT ; K_T—_—_0.0056

m
(i) During 1st cycle:
(a) Flywheel de-acelerating:
—t
Tn=T —(TL-To) elk
- After 10 sec

[When torqueistakenin N - m.]



1816  Electrical Technology

T,, =1900—(1900-0) e 0910 .. IiK=0-085
T = 1088 N-m

Slip= 0.0056 x 1088 = 6.08 rad/sec

Slip = 58 rp.m.

Speed = 750 —58 = 692 r.p.m.

T =To +(Tw —To)e K i
T, = Noload torque =280 N-m
T, = 108§ N-.m (T, at the beginning s
of the period i.e. the motor torque at

the instant when load is removed ) Flywheel
After 30 sec.,

T, =280+ (1088 —280) g0085%30

T,,=343 N-m

0 SlipatthisT =0.0056 x 343 = 1.92 rad/ sec = 18.34r.p.m
O Speed = (750—18.34) r.p.m.=7316 r.p.m.
(if) During 2nd cycle:
(@ Flywheel deacelerating T, = 343 N-m.
T, = 1900 — (1900 — 343) ¢ 0:085x30
= 1235 N-m.
U SlipatthisT_=0.0056 x 1235 = 6.92 rad/ sec
=66 r.p.m.
- speed = 750—66 = 684 r.p.m.
(b) Off Load Period:

T., =280+ (1235 -280) g 2085
=354.6 N-m.
0 SlipatthisT,_ = 0.0056 x 354.6 = 1.99 rad/sec
= 19r.p.m.
speed =750-19= 731.0r.p.m.
(iii) During 3rd Cycle:
(@ OnLoad period : T,_can be found as above.
T,=1263N-m
Speed = 683.6r.p.m.
(b) Off Load period
T, =3546N-m
speed = 731L.0r.p.m.
Initial condition at the beginning of the 3" peak |oad are thus practically the same asthat at the

beginning of 2™. Therefore Motor Torque in this and all succeeding load cycles will follow a
similar curve to that in second period.
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731
Speed W\/
(r.p.m.)

1900 N-m

T, (N-m)

0 10 40 50 80 90 120

time (Sec.)

Fig. 45.12

Example 45.19. Amotor fitted with a flywheel suppliesaload torque of 150 kg-m for 15 sec.
During the no-load period, the flywheel regainsits original speed. The motor torqueisrequired to
belimited to 85 kg-m. Determine moment of inertia of flywheel. The no - load speed of motor is 500

r.p.m. and it has a slip of 10% on full load.

Solution.
-tg
Tm =T|_ _(TL —To)elK
ﬂ
Tm=TL[1_e|KJ’ = Tp=Okg—m
T, =85 kg-m, T, =150kg-m, T,=0 kg-m, t=15sec, | = ?, g=9.81 m/sec?
s=KT,, where s= 0,—®
22 (B00)x01_ a5y K =0.0617
60
—-15%x9.81
Car Ix 0627
o 85_150[1—6 * ]; . | = 2884 kg-m?

Example 45.20. A 3— ¢, 50 KW, 6 pole, 960 r.p.m. induction motor has a constant load
torque of 300 N-m and at wide intervals additional torque of 1500 N-m for 10 sec. Calculate
(a) Themoment of inertia of the flywheel used for load equalization, if the motor torqueis not

to exceed twice the rated torque.
(b) Time taken after removal of additional load, before the motor torque becomes 700 N-m.

Solution.
(@) P=Txw s T=Plo
50x10°
E.L. :m:49736N'm
60

T, =2xTp, =2x497.36=994.72N - m
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T, = 1500 + 300 = 1800 N-m

NS:120f

=1000r.p.m.

F.L. slip=1000—-960 =40 rpm =40r.p.m. = 4%
s=K TF.L.
z”égo)z K x497.36 o K=842x107°

—t
Tm=T. —(T_-Ty)e!K astorqueisinN-m
o
994.72=1800- (1800—-300)x e x8.42x107°
| = 1909 kg—m?
-t
v Tn=To+(Ty ~To)el
.t
700=300+(994.72—300) 1909x842x10°°
t= 8.87 sec.

Example45.21. A 3-phase, 8 pole, 50 c.p.s. Induction Motor equipped with a flywheel supplies
a constant load torque of 100 N-m and at wide intervals an additional load torque of 300 N-m for
6 sec. Themotor runsat 735 r.p.m., at 100 N-mtorque. Find moment of inertia of the flywheel, if the
motor torque is not to exceed 250 N-m.

Solution.
To=100N-m .. T =100+300=400N-m

stlzof :@:750rpm.
P P
Slip at 100 N-m torque = 750—-735=15r.p.m.
s=K T
2 15)=K (100) - K=00157 - =
60 o . ’ Tm=TL_(TL _TO)eIK

-6
250=400-(400-100) e' ©057)
. 1=552kg-m?

Example45.22. A6 pole, 50Hz, 3 - ¢ wound rotor Induction Motor has a flywheel coupled
to its shaft. The total moment of inertia is 1000 kg-m? Load torque is 1000 N-m for
10 sec. followed by a no load period which is long enough for the motor to reach its no — load
speed. Motor hasa slip of 5% at a torque of 500 N-m. Find

(a) Maximum torque developed by motor
(b) Speed at the end of deaceleration period. [Nagpur University Winter 1996]

Solution. L
(@) T=T, [1— e'KJ
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120 f
s=KT, But Ng = 0

=1000r.p.m.

21
50 (1000 x 0.05) = K(500) ; K=6.2x10"°

o __ 10 O
_ 1000 6.2x102
T =100001-e E . T, =79639N-m

(b) S=KTg .

%(100— N)=6.2x10"° x790.39

O N = 9522 r.p.m.

Example45.23. A motor fitted with a flywheel suppliesaload torque of 1000 N-m. for 2 sec.
During no load period, the flywheel regainsitsoriginal speed. The motor torqueisto belimited to
500 N-m. Find moment of inertia of the flywheel. No load speed of the motor is 500 r.p.m. and its
full load slip is 10%.

Solution.
S= K TF.L.

O g
2T — 1K
£ (500%0.1) =K 500 - . T,=Tod-e'g
60( ) . K=0.0104; m=LE .

-2 H
500=1000 %— g 00104

;1 =277.44 kg- m?
B &

Tutorial Problem No. 45.1

1. A motor driving acolliery winding equipment hasto deliver aload rising uniformly from zeroto a
maximum of 1500 KW in 20 sec. during the accelerating period, 750 KW for 40 sec. during the full
speed period and during the deceleration period of 10 sec., when regenerative braking is taking
place from an initial value of 250 KW to zero and then a no load period of 20 sec. Estimate

remittable KW rating of the motor. [648 KW]
2. A constant speed drive has the following duty cycle:
Load rising from O to 400 KW - 5 minutes
Uniform load of 400 KW - 5 minutes
Regenerative power of 400 KW
returned to supply - 4 minutes
Remainsidle for - 2 minutes
Estimate power rating of motor. [380H.P]

[Nagpur University Winter 96]

3. Determinetherated current of atransformer for the following duty cycle:

- 500 A for 3 minutes

- Sharp increase to 1000 A and constant at this value for 1 minute

- Gradually decreasing to 200 A. for 2 minutes

- Constant at this value for 2 minutes

- Gradually increasing to 500 A during 2 minutes repeated indefinitely. [540 A]
4. Aninduction motor hasto perform the following duty cycle:

75 KW for 10 miniutes, No load for 5 minutes

45 KW for 8 minutes, No load for 4 minutes
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which is repeated indefinitely.
Determine suitable capacity of a continuously rated motor. [70H. P]
A 25 H.P. motor has heating time constant of 90 min. and when run continuously on full load
attains atemperature of 45°C. above the surrounding air. What would be the half hour rating of the
motor for this temperature rise, assuming that it cools down completely between each load period
and that the losses are proportional to square of the load. [47 H.P]
At full load of 10 H.P, temperature rise of amotor is 25° C. after 1 hr. and 40°C after 2 hrs. Find
(8) Heating time constant of motor, (b) Final temperature rise on full load.
[T=196hrs, 6 =625C]
A totally enclosed motor has atemperature rise of 20°C after half an hour and 35°C after one hour
on full load. Determine temperature rise after 2 hours on full load. [54.68°C]
A 25 H.P, 3-¢, 10 pole, 50 c.p.s. induction motor provided with a flywheel has to supply a load
torque of 800 N-m for 10 sec, followed by ano load period, during which the flywheel regainsits
full speed. Full load slip of motor is 4% and torque-speed curve may be assumed linear over the
working range. Find moment of inertia of flywheel, if the motor torque is not to exceed twice the
full load torque. Assume efficiency = 90%. [718 kg-m?]
A motor fitted with aflywheel hasto supply aload torque of 200 kg-m for 10 sec, followed by ano
load period. During the no load period, the motor regainsits speed. It is desired to limit the motor
torque to 100 kg-m. What should be the moment of inertia of flywheel. No load speed of motor is
500 r.p.m. and has a slip of 10% at a torque of 100 kg-m. . [I = 2703 kg-m?]
A 50 Hz., 3-@, 10 pole, 25H.P, induction motor has a constant load torque of 20 kg-m and at wide
intervals additional torque of 100 kg-m for 10 sec. Full load slip of the motor is4% and its efficiency
is 88%. Find -
(8) Moment of inertial of flywheel , if motor torque not to exceed twice full load torque.
(b) Time taken after removal of additional load, before motor torque is 45 kg- m.
[1=1926 kg-m?, t = 9.99 sec]
Define the following terms regarding the ratings of motor :-
(i) Continuous rating (ii) short time rating (iii) Intermittent rating.
(Nagpur University, Summer 2004)
With the help of heating and cooling curves define and explain the terms :

(i) Heating time constant (ii) Cooling time constant. (Nagpur University, Summer 2004)
What do you mean by ‘load-equilisation’ it is possible to apply this scheme for reversible drive?
Why? (Nagpur University, Summer 2004)

A motor is equipped with the flywheel has to supply a load torque of 600 N-m for 10 seconds,
followed by no load period long enought for flywheel to regain its full speed. It is desired to limit
the motor torque of 450 N-m. What should be moment of inertia of the flywheel? the no load speed
of the motor is 600 rpm and has 8% dlip at a torque of 450 N-m. The speed-torque characteristics
of the motor can be assumed to be a straight line in the region of interest.
(Nagpur University, Summer 2004)

A motor has the following load cycle :
Accelerating period 0-15 sec Load rising uniformly from O to 1000 h.p.
Full speed period 15-85 sec Load constant at 600 h.p.
Decelerating period 85-100 sec h.p. returned to line falls uniformly 200 to zero
Decking period 100-120 sec Motor stationary. Estimate the size the motor.

(J.N. University, Hyderabad, November 2003)
A motor driving aload has to deliver aload rising uniformly from zero to maximum of 2000 h.p.
in 20 sec during the acceleration period, 1000 h.p. for 40 sec during the full speed period and
during the deceleration period of 10 sec when regenerating braking taking place the h.p. returned
to the supply falls from 330 to zero. The interval for decking before the next load cycle starts is
20 sec. Estimate the h.p. Rating of the motor. (J.N. University, Hyderabad, November 2003)

Draw and explain the output vs. time characteristics of any three types of loads.
(J.N. University, Hyderabad, November 2003)
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Discuss series and parallel operation of series and shunt motors with unequal wheeldiameters.
Comment on the load sharing in each case. (J:N. University, Hyderabad, November 2003)
Discuss the various factors that govern the size and the rating of a motor for a particular service.

(J.N. University, Hyderabad, April 2003)
A motor has to deliver aload rising uniformly from zero to a maximum of 1500 Kw in 20 sec
during the acceleration period, 1,000 Kw for 50 sec during the full load period and during the
deceleration period of 10 sec when regenerative braking takes place the Kw returned to the supply
falls from an initia value of 500 to zero uniformly. The interval for decking before the next load
cycle starts is 20 sec. Estimate the rating of the motor. (J.N. University, Hyderabad, April 2003)
Derive an expression for the temperature rise of an equipment in terms of the heating time constant.

(J.N. University, Hyderabad, April 2003)
At full load of 10 h.p., the temperature rise of amotor is 25 degree C after one hour, and 40 degree
C after 2 hours. Find the final temperature rise on full load. Assume that the iron losses are 80%
of full load copper losses. (J.N. University, Hyderabad, April 2003)
Explain what you mean by Lord Equalization and how it is accomplished.

(J.N. University, Hyderabad, April 2003)
A motor fitted with a flywheel supplies aload torque of 150 kg-m for 15 sec. During the no load
period the flywheel regains its originaspeed. The motor torque is required to be limited to 85 kg-
m. Determine the moments of inertia of the flywheel. The no load speed of the motor is 500 r.p.m.
and it has a dlip of 10% on full load. (JN. University, Hyderabad, April 2003)
Discuss the various losses that occur in magnetic conductors which cause the temperature rise in
any electrical apparatus and suggest how they can be reduced.

(J.N. University, Hyderabad, April 2003)
The outside of a 12 h.p. (metric) motor is equivalent to a cylinder of 65 cms diameter and 1 meter
length. The motor weighs 400 Kg and has a specific heat of 700 Joules per kg per degree C. The
outer surface is capable of heat dissipation of 12 W per meter square per degree C. Find the final
temperature rise and thermal constant of the motor when operating at full load with an effciency
of 90%. (J.N. University, Hyderabad, April 2003)
“A flywheel is not used with a synchronous motor for load equalization”. Discuss.

(J.N. University, Hyderabad, April 2003)
A 25 h.p. 3-phase 10 pole, 50 Hz induction motor fitted with flywheel has to supply aload torque
of 750 Nw-m for 12 sec followed by ano load period during which the flywheel regainsits original
speed. Full load dlip of the motor is 4% and the torque-speed curve is linear. Find the moment
of inertia of the flywheel if the motor torque is not to exceed 2 times the full load torque.

(J.N. University, Hyderabad, April 2003)
Explain what do you mean by Load Equalization and how it is accomplished.

(J.N. University, Hyderabad, April 2003)
A motor fitted with a flywheel supplies a load torque of 150 kg-m for 15 sec. During the no load
period the flywheel regains its original speed. The motor torque is required to be limited to 85
kg-m. Determine the moments of inertia of the flywheel. The no load speed of the motor is 500
r.p.m. and it has aslip of 10% on full load. (J.N. University, Hyderabad, April 2003)
A 100 hp motor has atemperature rise of 50°C when running continuously on full load. It has a
time constant of 90 minutes. Determine 1/2 hr rating of the motor for same temperature rise. Assume
that the losses are proportional to the square of the load and motor cools completely between each
load period. (J.N. University, Hyderabad, December 2002/January 2003)
Explain ‘load equalisation’. How this can be achieved in industrial drives.

(J.N. University, Hyderabad, December 2002/January 2003)




1822

Electrical Technology

33. Obtain the expression for temperature rise of a electrical machine. State the assumptions made if
any. (J.N. University, Hyderabad, December 2002/January 2003)
34. A 75 kW, 500 rpm dc shunt motor is used to drive machinery for which the stored energy per kW
is 5400 Joules. Estimate the time taken to start the motor, if the load torque is equal to full load
torque during the starting period and the current is limited to 1 1/2 times the full load current.

(J.N. University, Hyderabad, December 2002/January 2003)

OBJECTIVE TESTS — 45

. Heat dissipation is assumed proportional to

(c) fluctuates widely within short intervals

(a) Temperaturedifference of t_ime
(b) Temperature difference between motor (d) varies
and cooling medium 9. Size of motor is decided by
(c) Temperature of cooling medium (a) load
. Temperature of cooling medium is assumed (b) current _
(a) constant (b) variable (c) heat produced in motor
. When the motor reachesfinal temperaturerise (d) torque
its temperature remains 10. Tariff is affected by sudden load drawn by
(a) constant motor
(b) falls (a) true (b) false
(©) rises. 11. Flywheel helpsin smoothing only
. For intermittent load, amotor of smaller rating (8) speed fluctuations
can be used (b) current fluctuations
(@) true (b) false (c) both of the above
. If motor is disconnected from supply, final 12. To use flywheel, motor should have
temperature reached will be the ambient (@) constant speed characteristics
temperature (b) drooping speed characteristics
(@ true (o) false (c) variable speed characteristics
. Final temperatureriseistheoretically attained 13. During light load period
only after (a) flywheel absorbs energy
(a) fixedtime (b) flywheel gives up energy
(b) variabletime (c) flywheel does nothing
(c) infinitetime 14. During peak load periods
. Motor is derated when taken at altitude (a) flywheel absorbs energy
(@ Yes (b) No (b) flywheel gives up energy
. Therolling mill load (c) flywheel does nothing
(a) isconstant 15. Largesize of flywheel
(b) fluctuateswidely withinlongintervals of (a) can be used practically
time (b) can’t be used practically
ANSWERS
1. (b) 2(ad 3@ 4@ 5@ 6 7@ 8() 9() 103
11.(c) 12.(b) 13.(a 14.(b) 15.(b)

o FIRST
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